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ABSTRACT 

Bone remodelling is regulated by a complex network of pathways and factors 
where multiple cell types coordinate to maintain bone strength. Different 
regulatory mechanisms controlling the transcription of cell type specific genes 
have been previously identified. The traditional transcription regulation model has 
been complemented through studies on mechanisms modifying chromatin 
availability for transcription, called epigenetic regulation. One essential epigenetic 
regulator modifying the accessibility of DNA is Lysine-specific demethylase 1, 
LSD1. LSD1 was first found in an epigenetic regulator complex with REST 
corepressor 1 (RCOR1). RCOR2, a paralogue of RCOR1, was later shown to 
replace RCOR1 in some complexes with LSD1. LSD1 has been shown to regulate 
differentiation of mesenchymal and hematopoietic stem cells in vitro and in vivo. 
However, data on the effects of LSD1 expression or loss of function on bone tissue 
homeostasis are conflicting between different studies and experimental models. 

In this thesis, the roles of LSD1 and RCOR2 in osteoblast differentiation and 
function were studied using both pharmacological inhibition of LSD1 and shRNA-
mediated downregulation of LSD1 and RCOR2 mRNA expression in vitro. The 
roles were further investigated in vivo using global and mesenchymal cell targeted 
conditional knockout mouse models and applying ovariectomy and closed tibial 
fracture healing models to highlight the effects of RCOR2 on bone formation in 
adult mice. Loss of LSD1 demethylation activity through pharmacological 
inhibition or mRNA expression led to loss of osteoblast activity both in vitro and 
in vivo, resulting also in the loss of growth plate chondrocyte organization and in 
a bone phenotype resembling osteogenesis imperfecta. The downregulation of 
RCOR2 in vitro led to inhibition of osteoblast differentiation, which was not 
replicated to the same extent in the mouse models in vivo. 

These results emphasize the importance of epigenetic regulation on 
mesenchymal cell differentiation and bone remodelling through the histone 
demethylation effects of RCOR2 expression and LSD1 activity. Further 
understanding of various epigenetic mechanisms could lead to new therapeutic 
approaches for bone diseases, expanding beyond the current treatment methods. 

KEYWORDS: Bone tissue, epigenetic regulation, LSD1, mesenchymal stromal 
cell, osteoblast, RCOR2  



 5 

TURUN YLIOPISTO 
Lääketieteellinen tiedekunta 
Biolääketieteen laitos 
Lääketieteellinen biokemia ja genetiikka 
PETRI RUMMUKAINEN: Luunmuodostuksen epigeneettinen säätely – 
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TIIVISTELMÄ 

Luukudoksen uudelleenmuodostusta säädellään monimutkaisella signalointi-
reittien ja -tekijöiden verkostolla, jossa useat solutyypit toimivat yhdessä yllä-
pitääkseen luun lujuutta. Useita solutyypeille ominaisten geenien luentaa 
sääteleviä mekanismeja on tunnistettu aiemmin. Perinteistä geenien luennan 
säätelymallia on uuden tutkimustiedon valossa täydennetty DNA:n luettavuutta 
säätelevillä mekanismeilla, joita kutsutaan epigeneettiseksi säätelyksi. Yksi tärkeä 
DNA:n luettavuutta muokkaava epigeneettinen säätelytekijä on LSD1 (Lysine-
specific demethylase 1). LSD1 tunnistettiin alun perin yhdessä RCOR1:n (REST 
corepressor 1) kanssa. RCOR2:n, joka on RCOR1:n geeniperheen jäsen, on 
osoitettu korvaavan RCOR1 joissain proteiinikomplekseissa. LSD1:n on osoitettu 
säätelevän muun muassa mesenkymaalisten ja hematopoieettisten kantasolujen 
erilaistumista. LSD1:n toiminnan tai hiljentämisen vaikutuksista luukudoksessa 
on kuitenkin saatu ristiriitaisia tuloksia eri tutkimusten ja koemallien välillä. 

Tutkimuksessamme selvitettiin LSD1:n ja RCOR2:n merkitystä luuta 
muodostavien osteoblastien erilaistumisessa ja toiminnassa estämällä LSD1:n 
aktiivisuutta ja toisaalta hiljentämällä LSD1:n ja RCOR2:n luentaa in vitro. 
Lisäksi käytettiin mesenkymaalisiin soluihin kohdennettuja ja kohdentamattomia 
poistogeenisiä hiirimalleja. RCOR2:n vaikutusta tutkittiin hiirillä myös sekä 
murtuman paranemisen että estrogeenivajeen aikaansaaman luunmenetyksen 
aikana. LSD1:n aktiivisuuden ja luennan väheneminen vähensivät osteoblastien 
aktiivisuutta ja luunmuodostusta, saaden lisäksi aikaan kasvulevyn rustosolujen 
epäjärjestyksen ja luusairaus osteogenesis imperfectaa muistuttavan luuilmiasun. 
RCOR2:n hiljentäminen puolestaan vähensi osteoblastien aktiivisuutta in vitro, 
mutta tätä vaikutusta ei nähty samassa laajuudessa poistogeenisissä hiirimalleissa. 

Väitöstutkimus korostaa epigeneettisen säätelyn ja erityisesti RCOR2:n ja 
LSD1:n tärkeyttä mesenkymaalisten solujen erilaistumisessa ja luun lujuuden 
säätelyssä. Epigeneettisten mekanismien ymmärtäminen voi tulevaisuudessa 
mahdollistaa uusien hoitomuotojen kehittämisen luusairauksien hoitoon. 

AVAINSANAT: Luukudos, epigeneettinen säätely, LSD1, mesenkymaalinen 
stroomasolu, osteoblasti, RCOR2   



 6 

Table of Contents 

Abbreviations ............................................................................... 9 

List of Original Publications .......................................................11 

1 Introduction .........................................................................12 

2 Review of the Literature .....................................................14 
2.1 Bone, a complex tissue with multiple functions .................... 14 

2.1.1 Bone cells ................................................................. 14 
2.1.2 In vivo models of bone research ............................... 20 

2.2 Molecular regulation of bone formation ................................ 21 
2.2.1 Transcription factors regulating osteoblast 

differentiation ............................................................ 21 
2.2.2 Growth factors regulating osteoblast differentiation ... 24 
2.2.3 Hormonal regulation of bone formation and 

maintenance ............................................................. 26 
2.3 Epigenetic regulation ........................................................... 28 

2.3.1 Histone modifications ................................................ 29 
2.3.1.1 Histone methylation .................................... 30 
2.3.1.2 Histone acetylation ..................................... 31 
2.3.1.3 Other histone modifications ........................ 33 

2.3.2 DNA methylation ....................................................... 34 
2.3.3 Non-coding RNAs ..................................................... 35 

2.4 LSD1/RCOR2 complex ........................................................ 36 
2.4.1 LSD1 ......................................................................... 38 

2.4.1.1 H3K4 methylation ....................................... 38 
2.4.1.2 H3K9 methylation ....................................... 39 
2.4.1.3 Direct protein interactions ........................... 39 

2.4.2 RCOR2 ..................................................................... 40 
2.4.2.1 RCOR Family members ............................. 40 
2.4.2.2 Mechanism of action and complexes with 

LSD1 or other proteins ............................... 40 
2.4.3 LSD1 and RCOR2 in bone ........................................ 41 

3 Aims .....................................................................................43 

4 Materials and Methods .......................................................44 
4.1 Ethics statement (I, II) .......................................................... 44 
4.2 Mouse strains (I, II) .............................................................. 44 



 7 

4.2.1 Limb-bud mesenchyme targeted LSD1 knockout 
mice (I) ..................................................................... 45 

4.2.2 Pharmacological inhibition of LSD1 in vivo (I) ........... 45 
4.2.3 Global RCOR2 knockout mice (II)............................. 45 
4.2.4 Limb-bud mesenchyme targeted RCOR2 

knockout mice (II) ..................................................... 46 
4.2.5 Genotyping (I, II) ....................................................... 46 

4.3 Experimental mouse models ............................................... 47 
4.3.1 Ovariectomy-induced bone loss (II) .......................... 47 
4.3.2 Tibial fracture healing (II) .......................................... 47 

4.4 Mouse skeletal phenotype analysis ..................................... 47 
4.4.1 Micro-computed tomography (I, II) ............................ 47 
4.4.2 Histology and histomorphometry (I, II) ...................... 48 
4.4.3 Biomechanical testing (II) ......................................... 49 
4.4.4 Bone turnover marker analysis (I) ............................. 50 

4.5 Cell culture experiments ...................................................... 50 
4.5.1 MC3T3-E1 cell line and primary cell cultures (I, II) .... 50 
4.5.2 Lentiviral silencing (I, II) ............................................ 51 
4.5.3 Cytochemical analysis (I, II) ...................................... 51 

4.6 Molecular biology ................................................................ 52 
4.6.1 Reverse transcription quantitative polymerase 

chain reaction (I, II) ................................................... 52 
4.6.2 RNA-sequencing and bioinformatic analysis (I, II) .... 53 
4.6.3 Chromatin immunoprecipitation sequencing and 

bioinformatic analysis (I) ........................................... 54 
4.6.4 Western blotting (I) ................................................... 56 

4.7 Statistical analyses (I, II) ...................................................... 56 

5 Results ................................................................................ 58 
5.1 Effects of LSD1 on osteoblast differentiation (I) ................... 58 

5.1.1 LSD1 is highly expressed in osteoblasts and binds 
to loci enriched with RUNX2 binding motifs .............. 58 

5.1.2 LSD1 inhibition and downregulation suppresses 
osteoblast function and differentiation in vitro ........... 60 

5.1.3 LSD1 inhibition suppresses osteoblast 
differentiation and function in vivo............................. 61 

5.1.4 LSD1 downregulation disrupts growth plate 
organization and osteoblast differentiation in vivo ..... 62 

5.2 Effects of RCOR2 on osteoblast differentiation (II) .............. 64 
5.2.1 Loss of RCOR2 delays osteoblast differentiation 

in vitro ...................................................................... 64 
5.2.2 RCOR2 downregulation relieves target gene 

suppression .............................................................. 65 
5.2.3 RCOR2 regulates osteoblast differentiation, but is 

not irreplaceable in vivo ............................................ 66 
5.2.4 RCOR2 supports adipocyte differentiation in vitro 

and in vivo ................................................................ 68 

6 Discussion .......................................................................... 69 

7 Summary/Conclusions ...................................................... 77 



 8 

Acknowledgements .....................................................................78 

References ...................................................................................80 

Original Publications ...................................................................95 
 

  



 9 

Abbreviations 

ALP Alkaline phosphatase 
AOD Amine-oxidase domain 
AR Androgen receptor 
ATF Activating transcription factor 4 
BMP Bone morphogenic protein 
bp Base pair 
BV/TV Bone volume / Tissue volume ratio 
C/EBP CCAAT/enhancer-binding protein 
CBF Core binding factor 
ChIP-seq Chromatin immunoprecipitation sequencing 
cKO Conditional knockout 
COL1A1 Collagen type 1, alpha 1 
CTX C-terminal telopeptides of type I collagen 
DE Differentially expressed 
DKK Dickkopf 
DLX Distal-less homeobox 
DNMT DNA methyltransferase 
ECM Extracellular matrix 
ELM Egl-27 and MTA homology 
EZH Enhancer of zeste 
FAD Flavin adenine dinucleotide 
FZD Frizzled 
HAT Histone acetyltransferase 
HDAC Histone deacetylase 
HE Haematoxylin and eosin 
HSC Hematopoietic stem cell 
IL Interleukin 
KDM Lysine demethylase 
KO Knockout 
LRP Low-density lipoprotein receptor-related protein 
LSD Lysine-specific histone demethylase 



 10 

µCT Micro-computed tomography 
MAPK Mitogen-activated protein kinase 
M-CSF Macrophage Colony-stimulating factor 
miRNA MicroRNA 
mRNA Messenger RNA 
MSC  Mesenchymal stem/stromal cell 
MTA Metastasis tumor antigen 
NFAT1 Nuclear factor associated with T-cells 1 
NF-κB Nuclear factor kappa B 
NuRD Nucleosome remodelling and deacetylase complex 
OCN Osteocalcin 
OM Osteogenic medium 
OPG Osteoprotegerin 
OSX Osterix/SP7 
OVX Ovariectomy 
PBS Phosphate buffered saline 
PCP Planar cell polarity 
PPARγ Peroxisome proliferator-activated receptor-γ 
PRRX1 Paired related homeobox 1 
PTH Parathyroid hormone 
PTHrP Parathyroid hormone related protein 
RANKL Receptor Activator of NF-κB ligand 
RCOR REST corepressor 
REST Repressor element-1 silencing transcription factor 
RNA-seq RNA-sequencing 
ROI Region of interest 
RT-qPCR Reverse transcription quantitative polymerase chain reaction 
RUNX Runt-related Transcription Factor  
SANT Swi3, Ada2, N-CoR, TFIIIB 
SD  Standard deviation 
SEMA Semaphorin 
shRNA Small hairpin RNA 
SMAD SMA and MAD family 
SSC Skeletal stem cells 
SWIRM Swi3p, Rsc8p and Moira 
TGF Transforming growth factor 
TNF Tumor necrosis factor 
TRACP Tartrate-resistant acid phosphatase 
TSS Transcription start site 
WNT Wingless-related integration site 



 11 

List of Original Publications 

This dissertation is based on the following original publications, which are referred 
to in the text by their Roman numerals: 

I Rummukainen P, Tarkkonen K, Dudakovic A, Al-Majidi R, Nieminen-
Pihala V, Valensisi C, Hawkins R.D, van Wijnen A.J and Kiviranta R. 
Lysine-Specific Demethylase 1 (LSD1) epigenetically controls osteoblast 
differentiation. PLoS ONE 17(3): e0265027. 2022,  
DOI:10.1371/journal.pone.0265027  

II Rummukainen P, Tarkkonen K, Al-Majidi R, Puolakkainen T, Nieminen-
Pihala V, Valensisi C, Hawkins R.D, Heino T.J, Ivaska K and Kiviranta 
R. The Complex Role of Rcor2: Regulates Mesenchymal Stromal Cell 
Differentiation in vitro But Is Dispensable in vivo. Bone, 2024; Volume 
187, 117180,   
https://doi.org/10.1016/j.bone.2024.117180 

The original publications have been reproduced with the permission of the 
copyright holders. 

 



 12 

1 Introduction 

Regulation of bone metabolism is a complex network of pathways and factors. 
Multiple cell types derived from stem cells of different origins work together to 
maintain the optimal balance of bone volume and structural integrity. The traditional 
model of gene expression regulation, which focuses on transcription factor 
expression, has later been complemented with epigenetic regulation, which involves 
managing chromatin accessibility, allowing transcription factors to bind without 
altering the DNA structure.  

Osteoporosis, the loss of bone density and mass leading to increased risk of 
fractures is a disorder diagnosed in 18.3% of people worldwide, especially in women 
over the age of 50 years (Salari et al., 2021). The increased fracture risk has been 
linked to increased post-fracture mortality rate. Treatment of osteoporosis includes 
exercise, nutritional supplements, hormone therapies (selective estrogen receptor 
modulators and estrogen), bisphosphonates, romosozumab, a sclerostin inhibitor and 
denosumab, a RANKL inhibitor. Treatment options available are still limited and 
novel therapeutic targets to treat osteoporosis are needed. One promising approach 
could be utilizing the epigenetic regulation of key transcription factors in osteoblasts 
to enhance bone formation. However, the mechanisms of epigenetic regulation in 
bone cells are not yet fully elucidated and this area is currently a topic of active 
research (Sharma et al., 2024).  

One strong epigenetic regulator is the lysine-specific demethylase 1, LSD1. 
LSD1 was first discovered together with REST corepressor 1 (RCOR1) as a member 
of an epigenetic regulator complex, which was further identified as a REST binding 
regulatory complex (Andrés et al., 1999; You et al., 2001). LSD1 and its family 
member LSD2 are members of the AOD-containing subfamily of lysine 
demethylases (Polticelli et al., 2005). LSD1 has since been investigated in bone 
remodelling and was found to regulate the differentiation of mesenchymal stem cells 
to adipocytes, chondrocytes and osteoblasts as well as hematopoietic stem cells to 
osteoclasts (Doi et al., 2022; Rodova et al., 2011; Sun et al., 2018). LSD1 expression 
and activity is necessary for normal differentiation and activity of osteoblasts in vitro 
and in vivo (Sun et al., 2018). However, the data on the effects of LSD1 across 
different studies are complex, ranging from support of osteoclast differentiation (Doi 
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et al., 2022) to enabling callus formation during endochondral bone formation (Sun 
et al., 2020).  

RCOR2 (also known as CoREST2) was found in a complex with histone 
deacetylases 1 and 2 (HDAC1/2), BHC80 and LSD1 similarly to CoREST/RCOR1 
and capable of facilitating the nucleosomal demethylation activity of LSD1. RCOR2 
is most studied in the context of embryonic stem cell maintenance and 
reprogramming of somatic cells (P. Yang et al., 2011). The role of RCOR2 in 
osteoblasts has previously remained unstudied. Our preliminary RNA-sequencing 
data collected during MC3T3-E1 osteoblast differentiation suggested that both 
LSD1 and RCOR2 were expressed in osteoblasts. 

Previous data has demonstrated that LSD1 activity is essential to the long bone 
development and growth plate organization (Sun et al., 2018, 2020), however the 
mechanism behind the effects of targeting LSD1 in osteoblasts remains to be studied 
in more detail. Especially, the discrepancies between different mouse models remain 
to be elucidated.  

The aim of this study was to investigate the expression, demethylation activity 
and roles of LSD1 and RCOR2 in bone. Based on our preliminary studies, we 
decided to study in depth the role of RCOR2 and LSD1 in differentiating osteoblasts. 
To achieve this, we inhibited LSD1 demethylation activity and downregulated the 
expression of LSD1 and RCOR2 in osteoblasts differentiated from the MC3T3-E1 
cell line, as well as in primary calvarial osteoblasts collected from newborn mice. To 
further study the role of LSD1 in a more clinically translatable model than the cell 
culture models, we treated wild type mice with a selective LSD1 inhibitor and 
investigated the bone effects. Finally, we created knockout mouse models by 
deleting LSD1 or RCOR2 globally or conditionally using targeted deletion in limb 
bud mesenchymal cells and applying ovariectomy and closed tibial fracture healing 
models to highlight the effects of RCOR2 on bone regulation. 
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2 Review of the Literature 

2.1 Bone, a complex tissue with multiple functions 
Bone as a rigid, mineralized connective tissue has various important functions; bones 
protect our vital organs from damage by forming a protective cage, enable our 
movement together with muscles and cartilage, and harbour our blood cell formation. 
Bone is also an active endocrine organ, which stores minerals to be released as a 
response to parathyroid hormone (PTH) as well as secretes hormone-like molecules, 
such as osteocalcin (OCN) in the circulation (Guntur & Rosen, 2012; Jilka et al., 
2010).  

Bone tissue undergoes constant renewal as changes in mechanical loading, 
microdamage and other external stimuli direct the remodelling of bone. As Wolff’s 
Law proposed already in 1892 describes, bones adapt to the mechanical loading they 
bear and respond to it by increased strength of the inner spongy bone called 
trabecular bone, followed by thickening of the outer layer called cortical bone. 
Similarly, decrease in loading leads to loss of strength in both trabecular and cortical 
bone (Frost, 1994). Response to changes in loading is proposed to be detected by the 
mechanosensing osteocytes embedded inside the bone matrix, which further signal 
to the cells on the bone surface to meet the changed needs, forming a signalling loop 
of different cell types performing remodelling cycles where and when necessary 
(Mullender et al., 2004). 

2.1.1 Bone cells 
Bone tissue consists of extracellular matrix (ECM) and four different cell types: bone 
resorbing osteoclasts, bone forming osteoblasts, bone lining cells and bone signalling 
osteocytes (Florencio-Silva et al., 2015). Osteoclasts originate from hematopoietic 
stem cells (HSCs) whereas osteoblasts and osteocytes are derived from 
mesenchymal stem/stromal cells (MSCs). Chondrocytes (fundamental cells in 
growth plate, articular cartilage and forming the cartilage intermediate for indirect 
bone formation) and actively signalling and energy storing adipocytes are also of 
MSC-origin and can be found both near and within bone tissue (Kolf et al., 2007). 
HSCs also give rise to a multitude of other cell types, such as red blood cells, myeloid 
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and lymphoid white blood cells and platelets (Cheng et al., 2020). Both HSCs and 
MSCs are maintained in niches, which are specific molecular and cellular 
environments surrounding the stem cells, aiming to maintain the naïve state (Kolf et 
al., 2007; Morrison & Scadden, 2014). The MSC and HSC niches are located near 
the vasculature in the bone marrow and comprises different cell types, such as 
pericytes (Kolf et al., 2007) and mesenchymal stromal cells (Morrison & Scadden, 
2014). The HSC niches in adults are found in the bone marrow of long bones (Frisch, 
2019), while MSC niches or MSC-like cell niches are found perivascularly in 
different tissues throughout the body (Blashki et al., 2006; Meirelles et al., 2006).  

Osteoblast differentiation originates from the mesenchymal stem/stromal cell. 
Mesenchymal stem cells differentiate into osteoblasts, adipocytes and chondrocytes, 
but they can also transdifferentiate into cells of the ectoderm (epithelial cells, 
neurons) and endoderm layer (myocytes, gut epithelia), among others (Uccelli et al., 
2008). Cells extracted from different tissues and cultured in vitro with proliferation 
and differentiation capacity were previously collectively called mesenchymal stem 
cells. As the potential of mesenchymal stem cells as a research target was 
established, different protocols for extraction and in vitro culture were published, 
some with great variability (Marote et al., 2023; Salerno et al., 2020; A. Wilson et 
al., 2019; A. J. Wilson et al., 2023). To improve the reproducibility and standardize 
the nomenclature in MSC research, the International Society for Cell & Gene 
Therapy coined the name Mesenchymal stromal cell to cells which are plastic-
adherent, possess a specific surface antigen pattern and have differentiation 
capability to osteoblasts, adipocytes and chondrocytes (Dominici et al., 2006). 
Recently another subpopulation of mesenchymal stem cells has been defined, 
residing in the adult skeleton and capable of differentiation into osteoblasts, 
adipocytes and chondrocytes: the skeletal stem cells (SSCs) (Melis et al., 2024). 
SSCs are mesenchymal cells with self-renewal and multipotency capabilities. They 
are a subpopulation of the skeletal stem and/or progenitor cells (SSPCs), and pure 
populations of SSCs have been difficult to identify (Melis et al., 2024). In this study, 
the primary cells extracted from newborn mouse calvarias, cultured and 
differentiated are considered mesenchymal stromal cells. 

Differentiation of a mesenchymal stem cell towards a bone forming cell is gatekept 
by transcription factors and growth factors, such as bone morphogenic proteins (BMP) 
and wingless-related integration site (WNT) proteins (Figure 1) (Ponzetti & Rucci, 
2021; Zhu et al., 2024). The osteo-chondroprogenitor cell further commits to 
osteoblast lineage through expression of master transcription factors, such as osterix 
(OSX/SP7), runt-related transcription factor 2 (RUNX2) and distal-less homeobox 5 
(DLX5) (Ponzetti & Rucci, 2021; Rutkovskiy et al., 2016). The committed 
osteoprogenitor cell then progresses to a pre-osteoblast expressing osteoblast markers 
such as alkaline phosphatase (ALP) and type 1 collagen (COL1) (Ponzetti & Rucci, 
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2021; Rutkovskiy et al., 2016). Expression of these markers continue throughout the 
lifespan of the osteoblast, but different levels can be expressed depending on the 
functional activity of mature osteoblasts before terminal differentiation (Ponzetti & 
Rucci, 2021; Zhu et al., 2024). Osteoblasts can have three different fates: maturing into 
mechanosensing osteocytes buried inside the bone ECM during active bone formation, 
becoming inactive bone lining cells protecting the surface of the bone from osteoclast 
activity, or dying by apoptosis at the end of the lifespan (Figure 1) (Ponzetti & Rucci, 
2021; Rutkovskiy et al., 2016; Zhu et al., 2024). 

 
Figure 1.  Differentiation of mesenchymal stem/stromal cells to osteoblasts and other cell types. 

Mesenchymal stem cell differentiation into osteo-chondroprogenitors is induced by BMP 
and WNT signalling. Further commitment and differentiation into osteoblasts leads 
either to apoptosis, or terminal differentiation into bone lining cells or osteocytes. 
PPARγ, peroxisome proliferator-activated receptor gamma; MyoD, myoblast 
determination protein 1; Sox9, SRY-box transcription factor 9; OPN, osteopontin; OCN, 
osteocalcin; BSP2, bone sialoprotein 2. Modified from Ponzetti & Rucci 2021 & 
Rutkovskiy et al., 2016. Created in BioRender.com 
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Osteoclasts differentiate from HSCs via the myeloid committed precursors and 
macrophage/dendritic cell precursors. After osteoclast precursors have differentiated 
to mononucleated osteoclasts, further activation/maturation leads to fusion of 
mononucleated osteoclasts into multinucleated osteoclasts, which after attachment 
to bone matrix and formation of resorption canopy are active, bone-resorbing 
osteoclasts (Edwards & Mundy, 2011; Kim et al., 2020). Commitment of HSCs and 
early differentiation of osteoclasts is driven by macrophage colony-stimulating 
factor (M-CSF) and receptor activator of NF-κB ligand (RANKL) (Figure 2) 
(Edwards & Mundy, 2011; Kim et al., 2020; Long & Humphrey, 2012). After 
activation and resorption activity, murine multinucleated osteoclasts can fission into 
mono- or multinucleated osteomorphs or undergo apoptosis (Jansen et al., 2012; 
McDonald et al., 2021).  

 
Figure 2. Osteoclast differentiation and life cycle. Osteoclast early differentiation from 

hematopoietic stem cell is induced by macrophage colony-stimulating factor (M-CSF) 
and receptor activator of NF-κB ligand (RANKL). Differentiation, fusion and maturation 
is seen as osteoclast marker gene expression. Mature osteoclast inactivation and 
detachment can result in apoptosis or fission to mononuclear osteoclasts through the 
osteomorph intermediate. NF-κB, nuclear factor kappa B; NFATc1, nuclear factor 
associated with T-cells 1. Modified from Edwards & Mundy 2011 & Long & Humphrey 
2012. Created in BioRender.com 
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Bone renewal is a constant physiological process which is seen continuously in 
normal bone. The interplay of osteoclasts, osteoblasts and their precursors is 
normally orchestrated into a balanced process of controlled bone resorption followed 
by bone formation, called bone remodelling cycle (Figure 3) (Bhardwaj et al., 2022; 
Kim et al., 2020). The cycle begins with the recruitment of osteoclast precursors 
maturing into functional osteoclasts in the resorption phase. Osteoclasts resorb the 
mineralized matrix at the remodelling site through the release of hydrogen ions and 
proteolytic enzymes such as cathepsin K and collagenase into the resorption pit 
formed between cells and the bone ECM surface, thus degrading the previously 
formed inorganic and organic matrix. After resorption, osteoclasts are detached from 
the bone surface and undergo apoptosis or fission to osteomorphs (Bhardwaj et al., 
2022). Thereafter osteoblast precursors are attracted to the remodelling site, and 
osteoblast differentiation begins in the reversal phase. The exact mechanisms of the 
reversal phase are still poorly understood, although some details have been 
discovered. The key phenomenon of the phase is reversing the conditions from 
osteolytic to osteogenic, connected to the recruitment of a macrophage subtype 
called osteomacs (Bhardwaj et al., 2022; Delaisse, 2014). The balance between 
resorption and formation results only in small changes in bone mass or strength after 
each remodelling cycle in mature, healthy bone is finished (Kim et al., 2020). 

 
Figure 3.  Simplified representation of the bone remodelling cycle: Osteoclasts are recruited to 

replace the bone lining cells on the bone surface, mature into multinuclear cells and 
resorb the bone. Reversal phase begins with detachment of osteoclasts and 
replacement with maturing osteoblasts, followed by bone formation by osteoblasts 
producing new bone matrix (osteoid) and this matrix is mineralized. Modified from 
Bhardwaj et al., 2022. Created in BioRender.com 

The delicate balance of bone remodelling requires crosstalk between osteoclasts, 
osteoblasts and osteocytes (Figure 4). Osteocytes, in response to changes in 
mechanical stimuli and shear stress, signal to osteoclasts through RANKL, 
osteoprotegerin (OPG), interleukin-1 beta (IL-1β), and insulin-like growth factor 1 
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(IGF-1) and to osteoblasts through sclerostin (SOST), IL-6 and IGF-1, among others 
(Kitaura et al., 2020). Osteoclast differentiation is stimulated also by osteoblasts 
through factors like M-CSF, RANKL and WNT5a. After bone resorption has ended, 
osteoclast differentiation is suppressed by osteoblast-derived OPG and WNT16 
(Edwards & Mundy, 2011; Kim et al., 2020). Osteoclasts on the other hand can signal 
back to osteoblasts through sphingosine 1-phosphate (S1P), collagen triple helix repeat 
containing-1 (CTHRC1) and complement component C (C3) secretion to promote and 
through semaphorin 4D (SEMA4D) to suppress their differentiation (Kim et al., 2020). 
Osteoblasts and osteoclasts also signal using direct juxtacrine cell-cell interactions 
through e.g. Ephrin B2, FS-7-associated surface antigen (FAS) and SEMA3A (Kim et 
al., 2020). The OPG–RANKL–RANK cross-signalling is of key importance to the 
regulation of bone remodelling, where most regulators which upregulate RANKL 
expression simultaneously downregulate OPG expression or upregulate it significantly 
less (Kitaura et al., 2020). These regulators affect the OPG/RANKL ratio, which drives 
the balance from bone resorption to bone formation or vice versa. 

 
Figure 4.  Crosstalk of osteoclasts, osteoblasts and osteocytes and various factors identified in 

this context. Osteoblasts and osteoclasts can signal with each other through soluble 
signalling molecules and growth factors. Bone-embedded osteocytes can both induce 
and repress osteoblast and osteoclast differentiation. Osteoclasts signal to osteoblasts 
also through signals secreted and released from the ECM during the resorption.  
TGF-β, transforming growth factor beta. Modified from Kim et al., 2020 & Kitaura et al., 
2020. Created in BioRender.com 
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2.1.2 In vivo models of bone research 
Multiple different in vitro models are used to study remodelling and crosstalk 
between different cell types. However, for bone research, the complexity of the 
remodelling cycle including different cell types and metabolic regulators as well as 
endocrine regulation via remote organs limits the translatability of in vitro results 
with current technologies. This directs the most complex experiments on crosstalk 
and cross-regulation towards in vivo experiments.  

The basis of ethical research when planning to use live animals is to when 
applicable, always 1) use either in vitro experimentation, or 2) use the least 
developed models applicable to the experiment setting or 3) use primary cells 
(Replacement in 3R) (NC3Rs, 2024). Among the available animal species, Mus 
musculus (the house mouse) is currently the preferred model organism in research 
applying genetically modified models. The choice is largely due to the similarities 
of bone formation process compared to humans, combined with the vast knowledge 
of the mouse genome. Other animal models applied in bone research are zebrafish, 
rats, rabbits, dogs, sheep, goats, pigs or non-human primates. Similarly to other 
research fields, key models of in vivo bone research nowadays include genetically 
modified models. In addition, hormonal interference, surgical procedures, 
pharmaceutical treatments or limitation of movement can be used to adjust the bone 
microenvironment and thereby remodelling (Schafrum Macedo et al., 2019).  

With the introduction of modification of embryonal DNA, global gene knockout 
(KO) and conditional gene knockout (cKO) models have been established. Since the 
establishment of the Cre-LoxP system (Sauer & Henderson, 1988), sections of DNA 
can be removed from either all cells of an organism, or from a specific cell type or 
at a specific point of differentiation, depending on the gene promoter of choice. For 
example, the target gene can be excised from osteoblast DNA in the limb bud 
development phase (Prrx1-Cre), in early osteoblast development phase (OSX-Cre) 
or in mature osteoblasts (OCN-cre) (Kitase & Prideaux, 2023). More recent 
technologies, such as CRISPR/Cas9, allow for instance modification or introduction 
of the target DNA sequence in vitro or ex vivo (Redman et al., 2016). 

The main focus of bone research revolves around the cellular and molecular 
mechanisms leading to osteoporosis and finding possible therapeutic targets through 
osteoblast activation or osteoclast inactivation. In humans, significant risk factors of 
developing osteoporosis are aging, changes in estrogen and testosterone production, 
immobility and poor nutrition as well as certain medications or diseases (secondary 
osteoporosis) (National Institute of Arthritis and Musculoskeletal and Skin Diseases, 
2024). To model the effect of changes in reproductive hormone levels on bone, 
animals can be subjected to surgical removal of ovaries (ovariectomy) or testicles 
(orchidectomy) or be administered drugs to inhibit the production or effects of 
reproductive hormones. Bone loss can also be modelled in animals by 
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immobilization or limiting load of a limb. The nutritional state of animals can be 
adjusted using a specific diet and aging can be taken into account when selecting 
time points for sampling and/or treatment (Schafrum Macedo et al., 2019). Another 
similarly complex modality of accelerated bone remodelling is fracture healing, 
which includes multiple phases from inflammation, stem cell recruitment, callus 
formation and eventually bone remodelling and modelling. Due to the interplay and 
differentiation of nearly all cell types of MSC-lineage as well as various other cell 
types, fracture healing and osteoporosis are complex phenomena (Y. Li et al., 2018; 
Schafrum Macedo et al., 2019). 

2.2 Molecular regulation of bone formation 
The balance between bone formation and resorption is regulated through a network 
of signalling mechanisms and their downstream effectors. While allowing 
remodelling to adapt to changes in mechanical loading and structural micro- and 
macrodamage, also the integrity of the skeleton, mineral deposits and stable levels 
of calcium ions in blood have to be maintained. Some of the most important bone 
regulating transcription factors, growth factors and hormones are discussed below, 
focusing on the primary cell type studied, osteoblasts. 

2.2.1 Transcription factors regulating osteoblast 
differentiation 

Transcription factors are proteins regulating the transcription of genes with their 
common features: the DNA-binding domain, which is necessary for the recognition 
of the binding motif (a specific target sequence), the regulatory domain facilitating 
the repression or induction of transcription and the dimerization domain. Not all 
transcription factors harbour all these domains, but a combination of these is seen in 
most transcription factors (Slack, 2014). Differentiation of MSCs to osteoblasts is 
regulated by numerous transcription factors (Figure 1), some of which are described 
here (Table 1).  

RUNX2 

RUNX2 (also known as core binding factor alpha, CBFα and polyomavirus enhancer 
binding protein PEBP2), is expressed in the late stage of mesenchymal condensation 
and directs osteo-chondroprogenitors to differentiate into osteoblasts. RUNX2 is 
highly expressed in osteoblasts and less in chondrocytes. RUNX2 is vital for 
osteoblast differentiation and skeletal development, since no mature osteoblasts or 
mineralized bone matrix are found in RUNX2 knockout mice (Komori et al., 1997). 
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In addition, induced RUNX2 expression leads to ectopic bone formation and 
expression of osteoblast-specific genes in cells of non-osteoblast background (X. 
Yang & Karsenty, 2002). In turn, decreased RUNX2 expression in osteo-
chondroprogenitors directs differentiation to chondrocytes, while in maturing 
chondrocytes RUNX2 expression is restored (Rashid et al., 2021; Rutkovskiy et al., 
2016). RUNX2 binds with core binding factor beta (CBFβ) and controls the 
expression of several genes required for osteoblast function, such as OSX, 
osteocalcin, osteopontin, bone sialoprotein and COL1A1. RUNX2/CBFβ 
heterodimers have a DNA-recognition sequence TGTGGT, a property preserved in 
all three RUNX family members (Chan et al., 2021; Zhu et al., 2024). In osteoblasts, 
RUNX2 also upregulates glucose transporter 1 expression, thus supporting 
osteoblast differentiation as glucose is the main energy source for osteoblasts (Wei 
et al., 2015).  

RUNX1, which is another member of the RUNX transcription factor family and 
plays a major role in hematopoiesis, is also important for osteoblast differentiation. 
Expression of RUNX1 in progenitor cells inhibits the differentiation into adipocytes 
and induces early differentiation to both osteoblasts and chondrocytes (Lian et al., 
2003; Tang et al., 2020), while loss of RUNX1 impairs differentiation of both 
osteoblasts and chondrocytes (Y. Wang et al., 2005). The last family member, 
RUNX3 is expressed in osteoblasts and chondrocytes (Yamashiro et al., 2002). 
Knockout studies have shown that RUNX3 controls chondrocyte differentiation in 
both early and late stages (Soung et al., 2007) and that the loss of RUNX3 leads to 
osteopenia (Bauer et al., 2015). 

Osterix 

Osterix is a member of the Krüppel-like family of proteins expressed specifically in 
osteoblasts. RUNX2 controls OSX expression, demonstrated by RUNX2 knockout 
mice lacking OSX expression, while RUNX2 is expressed in OSX knockout mice. 
Similarly to RUNX2 knockout mice, OSX knockout mice also lack osteoblasts 
(Nakashima et al., 2002). Osterix expression has been found to overlap and succeed 
RUNX2 expression in osteoblasts during commitment and differentiation, 
controlling the maturation of osteoblasts. Interestingly, treatment of osteoblasts 
lacking RUNX2 with BMP2 induced the expression of OSX, suggesting an 
alternative pathway for OSX induction not normally seen in osteoblasts (M.-H. Lee 
et al., 2003). Osterix has multiple known and suggested downstream targets, such as 
early B cell factor 1 (EBF1), zinc finger and BTB domain-containing 16 (ZBTB16), 
fibrillin-2 (FBN2) and periostin (POSTN) (S.-J. Lee et al., 2017; Nieminen-Pihala 
et al., 2021; Onizuka et al., 2016). 
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Other transcription factors 

The family of SMADs, named as a fusion of SMA and MAD families, mediates the 
downstream effects of the transforming growth factor beta (TGF-β) superfamily. 
SMADs are categorized into three different types: Receptor-regulated SMADs, co-
SMADs and inhibitory SMADs (Massagué et al., 2005). Receptor-regulated SMADs 
are activated by TGF-βs (SMAD2/3) or BMPs (SMAD1/5/8) and trimerize with the 
co-SMAD SMAD4 to become activated as transcription factors, translocate to the 
nucleus and bind their SMAD-binding element sequence, GTCTAGAC (Derynck et 
al., 1998; Massagué et al., 2005; Zawel et al., 1998). Inhibitory SMADs (SMAD6/7) 
repress the activity of receptor-regulated SMADs with SMAD6 showing more 
targeted activity towards inhibiting BMP signalling and SMAD7 towards TGF-β 
signalling (Derynck et al., 1998; Massagué et al., 2005; Zawel et al., 1998). SMADs 
control mouse osteoblast differentiation and chondrocyte maturation through the 
regulation of RUNX1/2 activity as well as by functioning directly as transcription 
factors (Canalis et al., 2003; D. Chen et al., 2004; Valcourt et al., 2002). 

Activating transcription factor 4 (ATF4) dimerizes with various transcription 
factors to modulate the regulation of bone formation. For example, ATF4 induces 
osteocalcin expression by first forming a dimer with CCAAT-enhancer-binding 
protein beta (C/EBPβ) (St-Arnaud & Hekmatnejad, 2011). This facilitates the 
binding of ATF4 and RUNX2 to the osteoblast-specific cis-acting elements 1 and 2 
in the osteocalcin gene promoter and induces gene expression (St-Arnaud & 
Hekmatnejad, 2011; G. Xiao et al., 2005; Zhu et al., 2024).  

Table 1. Key transcription factors controlling osteoblast commitment, differentiation and maturation. 

FAMILY MEMBERS FUNCTION 

RUNX RUNX1 Promotes osteoblast and chondrocyte differentiation 

RUNX2 Promotes osteoblast differentiation and chondrocyte 
maturation  
Inhibits chondrocyte differentiation and osteoblast 
maturation 

RUNX3 Promotes chondrocyte differentiation 
OSTERIX Promotes osteoblast differentiation and maturation 
SMAD 
 

SMAD2/3 TGFβ-activated SMADs, promote early osteoprogenitor 
proliferation and inhibit osteoblast maturation 

SMAD1/5/8 BMP-activated SMADs, promote early osteoprogenitor 
proliferation and chondrocyte maturation 

SMAD4 Co-activator SMAD 
SMAD6/7 Inhibitory SMADs 

ATF4 Promotes terminal differentiation of osteoblasts and 
osteocalcin expression 
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2.2.2 Growth factors regulating osteoblast differentiation 
Growth factors are typically secreted proteins or hormones capable of inducing the 
growth, proliferation and differentiation of cells. Growth factors influence bone 
metabolism in multiple different ways during both skeletal development and bone 
remodelling during tissue maintenance, response to changes of mechanical loading 
and repair of damage on bone tissue (Figure 1, Table 2). 

TGF-β superfamily 

The TGF-β superfamily of growth factors includes the BMPs, TGF-βs, growth 
differentiation factor (GDF), activin, inhibin and left-right determination factor 
(LEFTY) subfamilies, of which the BMP and TGF-β subfamilies will be discussed 
in this context. 

The BMP subfamily consists of 13 proteins. BMPs 2, 4, 6, 7 and 9 have been 
demonstrated to have stimulatory effects on bone formation while BMPs 3 and 12 
suppress bone formation. BMPs effecting bone regulation are secreted by 
mesenchymal cells (Daluiski et al., 2001; Peng et al., 2003). BMPs can signal 
downstream through SMAD1/5/8, for example SMAD1 drives the degradation of β-
catenin through interaction with Dishevelled-1, an inhibitor of glycogen synthase 
kinase-3 beta (GSK-3β). This leads to repression of canonical Wnt-signalling (Liu 
et al., 2006; Zhu et al., 2024). BMPs are also able to signal through pathways other 
than SMADs. For example, BMP-2 induces RUNX2 and Osterix expression through 
the activation of MAPK pathway and DLX5 in human MSCs (Celil et al., 2005) and 
mouse C2C12 cells (Celil et al., 2005; K.-S. Lee et al., 2002). Due to the strong 
capacity of BMP-2 and BMP-7 to induce and enhance bone formation, they are used 
in clinical practice in orthopaedic and dental surgeries to promote bone healing and 
regeneration (Friedlaender et al., 2001; Govender et al., 2002).  

The TGF-β subfamily has 3 members, TGF-β 1-3, all of which are expressed 
widely in different cell types, including osteoblasts, chondrocytes and membranes 
surrounding cartilage and bone. TGF-βs are stored in ECM and released during 
osteoclastic bone resorption and they act as important coupling factors of bone 
resorption and formation (Figure 4). TGF-βs are key regulators of osteoblast 
proliferation and early differentiation but suppress late differentiation. TGF-βs signal 
through SMAD2/3 and SMAD4. In addition, TGF-βs can signal through 
SMAD1/5/8 by binding anaplastic lymphoma kinase 1 (Wu et al., 2016; Zhu et al., 
2024). The activation of SMAD2/3 leads to direct inhibition of RUNX2 expression, 
as well as recruitment of histone deacetylases (HDACs) 4 and 5 to repress RUNX2 
(J. S. Kang et al., 2005). Independent of SMADs, TGF-βs induce RUNX2 and OSX 
expression through activating the MAPK pathway (K.-S. Lee et al., 2002). 
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WNT signalling 

The WNT family of glycoproteins is divided into two sub-families based on their 
downstream pathways: canonical signalling sub-family (Wnt ligands 1, 2, 2b, 3, 8a, 
8b, 9a, 9b, 10a, 10b and 16) and non-canonical signalling subfamily (Wnt ligands 
2b, 3a, 4, 5a, 5b, 6, 7a, 7b, 9a, 9b, 11 and 16), both of which signal through the 
frizzled (FZD) receptor family (Chae & Bothwell, 2018). There are 19 family 
members which can be either membrane-bound or secreted, but all require activation 
through FZD for downstream effects (J. Liu et al., 2022).  

The canonical signalling pathway activation includes binding of WNT ligands to 
FZD and recruitment of the low-density lipoprotein receptor-related protein 5/6 
(LRP5/6) to the receptor. The activated receptor then inactivates the GSK-3β 
inhibitor Dishevelled, allowing β-catenin to escape ubiquitination and degradation 
and to accumulate in the nucleus activating the transcription factors T-cell factor 
(TCF) and lymphoid enhancer factor 1 (LEF1) (Hu et al., 2024; Zhu et al., 2024). In 
osteoblasts, canonical WNT-signalling induces osteoblast differentiation and 
inhibits adipocyte and chondrocyte differentiation through upregulation of RUNX2, 
DLX5, Osterix and downregulation of adipocyte master regulator PPARγ gene 
expression (Hu et al., 2024). 

Non-canonical WNT signalling includes two pathways, the WNT/planar cell 
polarity (PCP) pathway and the WNT/Ca2+ pathway. The WNT/PCP pathway 
induces the polarization of epithelial cells to apical and basal axis, regulating 
processes of cell morphology and movement as well as cell fate determination. The 
WNT ligands for WNT/PCP pathway signal through FZD receptors, but instead of 
LRP5/6, recruit other co-receptors such as receptor tyrosine kinase–like orphan 
receptor 1/2 (ROR1/2) and related to receptor tyrosine kinase (RYK) to the cell 
surface. The receptor activation leads to recruitment of Dishevelled, further 
activating c-JUN-N-terminal kinase and Rho kinase (Kobayashi et al., 2008; Zhu et 
al., 2024). Activation of the WNT/PCP pathway has been described to stimulate the 
abnormal mineralization in osteoblasts collected from osteoarthritis patients 
(Martineau et al., 2017) and to regulate the expression of adipocyte markers through 
histone methylation of PPARγ in murine MSCs (Takada et al., 2007). 

The WNT/Ca2+ pathway raises intracellular calcium concentration after receptor 
activation followed by inositol 1,4,5-triphosphate and diacylglycerol production and 
inactivation of protein kinase G. The increase of intracellular calcium activates 
calcineurin, protein kinase C and Ca2+/calmodulin-dependent protein kinase II (Hu 
et al., 2024), leading to transcription of factors regulating osteoclast differentiation, 
such as nuclear factor κB (NF-kB), nuclear factor associated with T cells (NFAT) 
and cAMP-responsive element-binding protein in osteoclasts (Sato et al., 2006). 
WNT/Ca2+ pathway has not been reported to regulate osteoblast differentiation 
directly but increase of intracellular calcium has been reported to effect β-catenin 
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translocation to the nucleus in human prostate cancer cells (Thrasivoulou et al., 
2013). 

The different modalities of WNT signalling are regulated by multiple other 
proteins. Dickkopf (DKK) family members DKK1, DKK2 and DKK4 are inhibitors 
of canonical WNT signalling. DKK1/2/4 inhibit the binding of LRP with FZD both 
by directly binding the co-receptors LRP5/6 and through the recruitment of Kremen 
1 and Kremen 2 (Niehrs, 2006). Secreted frizzled-related proteins inhibit both 
canonical and non-canonical WNT signalling through competitive binding of WNT 
ligands (Zhang et al., 2023). Another WNT inhibitor sclerostin inhibits both BMP 
signalling by binding the BMP receptors (Winkler et al., 2003) and canonical WNT 
signalling by binding LRP5/6 and inhibiting the interaction of the co-receptor and 
FZD (X. Li et al., 2005). Anti-sclerostin antibodies are used in treatment of 
osteoporosis of postmenopausal women, both suppressing bone resorption and 
enhancing bone formation (Rauner et al., 2021). 

Table 2. Key growth factors regulating osteoblast differentiation. 

FAMILY MEMBERS FUNCTION 

TGF-β TGF-β1-3 Promotes osteoblast proliferation and 
early osteoblast differentiation, inhibits 
late osteoblast differentiation 

BMP-2, BMP-4, BMP-6,  
BMP-7, BMP-9 

Promote bone formation 

BMP-3, BMP-12 Suppress bone formation 
WNT Canonical Wnt-signalling: 

Wnt1, 2, 3, 8a, 8b, 10a and 
10b 

Induce osteoblast differentiation, inhibit 
osteoclast differentiation, increase bone 
mass 

Non-canonical Wnt-signalling: 
Wnt3a, 4, 5a, 5b, 6, 7a, 7b 
and 11 

Promote osteoclast differentiation 

2.2.3 Hormonal regulation of bone formation and 
maintenance 

Bone remodelling is regulated by hormones, such as parathyroid hormone (PTH), 
testosterone, estrogen, growth hormone, insulin, IGF-1 and thyroid hormone. The 
hormonal regulation of bone remodelling is influenced by various external stimuli, 
such as serum calcium levels, age, nutrition and sex hormone binding globulin 
(SHBG) levels (Mallorie & Shine, 2022; Narla & Ott, 2018).  

Parathyroid hormone family is a family of two proteins, parathyroid hormone 
(PTH) and parathyroid hormone related protein (PTHrP). PTH is an 84 amino-acid 
peptide released from the parathyroid glands in response to decreased blood calcium 
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levels. PTH regulates calcium levels through its effects on kidneys, small intestine 
and bone (Silva & Bilezikian, 2015; Wein & Kronenberg, 2018). PTHrP is a 141-
amino-acid peptide released from various cell types, such as osteoblasts, neuronal 
tissues and chondrocytes among others (Datta & Abou-Samra, 2009). Two receptors 
have been discovered, of which parathyroid hormone type 1 receptor is expressed 
highly in bone and kidneys and recognizes both PTH and PTHrP, while the type 2 
receptor expressed in pancreas and kidneys only has one ligand, PTH (Mannstadt et 
al., 1999). 

Multiple pathways have been discovered downstream of PTH binding to its 
receptor PTH1R in bone. One key pathway is the PTH–ATF4–OSX axis, where 
ATF4 binds to a response element in the proximal OSX promoter after PTH-induced 
activation, leading to anabolic bone activity (S. Yu et al., 2009). Another important 
mechanism is the regulation of OPG–RANKL–RANK system, where PTH regulates 
the expression of both OPG and RANKL, modulating the activation of RANK and 
subsequently osteoclastogenesis (Kanzawa et al., 2000; Silva & Bilezikian, 2015). 
Increased PTH level is however not directly predictive of the bone remodelling 
balance. In cases of extended treatment with PTH or its analogues, anabolic effects 
on bone are lost and replaced with catabolic effects due to the reversed ratio of 
OPG/RANKL (Silva & Bilezikian, 2015).  

Sex hormones estrogen and testosterone play important roles in both male and 
female physiology. The previously assumed, more traditional gender-dependent 
model of hormone preference, where testosterone regulates bone formation in men 
and estrogen in women, has been refined over time. An updated model (Narla & Ott, 
2018) suggests that the maintenance of cortical bone is controlled by estrogen in both 
males and females, while the preferential hormone in the maintenance of trabecular 
bone depends on gender, where testosterone plays a more dominant role in males 
and estrogen in females.  

Sex hormones have an anabolic effect on bone and their production is controlled 
by the release of gonadotropin-releasing hormone from the hypothalamus followed 
by follicle stimulating hormone and luteinizing hormone release from the anterior 
pituitary gland. The amount of estrogen and testosterone in the blood stream is 
maintained by the production of SHBG and albumin from the liver. Testosterone can 
also be converted to estrogen by the aromatase enzyme (Khosla & Monroe, 2018; 
Narla & Ott, 2018). There are two main nuclear receptors for estrogen, estrogen 
receptor alpha and beta, both expressed in bone (Dahlman-Wright et al., 2006; 
Vanderschueren et al., 2004) , while there is only one known androgen receptor (AR) 
in humans. 

Multiple pathways by which sex hormones mediate their effects on bone tissue 
have been found. Estrogen inhibits the expression of inflammatory cytokines such 
as tumor necrosis factor alpha (TNFα) and interleukins 1 and 6 (IL-1 and IL-6) in 



Petri Rummukainen 

 28 

osteoclasts and osteoblasts (Narla & Ott, 2018; Weitzmann & Pacifici, 2006). 
Estrogen also induces the Wnt/β-catenin pathway both through induction of TGF-β 
signalling and by repressing the expression of Wnt inhibitor sclerostin (Niziolek et 
al., 2015). Increased Wnt signalling also contributes at least partly to the estrogen-
mediated increase in OPG expression and decrease in RANKL expression in 
osteoblasts (Bord et al., 2003; Streicher et al., 2017). Similar findings of decreased 
RANKL and IL-6 expression and induction of TGF-signalling have also been 
observed after testosterone exposure (Shigehara et al., 2021).  

2.3 Epigenetic regulation 
All our diploid cells, from the primordial stem cells to the mature tissue-specific cells 
carry the same genetic code in their nuclei. Although all the genetic code is available, 
only the essential genes for the function of the specific cell type are translated. 
Similarly, the passage of parental environment effects is inexplainable by genetic 
traits. This phenomenon has been explained with epigenetic regulation (Waddington, 
1957).  

The definition of epigenetic regulation is not yet entirely established. It has been 
agreed that epigenetic regulation is a mechanism of gene expression changes not 
dependent on changes in the DNA sequence itself (Rakyan et al., 2001). In most 
fields the epigenetics is defined as being mitotically or meiotically heritable, for 
example from the progenitor cells to the differentiated cells. The definition has also 
been suggested to be expanded to non-hereditary changes, due to findings of similar 
changes in non-dividing cells (Bird, 2007).  

Three types of epigenetic regulation have been discovered and will be described 
here: post-translational histone tail modifications (acetylation, methylation, 
phosphorylation, ubiquitinylation and ADP-ribosylation), DNA methylation and 
RNA interference (Figure 5). These types, in their different modi operandi, affect 
the availability of genetic code to be transcribed by either affecting the density of 
packaging of DNA between open-state euchromatin and densely packed 
heterochromatin or by subjecting the messenger-RNA (mRNA) to degradation 
instead of translation.  

The key functions, where epigenetic regulation plays an important role are 
genomic imprinting, X chromosome inactivation and gene expression. Genomic 
imprinting is dependent on DNA methylation as well as histone modifications, while 
X chromosome inactivation depends on RNA interference by long non-coding RNA, 
whereas all three levels are crucial in regulation of gene expression (Y. Li & Sasaki, 
2011; Moore et al., 2013; Rakyan et al., 2001). 
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Figure 5.  The three types of epigenetic regulation: Histone modifications (trimethylation, Me3), 

DNA methylation (Me) and RNA interference. Figure modified from Moore et al., 2013. 
Created in BioRender.com 

2.3.1 Histone modifications 
Histones are a five-member small-molecule protein family (H1, H2A, H2B, H3 and 
H4), which share a structural motif consisting of three α-helices connected by two 
loops, known as a histone fold domain. The histone fold motif allows the 
heterodimerization of H2A with H2B and H3 with H4. Histones form an octamer by 
binding first two H2A-H2B dimers and H3-H4 dimers separately into tetramers, 
which are then associated to form an octamer. This octamer, together with the 146 
base pairs (bp) DNA strand surrounding it, then forms the nucleosome (Luger et al., 
1997). Nucleosomes are organized and connected through linker histones (H1 
subtypes) and linker DNA (Fyodorov et al., 2018).  

Histones are rich in arginine and lysine, which are positively charged and can 
interact with the negatively charged DNA. The N-terminal tail of histone proteins 
protrudes from the globular histone fold domain and can be chemically modified, 
especially on histones H3 and H4, as well as the globular bodies (Xu et al., 2021). 
There are over ten different types of modifications identified taking place in at least 
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100 different amino acid residues (Bridi & Abel, 2013) and these modifications are 
crucial for various histone functions, including the regulation of gene expression and 
chromatin structure. Of these modifications, acetylation, methylation, ubiquitinylation 
and phosphorylation are the best known. Histone modification mechanisms also work 
hand-in-hand with other epigenetic mechanisms (Wolffe & Hayes, 1999). 

2.3.1.1 Histone methylation 

Histone methylation occurs on -NH3+ group of lysine and -NH3+ and NH2 groups 
of arginine residues, most commonly taking place on histone tails of histone 3 and 
4. Lysine can be either mono-, di- or trimethylated and arginine either mono- or 
dimethylated (Sweatt et al., 2013). Histones are methylated by methyltransferases 
(either lysine methyltransferase, KMT or protein arginine methyltransferase, PRMT) 
and demethylated by demethylases. Lysines are demethylated by lysine 
demethylases, KDMs, but only one demethylase has been discovered for arginine, 
Jumonji domain-containing 6 (Poulard et al., 2016). 

Lysine methyl transferase activity relies on one of the two known domains, the 
SET domain or the seven-beta-strand domain (7βS). There are at least 55 proteins 
with an identified SET domain, half of which are enzymatically active. There are 
approximately 160 members in the 7βS family, with varying target specificity of 
methylation activity (Clarke, 2013; Husmann & Gozani, 2019). Canonical histone 
methylation targets are found on H3K4, H3K9, H3K27, H3K36, H3K56 and H3K79, 
as well as on H4K20 (Murn & Shi, 2017). 

Histone lysine demethylase family consists of eight subfamilies (KDM1-8) with 
structural differences. All subfamilies share some properties, such as the structural 
support providing Jumonji N domain (Husmann & Gozani, 2019). KDM1 is different 
from KDM2-8 by its amine-oxidase domain, dependence of flavin adenine 
dinucleotide (FAD) and capability of erasing mono- and dimethylation marks (Shi, 
2007). Subfamilies KDM2-8 are capable of removing mono-, di- and trimethylation 
marks utilizing their Jumonji C domain (Tsukada et al., 2006). There are numerous 
different domains that some of the subfamilies incorporate, including protein-protein 
binding tetratricopeptide, Leu-rich repeat and F-box domains, as well as DNA and 
histone binding domains the Swi3p, Rsc8p and Moira (SWIRM) domain, AT-rich 
interacting domain, plant homeodomain, zinc fingers and the Tudor domain. Some 
subfamilies include multiple copies of the same domain, such as the plant 
homeodomain, of which there are two or three copies in KDM5s (Husmann & 
Gozani, 2019). 

The methylation status of histone tails can either have a transcription activating, 
suppressing or elongating effect, depending on the methylation site and methylation 
level, as well as the arginine methylation configuration. The effects of methylation 
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on histone targets are listed in Table 3 (Husmann & Gozani, 2019; Jack et al., 2013; 
J.-Y. Kang et al., 2018; Sterling et al., 2021). 

Table 3. Histone methylation targets, their effectors and effects. 

TARGET HISTONE 
METHYLASES 

HISTONE 
DEMETHYLASES 

METHYLATION EFFECT, RELATED 
PROCESS 

H3K4 SET1, MLL1-5 LSD1, KDM1B, 
KDM2B, KDM5A-D 

Activation, self-renewal and 
differentiation. 

H3K9 Suv39H1/2, 
SETDB1, EHMT1/2 

LSD1, KDM3A-C, 
KDM4A-E, KDM7-C 

Repression, cell fate transition, 
senescence, heterochromatin 
maintenance 

H3K27 EZH1/2 KDM6A/B, KDM7A/B Repression, Silencing of lnc-RNA, 
transcriptional elongation, 
heterochromatin maintenance 

H3K36 SETD2, NSD1-3, 
ASH1L 

KDM2A, KDM2B, 
KDM4A-C, KDM8 

Activation, dsDNA break repair and 
chromatin structure control 

H3K56 G9a/KMT1C KDM4E Repression, chromatin state 
maintenance and DNA replication 

H3K79 hDOT1L KDM2B Activation, DNA re-replication control 
H4K20 SET8, Suv420H1/2 KDM7A/B Repression, chromatin organization 

after mitosis and DNA replication 
limitation 

 
Histone methylation has been shown to regulate bone metabolism in various 

ways. H3K27 is mono-, di- and trimethylated by enhancer of zeste 2 (EZH2) and 
demethylated by KDM6A. EZH2 has been shown to target RUNX2 and osteocalcin 
transcription start sites, repressing their gene expression and leading to decreased 
bone formation (Hemming et al., 2014). The methylation status of H3K4 has also 
been shown to regulate osteoblast differentiation, where enrichment of 
monomethylation of H3K4 leads to transcriptional repression of RUNX2 and osterix 
and decrease of osteoblast differentiation, while the accumulation of trimethylation 
of H3K4 on the same targets results in transcriptional activation and increased bone 
formation (Aguilar et al., 2021; Sepulveda et al., 2017).  

2.3.1.2 Histone acetylation 

Histone acetylation is a reversible process of transferring an acetyl group from acetyl 
coenzyme A to the -NH3+ group of a histone lysine residue by histone acetyl 
transferases (HAT). This addition is reversed by histone deacetylases (HDAC) (Kao 
et al., 2000). Histone acetyl transferases can be divided to two groups, type A and type 
B, based on their localization and thereby their function (Table 4). Type A HATs 
contain a bromodomain and function in the nucleus, where they add acetyl groups to 
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assembled nucleosomes to regulate gene expression. There are multiple type A HATs 
identified, such as hTAFII250, p300/CBP and PCAF (Mizzen et al., 1996; Shiama, 
1997; X.-J. Yang et al., 1996). Type B HATs lack the bromodomain of type A HATs 
and are localized in the cytoplasm, where they acetylate the newly formed histone 
subunits, enabling the identification and assembly of nucleosomes. There is only one 
known type B HAT, Histone acetyltransferase 1 (Verreault et al., 1998). 

Table 4. Key histone acetylases and deacetylases. 

HISTONE ACETYL-
TRANSFERASES 

TYPE / CLASS PROTEIN SUBSTRATES 

TYPE A hTAFII250 H3 (K14), TFIIEb 
TYPE A p300/CBP All histones, K5, 9, 12, 16 of H4 pep, 

TFIIEβ (K52), TFIIF, p53 (K373, 382, 
peptide) 

TYPE A PCAF H3 
TYPE B HAT1 H4 (K12, K5) 

 TYPE / CLASS PROTEIN NOTES 

HISTONE 
DEACETYLASES 

CLASS I HDAC1, 2, 3 
and 8 

Target both histone / non-histone 
proteins 

CLASS IIa HDAC4, 5, 7 
and 9 

Shuttle between cytoplasm and 
nucleus, low activity 

CLASS IIb HDAC6 and 
10 

Found typically cytoplasmically, both 
histone and non-histone protein targets 

CLASS III SIRT1-7 Both deacetylase and other activities, 
found in different compartments of the 
cell 

CLASS IV HDAC11 Histone / non-histone proteins, 
regulates mRNA splicing 

 
Histone deacetylases (HDACs) are divided into two families, the histone 

deacetylase family and the sirtuin protein family and into five classes (Table 4). 
Class I HDACs include proteins HDAC1, 2 3 and 8 and harbour a highly 
homologous deacetylase domain with differences mainly in the C-terminal end (Park 
& Kim, 2020). Class I HDACs deacetylate both histones and other protein targets 
(Xiong et al., 2010). Class II HDACs are divided into two subclasses due to their 
different domain compositions, class IIa harbouring a Myocyte Enhancer Factor-2 
binding site (HDAC4, 5, 7 and 9) and class IIb, which characteristically contains a 
long C-terminus domain (HDAC6 and 10). Class IIa HDACs have a distinctively 
low enzymatic activity, while activity of class IIb HDACs remains poorly 
understood (Kuo & Allis, 1998; Muslin & Xing, 2000). The sirtuin family forms 
class III of HDACs with seven family members (SIRT1-7). Class III HDACs are 
dependent of the cofactor nicotinamide adenine dinucleotide (NAD+) for their 
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catalytic functions but additionally exhibit other enzymatic activities towards 
various functional groups (Buck et al., 2004; Du et al., 2011). Class IV of HDACs 
includes only HDAC11, which shares the catalytic domain of Class I and II HDACs. 
HDAC11 has been reported to associate with the survival of motor neurons (SMN) 
complex and regulate mRNA splicing (Gao et al., 2002; Joshi et al., 2013). 

Histone acetylation and deacetylation have at least three different functions: 
nucleosome assembly, chromatin condensation and transcription factor recruitment. 
In the lifespan of histones, first subunit acetylation happens during the nucleosome 
assembly and is important for chaperone recognition, followed by rapid 
deacetylation after nucleosomes are formed (Shahbazian & Grunstein, 2007; Smith 
& Stillman, 1991). In chromatin condensation HDACs remove negatively charged 
acetyl group which increases the interactions between histones and negatively 
charged phosphate groups of DNA. The interactions behind chromatin condensation 
take place between histone tails and linker DNA, leading to a more closed 
conformation (Angelov et al., 2001; Shahbazian & Grunstein, 2007). In transcription 
regulation, acetylated histones both open the conformation of nucleosomes, 
attracting transcription factors to their binding sites and enabling the passage of RNA 
polymerase on chromatin. The acetylation of most lysines in N-terminal tails of 
histones 3 and 4 have been associated with increased gene expression (Marushige, 
1976; Pokholok et al., 2005). This can be explained with transcription factor 
complexes containing bromodomains, such as the SWI/SNF complex, which prefers 
binding to acetylated histone marked sites (Hassan et al., 2002). 

Histone deacetylation functions opposite to acetylation, counteracting the 
neutralization of lysine residues in histones. Histone deacetylation has also unique 
roles where deacetylation of histone tails attracts repressive complexes such as the 
CoREST or SMRT complexes through the Swi3, Ada2, N-CoR, TFIIIB (SANT) 
domain. Both of these complexes also include HDAC proteins (Song et al., 2020; J. 
Yu et al., 2003). HDACs are recruited to histones both globally and site-specifically 
leading to transcription repression (Shahbazian & Grunstein, 2007). 

Both HDAC1 and HDAC2 function in bone and affect osteoblast differentiation. 
While HDAC1 has been shown to negatively impact osteoblast differentiation 
through deacetylation of OSX, osteocalcin and RUNX2 promoter areas, HDAC2 has 
instead been linked to osteoclast maturation and differentiation through Akt/FoxO1 
mediated RANKL expression in mice (Dou et al., 2016; McGee-Lawrence & 
Westendorf, 2011).  

2.3.1.3 Other histone modifications 

Histone proteins are not only subject to methylation and acetylation, but also to other 
post-translational modifications, such as phosphorylation, ubiquitinylation and 
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ADP-ribosylation. Additional known modifications include deamination, β-N-
acetylglucosamination, sumoylation, proline isomerization and subunit exchange. 
As more research is performed on histone modifications, even more mechanisms are 
most likely to be found.  

Histone phosphorylation is regulated by kinases and phosphatases at a high 
turnover rate. The N-terminal serines, threonines and tyrosines are the most common 
targets for phosphorylation. Phosphorylation of histone amino acid residues brings a 
significant negative charge to the protein but the detailed mechanisms of complex 
recruitment in histone phosphorylation remains unknown. The overall effect of 
histone phosphorylation has been associated with transcriptional activation. The best 
described target of activation through histone phosphorylation has been reported on 
H3S10 in combination with the acetylation of H3K9 (Pal et al., 2015). 

Histone ubiquitinylation is a more substantial change to the nucleosomes than 
the other previously mentioned modifications. In ubiquitinylation, a 76 amino acid 
polypeptide known as ubiquitin is attached to the lysine residues of proteins, most 
commonly histones H2A and H2B, through the actions of three key enzymes: E1 
(ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme), and E3 
(ubiquitin ligase). Multiple ubiquitins can be attached to the same target, depending 
on the enzyme constitution. Ubiquitins are removed by de-ubiquitin enzymes and 
the modification is highly dynamic (Hershko & Ciechanover, 1998).  

Histone mono- and poly-ADP-ribosylation takes place on the glutamate and 
arginine residues. The modification is reversible, where ADP-ribosylation depends 
on poly-ADP-ribose polymerase and mono-ADP-ribose polymerase families of 
proteins and is reversed by the poly-ADP-ribose-glycohydrolase family. ADP-
ribosylation is linked to an open chromatin state and has also been associated with 
acetylation of histones (Cohen-Armon et al., 2007; O et al., 2006). 

2.3.2 DNA methylation 
DNA methylation can take place on the fifth carbon of the aromatic ring of a cytosine 
base, and usually occurs when cytosine is followed by guanine in DNA through the 
phosphate backbone in between, called a CpG site (Fuggle et al., 2022). CpG islands 
are ~500-1000 bp long stretches of DNA enriched with CpG sites (>55% G/C content). 
Even though the CpG islands are promoter-rich, they are often not enriched with 
common promoter elements such as TATA-boxes. Genes harbouring CpG islands 
include in particular genes expressed universally in different tissues, commonly 
conserved between vertebrates. CpG islands are GC rich, similarly to the binding sites 
of transcription factors targeting the promoter areas (Carninci et al., 2006; Gardiner-
Garden & Frommer, 1987; Hamilton, 2011; Moore et al., 2013). CpG shores are 
regions located 0-2 kb from CpG islands and CpG shelves are regions 2-4 kb from 
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CpG islands (Rechache et al., 2012). 80% of CpG nucleotides outside of CpG islands 
are methylated in normal physiological conditions (Hamilton, 2011). 

CpG sites are methylated by DNA methyltransferases (DNMT1/3A/3B) and 
their coregulators ubiquitin-like, containing PHD and RING finger domains 1 
(UHRF1) and Dnmt3-Like protein (DNMT3L) among others (Hashimoto et al., 
2012). DNA methyltransferases are divided to two subsets, de novo 
methyltransferases DNMT3A and 3B and maintenance methyltransferase DNMT1. 
De novo methyltransferases are capable of methylating CpG sites where neither of 
the strands have a methyl group previously attached. DNMT1 instead methylates a 
CpG site based on the template of the other strand during DNA replication. DNMT1 
can also recruit histone deacetylases (HDACs) during cell division to propagate the 
existing acetylation patterns (Moore et al., 2013).  

Demethylation of CpG sites in the absence of DNMT enzymes is performed 
passively by cell division or actively by DNA demethylases, such as the Growth Arrest 
and DNA Damage 45 combined with DNA repair-like processes (Ma et al., 2009). The 
amount of tissue-specific DNA methylation is relatively low in CpG islands (4-8%), 
compared to the tissue-specificity of CpG shores (76%) (Irizarry et al., 2009). 

Genomic imprinting is the phenomenon of expressing only either paternal or 
maternal copy of a gene contributing to embryogenesis, gametogenesis and 
reproduction. Imprinting is seen only on a subset of genes and can be complete or 
partial. Imprinted genes are usually found in imprinting control regions. Loss of 
imprinting on previously completely imprinted genes usually have negative effects 
on fetal development (Elhamamsy, 2017; Morcos et al., 2011). The parental DNA 
methylation pattern is erased between embryonic days 10.5 and 12.5, followed by 
re-establishing according to the gender of the individual (Y. Li & Sasaki, 2011). 

Genomic imprinting is also tissue specific, where only a maternal copy is 
expressed in some tissues and biallelic expression is found in other tissues 
(Rougeulle et al., 1997). Biallelicity has also been found to be temporally limited on 
some genes (Wilkinson et al., 2007).  

The ten-eleven translocases (TET) proteins oxidize 5-methylcytosines, priming 
them for demethylation by DNMTs. RUNX2 has been shown to recruit TET proteins 
to their complex and regulate its own activity through the demethylation of the 
promoter’s CG region, resulting in increased gene expression (L. Wang et al., 2022). 

2.3.3 Non-coding RNAs 
There is increasing interest and understanding on the role of long non-coding RNAs 
and small non-coding RNAs. Long non-coding RNAs are known to play a key role 
in X-chromosomal inactivation and imprinting as well as affecting transcription 
through regulation of histone methylation and acetylation along with limiting the 
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association of transcription factor II D to its promoter area targets (Mercer et al., 
2009; Nagano & Fraser, 2009).  

Small non-coding RNAs are categorized into microRNAs (miRNA), small 
inhibitory RNAs, PIWI-interacting RNAs, small nuclear RNAs and small nucleolar 
RNAs. Of these, the importance and function of miRNAs is best known (Guennewig 
& Cooper, 2014). miRNAs are 19-24 nucleotides long sequences processed in the 
cytoplasm by a Dicer-including complex, which bind the 3’ untranslated region of 
target genes in the presence of the RNA-induced silencing complexes, leading to 
degradation of the target mRNA (Hensley & McAlinden, 2021).  

Recent studies have also identified a multitude of miRNAs, which affect both 
osteoblasts and osteoclasts either by increasing or inhibiting their activity. There is a 
growing list of miRNA targets, highlighting the importance of non-coding RNAs also in 
the field of bone research. These targets include several key regulators of bone formation, 
such as upstream and downstream signalling of the WNT pathway, RUNX1/2, BMPs 
and Osterix/SP7. For example, RUNX2 activity alone has been reported to be affected 
by miR-137-3p, miR-155 and miR-23a-5p (Hensley & McAlinden, 2021). 

2.4 LSD1/RCOR2 complex 
Epigenetic regulation of bone metabolism has been a topic of interest ever since the 
methodology has allowed for investigation of bone cell epigenetic markers. The 
epigenetic effects of BMP-2 were published already in 2009 (Pan et al., 2009), and 
many other proteins with epigenetic regulation capabilities have since been revealed, 
with novelty either in the newly found mechanism of a known protein or as an 
entirely new regulator in the field of bone research (Sharma et al., 2024).  

The LSD1/RCOR complex was originally discovered as a HDAC2 binding 
complex in human HeLa and HEK293 cell lines, distinct from the previous known 
mSin3 and nucleosome remodelling and deacetylating (NuRD) transcription 
repression complexes. First, a protein was discovered as a binding partner of HDAC2 
named p110 (Tong et al., 1998), later to be named LSD1. Another study discovered 
that the core protein CoREST (also known as RCOR1, KIAA0071) was capable of 
binding to the known repressor of transcription Repressor element-1 silencing 
transcription factor (REST) (Andrés et al., 1999). These findings were followed by 
discovery of CoREST interaction with ZNF217, HDAC1/2 and the previously found 
amine oxidase p110b (or LSD1), in a complex first named CoREST/HDAC complex 
and later the CoREST transcription repression complex (You et al., 2001). LSD1 
(also known as KDM1a, AOF2, KIAA0601, BHC110 or p110b) has been later found 
in also other complexes. LSD1 and BRAF35 were found in the BRAF–histone 
deacetylase (BHC) complex together with HDAC1/2, BHC80, C-terminal-binding 
protein 1 and CoREST in HeLa cells (Hakimi et al., 2002), among other complex 
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members (Maiques-Diaz & Somervaille, 2016; Maksour et al., 2020). Lastly, 
RCOR2 (also known as CoREST2) was found in a similar complex with HDAC1/2, 
BHC80 and LSD1 as CoREST/RCOR1 and capable of facilitating the nucleosomal 
demethylation activity of LSD1. This suggests similar repressive action of RCOR2 
to RCOR1 (P. Yang et al., 2011).  

One proposed mechanistic cycle of action of the CoREST/RCOR2 transcription 
repression complex includes a) the recruitment to target DNA by REST and Brahma-
related gene 1 (BRG1), b) priming of the repression site by deacetylation and c) 
repression by methylation/demethylation of histone tails leading to d) chromatin 
condensation (Figure 6, representing the LSD1/RCOR2 complex). 

 
Figure 6.  Simplified schematic representation of RCOR2 complex-mediated gene repression. 

RCOR2 forms a complex with REST, LSD1 and HDAC1/2 as well as BRG1 and G9a. 
A: Initially, REST binds its responsive element RE1 and BRG1 acetylates H4K8. B: 
HDAC1/2 deacetylates H3K9. C: LSD1 demethylates H3K4me1/2 and G9a methylates 
H3K9. D: Chromatin is condensed, thus repressing gene expression. Modified from 
Maksour et al., 2020. Created in BioRender.com 
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2.4.1 LSD1 
LSD1, or KDM1A, is a structurally distinct member of the FAD-dependent lysine 
demethylase subfamily. LSD1 is expressed in a variety of tissues including bone, 
neural tissues, endocrine tissues, respiratory and digestive tissues as well as 
reproductive tissues, among others. LSD1 consists of a SWIRM domain, amine 
oxidase domain (AOD) and a tower domain (Maiques-Diaz & Somervaille, 2016). 
The AOD is the functional core of LSD1, divided into two units: the non-covalent 
FAD binding site and the substrate binding and recognition site (Polticelli et al., 
2005). Mono- or dimethylated lysine residues are demethylated through an iminium 
cation subproduct using the hydride anion of the oxidized FAD. The iminium cation 
is then hydrolysed to a demethylated residue. LSD1 demethylation activity is 
dependent on the free electron pair of the ε-nitrogen of lysine and therefore LSD1 
cannot demethylate the trimethylated form of lysine. Demethylation activity of 
LSD1 is not linked to the release of the substrate, allowing non-methylated and 
trimethylated histone tails to competitively bind LSD1 (Stavropoulos et al., 2006). 

The SWIRM domain of LSD1, unlike traditional SWIRM domains, does not 
have DNA binding properties, but instead it allows for protein-protein interactions. 
This enables the recruitment of LSD1 to other binding partners, such as the androgen 
receptor (AR) (Metzger et al., 2005). Mutations in the SWIRM domain or in the 
histone tails can lead to changes in substrate interaction and catalysis efficiency 
(Stavropoulos et al., 2006).  

The tower domain of LSD1 allows for RCOR protein interaction through the 
linker sequence between the SANT domains of RCOR proteins. This interaction 
between SANT2 and tower domain is mandatory for LSD1 demethylase activity. 
The conformability of the SANT domains, tower domain and AOD allow for 
adaptability to different substrates (M. Yang et al., 2006). 

Changes in the complex formation can indeed lead to differences in substrate 
selectivity. Initially LSD1 was the first histone demethylase discovered, targeting 
only mono- or dimethylated H3K4 (H3K4me1/me2) (Tong et al., 1998; You et al., 
2001). This finding was followed by the discovery of complex formation with the 
androgen receptor (AR), adding mono- or dimethylated H3K9 to the possible 
substrates (Cai et al., 2014; Metzger et al., 2005). Lastly, it has been discovered that 
LSD1 can directly demethylate non-histone protein targets (Huang et al., 2007). 
Histone methylation targets and their effectors can be found in Table 3. 

2.4.1.1 H3K4 methylation 

The traditional mechanism of action for LSD1 demethylating mono- or dimethylated 
H3K4 was originally discovered in the context of HDAC2 complex, where a 
previously unknown HDAC2 binding partner co-immunoprecipitated with HDAC2 
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(Tong et al., 1998). Further research discovered more binding partners (e.g. 
CoREST, ZNF217, PHF21A and HMG20B) and identified the complex as the 
CoREST transcription repressor complex (Lakowski et al., 2006). The CoREST 
complex has been shown to have H3K4me1/2 demethylation and H3 deacetylation 
activities, in a CoREST protein dependent manner (M. G. Lee et al., 2005). 

LSD1 was later discovered to bind metastasis tumor antigens 1, 2 and 3 (MTA1, 
MTA2 and MTA3), HDAC1, HDAC2, methyl-CpG binding domain 3 (MBD3) and 
Retinoblastoma Associated Proteins 46 and 48 (RbAp46/48), all members of the 
nucleosome remodelling and deacetylase (NuRD) complex. Histone modification 
activity of the NuRD complex has been shown to include deacetylation of 
H3K9/K14, demethylation of H3K4me1/me2 but not H3K9me2 in specific gene 
promoters, such as the TGFB1 promoter (Y. Wang et al., 2009). 

The third complex, where LSD1 has been found in, is the mixed lineage leukemia 
(MLL) coactivator complex, with at least 28 different proteins present either as a 
part of this complex or as individual complexes recruited to the MLL complex. The 
complex both deacetylated and demethylated the target gene promoter (Nakamura et 
al., 2002), which could be a result of recruitment of NuRD complex as an entity to 
the MLL complex. 

2.4.1.2 H3K9 methylation 

Despite the original finding of the specificity to H3K4me1/2 demethylation, some 
studies have suggested that in the association with certain complex members LSD1 
could also demethylate H3K9me1/2, leading to transcriptional activation. Signalling 
through both estrogen receptors (ERs) and AR have also been shown to activate 
LSD1 demethylation activity of mono- and dimethylated histone 3 lysine 9 
(H3K9me1/2) in LNCaP and MCF-7 cells (Metzger et al., 2005; Perillo et al., 2008). 
The complexes were capable of demethylating both H3K9me1/2 but surprisingly not 
H3K4me1/2, and dependence on LSD1 activity was shown to be crucial. LSD1 has 
been shown to regulate the transcriptional activity of AR, ER, glucocorticoid 
receptor and mineralocorticoid receptor (Carnesecchi et al., 2017; Clark et al., 2019; 
Kohata et al., 2022; Metzger et al., 2005). 

2.4.1.3 Direct protein interactions 

Not only is LSD1 a key regulator of gene expression through histone methylation 
status, but it has also been found to directly demethylate non-histone proteins. The 
first non-histone target found for LSD1 in humans was the tumor suppressor protein 
p53. LSD1 demethylates both the and mono- and dimethylated forms of K370, which 
leads to p53 release from binding partner 53BP1 and repression of p53 activity 
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(Huang et al., 2007). Other similar LSD1 demethylation targets that have been found 
include MYPT1 (K442), DNMT1 (K1094) and E2F1 (K185) (Cho et al., 2011; 
Kontaki & Talianidis, 2010; J. Wang et al., 2009). 

2.4.2 RCOR2 

2.4.2.1 RCOR Family members 

Rest Corepressor 2 (RCOR2) belongs to the three-membered family of RCORs 
(RCOR1-3 or CoREST1-3). RCOR1, RCOR2 and RCOR3 isoforms a, c and d are 
structurally homologous containing two SANT domains and one Egl-27 and MTA 
homology 2 (ELM2) domain. RCOR3 has been found to have 4 isoforms, RCOR3a-
d (Maksour et al., 2020). Of the three family members, only RCOR2 is expressed 
consistently in osteoblasts. 

The SANT domains most likely play a role in histone tail recognition as well as 
histone remodelling. The linker domain between the two SANT domains and the 
SANT2 domain itself act as a binding site for LSD1, except for RCOR3 isoform b 
which lacks the second SANT domain and is incapable of binding LSD1 (Barrios et 
al., 2014; Upadhyay et al., 2014). The SANT1 domain of RCOR2 instead has a 
different amino acid sequence, leading to impaired binding of HDAC1/2 (Barrios et 
al., 2014). The SANT2 domain has been suggested to have a role in mediating DNA 
binding. The SANT1 domain is also mandatory for the binding to REST, a property 
all RCOR family members possess (Barrios et al., 2014; M. G. Lee et al., 2005; 
Maksour et al., 2020). 

The ELM2 domain together with SANT1 recruits and binds HDAC1/2 (Andrés 
et al., 1999). Structural analysis of ELM2 does not provide a consistent structure 
when unbound but forms a stable complex with HDACs. ELM2 in MTA proteins 
consists of two regions, the aminoterminal part, which interacts with HDACs and 
the carboxyterminal part, which forms homodimers with other ELM2 domains 
allowing the binding of both HDAC1 and HDAC2 to the complex (Millard et al., 
2013). The protein structures of RCOR ELM2 domains differ to those of MTA 
proteins in the number of helices, which leads to loss of dimerization capability 
(Song et al., 2020). 

2.4.2.2 Mechanism of action and complexes with LSD1 or other proteins 

RCOR2 or other members of the RCOR family have not been shown to have intrinsic 
histone modification activities. Instead, RCOR proteins have binding sites to recruit 
functionally active complex members together to REST and to DNA target sites. 
RCOR2 has been found in various complexes first discovered with CoREST/RCOR1 
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such as in the BHC complex, HDAC1/2 complex and CoREST-HDAC complex 
(Dreher & Theisen, 2023; Lakowski et al., 2006; Song et al., 2020).  

RCOR2 is expressed in multiple different cell types, with the highest detected 
expression levels in the brain, testis, ovaries, pancreas and liver (Fagerberg et al., 
2014). RCOR2 is the only family member with specific functions in development, 
where it has a key role in maintaining the stem cell state of embryonic stem cells, as 
well as restoring pluripotency of reprogrammed fibroblasts (P. Yang et al., 2011), 
but also in the differentiation of embryonic stem cells to all 3 germ layers (Pei et al., 
2022). RCOR2 has also been shown not only to locate inside the nuclear speckles, 
but also to actively regulate nuclear speckle morphology from the core of nuclear 
speckles (Rivera et al., 2021). 

2.4.3 LSD1 and RCOR2 in bone 
The role of LSD1 has been previously studied in all MSC derived cell types as well 
as in osteoclasts. The first studies on the effects of LSD1 on osteoblast differentiation 
reported LSD1 to repress human adipose-derived stem cell differentiation to 
osteoblasts, and that the lentiviral shRNA-mediated silencing and pharmacological 
repression using a non-selective MAO inhibitor pargyline or more specific LSD1 
inhibitor CBB1007 led to increased osteoblast differentiation in vitro and osteoblast 
function and differentiation in vivo (Ge et al., 2014). Another study found that LSD1 
inhibits BMP-2 and WNT7B signalling and thereby leads to decreased osteoblast 
differentiation in mouse primary calvarial osteoblast culture experiments, and this 
was overcome through conditional knockout of LSD1 in a Lsd1Prrx1

-/-  mouse model as 
well as by treatment with non-specific small molecule inhibitor tranylcypromine in 
vivo (Sun et al., 2018). LSD1 has also been found to be targeted by miR-655-3p in 
MC3T3-E1 cells and in ovariectomized (OVX) mice, which led to BMP-2/Smad-
mediated increase of osteoblast differentiation (X.-J. Wang et al., 2020). Similar 
effect was seen in miR-137-mediated downregulation of LSD1 in osteogenically 
differentiated human adipose-derived stem cells (Fan et al., 2021).  

LSD1 has also been shown to modulate osteoclast differentiation and activity. 
LSD1 expression was found to be upregulated by RANKL in human osteoclast 
precursors in vitro and LSD1 inhibition by SP-2509, a LSD1 and JAK/STAT3 
pathway inhibitor, led to decreased osteoclast differentiation through decreased 
destabilization of Hypoxia-inducible factor 1 and E2F Transcription Factor 1 in vivo 
(Doi et al., 2022). LSD1 has also recently been reported to increase Integrin subunit 
beta 3 expression during osteoclast differentiation, while downregulation of either 
of the two led to decreased osteoclast formation on THP1 cells (D. Yu et al., 2023). 
LSD1 has also been found to modulate the expression of NFAT1 in primary articular 
chondrocytes (Rodova et al., 2011), and is identified as a key regulator of 
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endochondral ossification in fracture healing through retinoic acid signalling in 
Lsd1Prrx1

-/-  mice (Sun et al., 2020). Lastly, LSD1 has been shown to regulate the 
differentiation of 3T3-L1 preadipocytes through changes in the methylation levels 
of H3K4 and H3K9 of CCAAT/enhancer-binding protein alpha (C/EBPa), leading 
to increased adipocyte differentiation (Musri et al., 2010). 

In contrast, RCOR2 has not been previously associated with the regulation of 
osteoblast differentiation or to have a role in osteoblast differentiation or function. 
Suppression of RCOR1 (J. Xiao et al., 2010) and RCOR2 expression have been 
associated with the changes of articular cartilage to osteoarthritic cartilage, possibly 
through decreased repression of Hairy and Enhancer of Split 1 (HES1) (Primrose et 
al., 2023). The knockdown of RCOR2 and LSD1 expression has also been shown to 
impair 3T3-L1 preadipocyte differentiation (Hanzu et al., 2013). 
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3 Aims 

Emerging research on epigenetic regulation has provided novel insights on the 
regulatory mechanisms of target gene expression. Even though the role of epigenetic 
regulators and their co-regulators, such as LSD1 and RCOR2, have been studied 
more extensively in cancer and embryonic stem cell maintenance, the mechanisms 
are likely transferrable to the bone field. The roles of LSD1 and RCOR2 as 
transcriptional repressors of MSC differentiation and bone formation as well as the 
potential mechanisms behind these roles have been studied inconclusively. 
 

Thus, the specific primary aims of this study were: 

1. To study the expression dynamics of LSD1 and RCOR2 in MSCs and 
during osteoblast differentiation. 

2. To evaluate the effects of LSD1 and RCOR2 downregulation on 
osteoblast differentiation. 

 
The findings of these studies further directed us towards the secondary aims: 

3. To elucidate the mechanisms by which LSD1 and RCOR2 bind the target 
gene promoters during osteoblast differentiation. 

4. To analyze the bone phenotype of mice after pharmacological inhibition 
of LSD1, targeted knockdown of LSD1, or targeted or global knockdown 
of RCOR2. 
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4 Materials and Methods 

4.1 Ethics statement (I, II) 
All mouse studies were approved by the Finnish ethical committee for experimental 
animals (license numbers 5186/04.10.07/2017 and 14044/2020), complying with the 
international guidelines on the care and use of laboratory animals, and were 
conducted under the supervision of the trained staff at the Central Animal 
Laboratory, University of Turku. The protocols of animal experiments followed the 
3Rs principle (Replace, Reduce and Refine). 

4.2 Mouse strains (I, II) 
All genetically modified, LSD1 inhibitor treated and surgically treated mice used in 
these experiments were housed in cages in standard laboratory conditions (housing 
temperature 22°C, lights from 06:00 to 18:00). Water and soy-free chow were 
available ad libitum, excluding an up-to four hour fasting period before euthanasia. 
Mice were injected with calcein and demeclocycline intraperitoneally either 3 days 
and 1 day before euthanasia for the 4 weeks timepoint, 7 days and 2 days before 
euthanasia for the 6 weeks timepoint or 9 days and 2 days before euthanasia for the 
12 weeks timepoint. The age and sex of mice used in these studies are summarized 
in Table 5. 
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Table 5.  Mice models used in this study. 

EXPERIMENTAL 
/ GENETICALLY 
MODIFIED 
MOUSE MODEL 

TREATMENT / 
KNOCKOUT  

AGE AT 
ANALYSIS 

SEX ANALYSED STUDY 
REFERENCE 

LSD1PRRX1 Prrx1-Cre 4 weeks Males and females Study I 
LSD1 INHIBITOR 
TREATMENT 

GSK-LSD1 
1.5 mg/kg 4-on-3-off 

10 weeks Males Study I 

RCOR2+/- Global heterozygous 6 weeks 
12 weeks 

Males and females Study II 

RCOR2PRRX1 Prrx1-Cre 6 weeks 
12 weeks 
26 weeks 

6 and 12 weeks: 
males and females, 
26 weeks: males  

Study II 

RCOR2PRRX1 Ovariectomy 16 weeks Females Study II 
RCOR2PRRX1 Closed tibial fracture 14 weeks Males and females Study II 

4.2.1 Limb-bud mesenchyme targeted LSD1 knockout mice 
(I) 

Mice embryos carrying the floxed KDM1A/LSD1 alleles (Lsd1fl/fl, stock #023969) 
were obtained from the Jackson laboratory. Lsd1fl/fl mice were crossed with paired 
related homeobox 1 promoter Cre (Prrx1-Cre) mice to create homozygous and 
heterozygous conditional LSD1-knockout mice (Lsd1Prrx1

-/- , Lsd1Prrx1
+/-  respectively). 

Prrx1-Cre targets the deletion of exons 5-6 of LSD1 to early limb bud mesenchyme 
and a subset of craniofacial mesenchyme. Male and female mice were analysed 
separately at 4 weeks of age. Littermate Lsd1fl/fl mice were used as controls. 

4.2.2 Pharmacological inhibition of LSD1 in vivo (I) 
Ten 6-week-old C57BL/6NHsd male mice were treated with either 0.9% NaCl 
(vehicle) or 1.5 mg/kg GSK-LSD1 (a highly specific LSD1 inhibitor, Sigma 
SML1072) delivered by intraperitoneal injections in a 4-on-3-off schedule for four 
weeks. The weight of the animals was monitored twice a week and the overall 
wellbeing five times a week. 

4.2.3 Global RCOR2 knockout mice (II) 
The knockout-first (Tm1a) allele for RCOR2 gene bearing C57Bl/6NTac-
Rcor2tm1a(EUCOMM)Wtsi/Wtsieg mice (ID EM:05885) were obtained from 
European Mutant Mouse Archive (EMMA).  
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Tm1a-allele mice were crossed with mice expressing Cre under the control of 
CMV enhancer-chicken-beta-actin (CAG) promoter (CAG-Cre/2 mice). This led to 
deletion of exons 1-7 in all tissues, creating the global knockout Rcor2KO+/+ and 
Rcor2KO+/− mice. Male and female mice were analysed at 6 and 12 weeks of age. 

4.2.4 Limb-bud mesenchyme targeted RCOR2 knockout 
mice (II) 

The knockout-first (Tm1a) allele for RCOR2 gene bearing C57Bl/6NTac-
Rcor2tm1a(EUCOMM)Wtsi/Wtsieg mice (ID EM:05885) were obtained from 
European Mutant Mouse Archive (EMMA).  

Tm1a-allele mice were crossed with Flp Deleter mice expressing Flp 
recombinase under the control of CMV enhancer and CAG promoter. Mice crossed 
with the Flp Deleter mice were crossed with mice expressing Cre recombinase under 
the control of the Prrx1 promoter. This led to deletion of exons 1-7 in cells of the 
early limb bud mesenchyme and a subset of craniofacial mesenchyme -origin, 
creating RCOR2 conditional knockout, Rcor2fl/fl and Rcor2Prrx1

-/-  mice. Male mice 
were analysed at 6, 12 and 26 weeks of age, and female mice at the age of 6 and 12 
weeks. 

4.2.5 Genotyping (I, II) 
Genotyping was carried out from DNA extracted from the ear marks of 2- to 3-week-
old mice. Sequences of the PCR primers used are listed in Table 6. Verification of 
downregulation of target genes was done using PCR run from genomic DNA 
extracted from femurs, from which bone marrow was removed to eliminate the 
background expression by excising the heads with scissors and centrifuging the 
femur briefly. 

Table 6.  PCR primers used to verify recombination. 

PRIMERS SEQUENCE PRODUCT SIZE 
AFTER 
RECOMBINATION 

USED TO 
VERIFY 

LSD1 F 
LSD1 R 

GCTGGATTGAGTTGGTTGTG 
CTGCTCCTGAAAGACCTGCT 

300 bp LSD1 floxed 
alleles in 
LSD1cKO mice 

RCOR2KO-R1 
Rcor2_88510_F 

GTATGCACAGTACCCAGCACTT 
CTCTCATGGTGAGCCTGGTG  

676 bp Global RCOR2 
deletion 

RCOR2KO-R1 
RCOR2_CKO 
DELETED_F 

GTATGCACAGTACCCAGCACTT  
TAATGGAGAAGCCCAGTGCG 

587 bp Conditional 
RCOR2 
deletion  



Materials and Methods 

 47 

4.3 Experimental mouse models 

4.3.1 Ovariectomy-induced bone loss (II) 
Ovariectomy (OVX) was performed on 12-week-old female mice (n = 9–10 per 
group). In brief, subcutaneous injections of carprofen (5 mg/kg) and buprenorphine 
(0.05 mg/kg) were given and the surgical procedure was performed under isoflurane 
anaesthesia (2.5% at 250-400 ml/min) and aseptic conditions. A midline incision was 
done in the mid-dorsum of the mouse. The ovary was gently raised and removed 
from the surrounding fat tissue by cauterization. The ovarian horn was then released 
back into the peritoneum. A self-resorbing suture was placed over the muscle layer 
and a non-resorbing suture was set on the skin. The procedure was repeated on the 
contralateral side (Heydarpour et al., 2013). The sham procedure was done as above 
except after raising the ovaries from their surroundings, they were gently put back 
into place and left intact. The mice were administered with post-operative injections 
of carprofen and monitored regularly for the next 2–3 days.  

4.3.2 Tibial fracture healing (II) 
The closed tibial fracture procedure has been described before (Hiltunen et al., 1993; 
Puolakkainen et al., 2017). In brief, 10-week-old male and female mice (n = 10 per 
group) were anesthetized with isoflurane 30 min after analgesia administration 
(buprenorphine 0.05 mg/kg and carprofen 5 mg/kg subcutaneously). A sterile 
stainless-steel rod (Ø 0.2 mm) was inserted to the intramedullary canal for support 
and a standardized, closed tibial fracture was performed using an in-house 
manufactured fracture apparatus. Mice were treated with buprenorphine for 2 days 
after the procedure and sacrificed 14 or 28 days after the fracture. 

4.4 Mouse skeletal phenotype analysis 

4.4.1 Micro-computed tomography (I, II) 
After euthanization, femurs, tibias, calvarias and fracture calluses were immediately 
collected, cleaned of excess soft tissues and fixed with neutral buffered formalin 
(10%) overnight and transferred to and stored in 70% ethanol. Bone lengths were 
measured with a measuring calliper. Bones were cleaned of remaining soft tissue and 
analysed with X-ray microcomputed tomography (μCT) using either SkyScan 1070 
or SkyScan 1072 equipment (Kontich Belgium). A custom-made plastic holder was 
used to ensure immobilization and repeatable positioning of samples. Cross-
sectional images were reconstructed using NRecon 1.4 software (SkyScan) and 
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reoriented to ensure comparability using Dataviewer software (SkyScan). Regions 
of interest (ROI) were defined using CTan 1.4.4 software (SkyScan). 

In Study I, cortical and trabecular bone structure of femurs was analysed with 
8.37 μm resolution. The start of ROIs were located 210 layers (1050 μm) up from 
the proximal end of the distal growth plate for the trabecular bone, and 1000 layers 
(5000 μm) up for the cortical bone. The ROI were drawn on every tenth layer from 
120 layers with a total height of ∼1000 μm for trabecular bone, and from 100 layers 
with a total height of ∼840 μm for cortical bone and the results were then quantified 
and analysed.  

Tibias of the LSD1cKO-mice were analysed using 5 μm resolution. The ROI 
were drawn on every tenth layer from 100 layers 210 layers (1050 μm) down from 
the distal end of the proximal growth plate for the trabecular bone, and 1000 layers 
(5000 μm) down for the cortical bone and subsequently analysed. 

In Study II, cortical and trabecular bone structure of the distal femur or 
proximal tibia was analysed using 8.37 µm resolution. The ROIs were drawn on 
every tenth layer of 120 layers, with a total height of ~1000 μm for trabecular 
bone, and of 100 layers with a total height of ~840 μm for cortical bone and the 
results were then quantified and analysed. The ROIs were drawn blinded for the 
treatment groups or genotypes and quantified. In the case of significant difference 
in the bone length between treatment groups or genotypes, ROIs were adjusted 
before analysis. 

4.4.2 Histology and histomorphometry (I, II) 
After euthanization, femurs, tibias, fracture calluses and inguinal white adipose 
tissue depots were immediately collected, cleaned of excess soft tissues and fixed 
with 10% neutral buffered formalin overnight and transferred to and stored in 70% 
ethanol.  

In Study I, tibias were decalcified in 10% EDTA after fixation, embedded in 
paraffin and cut into 4 μm thick sections for histological analyses. Safranin-O 
staining was done using conventional staining protocols and imaged using the 
PANNORAMIC 250 slide scanner (3DHISTECH). Collagen was visualized using 
the Picro-Sirius Red Stain Kit for Collagen (Biosite), imaged using 90° polarized 
light visualizing thin collagen fibers as green and thick collagen fibers as yellow-
red, and analysed using FIJI software. 

For growth plate analysis in Study I, haematoxylin and eosin -stained (HE) 
sagittal sections of proximal tibial epiphysis were used. Average thickness of one 
medial and two marginal lines of the proliferative and hypertrophic growth plate 
zones were measured by ImageJ. Cell density of the proliferative and hypertrophic 
zones of proximal tibia were analysed by counting average cell number in 8 squares 
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(each 10,000 μm2 in size) covering the entire zone. Heights of chondrocyte columns 
were measured from 10 representative columns in proliferative and hypertrophic 
zones across the growth plate. 

To measure adiposity in the callus area in Study II, tibias from the fracture 
experiment were fixed in 3.7% formalin, decalcified in 10% EDTA, embedded in 
paraffin, and cut into 4 μm thick sections. HE-stained samples were scanned with 
PANNORAMIC 1000 slide scanner (3DHISTECH). Number of adipocyte ‘ghosts’ 
was counted manually from the fracture callus area in tibial sections using 
CaseViewer programme (3DHISTECH). Analysed area was standardized to 23 mm2. 
Number of adipocyte ‘ghosts’ was normalized to the area and reported as adipocyte 
number/mm2. 

For histomorphometry in Studies I and II, tibias were embedded in methyl 
methacrylate (MMA) (Sigma-Aldrich, USA) after fixation. 5 μm sagittal sections 
were cut using a Leica RM2165 rotatory microtome and von Kossa, toluidine blue 
and tartrate-resistant acid phosphatase (TRACP) stainings were performed on 
deplastified sections with standard protocols. In brief, TRACP-staining visualizes 
osteoclasts based on the osteoclast-expressed acid phosphatase activity. The slides 
were analysed using Osteomeasure-histomorphometry workstation 
(OsteomeasureXP 3.1.0.1, Osteometrics, USA). The analysed area of the tibias was 
defined as 1.30 mm x 0.84 mm, starting 200 μm distally from the growth plate, 
excluding the cortical border areas with a 100 μm margin. Static parameters were 
measured from toluidine blue and TRACP stained slides and dynamic parameters 
from unstained slides according to standardized protocols. Subepiphyseal TRACP-
staining and bone area were measured from an area defined as 1.00 mm x 0.20 mm 
starting immediately distally from the proximal growth plate of the tibia using FIJI 
software. 

4.4.3 Biomechanical testing (II) 
In study II, samples for biomechanical testing were carefully cleared of muscles to 
avoid damaging the calluses and stored in −20 °C wrapped in phosphate buffed saline 
(PBS) -soaked gauzes to avoid dehydration. Biomechanical testing was performed 
with a compression device (Lloyd Instruments, Fareham, UK) with a calibrated 100 
N load cell. The samples were subjected to a three-point bending test, where the tibia 
was placed on a two-point sample holder 10 mm apart. Load was applied to the 
middle of the callus with the rate of 1 mm/min until fracture occurred. Stiffness, 
maximum load, post-yield displacement and amount of work-to-fracture were 
analysed using Nexygen (v.4.7 issue 10, Lloyd instrument Ltd., Fareham, UK). 
Maximum load, work-to-fracture, stiffness, and post-yield displacement were read 
from the load-displacement curve: Maximum load was read from the highest point 
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of the curve, work-to-fracture the area under the curve, stiffness was calculated as 
the slope of the linear rise in curve and post-yield displacement the measured 
displacement between yield-point and fracture-point. 

4.4.4 Bone turnover marker analysis (I) 
Blood samples were collected at sacrifice via cardiac puncture. Blood samples 
were allowed to clot, serum was collected after centrifugation and stored at -80 °C. 
Bone formation and resorption were assessed using serum levels of N-terminal 
propeptides of type I collagen (P1NP) and C-terminal telopeptides of type I 
collagen (CTX-1) using Rat/Mouse PINP EIA and RatLaps CTX-I EIA kits (IDS, 
UK), respectively.  

4.5 Cell culture experiments 

4.5.1 MC3T3-E1 cell line and primary cell cultures (I, II) 
Mouse MC3T3-E1 osteoblastic cell line (CRL-2593, ATCC, USA) was 
maintained in αMEM medium supplemented with 10% fetal bovine serum (FBS, 
Gibco, Grand Island, NY, USA) and 100 U/ml penicillin-streptomycin (i.e., 
growth medium). Osteogenic differentiation was induced by osteogenic medium 
(OM) composed of growth medium supplemented with 5 mM Na-β-
glycerophosphate, 50 μg/ml ascorbic acid and 10 nM dexamethasone at a cell 
density dependent on the yield at cell isolation. For LSD1 inhibition studies, cells 
were treated with selective LSD1 inhibitors RN-1 (IC50=70 nM) and 
GSK2780854A (GSK-LSD1, IC50=16 nM) or vehicle (DMSO) supplemented 
medium. The proliferation rate of MC3T3-E1 cells was measured by plating 1000 
cells/well in a 96-well plate in maintenance medium and imaging the confluence 
with Incucyte S3 analyzer (Essen Bioscience, UK). 

Primary calvarial cells in Study I and II were isolated from calvaria of new-born 
mice for differentiation cultures by sequential digestions. Cells were isolated with 
five consecutive 20 min digestions with 1% collagenase and 2% dispase in αMEM 
at 37 °C and obtained fractions 2–5 were pooled and plated for culturing. After one 
passage, cells were plated on 6-well plates in growth medium at a density dependent 
on the yield of cell isolation. Differentiation of osteoblasts was induced at confluency 
by OM for 7, 14 and 21 days. 

For adipocyte differentiation cultures in Study II, primary calvarial cells were 
cultured on 6-well plates at a seeding density of 80 000 cells/well in growth medium. 
Two days post confluency, adipocyte differentiation was induced with adipocyte 
induction media (growth medium supplemented with 10 μg/ml insulin and 1.0 μM 
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dexamethasone), which represents day 0 of the adipocyte culture. After two days of 
induction, induction media was replaced with maintenance media (growth medium 
supplemented with 10 μg/ml insulin). Cultures were maintained until day 11 or day 
14. 

For osteoclast differentiation cultures in Study II, bone marrow cells were 
flushed from femur and tibia of 6-week-old to 9-week-old mice. 10 000 bone marrow 
cells were seeded at 100 µL/well in growth medium supplemented with 10 nM 
hPTH1-34 (Millipore, Billerica, MA, USA) in a 96-well plate. 

Primary chondrocytes in Study II were digested from mice ribcages with 2 h 
digestion in 3 mg/ml collagenase D diluted in Dulbecco’s Modified Eagle Medium 
(D-MEM) at 37 °C. Digestion solution was changed to 0.5 mg/ml collagenase D in 
D-MEM and ribcages were incubated at 37 °C for overnight. After filtering through 
100 µm strainer, chondrocytes were seeded (3 × 106 cells/well) on six-well plates and 
cultured in DMEM supplemented with 100 U/ml penicillin-streptomycin, 10% FBS, 
2 mM L-glutamine and Insulin-Transferrin-Selenium (ITS, Gibco).  

4.5.2 Lentiviral silencing (I, II) 
In Study I, lentiviral particles containing Sigma TRCI library small hairpin RNAs 
(shRNAs) against LSD1 (TRCN0000071373–71377) and control shRNA 
(shScrambled, SHC002) were obtained from the Functional Genomics Unit at the 
University of Helsinki. Mouse MC3T3-E1 cells were transduced with 5 different 
clones of shLSD1 lentiviruses and shScrambled control vector on 6-well plates with 
8 μg/ml polybrene overnight. Transduction of cells was confirmed with selection in 
puromycin (5 μg/ml) for 5 days. The efficiency of LSD1 mRNA and protein 
knockdown was confirmed using Reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) and Western blotting, respectively. 

In Study II, lentiviral particles containing Sigma TRCII library shRNAs against 
RCOR2 (five constructs, TRC0000085518 - TRC0000085522, later abbreviated as 
shRCOR2-18 to shRCOR2-22) were obtained from the Functional Genomics Unit 
at the University of Helsinki. MC3T3-E1 were transduced by 750 μl of shRNA 
(p24 concentration 4.04–5.67 pg/ml), followed by selection in puromycin (3 
μg/ml) for 2 days. The efficiency of RCOR2 knockdown was confirmed using RT-
qPCR. 

4.5.3 Cytochemical analysis (I, II) 
Cells in Study I and II were fixed for 15 min in 10% phosphate-buffered formalin 
and stained for alkaline phosphatase (ALP) activity for 45 min at room temperature 
(RT) with freshly filtered ALP staining solution (0.1 mg/ml Naphtol AS MX-PO4; 
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0.6 mg/ml Fast Blue RR salt; 0.4% DMF in 0.1 M Tris-HCl pH 8.3) and rinsed with 
water. For von Kossa staining, cells were stained with 2.5% silver nitrate at room 
temperature for 30 min and rinsed with water. Adipocytes in Study II were fixed as 
above, washed three times with PBS and stained with freshly filtered Oil Red O 
(Sigma) solution for five minutes. Stained culture wells were scanned with a tabletop 
scanner. All cytochemical staining experiments were repeated three times. 

Representative images of the von Kossa or Oil Red O -stained wells (three wells 
per culture or genotype) were analysed with ImageJ software. Overall adipocyte or 
osteoblast area was defined by colour thresholding. Percentage of the positive 
stained area was expressed as the pixel area of Oil Red O-stained adipocytes or von 
Kossa -stained osteoblasts out of the total well area in pixels.  

4.6 Molecular biology 

4.6.1 Reverse transcription quantitative polymerase chain 
reaction (I, II) 

RNA was extracted from cell culture samples with Nucleospin RNA Plus kit 
(Macherey-Nagel) after homogenization in RNA lysis buffer using Ultra-Turrax T25 
homogenizer (Janke&Kunkel, Germany) and eluted to 2x30 μl aqua.  

From bone samples, RNA was extracted using RNeasy Mini kit (Qiagen, 
USA) after pulverization of snap-frozen bones followed by homogenization in 
RNA lysis buffer using Ultra-Turrax T25 homogenizer. RNA concentrations were 
measured with NanoDrop OneC (Thermo Scientific) and the samples were stored 
at -80 °C.  

For RT-qPCR, RNA was reverse transcribed to cDNA using the SensiFast 
cDNA synthesis kit (Bioline, USA) with 500 ng RNA per reaction. qPCR reactions 
were performed using SYBR Green master mix (Thermo Scientific) with the Bio-
Rad CFX96 or CFX384 Real-Time PCR Detection System and software. Ct values 
were normalized to beta-actin (ACTB) levels and ΔΔ-Ct method was used to 
analyze relative gene expression levels. Primers used for RT-qPCR are listed in 
Table 7. 
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Table 7.  RT-qPCR target genes and primer sequences. 

TARGET  FORWARD PRIMER REVERSE PRIMER 

ADIPOQ CGACACCAAAAGGGCTCAGG CCAACCTGCACAAGTTCCCT 
ALP ACTCAGGGCAATGAGGTCAC CACCCGAGTGGTAGTCACAA 
ACTB CGTGGGCCGCCCTAGGCACCA TTGGCCTTAGGGTTCAGGGGG 
BGLAP GCAATAAGGTAGTGAACAGACTCC CCATAGATGCGTTTGTAGGCGG 
COL1A1 AGACATGTTCAGCTTTGTGGAC GCAGCTGACTTCAGGGATG 
CYCLB GGGACCTAAAGTCACAGTCAAGG GAAGCGCTCACCATAGATGC 
DMP1 GGTTTTGACCTTGTGGGAAA TTGGGATGCGATTCCTCTAC 
IBSP GAATGGCCTGTGCTTTCTCG CCGGTACTTAAAGACCCCGTT 
LSD1 AAGCCAGGGATCGAGTAGGT GGAACAGCTTGTCCATTGGC 
PPARG AAGACAACGGACAAATCACCA GGGGGTGATATGTTTGAACTTG 
RCOR1 CCGACTTCGCTGCCAAA AGCCTGCTCCATGTTGTACC 
RCOR2 AGGGCATGTACCTGAGTCCT TGGTCTGCTTCATGCTCTGG 
RCOR3 TACCAAGCTCGGATCCCTGA ATTCATCCAATTTGGCATCTGG 
RUNX2 GCCCAGGCGTATTTCAGA TGCCTGGCTCTTCTTACTGAG 
SP7 GTCCTCTCTGCTTGAGGAAGAA GGGCTGAAAGGTCAGCGTAT 
TRACP CGTCTCTGCACAGATTGCAT AAGCGCAAACGGTAGTAAGG 

4.6.2 RNA-sequencing and bioinformatic analysis (I, II) 
MC3T3-E1 cells were plated in triplicates in 6-well plates at density of 100 000 cells 
per well. Cells were harvested at 80% confluence representing proliferative stage, as 
well as at confluency and after 24 h, 14 days and 21 days of osteogenic differentiation 
in OM. At indicated timepoints, the cells were washed once with PBS, lysed and 
RNA extracted by RNeasy mini kit (Qiagen) according to the manufacturer's 
instructions. Quality of RNA was analysed by Bioanalyzer, and RIN-value was 
measured to be >9 before sequencing. Based on the RIN-value of the three replicates, 
two samples were selected from each timepoint for RNA-seq library preparation. 

RNA-seq was performed on the Illumina2000 platform as 51 bp paired-end reads 
and processed using a standardized bioinformatic pipeline. Gene expression is 
expressed in fragments/kilobase pair/million mapped reads (FPKM). RNA-seq data 
were deposited in the Gene Expression Omnibus of the National Institute for 
Biotechnology Information (GSE186832). 

The raw reads were subjected to quality control using FastQC, a framework for 
fastq format sequencing data quality analysis. The reads were aligned to the latest 
version of UCSC mouse genome (mm10) using TopHat version 2.0.9 for 64bit Linux 
x86 with default parameters that have been optimized for mammalian genomes. The 
data were analysed using R version 3.0.1 for 64bit Linux x86 (http://www.r-
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project.org/) for Euclidean distance, Pearson correlation and Principal component 
analysis. Differential expression between base time point T1 and all other time points 
was computed in R using DESeq2 version 1.2.8. P-values were corrected using 
Benjamini-Hochberg multiple testing adjustment procedure. 

Collective biological properties of the differentially expressed (DE) genes were 
investigated using pathway enrichment analysis. The pathway set used consisted of 
the biological process, molecular function and cellular compartment categories of 
Gene Ontology version 2.10.1 (http://www.geneontology.org/). Statistically 
enriched pathways were determined with the TopGO R toolset using the classic 
algorithm with Fisher statistic. The pathway enrichment analysis was repeated for 
each set of DE genes, generating results using each of the three Gene Ontology (GO) 
categories. First hierarchical agglomerative clustering was applied to the expression 
values of most highly time variant genes. The distance metric used in the clustering 
is Dynamic Time Warping (DTW), a method specifically designed to be used with 
time series data. 

In order to distinguish these trends more carefully, k-means clustering was 
performed (II, Fig. 4). To evaluate the correct number of clusters the Bayesian 
Information Criterion (BIC) was used to analyze the density of clustering results 
using different values of k. K-means clustering was performed using 6 clusters. 
Pathway enrichment analysis was performed to the clustered gene sets. Pathway 
enrichment using the Gene Ontology categories was computed for each gene cluster. 

4.6.3 Chromatin immunoprecipitation sequencing and 
bioinformatic analysis (I) 

MC3T3-E1 cells (10 000 cells/cm2) were plated in 10 cm plates in growth medium. 
The cells were harvested by trypsin and analysed using a chromatin 
immunoprecipitation (ChIP) assay using LSD1, H3K4me1, H3K4me2, H3K4me3, 
H3K27me3 and control IgG antibodies. Antibody information can be found in Table 
8. Sequencing libraries were prepared and massively parallel high throughput DNA 
sequencing was performed on an Illumina HiSeq2000 system. The alignment, 
quality assessment, peak calling, and visualization was performed with a 
standardized bioinformatic analysis pipeline (HiChIP). The mm10 reference genome 
was used to align 50 base paired-end with a custom script that only retains pairs with 
one or both ends uniquely mapped. The analysis was guided by the Burrows-Wheeler 
Aligner, Picard and SAMTools and the SICER package. ChIP-seq data were 
deposited with accession number GSE186665. 
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Table 8. Information on antibodies used in ChIP and Western blotting. 

ANTIBODY MANUFACTURER CAT NO APPLICATION 

H3 Abcam ab1791 Western blot 
H3K4ME1 Diagenode C15410037 Western blot 
H3K4ME2 ActiveMotif 39679 Western blot 
H3K9ME1 Abcam ab9045 Western blot 
H3K9ME2 Abcam ab1220 Western blot 
LSD1 Abcam ab17721 Western blot 
ANTI-MOUSE Cell Signalling Technology 7076S Western blot 
ANTI-RABBIT Cell Signalling Technology 7074S Western blot 
CHIP IGG Sigma-Aldrich 12-370 ChIP-seq 
CHIP H3K4ME1 Cell Signalling Technology 5326 Lot1 ChIP-seq 
CHIP H3K4ME2 Abcam ab7766 ChIP-seq 
CHIP H3K4ME3 Diagenode C15410003 ChIP-seq 
CHIP H3K27ME3 Cell Signalling Technology 9733BC (C36B11) ChIP-seq 
CHIP LSD1 Abcam ab17721 ChIP-seq 

 
Peak data were read using custom R scripts, and exploratory analysis and peak 

annotation was done using R package ChIPseeker. Average profiles of ChIP-seq 
peaks binding to transcription start site (TSS) regions were inspected and visualized, 
using 3 kb upstream and downstream TSS flanking sequences for the mapping. Peaks 
were annotated to the nearest TSS, with TSS region defined from -3 kb to +3 kb 
(default). R package DiffBind was used for generation of the correlation heatmaps. 
The overlaps of the ChIP-seq peak intervals were inspected using R package 
ChIPpeakAnno with minimum overlap of 1 bp of the peak intervals required. Further 
exploratory analysis was performed using DiffBind package. Shortly, consensus 
peak sets were generated for each of the five ChIP-seq targets separately, consisting 
of all peaks detected at one or more time points. Reads overlapping these consensus 
peak sets were calculated and normalized using Trimmed Mean of M-values (TMM) 
method with control read counts subtracted and using full library sizes for 
normalization. The resulting ChIP-seq affinity data was used for principal 
component analysis using DiffBind functionality. 

BEDTools multiIntersectBed and merge tools were used for detecting peak 
overlaps between the three time point samples, retaining the information on the peak 
existence in a sample, and for merging the overlapping peak intervals into continuous 
peak regions. TMM normalized read counts for the merged peaks were obtained 
using DiffBind. Log2 fold change of normalized read counts between day 7 and day 
0 samples, day 14 and day 0 samples as well as day 14 and day 7 samples were 
calculated. 
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HOMER (Hypergeometric Optimization of Motif EnRichment) software was 
used for analyzing enrichment of known transcription factor (TF) motifs in ChIP-
seq peaks and annotating the peaks with the known motifs. 

Gene set enrichment of Gene Ontology Biological Process (GOBP) terms and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway terms was performed 
using R package CHiP-Enrich with the gene locus definition set to 1 kb. 

Integration of differential expression analysis data and ChIP-seq data was done 
using custom Rscripts and package ggplot2 for visualization. 

4.6.4 Western blotting (I) 
MC3T3-E1 cells were cultured on 10 cm dishes in growth medium or OM. Protein 
lysates were collected from preconfluent and confluent cells, as well as from cells 
differentiated for 7, 10 or 14 days after 10-minute incubation on ice in mRIPA lysis 
buffer (50 mM Tris-HCl, pH 7.4; 0.5% NP-40; 0.25% sodium deoxycholate; 150 
mM sodium chloride; 1 mM sodium orthovanadate; 0.5 mM phenylmethylsulfonyl 
fluoride) supplemented with Pierce Mini protease inhibitors (Thermo Scientific). 
Cell lysates were homogenized by purging through a 27 G needle and cell debris 
discarded by centrifuging for 15 minutes at 16 000 G at 4°C. Protein concentration 
was measured using Bradford Protein Assay (Bio-Rad). 

Protein samples were separated using 4–20% gradient SDS-PAGE gels (Bio-Rad 
Mini-PROTEAN TGX) and transferred to 0.22 μm nitrocellulose membranes 
(Maine Manufacturing LLC). Membranes were blocked with either 5% non-fat dried 
milk in Tris-buffered saline with Tween (TBST) (150 mM NaCl, 0.05% Tween20, 
10 mM Tris pH 7.5) and incubated with primary antibodies against H3, H3K4me1, 
H3K4me2, H3K9me1, H3K9me2 or with 5% bovine serum albumin (BSA) in TBST 
and incubated with anti-LSD1 primary antibody. Horseradish peroxidase conjugated 
anti–mouse (LSD1) or anti-rabbit (other antibodies) IgG was used as a secondary 
antibody. Proteins were visualized using WesternBright Quantum detection kit 
(Advansta). Antibody information can be found in Table 8. 

4.7 Statistical analyses (I, II) 
All results were analysed with the GraphPad Prism 8.3.0 software, except for the 
RNA-sequencing and ChIP-sequencing data described above. Results are expressed 
as mean ± standard deviation (SD). The limit for statistical significance was set to p 
< 0.05 using Bonferroni's multiple comparison correction where applicable. 
Statistical significances are expressed with asterisks, * p < 0.05, ** p < 0.01 and *** 
p < 0.001. 
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In Studies I and II, all results were tested for normal distribution with the 
Shapiro-Wilk normality test and outliers with the ROUT method with Q = 1%. 
Changes between groups were analysed using Student's two-tailed t-test, one-way 
ANOVA or Kruskall-Wallis test. Student’s two-tailed t-test was applied when 
normal distribution was determined and two groups were compared, One-way 
ANOVA when normal distribution was determined and there were more than two 
groups and Kruskal-Wallis test when normal distribution was not found.  
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5 Results 

5.1 Effects of LSD1 on osteoblast differentiation (I) 

5.1.1 LSD1 is highly expressed in osteoblasts and binds to 
loci enriched with RUNX2 binding motifs 

Research on the role of histone demethylases in osteoblast differentiation has mostly 
focused on the JmjC-domain containing KDM-family, leaving the LSD subfamily 
with less focus. We collected RNA samples from mouse pre-osteoblast MC3T3-E1 
cells before differentiation from non-confluent and confluent cells and after 24 
hours, 14 days or 21 days of osteoblast differentiation induced with dexamethasone, 
ascorbic acid and Na-β-glycerophosphate and analysed the gene expression changes 
during the differentiation using RNA-sequencing. Our data shows that during 
osteoblast differentiation LSD1 is not only expressed more abundantly than LSD2, 
the other monoamine oxidase domain containing histone demethylase, but its 
expression was also among the highest of all KDMs measured in FPKM read counts. 
mRNA expression of LSD1 in differentiating MC3T3-E1 cells was consistently high 
in our RNA-sequencing (FPKM >10) and RT-qPCR experiments (>1.5-fold 
expression compared to undifferentiated cells), while the protein levels increased 
during osteoblast differentiation compared to subconfluent or confluent pre-
osteoblasts in Western blotting analysis (I, Fig 1 C, S1 Fig A-C, Figure 7A). 

ChIP-sequencing of MC3T3-E1 cell lysates collected at 0, 7 and 14 days of 
differentiation and incubated with LSD1, H3K4me1, H3K4me2, H3K4me3, 
H3K27me3 and control IgG antibodies revealed increasing LSD1 binding to 
chromatin over the differentiation time course. There were a significant number of 
unique LSD1 binding sites at each time point, further suggesting a dynamic binding 
pattern during osteoblast differentiation. LSD1 binding sites enriched near the 
transcription start sites as well as proximal promoter areas, and the majority of LSD1 
peaks were found within 1000 bases from a transcription start site (I, Fig 6 A-D). 

The association of different histone marks with LSD1 binding to chromatin was 
further studied using the ChIP-sequencing data of LSD1, H3K4me1, H3K4me2, 
H3K4me3, H3K27me3 bound DNA. LSD1 peaks were often lacking H3K4me1 (46% 
simultaneous occupancy) but overlapping with H3K4me2 (89% occupancy) and 
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H3K4me3 (64% occupancy) binding (I, Fig 7 C-D, Figure 7C). As both H3K4me1 and 
H3K4me2 are targets for LSD1 demethylation activity, this would suggest a target 
preference to H3K4me2 over H3K4me1 in osteoblasts. However, association of LSD1 
with H3K4me1 was at some loci found to be dependent on genomic context, as 
promoter area of KDM7a lacked H3K4me1/LSD1 co-occupancy, but an upstream 
enhancer area did show binding of both H3K4me1 and LSD1 (I, Fig 8, S3). 

 
Figure 7.  LSD1 is necessary for osteoblast differentiation. A: RNA-sequencing analysis of histone 

demethylases in MC3T3-E1 pre-osteoblasts during proliferation and differentiation.  
B: Inhibition of LSD1 demethylation activity with GSK-LSD1 inhibits MC3T3-E1 
osteoblast differentiation in vitro but does not influence proliferation. C: LSD1 and 
histone modification peak overlaps in MC3T3-E1 cells differentiated for 14 days. 

When comparing the RNA expression data and ChIP-sequencing data collected 
from the differentiating MC3T3-E1 osteoblasts, over 90% of genes with LSD1 
binding at promoter area were expressed (log 2>1) both at confluency and at 14 days 
of differentiation (I, Fig 9 B). However when reversing the analysis, LSD1 binding 
at all expressed genes was more moderate, 20% and 33% at confluency and at 14 
days of differentiation, respectively. Even though LSD1 has previously been defined 
as a member of a repressor complex, LSD1 binding was not predictive to the 
direction of the change when found in promoters of genes differentially expressed 
between the time points (I, Fig 9 C). 
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Previous research has not found a DNA targeting mechanism for LSD1 
demethylating activity, but the binding has appeared to be non-specific (Pilotto et 
al., 2015; M. Yang et al., 2006). After revealing the high expression level of LSD1 
and the colocalization of LSD1 with histone marks representing gene expression 
activation, our hypothesis was that LSD1 could be targeted to specific promoter areas 
by interactions with nuclear proteins. Therefore, LSD1 binding sites were searched 
for conserved binding motifs for transcription factors and indeed, consensus motifs 
for RUNX1/2 were found in 16-20% of LSD1 ChIP-sequencing peaks. LSD1 ChIP-
sequencing peaks were also compared to previous RUNX2 ChIP-sequencing peak 
data (Tarkkonen et al., 2017), and 35% of the LSD1 peaks containing RUNX2 motifs 
were found to also be RUNX2 binding sites (I, Fig 6 E-F). 

These results demonstrated a significant contribution of LSD1 to gene 
expression during osteoblast differentiation and correlation of LSD1 binding with 
increased gene expression, possibly through recruitment by RUNX2. 

5.1.2 LSD1 inhibition and downregulation suppresses 
osteoblast function and differentiation in vitro  

Previous results have suggested LSD1 to have a suppressive role for osteoblast 
differentiation (Sun et al., 2018). To further study the effect of loss of LSD1 activity 
on osteoblast differentiation, we inhibited both the demethylation activity of LSD1 
using monoamine oxidase inhibitors RN-1 and GSK-LSD1, as well as silenced 
LSD1 expression with shRNA in MC3T3-E1 cells before differentiation and during 
differentiation in OM for 21 days. 

Pharmacological inhibition of LSD1 demethylation activity in RN-1 and GSK-
LSD1 treated cells differentiated in OM demonstrated that LSD1 function is 
important for osteoblast differentiation but it does not affect osteoblast proliferation 
measured by confluence analysis. Both inhibitors at nanomolar concentrations 
blocked osteoblast differentiation and mineralization detected by colour thresholding 
analysis of von Kossa staining in both MC3T3-E1 cells and calvarial primary cells 
at 21 days of differentiation in OM. Osteoblast differentiation blockage was also 
seen in the decreased gene expression of osteoblast markers ALP, osteocalcin, osterix 
and bone sialoprotein at 14 days of differentiation of LSD1 inhibitor treated MC3T3-
E1 cells and calvarial primary cells in OM (I, Fig 2 A-C, Figure 7B). 

Silencing of LSD1 expression through shRNAs showed similar effects on 
osteoblast differentiation as pharmacological inhibition. Significant decrease of 
osteoblast differentiation and mineralization were detected by ALP and von Kossa 
stainings. Consistently, expression of osteoblast marker genes measured with RT-
qPCR was decreased. However, global H3, H3K4me1 or H3K4me2 protein levels 
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measured with Western blotting were unchanged suggesting a more targeted than 
global demethylation effect for LSD1 (I, Fig 1 E-G).  

These data show the key role on bone metabolism LSD1 demethylation activity 
plays by enabling osteoblast differentiation in vitro. 

5.1.3 LSD1 inhibition suppresses osteoblast differentiation 
and function in vivo 

To transfer the encouraging in vitro findings to a more translatable experimental 
setting, 6-week-old male C57BL/6NHsd male mice were treated with 1.5 mg/kg 
GSK-LSD1 or vehicle for 4 weeks. This LSD1 inhibitor treatment was well tolerated 
with no side effects such as symptoms of pain. 

Effects of GSK-LSD1 inhibitor treatment were assessed using µCT as well as 
histomorphometric analysis and measurements of bone turnover markers. µCT 
analysis of the GSK-LSD1 treated proximal tibia showed significantly lower bone 
quantity measured as decreased bone volume per tissue volume (BV/TV), trabeculae 
number and trabecular thickness, as well as lower cortical thickness, when compared 
to vehicle treated mice (I, Fig 3, Figure 8). 

 
Figure 8.  LSD1 inhibition with GSK-LSD1 in vivo. Left: Representative von Kossa stained methyl 

methacrylate sections of Control (top) and GSK-LSD1 treated (bottom) mouse tibias. Right: 
Most relevant µCT, histomorphometry and bone turnover marker data. (n=10/group) 

To further investigate the mechanism behind the low bone quantity, 
histomorphometric analysis of methyl methacrylate embedded tibias was performed. 
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The analysis confirmed the same findings in GSK-LSD1 treated mice compared to 
controls, but also revealed a significantly lower number of osteoblasts as well as 
lower trabecular thickness and amount of osteoid (I, Fig 3, Figure 8). Relative 
number of osteoclasts was similar between the groups. 

Analysis of bone turnover markers in serum did not reveal any differences in the 
levels of bone resorption marker CTX-I levels, but instead a significantly lower 
amount of bone formation marker P1NP, in line with the target cell population and 
results of histomorphometric analysis (I, Fig 3, Figure 8). 

Collectively these results showed that the LSD1 demethylation activity is crucial 
for osteoblast activity and when LSD1 is inhibited, there is a significantly lower bone 
volume in vivo. 

5.1.4 LSD1 downregulation disrupts growth plate 
organization and osteoblast differentiation in vivo 

To fully demonstrate the effects of decreased LSD1 expression in bone in vivo, we 
created a conditional LSD1 knockout mouse line, where LSD1 is either 
heterozygously or homozygously deleted in the limb bud mesenchyme under the 
control of Prrx1-promoter, Rcor2Prrx1

-/- . 
LSD1 conditional knockout mice demonstrated a clear phenotype at already 4 

weeks of age in both males and females, as the body mass of homozygous knockout 
mice was 42% lower than in control littermates and the body size was significantly 
smaller as measured by 35% shorter tibias in males. Heterozygous knockout mice 
were also smaller than control mice, but resembled control mice more closely than 
homozygous knockout mice. The overall appearance of bones in 2D X-ray analysis 
was reminiscent of Osteogenesis imperfecta with characteristic curvature of long 
bones. Other significant findings were the loss of secondary ossification centres and 
impaired union of the fibula to the tibia. 3D X-ray analysis also demonstrated 
unclosed calvarial sutures (I, Fig 4, Figure 9 A). 

More detailed µCT analysis of the tibias and femurs revealed a dose-dependent 
decrease in bone volume and structural organization in decreased BV/TV, trabecular 
number, structural model index, cortical tissue volume and density (I, Fig 4, Figure 9 B). 

Histomorphometrical analysis of the MMA-embedded tibias controversially 
revealed increased BV/TV and trabecular thickness, similar osteoblast numbers and 
activity and decreased osteoclast numbers in homozygous knockout male mice 
compared to controls. There were no differences in the levels of bone turnover 
markers CTX and P1NP between the groups (I, Fig 4, Figure 9 C). These conflicting 
results highlight the dysregulated status of bone metabolism. However, in the mRNA 
analysis of marrow-evacuated femurs of male mice, significant decrease in the 
expression of osteoblast marker genes OSX, OPG, RUNX2 and COL1A1 and 
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significantly increased adiponectin expression were observed. RT-qPCR analysis 
also showed 60% decrease in LSD1 expression (I, Fig 4). 

The distorted bone formation seen in 2D X-ray images was further analysed from 
the growth plates using Safranin-O stained tissue sections. Visual analysis of the 
sections revealed clear lack of organization and decreased cell number in the growth 
plates of knockout mice compared to controls. The proliferative zone was thinner, 
but the hypertrophic zone was comparable between groups. However, both cell 
density and mean column height were decreased in LSD1 knockout mice. Together 
with the decreased osteoclast number in the subepiphyseal bone, these results 
demonstrate the disorganization and lack of remodelling of the growth plates of 
conditional LSD1-knockout mice (I, Fig S2, Figure 9 D). 

 
Figure 9.  LSD1 mesenchymal cell targeted conditional knockout in vivo. A: Representative 2D X-

ray images of control (left) and LSD1 conditional knockout mouse (right) tibias. Loss of 
LSD1 leads to disturbed trabeculae distribution, non-union of the fibula and disturbed 
secondary ossification sites. B: µCT analysis of LSD1 conditional knockout mouse 
femurs show significant loss of bone quantity and bone mineral density. C: 
Histomorphometric analysis showed disturbed bone structure of LSD1 knockout mice 
(n=5-7/group). D: Safranin-O staining of control (top) and LSD1 knockout mouse 
(bottom) growth plates shows significant loss of organization. 
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These findings on the effects of LSD1 gene downregulation in mesenchymal 
limb bud cells highlight the importance of LSD1 on osteoblast differentiation, 
growth plate organization and bone remodelling in vivo. 

5.2 Effects of RCOR2 on osteoblast differentiation (II) 

5.2.1 Loss of RCOR2 delays osteoblast differentiation in 
vitro 

The role of RCOR2 in bone environment has not been previously studied, except in 
osteoarthritic chondrocytes (Primrose et al., 2023). However, our RNA-sequencing 
analysis on OM-treated MC3T3-E1 cells showed a significantly increasing 
expression of RCOR2 (but not RCOR1 or RCOR3) during osteoblast differentiation 
in vitro (II, Fig 1 A). This expression pattern was further confirmed with RT-qPCR 
performed on RNA collected at start of differentiation or after 14 days of 
differentiation, showing increased RCOR2 expression during differentiation of 
MC3T3-E1 cells, primary calvarial osteoblasts as well as primary calvarial 
adipocytes. Interestingly, RT-qPCR studies also showed increased RCOR3 
expression during MC3T3-E1 and primary calvarial osteoblast differentiation, a 
finding not seen in RNA-sequencing analysis (II, Fig 1 B-E). RCOR2 was found to 
be expressed in all bone cells of mesenchymal origin (chondrocytes, adipocytes, 
primary osteoblasts and MC3T3-E1 cells), but not in osteoclasts derived from 
hematopoietic stem cells (II, Fig 1 F). RCOR2 expression was further studied in a 
tissue panel of 14 mouse tissues using RT-qPCR, where RCOR2 was found to be 
ubiquitously expressed in all tissues with highest expression levels in liver and 
pancreas, and surprisingly lowest in the femur (II, Fig 1 G). 

Encouraged by the dynamic expression pattern of RCOR2, the role of RCOR2 in 
osteoblast differentiation was studied by silencing RCOR2 expression using anti-
RCOR2 shRNA-constructs. Two different constructs with highest RCOR2 silencing 
efficiency were selected (shRCOR2-18 and shRCOR2-21) and studied in both 
MC3T3-E1 cells and primary calvarial osteoblasts. Both shRNA constructs resulted 
in ~50% silencing of RCOR2 in primary screening and silencing was reproducible 
and effective in MC3T3-E1 cells. Silencing of RCOR2 led to significantly decreased 
osteoblast differentiation as seen by ALP staining at 14 and 21 days of differentiation 
in OM, as well as by osteoblast marker gene expression in RT-qPCR at 14 days, and 
loss of mineralization in von Kossa staining at 21 days of differentiation (II, Fig 2 
A-C). These constructs efficiently silenced RCOR2 also in the preliminary screening 
in primary calvarial osteoblasts, however the effects seen in MC3T3-E1 cells were 
only partly recapitulated. Osteoblast differentiation was decreased as seen by ALP 
staining at 14 and 21 days of differentiation, but mRNA expression data collected at 
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14 days using RT-qPCR was not consistent with either the ALP staining or the 
MC3T3-E1 cell data (II, Fig 2 D-F). 

These results demonstrate the importance of RCOR2 expression in supporting 
osteoblast differentiation as evaluated by the regulation of osteoblast function and 
marker gene expression. 

5.2.2 RCOR2 downregulation relieves target gene 
suppression 

To further study the effects of RCOR2 during osteoblast differentiation, another RNA-
sequencing analysis was done on shRCOR2-18-silenced MC3T3-E1 osteoblasts and 
shScrambled-treated control cells at confluency and after 24 hours or 7 days of 
osteogenic stimulation. This was performed to show differences in the initial response 
as well as at the early phases of osteogenic induction. Gene expression was compared 
between the constructs at each time point, separately for upregulated and 
downregulated genes compared to shScrambled. There were 438, 348 and 472 genes 
with differential expression at 0 hours, 24 hours and 7 days of osteogenic stimulation, 
respectively. Of the >2-fold differentially expressed (DE) genes, most were 
upregulated and the ratio of upregulated genes was increasing at each timepoint (II, 
Fig 3 A). This upregulation would support the previously suggested role of RCOR2 as 
a transcriptional repressor, now expanding also to include osteoblasts. 

Next the DE genes between time points were studied and compared between 
constructs. When comparing the DE genes between 0 hours and 24 hours in 
shRCOR2 cells with shScrambled, there were nearly 700 genes in shScrambled of 
which 295 were common between groups, but only 167 unique genes in shRCOR2 
cells. When comparing DE genes between 0 hours and 7 days, there was a similar 
number of DE genes in both groups (II, Fig 3 B). The DE genes from both 0 h/24 
hours and 0 h/7 days comparisons were subjected to Pathway Enrichment analysis 
and the highlighted Gene Ontology terms included chromatin and chromosome 
organization and different metabolic processes (II, Fig 3 C). 

The DE genes then underwent K-means clustering to form nine gene clusters of 
similar behaviour during differentiation. On average, more variation was seen in the 
gene expression at 24 hours than at 7 days of differentiation, highlighting the role of 
RCOR2 in the beginning of differentiation, during the transition from stem-like cells 
to differentiating cells. Cluster D, where gene expression increases at 24 hours and 
then decreases to 7 days, represents genes responding quickly to the introduction to 
osteogenic induction but reversing this response upon the onset of differentiation (II, 
Fig 4 D, Table S2). This cluster includes e.g. pathways related to interferon 
signalling, representing at least in part the response to dexamethasone present in 
osteogenic medium.  
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Due to the repressor role of RCOR2 in the REST complex, clusters with 
significant upregulation under RCOR2 silencing, clusters A, E, and H, were chosen 
for further pathway enrichment analysis. Cluster A represented genes with stable 
expression at 24 hours and increase to 7 days of differentiation. Genes of cluster A 
were associated with nucleotide biosynthesis and metabolic process pathways 
suggesting differences in cell proliferation/differentiation transition. Genes of TGF-
β pathway were enriched in cluster A, supporting the early induction of osteoblast 
differentiation (II, Fig 4 A, Table S2). Cluster E includes genes with steadily 
increasing expression with levels not matched by control cells. These genes are 
linked to skeletal and limb morphogenesis, mesenchymal cell proliferation and 
neuronal differentiation (II, Fig 4 E, Table S2). Cluster H includes genes with 
similarly increasing expression as cluster E, but where the expression level at 7 days 
is the same as in control cells. These genes are considered mandatory for osteoblast 
differentiation (II, Fig 4 H, Table S2). 

5.2.3 RCOR2 regulates osteoblast differentiation, but is not 
irreplaceable in vivo 

To assess the role and function of RCOR2 in the complex regulatory environment of 
bone remodelling, we decided to study its effects by utilising knockout models, 
especially since there were no previous publications on the bone phenotype of 
RCOR2 knockout in vivo. To create global knockout mice, homozygous Tm1a 
knockout-first allele mice carrying LacZ-Neo insertion cassette upstream of the 
RCOR2 gene were bred. These mice were found to be viable and fertile. However, 
after deletion of the LacZ-Neo cassette along with exons 1-7 of the RCOR2 gene, all 
homozygous embryos were lost before E8.5, which could be linked to the previously 
reported role of RCOR2 in neuronal development (Y. Wang et al., 2016), as well as 
in the embryonic stem cell differentiation (Pei et al., 2022). Heterozygous RCOR2 
knockout mice (Rcor2KO+/−) were, however, viable and in terms of body weight 
indistinguishable of littermates. 

The bone phenotype of Rcor2KO+/− mice was thus assessed at 6 and 12 weeks of 
age using µCT and histomorphometric analysis from both males and females. There 
were no significant differences between heterozygous and control mice in any of the 
µCT parameters analysed, except for an increased cortical thickness in males at 12 
weeks of age. The histomorphometric analysis revealed a statistically significant 
30% decrease in trabecular BV/TV ratio in males at 12 weeks of age (II, Fig 5 A-B, 
Table 9). 

To further study the effect of homozygous deletion of RCOR2 in vivo, RCOR2 
deletion was targeted to long bone mesenchymal progenitor cells by using Prrx1-Cre 
mouse strain. The Rcor2Prrx1

-/-  mice were viable and had no issues with well-being, 
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fertility or bodyweight. The bone phenotype of both male and female mice was 
examined using µCT analysis at 6, 12 and 26 weeks of age. Increased cortical 
thickness was observed in femurs of 6-week-old females and 12-week-old males, as 
earlier seen in Rcor2KO+/− mice. 6-week-old females also had decreased marrow 
volume in the cortical bone analysis, and both 6- and 12-week-old females had 
decreased trabecular thickness. In males, the only statistically significant difference 
was increased cortical bone volume at 26 weeks of age (II, Fig 5 C-F, Table 9). 

To further study the effect of conditional RCOR2 knockout on bone formation, we 
decided to induce rapid bone loss in mice by ovariectomy. Ovariectomy was performed 
on Rcor2Prrx1

-/-  mice and Rcor2fl/fl control mice at the age of 12 weeks and samples were 
collected four weeks later. OVX led to similar overall loss of bone volume in both 
knockout and control mice, compared to sham-operated animals. The conditional 
deletion of RCOR2 led to increased trabeculae number as well as decreased cortical 
tissue and marrow volumes in the OVX-treated animals (II, Fig 6 A, Table 9). 

Another method to highlight the potential differences in bone formation was the 
fracture healing model. Closed tibial fractures were performed on 8-week-old 
Rcor2Prrx1

-/-  and Rcor2fl/fl male and female mice and samples collected 4 weeks later. 
µCT analysis did not reveal any significant differences in the fracture calluses. A 
subset of samples was frozen for biomechanic testing with the 3-point-bending test. 
No differences were found in the stiffness, maximum load or post-yield displacement 
properties, but the work-to-fracture value was significantly increased in the 
conditional knockout group (II, Fig 6 B-F, Table 9). 

These in vivo findings suggest that although RCOR2 has a role in osteoblast 
differentiation and activity, the effects might be compensated by other RCOR family 
members or different mechanisms in vivo.  

Table 9. Summary of µCT and biomechanic analysis of RCOR2 global and conditional knockout 
mice at different ages and when challenged with OVX or fracture. *p<0.05, **p<0.01, 
***p<0.001. N/A, not analysed. 

 FEMALES MALES 

EXPERIMENTAL 
MODEL 

Age BV/TV 
(%) 

Trab.Th 
(µm) 

Cort.Th 
(µm) 

BV/TV 
(%) 

Trab.Th 
(µm) 

Cort.Th 
(µm) 

RCOR2KO 6 weeks 
12 weeks 

↔ 
↔ 

↔ 
↔ 

↔ 
↔ 

↔ 
↔ 

↔ 
↔ 

↔ 
↑ ** 

RCOR2PRRX1 

TIBIAS 

6 weeks 
12 weeks 

↔ 
↔ 

↓ * 
↔ 

↔ 
↑ *** 

↔ 
↔ 

↔ 
↔ 

↔ 
↔ 

RCOR2PRRX1 

FEMURS 
6 weeks 
12 weeks 
26 weeks 

↔ 
↔ 
N/A 

↔ 
↔ 
N/A 

↑ *** 
↔ 
N/A 

↔ 
↔ 
↔ 

↔ 
↔ 
↔ 

↔ 
↑ ** 
↔ 

OVX 16 weeks ↔ ↔ ↔ N/A N/A N/A 
  BV 

(mm3) 
TV (mm3) BMD 

(g/cm3) 
BV 
(mm3) 

TV 
(mm3) 

W-T-F 
(Nmm) 

FRACTURE HEALING 12 weeks ↔ ↔ ↔ ↔ ↔ ↑ *** 
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5.2.4 RCOR2 supports adipocyte differentiation in vitro and 
in vivo 

As the initial differentiation experiments showed, RCOR2 expression was elevated 
in all bone-related mesenchymal cell types evaluated, including adipocytes (II, Fig 
1 F). This raised the question, whether the downregulation of RCOR2 would impact 
adipocyte differentiation in vitro or in vivo. Calvarial cells were extracted from 
Rcor2KO+/− and control mice and differentiated to adipocytes using insulin and 
dexamethasone induction and insulin-supplemented differentiation medium. The 
heterozygous knockout of RCOR2 led to 45% decrease in Oil-Red-O stained area in 
adipocyte primary cell cultures (II, Fig 7 D-E) and the inguinal white adipose tissue 
accumulation was found to be significantly lower in female mice at the age of 16 
weeks in Rcor2Prrx1

-/-  mice compared to controls (II, Fig 7 C). Finally, the adiposity 
inside the fracture callus was evaluated from the H&E-stained sections and the 
number of adipocytes was found to be significantly lower in conditional knockout 
mice compared to control (II, Fig 7 A-B), suggesting that the mesenchymal cells 
inside the fracture callus were differentiating less to adipocytes and more to 
osteoblasts and chondrocytes. Taken together, the in vitro findings of impaired 
adipocyte differentiation were supported by in vivo findings.  
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6 Discussion 

Increasing knowledge and data concerning the importance of epigenetic regulation 
of bone metabolism has led to more interest and emphasis on discovering the 
regulators and their cofactors. The variety of therapeutic options in treating bone 
diseases is still limited, giving rise to need for new treatment strategies. Current 
treatment options targeting osteoclast and osteoblast differentiation and function 
have left room for novel modes of action. One such approach could be treatment of 
osteoporosis through modifying epigenetic regulation of target genes.  

This study aimed to demonstrate the roles of LSD1 and RCOR2 in osteoblast 
differentiation and investigate the mechanisms of action how they target and 
influence gene expression. In Study I, we demonstrated that the loss of LSD1 
expression or demethylation function had an effect on osteoblast differentiation both 
in vitro and in vivo, and we linked the LSD1 DNA binding sites to previously 
published RUNX2 binding sites. The conditional knockout of LSD1 in vivo had 
detrimental effects on the structure and size of long bones, as well as closure of 
calvarial sutures and organization of growth plates. In Study II, we were able to show 
the impaired MC3T3-E1 pre-osteoblast differentiation when RCOR2 expression was 
silenced, which was linked to decreased target gene suppression. However, these 
results were not entirely replicated in primary osteoblast differentiation culture 
experiments. Furthermore, the in vitro effects of decreased RCOR2 expression 
demonstrated limited replicability in vivo in both RCOR2 global and conditional 
knockout mice. 

LSD1 in osteoblast differentiation 

The effect of LSD1 on bone metabolism has been previously studied with different 
approaches, by studying the mechanisms in osteoclasts, osteoblasts and by using 
miRNAs. Our study design of targeting the LSD1 knockout to limb bud 
mesenchymal cells was preceded by two papers published by Sun et al in 2018 and 
2020, although the studies were conducted simultaneously with ours. Surprisingly, 
our results on the effect of LSD1 knockout on bone metabolism were contradictory 
to their reports. Sun et al. demonstrated that LSD1 silencing was reported to induce 
osteoblast differentiation in vitro and limb bud mesenchyme targeted LSD1 
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knockdown to cause increased bone formation in vivo through altered methylation 
of WNT7B and BMP2B promoter areas. Global H3K4me1/2 levels were higher in 
cells where LSD1 was knocked out. However, similar findings to ours, such as 
smaller body size, shorter bone length and changes in the calvarial suture closure 
were made (Sun et al., 2018). Their second paper described the effects of LSD1 
knockdown on endochondral ossification, demonstrating impaired growth plate 
organization and osteogenesis imperfecta -like bone curvature (Sun et al., 2020) 
similar to the phenotype observed in our model. The findings of both of these papers 
were repeated in our findings of LSD1 binding near the promoter areas of target 
genes. We showed lack of H3K4me1 at LSD1 peaks and accordingly, Sun et al 
demonstrated enrichment of H3K4me1 after LSD1 downregulation. Another study 
has furthermore reported that overexpression of miR-655-3p induces osteoblast 
differentiation through BMP2 activation by silencing LSD1 expression, as well as 
demonstrated that LSD1 expression was significantly elevated in OVX mice (X.-J. 
Wang et al., 2020), similarly to the data published by Sun et al.  

LSD1 expression in osteoclasts has also been studied using different 
experimental models. Our data suggests that mesenchymal cell targeted LSD1 
conditional knockout leads to a statistically non-significant decrease in osteoclast 
marker expression. Another study using small molecule inhibitors reported that 
LSD1 inhibition decreased osteoclast fusion and activity in vitro, as well as 
counteracted certain OVX-induced cortical bone effects in vivo when using 
significantly (up to 20x) higher doses than the ones used in our studies (Ding et al., 
2023). In a study by Doi et al., LSD1 expression was significantly induced after 
RANKL stimulation in the synovium of rheumatoid arthritis patients. Silencing of 
LSD1 expression or treatment of osteoclast precursors with another LSD1 inhibitor 
has been reported to decrease osteoclast maturation (Doi et al., 2022). Astleford-
Hopper et al. studied the effect of LSD1 on osteoclast differentiation in vivo in a 
myeloid lineage targeted conditional knockout mouse model. In that study, the 
conditional knockout female mice interestingly had a bone phenotype of increased 
trabecular bone and slightly larger diameter of cortical bone. There were no 
differences in the number of osteoclasts in vivo, but the osteoclasts were smaller and 
differentiated more poorly in vitro (Astleford-Hopper et al., 2022). LSD1 
downregulation has also been shown to impair chondrocyte differentiation and 
marker gene expression, as well as impair endochondral ossification (Sun et al., 
2020). 

Post-translational methylation of H3K4 has been shown to have dose-specific 
effects on target gene expression. In general, unmethylated H3K4 presents silent 
chromatin, together with methylated DNA. Monomethylation of H3K4 commonly 
represents active enhancer areas even though these modifications are enriched 
further away from the TSS and are commonly found together with H3K27 
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acetylation of TSS. Dimethylated and trimethylated H3K4 are marks for active 
promoters and commonly found closer to the TSS than H3K4me. H3K4me3 has also 
been found enriched in the enhancer areas, though in smaller densities than 
H3K4me1. H3K9 methylation can represent either silenced areas (H3K9me3) or 
actively transcribed genes (H3K9me1) (Kimura, 2013; Sterling et al., 2021). Of 
these, H3K4me1/2 and H3K9me1/2 are LSD1 demethylation targets. Our data 
demonstrates that LSD1 binds target gene TSSs in an increasing manner during 
osteoblast differentiation, mainly within 1 kb of TSS. H3K4me1 binding was indeed 
enriched further from the TSS than H3K4me2/3 to other intron areas. LSD1 binding 
takes place closer to TSS results in overlapping binding more with H3K4me2/3 and 
less to H3K4me1 even though H3K4me3 is not a demethylation target. This would 
suggest that the interaction might take place with H3K4me3 as well but 
demethylation can mechanistically not take place, or that LSD1 binding is not 
actually targeted to H3K4me3 but data would present this as binding due to the 
overlap of H3K4me2 and H3K4me3 peaks.  

LSD1 itself does not possess DNA-binding sites, which opens the targeting 
possibilities to context-specific complex member composition. Different complex 
members with DNA-binding capability, such as REST and transcription factors 
GFI1 and Snail have been identified to interact with LSD1 (Saleque et al., 2007), 
even though transcription factor interactions have not been extensively studied in 
osteoblasts. Our ChIP-sequencing data showed enrichment with different 
transcription factor binding motifs, most significantly with RUNX2 binding sites. 
This does not exclude the interaction with other transcription factors than RUNX1/2. 
Combining the transcriptional silencing effect of H3K4 demethylation and targeting 
to RUNX2 binding sites, our findings would collectively suggest a mechanism for 
inhibition of early osteoblast differentiation. Controversially, LSD1 inhibition or 
downregulation did not lead to increased osteoblast differentiation but instead 
impaired the differentiation and organization of osteoblasts and growth plate 
chondrocytes. In addition, of the differently expressed genes between the samples at 
day 0 and day 14, 37% were found as LSD1 binding sites at 14 days, which suggests 
a correlation between binding of LSD1 and change in gene expression level. LSD1 
binding at the DE genes did not show significant preference for the direction of gene 
expression change, where only 53% of genes were downregulated and 47% were 
upregulated. This would suggest more dynamic effects for the LSD1 complex than 
the current paradigm of a repressor complex (Maiques-Diaz & Somervaille, 2016; 
Perillo et al., 2008). 
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RCOR2 in osteoblast differentiation 

The role of RCOR2 is known best in the fields of neuronal development, stem cell 
maintenance and tumour immunity, and before our study no research had been 
published regarding the function of RCOR2 in osteoblasts. The ability to bind LSD1 
and demethylate histones as a complex had been shown before (P. Yang et al., 2011) 
and our RNA-sequencing data tied RCOR2 expression to osteoblast differentiation. 
The expression of RCOR2 in chondrocytes has been previously studied and was 
found to be increasingly expressed in ATDC5 cells during chondrocyte 
differentiation and suggested to have a fate-deciding role due to its previously known 
function in gene silencing and neural differentiation (L. Chen et al., 2005). In 
osteoarthritic patient tissue samples, RCOR2 expression was significantly decreased 
in osteoarthritic cartilage compared to phenotypically healthy cartilage. On the other 
hand, RCOR2 overexpression has been shown to downregulate the expression of two 
cartilage-catabolizing enzymes, MMP13 and ADAMTS5 through silencing HES1 
expression, suggesting a cartilage protective effect for RCOR2 (Primrose et al., 
2023). In our study, no distinctive phenotypical changes were found in RCOR2 
conditional or global knockout mice, but LSD1 conditional knockout mice showed 
significant cartilage phenotype after the loss of LSD1, which could be partly caused 
by a simultaneous loss of a complex member, RCOR2. 

RCOR2 has been shown to control adipogenesis together with LSD1 (Hanzu et 
al., 2013). When expressed at the induction of differentiation, RCOR2 and LSD1 
were shown to downregulate inflammatory gene expression and upregulate C/EBPβ 
and GLUT4 expression. Additionally, RCOR2 and LSD1 were both downregulated 
in the white adipose tissue of two different obesity mouse models: high-fat diet 
induced obesity and leptin-deficient ob/ob mice. Both models also demonstrated 
significantly increased expression of inflammation marker. Exposure of 
preadipocyte 3T3-L1 cells to TNFα led to significantly decreased LSD1 expression 
after 7 days (Hanzu et al., 2013). Our studies on RCOR2 conditional knockout mice 
showed similar results, since the amount of white adipose tissue depot as well as the 
adiposity within the fracture callus were significantly smaller in RCOR2 deficient 
mice. Correspondingly, primary cells extracted from calvarias of Rcor2KO+/− mice 
showed decreased differentiation to adipocytes compared to cells isolated from 
wildtype controls. 

The effect of RCOR2 on stem/progenitor cell differentiation has been previously 
studied in various cell types, suggesting a role in controlling the switch between 
proliferation and differentiation (L. Chen et al., 2005; Hanzu et al., 2013; Monaghan 
et al., 2017; Saleque et al., 2007). Our results show significantly decreased 
differentiation of RCOR2 deficient osteoblasts at 14 and 21 days, which was 
demonstrated by ALP staining, as well as loss of in vitro mineralization at 21 days. 
Interestingly, when comparing the number of differentially expressed (DE) genes at 
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24 hours and 7 days compared to confluency (at day 0), there was a greater difference 
in unique DE genes between groups at 24 hours (401 and 167 genes in shScramble 
and shRCOR2 samples, respectively) than there were at 7 days (760 vs 707 genes in 
shScramble and shRCOR2 samples, respectively) (II, Figure 3 B-C). However, the 
total number of DE genes was the highest at seven days. This could suggest a slower 
transition from proliferation to differentiation as a response to osteogenic stimulation 
in shRCOR2 cells. 

The CoREST/RCOR family consists of three structurally similar members, 
RCOR1-3. When comparing domain composition, RCOR2 and RCOR3 are closest 
to each other, although four different isoforms of RCOR3 with significant structural 
differences have been found (Maksour et al., 2020). All three family members bind 
LSD1. However, when comparing the complexes which different RCORs form, 
RCOR1 and RCOR3 share more similarities, with the key difference being RCOR2s 
reduced capacity to bind HDAC1/2. Different members of the RCOR family are also 
not observed to be bound in heterodimers (Barrios et al., 2014). Our RCOR2 
knockout mouse models did not fully correspond to the extent of effects 
demonstrated with the shRCOR2 cell lines in vitro, thus raising the question whether 
RCOR2 could be compensated by other RCOR family members in vivo. We found 
a modest yet significant increase in RCOR3 mRNA expression during osteoblast 
differentiation in MC3T3-E1 and calvarial osteoblast cells (II, Figure 1 C-D). As the 
complexes formed by RCOR1/3 differ from that of RCOR2, such compensation 
might have been detectable through different outcome of complex recruitment to 
target gene promoter areas. In addition, our RNA-sequencing data on shRCOR2 
MC3T3-E1 cell line did not bring out significant changes in the gene expression of 
other RCOR family members as a compensation mechanism (II, Table S1). 

These results provide novel information on the suggested interaction of LSD1 
and RUNX2 to target histone demethylation to genes affecting osteoblast 
differentiation. Additional information on the effects of LSD1 on osteoblast 
differentiation and growth plate organization is provided. Lastly, the transcriptional 
effects that loss of RCOR2 causes in osteoblasts are described.  

Limitations of the study 

There are some limitations to this study. This study avoided the embryolethality of 
homozygous global knockouts by creating conditional knockout mice strains 
targeting the knockout to the limb bud mesenchyme using the Prrx1-Cre promoter. 
However, significant loss of calvarial suture closure was detected in the conditional 
LSD1 knockout mice, suggesting that Prrx1-Cre promoter does not exclusively 
target the deletion to limb bud mesenchyme. Another presumed non-bone target 
effect seen in Prrx1-Cre mice was the decreased inguinal adipose tissue depot size. 
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Similar changes of calvarial sutures have also been reported in the previous LSD1 
conditional knockout models using Prrx1-Cre (Sun et al., 2018), and Prrx1 mutations 
have been linked to craniofacial defects in humans (Tooze et al., 2023). Labelling to 
detect murine Prrx1-Cre expression in vivo has demonstrated that subcutaneous 
white adipose tissue was observed to express Prrx1-Cre, thus subjecting also adipose 
depots to deletion of target genes (Sanchez-Gurmaches et al., 2015). This leaves 
open the possible effects of other non-targeted tissue LSD1 knockdown in bone 
through an unforeseen mechanism.  

Similarly, the expression pattern of RCOR2 in different tissues in our study did 
not correspond to previously published data. In our study, RCOR2 expression was 
nearly unmeasurable in femur samples and comparable to other tissues such as the 
brain (II, Fig 1 G). The low expression of RCOR2 in the femur samples could 
however be explained by the method for RNA extraction without removing the bone 
marrow, thus possibly masking the relatively low RCOR2 mRNA expression in bone 
due to the abundance of mRNAs in bone marrow. 

Future perspectives 

This study demonstrates the limiting effect of LSD1 knockdown on the 
differentiation of all mesenchymal cells in bone, aligned with other reports on 
osteoclasts and chondrocytes (Doi et al., 2022; Rodova et al., 2011). An interesting 
aspect of LSD1 mechanism of action is although the role of LSD1 on regulation of 
embryonic stem cells has been studied (Adamo et al., 2011), the effect on other less 
totipotent stem cells remains to be characterized. LSD1 has been studied as a 
prognostic factor and therapeutic target in different cancers, also in clinical phases 
(Noce et al., 2023). If the modulation of LSD1 expression or activity affects the 
escape of cancer cells from immune cell response and recognition, anti-LSD1 
combination therapy could open doors to epigenetic regulation in cancer cells. 
Another possibly utilisable finding is the downregulation of LSD1 in white adipose 
tissue of obese mice and in adipocytes treated with TNFα (Hanzu et al., 2013), which 
could be counteracted with upregulation of LSD1 expression or induced activity 
leading to normalized adipocyte function. 

Our results partially contradict the previous studies of LSD1s effects on 
osteoblast differentiation. The overall outcome of LSD1 loss in our models was 
impaired osteoblast differentiation in vitro and in vivo, resulting in bone loss instead 
of increased bone formation, which has been reported by others (Sun et al., 2018; D. 
Yu et al., 2023). Some differences can be found between the experimental models, 
such as deletion of different exons in the knockout models or the use of less specific 
LSD1 inhibitors in higher doses, but the main difference for the conflicting results 
remains debatable. To further explain the mechanism behind the phenotype, the gene 
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expression differences between LSD1 knockdown and control cells should be 
investigated more thoroughly using different methods, such as assay for transposase-
accessible chromatin with sequencing (ATAC-Seq) and RNA-sequencing. Our study 
suggested an osteoblast-specific targeting mechanism through binding site similarity 
with RUNX2 binding sites. The complex members of LSD1 in mesenchymal cells 
are still, however, poorly described and require further research by investigating 
different complex compositions with techniques such as co-immunoprecipitation or 
proximity ligation assay followed by mass spectrometry identification. The 
conditional knockout mouse models could also be extended to deletion of LSD1 
under a different promoter to target the deletion to a later stage of differentiation, to 
induce deletion at a later stage in life with an inducible model or to an entirely 
another cell type. 

Another interesting finding made was the decreased RUNX2 expression in 
mRNA extracted from femurs of LSD1 conditional knockout mice. It was however 
not further investigated whether the decreased expression was linked to loss of 
osteoblast differentiation or whether there would be a direct regulation mechanism 
between LSD1 and RUNX2 gene expression leading to decreased osteoblast 
differentiation. The binding and effect of LSD1 in promoter areas of different genes 
of interest warrant for more research in future. 

The in vitro results of RCOR2 downregulation were not completely transferrable 
to our in vivo models of RCOR2 global and conditional deletion. The global 
homozygous deletion of RCOR2 led to early embryolethality and our conditional 
homozygous deletion, although deleting RCOR2 efficiently in the target tissues, did 
not produce a pronounced skeletal phenotype. Although the expression of RCOR1 
or RCOR3 were not significantly increased in the shRCOR2 RNA-sequencing 
samples at any time point, the possibility of compensation with another family 
member in vivo cannot be blatantly rejected, especially considering the increased 
expression of RCOR3 in cell culture mRNA samples. Development of RCOR3 
global and conditional knockout mouse lines could further demonstrate the effect of 
family members with previously reported higher binding efficiency to HDAC1/2. 
The RCOR3 conditional knockout mouse lines could also be crossbred with the 
RCOR2 conditional mouse line to further investigate the compound effect of a 
double RCOR2/RCOR3 knockout mouse. As RCOR3 is, similarly to RCOR2, 
expressed in neuronal, endocrine and respiratory tissues, the embryolethality of 
RCOR3 homozygous global knockout is likely. To overcome the embryolethality of 
RCOR2 and RCOR3, an inducible knockout model could be created e.g. using a 
tetracycline-inducible system. 

Similar findings where the loss of RCOR2 leads to downregulation of 
differentiation in different cell types have been made in our study and by others 
(Monaghan et al., 2017; Pei et al., 2022; Y. Wang et al., 2016). Similarly to the role 
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of LSD1, also the role of RCOR2 on mesenchymal cell differentiation should be 
investigated through methods such as ATAC-sequencing and ChIP-sequencing. As 
RCOR2 is commonly found as a part of a repressor complex, one should study 
whether the effects of RCOR2 seen in mesenchymal cells are specific to 
mesenchymal lineage or applicable also to other cell types. The composition and 
dynamics of RCOR2 complex are still mostly unknown and relying on data obtained 
in different contexts. The members of the complex could be investigated using e.g. 
proximity-ligation assays or co-immunoprecipitation followed by mass spectrometry 
to identify the possible partners. 

Regulation of bone metabolism through epigenetic mechanisms is an expanding 
field as more data of various regulators is published. The effects of different miRNAs 
and post-translational histone modifiers are revealed and brought to use also in the 
development of novel therapies for bone diseases (de Nigris et al., 2021). Loss of 
bone caused by aging, lack of mobility as well as due to pharmacological therapy of 
other conditions needs counterbalancing through treatments, which are developed to 
preserve bone mass by gaining new knowledge of the regulation of bone metabolism. 
These treatments should not solely rely on osteoblast/osteoclast differentiation 
signalling targets but also on the targeted epigenetic regulation of the key 
transcription factors. Results presented in this study thus provide data, which is 
necessary to further develop treatments to target the epigenetic regulation in 
osteoblasts and to enhance bone formation. 
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7 Conclusions 

Based on the results and discussion presented in this thesis, the following 
conclusions can be made: 

1. Both LSD1 and RCOR2 are expressed in mesenchymal stromal cells 
during osteoblast differentiation, and loss of either of them leads to 
severely impaired osteoblast differentiation and mineralization in vitro. 

2. LSD1 binding to chromatin is enriched at known RUNX2 binding sites. 

3. Inhibition of LSD1 demethylation activity leads to loss of bone volume 
and decreased osteoblast activity in vivo. 

4. Mesenchymal cell targeted knockdown of LSD1 leads to osteogenesis 
imperfecta -like phenotype in mice with shorter, curved bones, loss of 
bone volume and disrupted ossification of primary spongiosa and growth 
plate organization. 

5. Global knockdown or mesenchymal cell targeted knockdown of RCOR2 
did not lead to similar osteoblast phenotype as observed in vitro, but 
resulted in decreased adipocyte differentiation in vitro and in vivo. 
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