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Abstract

Context: MicroRNAs (miRNAs) are short, single-stranded, non-coding RNAs which regulate
gene expression. They originate from various' tissues including bone and regulate different
biological mechanisms including bone metabelism.

Objective: The aim of this project was to investigate circulating miRNAs as promising
biomarkers for treatment monitoring in. women with postmenopausal osteoporosis on
denosumab (DMAB) therapy.

Design, Setting and Patients:«Inthis prospective, observational, single-centre study twenty-
one postmenopausal women treated with DMAB were included for a longitudinal follow-up of

two years.

Interventions< and Main Outcome Measures: Next-generation sequencing (NGS) was
performed-to screen for serological miRNAs at defined time points (baseline, month 6 and
month 24). Reverse transcription quantitative polymerase chain reaction (RT-gPCR) was used
to confirm NGS findings in the entire cohort. Bone turnover markers (BTM) P1NP and CTX, and
bone. mineral density (BMD) by Dual X-Ray absorptiometry (DXA) were assessed and
correlated to miRNAs.

Results: BMD at the hip (5,5%, p=0.0006) and lumbar spine significantly increased (11,4%, p-
value=0.017) and CTX (64,1%, p<0.0001) and P1NP (69,3%, p<0.0001) significantly decreased
during treatment. NGS analysis revealed significant changes in miRNAs after 2-years of DMAB
treatment, but not after 6-months. Seven mIRNAs were confirmed by RT-gPCR to be

significantly changed during a 2-year course of DMAB treatment compared to baseline. Four of
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these were found to be mainly transcribed in blood cells including monocytes. Correlation
analysis identified a significant correlation between change in miRNA and change in BTMs as
well as BMD. Based on effect size and correlation strength, miR-454-3p, miR-26b-5p and miR-
584-5p were defined as top biomarker candidates with the strongest association to the

sustained effect of denosumab on bone in osteoporotic patients.

Conclusions: Two years of DMAB-treatment resulted in the upregulation of 7 miRNAs, four of
which are mainly transcribed in monocytes indicating a potential impact of DMAB. on circulating
osteoclast precursor cells. These changes were associated to BMD gain<and BTM suppression

and could therefore be useful for monitoring DMAB-treatment response.

1. Introduction

Osteoporosis is a systemic bone disease associated with.bone‘loss and structural changes in
bone microarchitecture, resulting in an increased risk for fragility fractures *. More than half of
all fractures at the age 50+ years are related to osteeporosis with increasing risk in the elderly
and a higher number of fragility fractures in females % Currently available pharmacological
agents reduce fragility fracture risk *. Denesumab (DMAB) is a human monoclonal antibody that
binds Receptor Activator of Nuclear. Factor Kappa B Ligand (RANKL) thereby blocking the
interaction between RANKL and. RANK resulting in the inhibition of osteoclast activation and
reduced survival *. In postmenopausal women with osteoporosis, DMAB treatment resulted in a
significant reduction of vertebral, non-vertebral, as well as hip fracture risk °.

Bone turnover markers (BTMs) such as serum procollagen type | N propeptide (PINP) and
serum C-terminal cross-linking telopeptide of type | collagen (CTX) are established tools to
evaluate fracture risk-on population level and can be helpful for monitoring the effectiveness and
adherence to treatment °. However, BTMs have failed to provide information on individual
fracture-risk-and are not reliable for diagnosis of osteoporosis, which renders the search for
novel diagnostic biomarkers necessary. Moreover, bone mineral density (BMD) measurements
by Dual Energy X-ray Absorptiometry (DXA) are used for follow-up examinations. However, it
has to be considered, that changes in BMD by DXA are small under anti-resorptive treatment,

and that changes in bone metabolism are only partially reflected by DXA 7.

MicroRNAs (miRNASs) are short, non-coding RNAs, which act as post-transcriptional regulators
of gene expression by manipulating protein-translation and consequently protein-synthesis.

Since their discovery in 1993 the number of bona fide genome-encoded human miRNAs has
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steadily increased and is now estimated at 2500 mature miRNAs ®*°. Several of these have
been shown to play a pivotal role in regulating developmental processes, including cell
proliferation, apoptosis, and stem cell division **. miRNA transcription is highly cell-type specific

12 several miRNAs have been identified to be high abundant in bone, and the relevance of

miRNAs in the context of bone diseases has been extensively investigated ****.

A passive
(upon cell death) or active release of miRNAs within protein complexes or extracellular vesicles
results in stable extracellular presence of miRNAs in various biofluids including cell-free blood
5 Importantly, miRNA quantification in biofluids is highly sensitive to pre-analytical and
analytical biases and therefore requires careful standardization of sample collection as well as
analytical methods 8, The assumption that variability in miRNA blood 'levels could inform
about physiological and pathological processes in bone is the basis‘for the evaluation as bone

biomarker candidates for diagnosis and prognosis of bone diseases-*#*92°

. To date only a few
studies have investigated changes of miRNAs during ‘anti-osteoporotic therapy . Using a
representative animal model for postmenopausal osteoporasis, miRNA levels in bone tissue and
serum under antiresorptive or osteo-anabolic therapy were investigated recently *#?. These
findings indicate, that miRNAs are changing during the course of anti-osteoporotic treatment.
However, these published studies substantially. differ in design, methods, and outcome, and
have only covered a follow-up period of 12 months. Moreover, only pre-selected miRNAs were
analysed rather than performing/unbiased genome-wide screens of miRNA changes. Thus, the

course and role of miRNAs during anti-osteoporotic therapy still remains unclear.

We hypothesize that circulating miRNAs could show a significant change and pattern in the
course of Denosumab‘therapy and therefore provide deeper insights into epigenetic adaptation
to this type «of osteoporosis therapy. Therefore, the aim of the MiRNA-Denosumab-Therapy
Study (MiDeTe-study) was to determine and quantify bone-specific miRNAs in the serum of
postmenopausal women undergoing treatment with Denosumab for an observational period of
24 'months.

2. Materials and methods

2.1 Study Design
The MiDeTe-study is a prospective, observational, single-centre study in women with

postmenopausal osteoporosis. Recruitment was performed at the outpatient clinic of a
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specialised referral centre for osteoporosis and bone diseases (St. Vincent Hospital Vienna, 2nd
Department of Internal Medicine). The study was approved by the local Ethics Committee of the
St. Vincent Hospital Vienna (201612 _EK22). Oral and written consent was obtained from all
study participants prior to any study related procedure. No financial compensation was provided

to the study participants.

2.2 Subjects

All patients included in the MiDeTe study were diagnosed and treated.according to the current
guideline of the DVO (Dachverband fiir Osteologie - Umbrella Organisation for Osteology).”®
Study involvement did not affect the choice of therapy. Participants received Denosumab 60 mg
subcutaneously every 6 months through their primary care physician.for the observation period
of 24 months. A maximum interval of 6 months (+/-<2 weeks) between the injections was
defined, as well as a defined timepoint with a tolerance of two weeks for every visit. Inclusion
criteria combined postmenopausal osteoporosis;sage from 60-80 years and (i) T-Score less than
-2.5 in DXA or (ii) clinical indication for anti-resorptive treatment. Exclusion criteria covered a
former or ongoing diagnosis of secondary osteoporosis (e.g. primary hyperparathyroidism,
glucocorticoid induced osteoporosis), diabetes mellitus type 1, renal insufficiency IlI-V °,
advanced liver dysfunction (defined as liver cirrhosis with Child Pugh Score B or C), alcohol
abuse, rheumatological disease. (rheumatoid arthritis, spondylarthritis, systemic lupus
erythematosus), malignancy (over-the past five years) and eating disorder (anorexia nervosa,
bulimia nervosa). Prior therapy with bisphosphonates was tolerated, while any other bone
specific therapy with denosumab, teriparatide, strontium ranelate or selective estrogen receptor
modulators led to.discharge.

Demographic data, family history, co-morbidities, life style, history of fractures, and ongoing, as
well as former medication were gathered at baseline. Participants were rechecked at month 3,
6, 12, 18 and 24 to complete a self-developed questionnaire to request information about
adverse events, hospitalisation, new fractures and changes in medication. Laboratory serum
markers, including bone turnover markers (BTMs), and quantification of miRNAs were
performed at defined time points (Figure 1). DXA and radiographs of the thoracic and lumbar

spine were collected at baseline and at the end of the study.

2.3 Laboratory analysis
Blood serum samples were drawn between 8 a.m. and 10 a.m. after an overnight fast and

processed at room temperature. Clotting time was between 30 and 60 minutes, followed by
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centrifugation at 2500xg for 10 minutes and storage at -70°C for later analysis. Cross-linked C-
telopeptide (CTX), Procollagen type 1 Amino-terminal Propeptide (P1NP), intact parathyroid
hormone (PTH) and 25-hydroxyvitamin D (25-OH vitamin D) were measured via
chemiluminescence on the IDS-iISYS microparticle immunoassay system (Immunodiagnostics
Systems Ltd., Boldon, UK).

2.4 Bone Mineral Density
DXA measurements were performed at the hip and lumbar spine at baseline ‘and after 24
months. DXA measurements were either performed at our study-site ‘or in an external
radiological institute. Relative changes (in %) of BMD between baseline and 24 months, were
calculated and used for correlation analysis. In line with current ISCD"guidelines all levels (L1 to
L4) at the lumbar spine were included, except for values above the standard variation. DXA
measurements were only included in the analysis iftat least two vertebrae were usable.
Vertebral fractures were excluded from analysis. Radiographs of the spine were collected at the

beginning and end of the study to rule out silent fractures:during treatment.

2.5 miRNA-analysis

2.5.1 RNA Extraction from serum
Total RNA was extracted from 200 yl serum using the miRNeasy Mini Kit (Qiagen, Germany) as
described by Kocijan et al *”. Briefly, precisely 200 L of each serum sample were mixed with
1000 pL Qiazol and1 yL of a mix of 3 synthetic spike-in controls (MIRCURY spike-in Kkit,
Qiagen, Cat No. 339390). Following a 10-minute incubation at room temperature, 200 pL
chloroform were added to the lysates followed by centrifugation at 12,000 x g for 15 minutes at
4°C. Exactly 650 pL of the upper aqueous phase were transferred to a miRNeasy mini column
where"RNA was precipitated with 750 uL ethanol followed by automated washing with RPE and
RWT buffer in a QiaCube liquid handling robot. Finally, total RNA was eluted in 30 pyL nuclease

free water and stored at -80°C.

2.5.2 small RNA-Seq analysis
Small RNA-sequencing was performed using baseline, 6 months (V3), and 24 months (V6)
serum samples from a subset of 8 patients (approximately 1/3 of the total cohort). The 8

patients were selected based on following exclusion criteria: diabetes mellitus type 2, PTH
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treatment, incident fracture, BMI < 20, duration of menopause > 40 years, vitamin D < 20 ng/ml,
HbA1C > 6%.

Library preparation was performed as described by Khamina et al %

using RealSeq-Biofluids
Plasma/Serum miRNA Library kit for lllumina sequencing (RealSeq Biosciences, Santa Cruz,
US, Cat No. 600-00048-SOM) and miND® spike-in controls (TAmMIRNA, Austria, Cat'No. KT-
041-MIND). Due to low RNA concentrations that render RNA quantifications inaccurate, RNA
extraction efficiency was confirmed by RT-qPCR analysis of spike-ins, and constant volumes of
exactly 8.5uL of extracted total RNA were used as input for library preparation. Adapter-ligated
libraries were circularised, reverse transcribed and amplified. Library PCR was performed using
18 cycles with lllumina primers included in the kit. In total, 24 miRNA libraries were prepared
from serum samples as described in Figure 1-B, and the libraries were further analysed for
library fragment distribution using the Agilent DNA 1000 kit (Agilent Technologies, Cat No.
5067-1504) with Agilent DNA100O reagents (Agilent Technologies, Cat No. 5067-1505). The
generated libraries were pooled in an equimolar proportion. and the obtained pool was size-
selected with the BluePippin system using a 3%agarose cassette with a target range of 100-
250 kb (Sage Science, Cat No. BDQ3010) to remove DNA fragments outside of the target
range. The pooled and purified libraries.were analysed for fragment distribution on an Agilent
High Sensitivity DNA kit (Agilent Technologies, Cat No. 5067-4626) with Agilent High Sensitivity
DNA reagents (Agilent Technologies, Cat No. 5067-4627). The library pool was then sequenced
on an Illumina NextSeg550.(single-read, 75bp) according to the manufacturer’s protocol at the

Vienna BioCenter Core Facilities (VBCF), Vienna, Austria.

2.5.3 Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis

Starting from total RNA samples including the ones used for the discovery phase, cDNA was
synthesized using the miRCURY LNA RT kit (Qiagen, Cat No. 339340). In total, 4 yL of total
RNA were used per 10 pl reverse transcription (RT) reaction. To monitor RT efficiency and
presence of impurities with inhibitory activity, a synthetic RNA spike-in (cel-miR-39-3p) was
added to the RT reaction.

PCR amplification was performed in a customized 384-well plate format (Qiagen, Cat No.
339330) using miIRCURY SYBR Green gPCR (Qiagen, Cat No. 339347) and miRCURY LNA
mMiRNA PCR Assay products (Qiagen Cat No. 339306). gPCR was performed in a Roche LC480
Il instrument (Roche, Germany). All steps were performed according to the manufacturer’s

instructions.
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To calculate the cycle of quantification values (Cg-values), the second derivative method was
used. Spike-in control values were used for monitoring data quality. Cg-values of two
endogenous miRNAs, miR-23a and miR-451a, where measured for monitoring hemolysis of the
used serum samples. Spike-in controls showed acceptable variation and only one sample
showed signs of inhibition and was therefore removed from the analysis. Cg-values of
endogenous miRNAs were normalized to the RNA spike-in controls by subtracting.the individual
mMiRNA Cqg-value from the RNA Spike-in Cq, thus obtaining delta-Cq (dCq) values that were

used for the statistical analysis.

2.6 Statistical analysis
2.6.1 RT-gPCR data analysis

GraphPad Prism v5.03 was used for analysis of changes in bone and metabolic data using a
parametric paired t-test.

GraphPad Prism v9.2.0 was used for the analysis.of miRNA dCg-value changes over time.
Statistical significance was assessed using 1-way-ANOVA with repeated measures for
comparisons between matched groups. All.graphs were presented as the median percentage of

change of all patients for each time point with the respective interquartile range.

Statistical differences in thepercentage of change of miRNA levels at V4 and V6 between
treatment naive patients and patients pre-treated with bisphosphonate (BP) was assessed using

the non-parametric Mann-Whitney test.

Spearman correlation/analysis between the percentage of change from baseline to Visit 6 of the
different metabolic and bone parameters and the percentage of change of miRNA levels was
performed using.GraphPad Prism v9.2.0. Changes in miRNA levels were calculated as
2Mdeq”® — deqg'h). P-values were adjusted for multiple testing using the two-stage set-up

method of Benjamini, Krieger and Yekutieli.

2:6.2 small RNA-Seq data analysis
Analysis of small RNA-Seq data was performed with the software package MIND, a data
analysis pipeline that generates overall QC data, unsupervised clustering analysis, normalized

miRNA count matrices, and differential expression analysis based on raw NGS data %°.

Overall quality of the next-generation sequencing data was evaluated automatically and

manually with fastQC v0.11.8 and multiQC v1.7. Reads from all passing samples were adapter
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trimmed and quality filtered using cutadapt v2.3 and filtered for a minimum length of 17nt.
Mapping steps were performed with bowtie v1.2.2 and miRDeep2 v2.0.1.2, whereas reads were
mapped first against the genomic reference GRCh38.p12 provided by Ensembl allowing for two
mismatches and subsequently miRBase v22.1, filtered for miRNAs of hsa only, allowing for one
mismatch. For a general RNA composition overview, non-miRNA mapped reads were'mapped
against RNAcentral and then assigned to various RNA species of interest. Statistical analysis of
preprocessed NGS data was done with R v3.6 and the packages pheatmap v1.0.12,
pcaMethods v1.78 and genefilter v1.68. Differential expression analysis with edgeR v3.28 used
the quasi-likelihood negative binomial generalized log-linear model functions provided by the
package. The independent filtering method of DESeq2 was adapted for use with edgeR to

remove low abundant miRNAs and thus optimize the false discoveryrate (FDR) correction.

Differential expression analysis from our NGS data uses statistical tests to find miRNAs that are
over or underexpressed in a group. For this report, the “well-established analysis toolkit

edgeR was used.

2.6.3 miRNA target network construction using miRnet 2.0

Gene target networks were constructed using miRnet 2.0

)30

(https://www.mirnet.ca/miRNet/upload/MirUploadView.xhtml . Genes listed in miRTarBase

v8.0 and TarBase v8.0 were selected for network construction and the degree filter was set to 3,
meaning that target nodes with at least three connections remained in the network. The KEGG
database ¥ was used for pathway enrichment, using all genes identified in the network and
hypergeometrical testing. Pathways of interest (with an FDR < 20%) were selected based on

their known role on bone biology or relation with bone quality and osteoporosis.

2.6.4 Cell-typeenrichment analysis

FANTOM (Functional Annotation of the Mouse/Mammalian Genome)is an integrated
expression.atlas of mMiRNAs in various cell types. It is based on sSRNA sequencing data that was
generated using a wide variety of human and mouse cell types *. Using the FANTOM5
database we analyzed the expression profile of the miRNAs selected in this study across a
variety of cell types. For this, an average miRNA expression level was calculated for each cell
type (regardless of the tissue of origin) that was available in the FANTOMS database.
Expression information from cells derived from male or female reproductive organs or cells
obtained under a certain treatment were excluded from this analysis. The expression levels

across cell types were visualized using a heatmap generated in ClustVis®.
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3. Results

3.1 Patients’ characteristics
A total of 26 women (mean age 70.15 +/- 6.41 years) were included in the MiDeTe study, of
whom 21 completed the study. Four could not be followed until the end of the study and one
patient was excluded due to genetic disease, respectively. Therefore, the final analysis was
performed in 21 patients.

BTMs were measured in all patients at baseline, after 12 months and 24 months. miRNA
analysis was missing in one patient at visit 6 (24 months). At baseline all patients had at least
one DXA measurement at one site, measurements were incomplete in three patients. At the end
of the study DXA was incomplete in four patients, and two women had no documented DXA
measurement after 24 months of treatment. X-rays of the spine were collected at baseline in 20
patients, in one patient magnetic resonance imaging of the spine was performed. At the end of
the study imaging of the spine was missing in 10 patients. Timing between DMAB injections and
visits was differing in our cohort leading to a variation regarding the blood sampling and the
days since the last injection. In few patients the exact information on the injection dates was

missing (Supplemental Figure 1)**.

All patients were homogenous regarding. age, height, weight and body mass index (BMI).
Demographic and clinical data of'the study group are summarised in Table 1. Fourteen patients
had a history of fracture (66.1%, vertebral fractures 28.6%, peripheral fractures 66.1%). All
patients received vitamin D.and.calcium supplementation throughout the study, while only
66.1% and 19% of ‘patients had a documented preceding vitamin D and calcium intake,
respectively. Twelve women (57.1%) had a history of BP treatment (Supplemental Table 1)%.
BTMs at baselinesshowed values in line with postmenopausal state and revealed a significant
reduction” (CTX. levels -64.1%, PINP -69.3%, p<0.01) after 24 months of treatment
(Supplemental Figure 2A,B)**. BMD showed significant improvement after two years (Table 2,
Supplemental Figure 2C,D)**. One patient suffered a fracture of the radius and acetabulum
shortly“after therapy initiation and underwent revision after 3 months. The patient remained in
the study, because fractures occurred right after therapy initiation and there was no indication
for treatment switch. Time between the fracture and visit 2 (3 months after DMAB) amounted 90
days, and 60 days between surgical revision and visit 3 (6 months after DMAB). Bone turnover
markers (BTMS) in this patient showed an ongoing suppression during the whole study period.
Furthermore, one metatarsal fracture was reported after 18 months of treatment. The follow-up

examinations of the spine by X-ray revealed no new vertebral fractures during treatment. Four

10
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patients showed divergent treatment response as measured by BMD and CTX levels at the end
of the study: patient 105 showed a decrease in spine BMD of -7%, while combined T-Score at
the spine and hip BMD improved (+10%) and CTX levels were suppressed (-70%). Patient 119
showed a decrease in spine BMD (-4%) and an increase in CTX levels (+3.9%), while combined
T-Score at the spine was stable. Patient 302, who was diagnosed with diabetes mellitus type 2,
showed a decrease in spine and hip BMD (-5%) while T-Score at the spine improved and BTMs
were suppressed (-38%). Patient 101 showed a decrease in hip BMD (-2.5%)together with an
increase in BMD at the radius (+3%) and suppressed CTX levels (-85%) (Spine BMD was not

available in this patient).

3.2 miRNA Analysis

3.2.1 Discovery Phase

Small RNA-Seq analysis was performed using serum samples of 8 patients at baseline, 6-, and
24-months. Small RNA-seq data quality was checked on the basis of total reads obtained per
sample and relative reads mapping against miRNA reads (Supplemental Figure 3A and 3B)3*.
Total reads > 17 nt (after quality filtering and adapter trimming) ranged between 6 and 10 million
reads, with on average 20% reads mapping against miRNAs. Overall, we were able to detect
more than 600 miRNAs per sample,; of which > 200 showed a read count of > 10 reads
(Supplemental Figure 3C)**.

Differential expression analysis identified no significant changes at V3 (month 6) (Figure 2A). At
V6 (month 24) seven down-regulated and 15 up-regulated miRNAs were identified (p<0.05,
Figure 2B). Based on these findings, 22 significantly dysregulated miRNAs were selected for

RTgPCRvalidationsin all subjects and all available time points.

3.2.2 Validation Phase
Twenty-two miRNA candidates and four quality controls were quantified in 105 serum samples
(N=21 patients, 5 time points). One sample showed RT-gPCR inhibition, and four samples were
found to be hemolytic-(Supplemental Figure 4A and 4B)*. Of the 22 selected miRNAs, 16 were
detected in 100% of samples and 4 miRNAs were detected in > 93% of samples. miR-7704 and
miR-331-5p showed low abundance (detected in < 40% of samples) and were excluded from

further analysis. While 13 miRNAs did not show significant changes, we were able to confirm a
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time-dependent regulation of 7 miRNAs (miR-101-3p, miR-191-5p, miR-26b-5p, miR-32-5p,
miR-4508, miR-454-3p, miR-584-5p) (Figure 3), which were all up-regulated.

Two miRNAs, miR-26b-5p and miR-454-3p showed a significant upregulation after 12 and 24
months (miR-26b-5p: V4 +167% with p-value of 0.0013, V6 +182% with p-value of 0.045; miR-
454-3p: V4 +196% with p-aviue of 0.0009, V6 +213% with p-value of 0.018) .

miR-101-3p, miR-584-5p, miR-191-5p and miR-4508 were significantly upregulated after 12
months with increases of 90% (p-value of 0.048), 125% (p-value of 0.020),65% (p-value of
0.022) and 87% (p-value of 0.028), respectively, while miR-32-5p was significantly.upregulated
after 24 months with an increase of 86% (p-value of 0.049).

Of note, the three patients 105, 119 and 302 with a decrese in the spine BMD after 2 years of
denosumab treatment had a lower increase or even a decrease in-the levels of these miRNAs
after 12 and 24 months of denosumab treatment compared to the median miRNA level increase
(Figure 3). Patient 119, which also showed an increase in CTX, had a decrease after 12 and 24
months of treatment in six of the seven confirmed miRNAs. The diabetic patient 302, which also
showed a decrease in both spine and hip BMD after two years, showed a decrease after 12 and
24 months of treatment in three of the seven confirmed miRNAs while the other four miRNAs
showed a lower increase compared to the average. Last, patient 105 had a lower increase after

24 months of treatment in four of the seven .confirmed miRNAs.

3.2.3 Correlation analysis

The twenty miRNAs showing good measurability as outlined above were included in a
correlation analysis where.the percentage of change in CTX, P1NP, total Hip BMD and Spine
BMD between V1 and V6 was compared to the percentage of change in miRNA levels (Table
3). Interestingly, all miRNAs showed a significant (FDR < 0.05) negative correlation with CTX
levels, while correlation with PAINP was observed for 16/20 miRNAs. BMD changes measured
at the-total hip/were signficantly correlated with 11 miRNAs, whereas BMD at the lumbar spine
was significantly correlated with 7 miRNAs. MiR-454-3p and miR-584-5p revealed significant
correlation with BMD changes at the hip and spine, as well as with CTX- and P1NP levels. The
five remaining significantly upregulated miRNAs showed correlation only with BTMs.

Five miRNAs (miR-126-3p, miR-142-3p, miR-199a-5p, miR-26a-5p and miR-1307-3p) showed a
significant correlation with both BMD parameters and BTMs, though not being significantly
upregulated at 12 or 24 months. No correlation with Vitamin D levels was observed. One miRNA
correlated with serum calcium levels and six miRNAs with parathyroid hormone (Supplemental
table 2)*.
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3.2.4 Subanalysis: Pre-treated verus treatment-naive patients
Twelve women (57.1%) had a history of BP treatment, 5 women received their treatment less
than one year ago, one patient had a wash out period of more than 18 months, in 4 women the
wash out period was more than 48 months. In two patients detailed data on BP treatment was
missing. Accordingly, a subgroup analysis regarding the effect of bisphosphonate pre-treatment
was performed. Comparison of treatment naive patients and pre-treated patients revealed no
difference in the change of miRNAs during DMAB treatment (Supplemental Table 3)%.

3.2.5 Subanalysis: Radius & Acetabulum fracture
One patient reported a fracture of the radius and acetabulum a few.days after the first DMAB
injection. MiRNA regulation in this patient differed during the course of the study when
compared to the median of the non-fractured patients. At visit 2 (month 3) and visit 3 (month 6)
a pronounced upregulation was detected, while at visit 4 and visit 6 (after 12 months and 24

months), the miRNA levels remained constant (Supplemental Figure 5)%.

3.2.6 Subanalysis: Diabetes Mellitus Type 2
We conducted a subgroup analysis after excluding two T2DM patients. Three miRNAs (miR-
101-3p, miR-32-5p and miR-4508) lost significance in the time-course analysis, while three
other miRNAs (miR-324-5p, miR-26a-5p and miR-1307-3p) showed a significant upregulation in
this subgroup. The<top. candidates miR-26b-5p, mMiR-584-5p and miR-454-3p remained
significantly upregulated after 12 months and/or 24 months in this subgroup (Supplemental
Figure 6)*.

3.2.7 Subanalysis Non-Responders
Three patients showed a decrease in BMD after 24 months compared to baseline. Of these one
patient revealed an increase in CTX levels, indicating a poor response to therapy. To address
this issue, we performed a sub group analysis after exclusion of these patients. Six out of seven
mMiRNAs remained significantly upregulated in this subgroup, including the top candidates. Six
additional miRNAs showed a significant upregulation after 12 months and/or 24 months

(Supplemental Figure 7).
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3.2.8 Gene target and network analysis

The seven significantly upregulated miRNAs (miR-101-3p, miR-191-5p, miR-26b-5p, miR-32-5p,
miR-4508, miR-454-3p, miR-584-5p) were mapped to their experimentally verified target genes.
Thirteen genes with at least three miRNA interactions were identified (Supplemental Figure 8)%.
Gene set enrichment analysis identified several significant KEGG pathways (p° <. 0.05,
Supplemental Table 4)** relevant to bone biology and disease, including WNT, TGF-beta
signalling and osteoclast differentiation pathways via the targets CCND2, GSK3B, JUN,
VANGL1, FzD6, TBL1Xrl, SMAD7, TGFBr2, SMAD5, SP1, FYN and FOSL2. All of the
identified target genes are at least targeted by four of the seven miRNAs, which were
significantly upregulated under DMAB treatment, and three genes (IGF1r, TBL1Xrl and
VANGL1) are targeted by five of the significantly dysregulated miRNAs (Supplemental Table
4)**. Of note, all the miRNAs were found to target at least nine of the thirteen genes revealed by
miRNet, with the exception of miR-584-5p and miR-4508, which exclusively target the genes
FYN and IGF1r, respectively (Supplemental Table 4)*.

3.2.9 Cell-type enrichment analysis
In order to explore the potential cellular-erigin of.the seven circulating miRNAs regulated under
DMAB therapy, we obtained miRNA expression profiles across a large variety of cell types using
the FANOTMS5 public data resource and visualized the data in the form of a heatmap (Figure 4).
mMiR-4508 was excluded from the analysis because no data were available. For each of the six
upregulated miRNAs all-cell types‘with their respective miRNA average expression value (CPM,
count per million) were selected. miR-584-5p expression was highly enriched in epithelial and
meningeal cells: The other five upregulated miRNAs (miR-101-3p, miR-191-5p, miR-26b-5p,
miR-32-5p, miR-454-3p) were all found to be enriched in hematopoietic cells like lymphocytes
and/or myeloid leukocytes. For instance, miR-101-3p appeared to be enriched in T-cells and
natural killer (NK) cells, miR-191-5p in neutrophils and dendritic cells (a known osteoclast
precursor), miR-26b-5p in mast cells and neutrophils, and miR-32-5p in T-cells and PBMCs. All
of these miRNAs were also highly expressed in CD14+ monocytes, the main precursor of

osteoclasts (Figure 4).
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4. Discussion

The investigation of miRNAs as biomarkers in osteoporosis has moved into the focus of
translational research in recent years. However, only few studies have adressed miRNA
regulation under osteoporosis therapy. This study performed an untargeted, NGS-based,
analysis of circulating miRNAs in the serum of postmenopausal women undergoing treatment

with denosumab over a period of two years.

In the NGS discovery study serum samples collected at three time-points from 8 patients were
analyzed and searched for suitable miRNA candidates that could ‘be validated in the entire
cohort. We selected 22 miRNA candidates and confirmed a ‘significant time-dependent up-
regulation for 7 miRNAs in all patients (miR-101-3p, miR-191-5p, miR-26b-5p, miR-32-5p, miR-
4508, miR-454-3p, MmiR-584-5p). Correlation analysis revealed significant associations between
percentage of change in miRNA serum levels and treatment defined as the percentage of
change in BMD (gain) and BTM (suppression).*Among. all significantly upregulated miRNAs,
miR-454-3p, miR-26b-5p and miR-584-5p were ‘defined as top candidates with respect to
significant correlation with BMD, BTMs, and. the highest degree of upregulation during
treatment. MiR-454-3p and miR-584-5p were the only miRNAs that showed a significant
correlation with, hip BMD, spine' BMD, and both BTMs. Furthermore, they showed the highest
and second highest upregulation after 12 months, respectively, and the highest and third
highest upregulation after 24 months of therapy. miR-26b-5p was significantly upregulated after
12 and 24 months,. correlated with both BTMs and showed the second highest upregulation
after 12 and 24 months of therapy. In addition, these miRNAs also showed a significant
upregulation<n our subgroup analysis after exclusion of two patients with diabetes mellitus type
2 and exclusion of non-responders.

Threepatients'showed signs of reduced treatment response based on a decrease in spine BMD
alone, or in spine and hip BMD, or in spine BMD together with an increase in CTX (after 24
months). We observed that these patients showed a generally lower increase or a decrease in
the seven confirmed miRNAs after the treatment. We did not observe any specific parameters in
these 3 subjects that could be related to DMAB resistance. This result indicates that miRNAs
could contribute to, or block the effect of denosumab treatment through their epigenetic function.
Prior anti-osteoporotic treatment could have an influence on the serological miRNA profile
during DMAB treatment. A subanalysis of BP-pretreated versus treatment-naive patients was

performed, which revealed that BP pre-treatment did not affect serological miRNA changes
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during DMAB therapy. In line with this result, CTX baseline levels in these patients gave no
evidence for an ongoing suppression caused by BP-pre-treatment.

One patient had sustained a radius and acetabulum fracture shortly after DMAB-initiation. In this
patient, the serological miRNA levels showed a different pattern until approximately 6 months,
when compared to non-fractured patients on DMAB. It can be postulated that fractures exert a
short-term impact on miRNA expression, yet the sustained effect of DMAB treatment remains.

Several non-clinical studies were performed to investigate bone and/or serum microRNA levels
during anti-osteoporotic therapy: a study with ovariectomized rats~reported a significant
regulation of miRNAs in the femoral head after administration of Teriparatide (TPTD) compared
to sham-surgery resulting in partial reestablishment of the miRNA“pattern of sham operated
animals . Effects of anti-resorptive treatment with zoledronic acid had a weaker effect on bone
MiRNA expression. By comparing microRNA expression. in.femoral head to serum microRNA
levels Weigl et al. observed for some, but not all miRNAs-a significant correlation, indicating the
possibility of analysing circulating miRNAs as aSurrogate for bone tissue expression®. Another
study in an ovariectomized rat model of postmenopausal osteoporosis investigated the effect of
estrogen administration on miRNA levels. Plasma levels of miR-29a-3p, miR-93-5p, and miR-
486 were significantly decreased in comparison with the control group and estrogen
administration significantly reversed these effects after 1 month of treatment®. Finally, treatment
of diabetic rats with anti-Sclerostin sas well as insulin had a significant impact on serum
microRNA levels, resulting in a _partial rescue of microRNA changes observed in untreated
diabetic animals *°._Overall, these data suggest that anti-osteoporotic treatments, specifically
osteoanabolic treatments, induce changes in bone miRNA expression as well as circulating
MiRNA levels. However, none of these studies investigated the effect of anti-RANKL treatment
using denosumab; being the probable reason why they did not show any miRNA in common

with.the miRNAs upregulated by denosumab in this study.

Clinical studies investigating the effects of denosumab on mMIiRNA expression levels were
focused on short term (<12 months) effects. Anastasilakis et al. did not observe any significant
changes in miRNA levels after 3 and 12 months of denosumab treatment %. This is in line with
the present study, since no significant changes within the first six months of DMAB treatment
have been observed. However, between 12 and 24 months of treatment, we observed a
continuous increase in the levels of selected circulating miRNAs, reaching significance at 12

and/or 24 months after DMAB therapy, respectively. In a prospective study on postmenopausal
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women the relative expression of miRNAs was significantly lower after 6 months of DMAB
initiation in patients previously treated with TPTD. In contrast, no significant changes were found

37 Anastasilakis et al. further observed an

in ZOL pre-treated or treatment-naive patients
upregulation of markers of osteoclast formation in patients with vertebral fractures after DMAB-
discontinuation compared to treatment naive fracture patients alongside down-regulation of two
miRNAs (miR-503 and miR-222-2) in serum *%. These two miRNAs are known to'regulatethe
activity of osteoclasts via RANK, but were not detected in our study cohert. However, in
postmenopausal women, to our knowledge, this is the first time that a significant change in
mMiRNA expression was observed under DMAB therapy and highlights-that changes of miRNA
levels do not occur in the short run, but in the long term. This could mean that the immediate
change in bone turnover observed in DMAB treated patients is _not measured on circulating
MiRNA level, but rather changes in cell populations or adaptations-in coding and non-coding

gene expression that occur over longer periods of DMAB:treatment.

miRnet target network analysis revealed severalverified.gene targets for the identified miRNA
candidates that are involved in pathways relevant to bone physiology such as Wnt and TGF-
beta signalling pathways as well as osteoclast differentiation, in accordance with the molecular
mechanism by which DMAB improves bone mass. As previously mentioned, miRNAs inhibit the
translation of specific target mRNAs. In this way, our upregulated miRNA candidates could
affect the post-translational-gene expression of the gene targets detected by miRnet, altering
the pathways of bone development in which those genes are involved. Fitting with these data
and also with the RANKL inhibition by DMAB, the associated cell ontology terms in our cell type
enrichment analysis indicated that miRNAs up-regulated during DMAB treatment are enriched in
CD8+ T cells, neutrophils and osteoclast precursors such as dendritic cells and CD14+
monocytes. We hypothesize that the miRNAs upregulated in serum during DMAB could be
released from. osteoclast precursors such as monocytes and dendritic cells, as well as other
immune cells that interact with them like T-cells. This means that “long-term” inhibition of
RANKL could either result in an adaptation of coding and non-coding gene expression in
osteoclast hematopoietic precursor cells or the accumulation of a certain hematopoietic cell
population. Given the fact that discontinuation of DMAB treatment was shown to result in a
rebound effect in some patients, putative adaptations in gene expression in blood cells requires
further investigation. Furthermore, due to the lack of data on the biological function of the
identified miRNAs in monocytes and osteoclasts further mechanistic studies are required to

unravel a potential role of mMiRNAs in the response to denosumab treatment.
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Our study has several strengths and limitations. Firstly, exact data on dates of the injections
were lacking and timing of injections and the timing of the visits varied. Variable time differences
between injections and blood collection could influence the variability in miRNA levels. However,
our cohort showed a significant response in terms of suppressed BTMs and/or improvement of
BMD through the whole observational period, therefore a sustained effect of DMAB treatment
still could be assumed in our patients. No rebound-effect occurred. Moreover, previous studies
have demonstrated that miRNAs do not change significantly after 3 and/or 6 months of DMAB
treatment %, This is in line with our findings and indicates that miRNAs reflect a persistent and

long-lasting effect of DMAB after one and/or two years of treatment.

Secondly, 57% of our patients were not treatment-naive to bisphosphonates. However,
subanalysis did not show a significant effect of prior BP-treatment in‘the present study. Similar
mMiRNA regulations in BP-pretreated and treatment-naive postmenopausal women under

DMAB-therapy were found by others ¥'.

Thirdly, radiographs of the vertebral spine were missing in 11 patients, thus exclusion of silent
fractures was incomplete. Nevertheless;.there were no indirect signs of vertebral fractures. All

patients reported a good quality of life, were free of back pain or changes in mobility.

Fourthly, our cohort included two patients with T2DM as well as patients with questionable or
poor response to DMABtherapy. Anyhow, sub group analysis, after exclusion of these patients,
revealed a signifcant-upregulation of our top candidates miR-26b-5p, miR-584-5p and miR-454-
3p after 12 and/or 24 months.

5. Conclusion

We report changes in circulating miRNAs under DMAB treatment over a period of 24 months in
postmenopausal women. We have used an untargeted analytical approach (NGS) for genome-
wide discovery of circulating microRNA changes in a subset of patients, and applied RT-gPCR
in the validation phase to the entire cohort. We were able to identify several differentially
regulated miRNAs after 24 months of treatment and report their association to BMD and
established BTMs, their cell-type enrichment, and potential biological function in the context of
bone metabolism. Our data suggest that DMAB treatment may result in long-term changes in

microRNA expression in hematopoietic cells.
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Figures

Figure 1: Study Design. Study Flow Chart (A). Postmenopausal women with osteoporosis
were treated with denosumab for two years (n=21). M: Month; BL: baseline; Lab: Serum
markers of bone metabolism; DXA: Dual X-ray Absorptiometry; X-Ray: X-Ray of thoracic and
lumbar spine; miRNA: microRNA analysis; EoS:End of study; QCD: Questionnaire on
demographic and clinical data. Experimental Design (B). MiRNA analysis was divided into two
phases: a discovery phase and subsequent validation phase. In the discovery phase Next-
Generation Sequencing (NGS) was performed to screen and select significantly regulated
mMiRNAs at three time points in a;subset of 8 (selected from 21) subjects. The validation phase
utilized RT-gPCR (reverse transcription qPCR) to quantify the selected miRNAs in all subjects
and time points (except Visit'5), and perform correlation analysis to confirm the association
between miRNAs and treatment response. In the validation phase, 8 patients from the discovery

phase plus 13 additional patients were included.

Figure 2: NGS-discovery of circulating miRNA changes compared to baseline (V1) after 6
months (V3)"and 24 months (V6) of denosumab therapy in postmenopausal women.
Volcano plots depict the log, transformed fold-change and log,o transformed p-values. A: Visit 3
vs.Visit 1; B: Visit 6 vs. Visit 1. The total number of miRNAs included in the statistical analysis

after filtering is indicated below each plot.

Figure 3: RT-qPCR confirmation of miRNA serum levels in 21 subjects and 5 time points.
Line plots for the 7 miRs that were confirmed to change over time are shown as the median
percentage of change in miRNA levels together with the interquartile range (n=18). Data for

patients with a decrease in spine BMD after 2 years (n=3) is highlighted in grey. One-Way
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ANOVA with RM using the normalized cg-values: one asterisk (*) identifies adjusted P values
between 0.01 and 0.05, two asterisks (**) identify adjusted P values between 0.01 and 0.001,
three asterisks (***) identify adjusted P values between 0.001 and 0.0001.

Figure 4. Heatmap illustration the cellular expression profiles of top microRNA
candidates. The average miRNA expression levels of each cell type that appears in the
FANTOM5 database were obtained and used to draw this heatmap. No data was available for
mMiR-4508 in FANTOMS.

Table 1. Demographic and clinical data of the. 'study group (n=21).
BMI = body mass index; s.g. = study group

Table 2: Bone Mineral Density (BMD) and Laboratory-Markers of the study group (n=21).

Table 3: Spearman correlation assessing the association between the percentage of
change in BMD and BTMs and the percentage of change in miRNA levels (V1 vs V6, N =
20). Bold data indicates that the correlations are significant (FDR < 0.05).
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Demographic and clinical data| Mean +/- SD
Age (years) 70.15 6.41
Height (cm) 163.8 7.07
Weight (kg) 67.69 9.71
BMI (kg/cm2) 25.39 4.18
Menopause duration (years) 21.82 8.00
n % of s.g.

Diabetes mellitus type Il 2 9.52%
Current smoking 1 4.76%
Previous smoking 3 14.3%
Occasional Alcohol Intake 8 38.1%
Fracture in general 14 66.7%
Vertebral fracture 6 28.6%
Hip fracture 1 4.76%
Humerus fracture 6 28.6%
Radius fracture 2 9.52%
Pelvis fracture 2 9.52%
Other fracture 3 14.3%
Medication

Bisphosphonates (in general) 12 57.1%
Bisphosphonates (oral) 7 33.3%
Bisphosphonates (intravenous) 7 33.3%
Oral Anticoagulation 1 4.76%
Oral Calcium Intake 4 19.0%
Vitamin D Supplementation 14 66.7%
Proton Pump Inhibitors 14 66.7%
Hormone Replacement Therapy 2 9.52%
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Bone Parameters Baseline Data | End of Study  Absolute Change V1-V6 p-value
Mean | +/-SD | Mean | +/- SD
DXA - Hip
Total hip BMD (g/cm?) 0.76 0.09 0.80 0.08 0.04 0.0006
Total hip T-Score -1.79 0.78 -1.53 | 0.76 0.26 0.0032
Femoral neck BMD (g/cm?) 0.72 0.09 0.74 0.07 0.02 0.15
Femoral neck T-Score -1.81 0.72 -1.68 | 0.70 0.13 0.021
DXA - Lumbar Spine
Lumbar Spine BMD (g/cm?) 0.81 0.11 0.89 0.12 0.08 0.0017
Lumbar Spine (L1-L4) T-score -2.80 0.67 -1.83 | 1.36 0.97 0.011
Relative Change V1-V6
Laboratory Serum Markers %
Calcium (mmol/l) 2.35 0.10 2.30 0.11 2.15 0.028
Phosphate (mmol/l) 1.07 0.11 1.02 0.16 4.43 0.18
Parathyroid hormone (mg/ml) 67.1 22.8 90.2 30.6 34.4 0.075
CTX (ng/ml) 0.42 0.24 0.15 0.15 64.1 < 0.0001
Vitamin D (ng/ml) 37.0 129 41.5 11.8 12.2 0.11
PINP (ug/l) 57.8 31.6 17.7 | 8.49 69.3 < 0.0001
2
3
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* NGS analysis of serum samples (miRNAs and other small RNAs)
* 8 representative patients

= 3 time points (24 samples): Visit 1 (M0}, Visit 3 (M6), Visit 6 (
Aim: Selection of significantly (p<0.05) regulated miRNA

RT-gPCR in selected miRNA candidates
21 patients
all timepoints (all samples, Visit 1 to Vizit 6)

= Aim: Confirmation of association between miRNAs and treatment response

27

2202 18qusAoN §Z UO Jasn aoualog [eolpai Jo AlsiaAlun uetyal Aq 960SE89//990eBp/Wwaulo/01LZ L 0 /I0p/e|o1e-aoueApe,/waol/woo dno-olwspese//:sdny woij papeojumoq



V3 vs V1 NGS denosumab

EnhancedVolcano

210 | |

S 15- | |
"~ (N I NP NSTNVCT FTVRTRN (ORI -

> i i

I | ° ]

Is ]

Q109 o, 8 i
8 o:oce ® o*g
(@®)) :ng = oée
= R
| 0.51 B S

Y B3 |

0.0 ; ;

-1 0 1
Log, fold change

total = 248 variables

V6 vs V1 NGS denosumab

EnhancedVolcano

i
]
|
I

1
hsa-miR-QbGa-SD

hsamiR-153-5p hsa-miR 1337 3
hsa-miR-3315pe ' P

R a-rhi .32"9‘, hsa-miR-1915p ¢hsa-miR-324-5p
ol

I
® o
s . s
| oo
L
I o

—Logqg P=Vvalue

e

: hsa-miR-454-3p
L4

[ hsa-miR-199a-5p

@
hea-tiR-260-5p” $ hsa-miR-181¢-5p

hsa-miR-14p-3p* o gNS>MIR-140-5p
hsa-miR-340-3p

) |
&——hsa-miR-1013p hsg-miR-330-3p

hsa-miR-4508 shsa-miR-548¢-5p g i
| ___hsamiR584-50° % _____ T e o __

-1 0 1
Log, fold change

total = 241 variables

e

NS
Log, FC > 0.5

NS

Log, FC > 0.5
Log, FC < 0.5
p-—value < 0.05

2202 18quisAoN §Z UO Jasn adualog [eolpai JO AlisiaAlun uetysa | AQ 960SE89//999eBp/Wwaul/01LZ L 0 /10p/8|o1e-adueApe/weol/woo dno-olwspese//:sdny wolj papeojumoq



Downloaded from https://academic.oup.com/jcem/advance-article/doi/10.1210/clinem/dgac667/6835096 by Tehran University of Medical Science user on 28 November 2022

Median for non-responders

. Median for all patients

miR-26b-5p

miR-101-3p

X%

abueys Jo abejusdiad

m

=] =] L=
(=] o
o~ -

abuey? jo abejuarsad

2 V3 V4 V6

v

V1

miR-32-5p

miR-191-5p

abueya jo abejuaaiad

Vi

150

= (=] (=] (=]
o ] Tr]

- i

abueuo Jo abejuasiad

-100

V6

AL

V3

V2

1

Vv

Vé

V4

V3

V2

miR-4508

miR-454-3p

abueya jo abejuaaiad

* ¥k

s FM e

V2

[=]
(=]
-

[=]
[=]
N

abueyo Jo abejuasiad

o



Downloaded from https://academic.oup.com/jcem/advance-article/doi/10.1210/clinem/dgac667/6835096 by Tehran University of Medical Science user on 28 November 2022

| w
>
[ -3
o
w0
>
0 B
4 *
£
| o~
>
» -3
= = (-]
(=] (=
b ) o™
&) abueyo jo sbejuated

30



Downloaded from https://academic.oup.com/jcem/advance-article/doi/10.1210/clinem/dgac667/6835096 by Tehran University of Medical Science user on 28 November 2022

=
T
=
[=3
@
o 2
g &
-
3

4
3
iR-584-5p M?

Heterogeneous
Mesenchymal

mc
i
= g
&<

=
@
£
=
w

1
0
’ -1
2
-32-5p N

I I o

Meurenal

Meuronal/Mesenchymal

Stem Cell

-mi

hsa

hsa-miR-101-3p

hsa-miR-26b-5p
hsa-miR-191-5p
hsa-miR-454-3p

Pericyte
Schwann Cell
Hepatic Stellate Cell
Epithelial Cell
Meningeal Cell
Melanocyte
Mesothelial Cell
Osteoblast

Myoblast
Chondrocyte
Smooth Muscle Cell
Mesenchymal Stem Cell
Fibroblast

Dermal Papilla Cell
Satellite Cell
Astrocyte
Trabecular Meshwork Cell
Renal Mesangial Cell
Skeletal Muscle Cell
Keratinocyte
Preadipoeyte
Endothelial Gell
CD3+ T Lymphocyte
iPS

CD14+ Monocyte
CD4+ T Cell

PBMC

CD8+ T Cell
Synoviocyte

Mast cell

Pituitary gland
Hepatocyte
Adipocyte

Matural Killer Cell
CD19+ B Cell
Macrophage

Pineal gland
Dendritic Cell
Neutrophil

31



