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Mesenchymal progenitor biology: Exploring extracellular regulators of bone formation and regeneration
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 Variant-to-gene mapping for identifying EPDR1 as a novel osteoblast effector
gene using functional genomics

* CRISPR-Cas9 to confirm regulatory role of proxy SNP in regulating EPDR1
expression during osteoblastogenesis

* EPDR1 plays an anti-inflammatory role during human osteoblastogenesis
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Osteoporosis: A Global Issue

Characterized by reduced bone mineral
density, bone microstructural changes
and increased fracture risk

Over 200 million pe0|i)le worldwide,
-- 30% of postmenopausal women in USA
and in Europe

317 billion to treat fractures in USA
9.45 bhillion in China

Significant health problem that is
anticipated to cost twice as much to treat
by 2035

Heritable; heritability ranging from 50-
80%

Source: DiPiro
Pharmacot]
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e Candidate gene
studies that
described
associations
between
polymorphism in
bone-relevant
genes (e.g., vitamin
D receptor and type
| collagen) and
BMD

e Candidate gene
investigations and
linkage scan in
families

2007 and onwards

e Genome Wide
Association Studies
(GWAS)



BMD GWAS tests the genotype association of millions of single
nucleotide polymorphisms (SNPs) across the genome in hundreds
of thousands of individuals

controls
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Timeline highlighting important mi

\

20 BMD loci were identified
including 13 novel regions that
reached genome-wide significance

1) 56 loci associated with BMD
2) 14 loci associated with risk of

estones during GWAS discoveries

A low-frequency non-coding
variant (rs11692564_T) in ENI
could result in an increased

15 genetic loci were
identified for fracture, all of

(P<5x 10) all type of fracture lumbar spine BMD and which also influenced BMD.
- — reduced fracture risk.
19195 83894
The first large-scale :
First GWAS for GWASI i et;? b Large-scale GWAS meta- Integrating WGS_+ WES + Large-scale GWAS meta-
BMD for osteoporosis in analysis in GEFOS deep imputation of analysis for fracture in
GEFOS consortium consortium genolypedidala GEFOS consortium
ho) Dhsctdl. 126) Estrada K, et al. (19) -
i i , : Zheng HF, et al (14) Trajanoska K, et al. (36)
A - Rivadeneira F, et al. (17
(BMC Med Genetf) s (17) (Nat Genel) e i
2007 2008 2009 2010 2012 2013 2015 2017 2018 2019
l l l 142487 l l 426824
GWAS including Few GWAS focused on . ‘
osteoporotic fracture Chinese population First WGS study for low UK Biobank based GWAS GUAS Wit o0 g
BMD to evaluate quantitative individuals in UK
Richards JB, et al. (16) ultrasound BMD Biobank

Kung AW, et al. (18)

Kemp JP, et al. (38)
(Nat Genet)

Morris JA, et al. (39)
(Nat Genet)

(Lancet) (Am J Hum Genefl) Styrkarsdottir U, et al. (13)
Styrkarsdottir U, et al. (27)} GuoY, et al. (29) (Nature)
(N. Engl. J. Med.) (PLoS Genet)

1) LRP5, ESR1, OPG, and RANKL
associated with BMD.

2) LRP5, RANK, LRP40, ZBTB40 and
SPTBN1 were found to be associated

with risk of osteoporotic fracture. low EMDand OF.

A rare nonsense mutation
(c.376C>T) within the LGR4
was strongly associated with

307 conditionally
independent SNPs at
203 loci, explaining
approximately 12% of
phenotypic variance.

518 loci (301 novel)
reached genome wide
significant level, explaining
20% of its variance.

Zhu X, Bai W. & Zheng H., Bone Research 9 (23): (2021) https://doi.org/10.1038/s41413-021-00143-3




Five anti-osteoporosis therapeutics currently approved or in advance
clinical trials are supported by GWAS data

Drug class Drug target Principle Stage Target locus identified
through GWASs
Denosumab RANKL Ezcri\]u&es bone resorption by selectively targeting Approved for dlinical use RANKL —
Sclerostin inhibitors . Improve the recruitment and activation of osteoblasts Approved for clinical use in
(Romosozumab) Sclerostin (SOST) by targeting Wnt/B-catenin signaling pathways Japan, US and Europe SOST
Selective estrogen receptor Reduces bone resorption -
Estrogen receptor Approved for clinical use ESR1

modulators

Parathyroid hormone
analogs

Bisphosphonates

Estrogen ESR1

Cathepsin K inhibitors

DKK1 inhibitors

Parathyroid hormone
receptor

Farnesyl
pyrophosphate

Estrogen receptor

Cathepsin K

DKK1

by targeting the OPG/RANK/RANKL pathway

Majorly participate in the process of bone formation

by targeting the PKA pathway

Inhibition of bone resorption

Reduces bone resorption

by targeting the OPG/RANK/RANKL pathway
Inhibition of bone resorption

by targeting the OPG/RANK/RANEKL pathway

Improve bone formation by targeting the Wnt/[-
catenin signaling pathway

Zhu X, Bai W. & Zheng H., Bone Research 9 (23): (2021) https://doi.org/10.1038/s41413-021-00143-3

Approved for clinical use

Approved for clinical use

Approved for clinical use

Terminated

In the preclinical phase

Mot identified, but the
pathway hgs been

I

highlighted through
PTHLH (encodes PTHRP)

Mot identified

ESR1

I

Mot identified

DKK1

I



More than GWAS are required to identify causal genes (or gene-
networks)

* GWAS are hypothesis free methods to identify associations between genetic
regions (loci) and phenotype

* |dentifies SNPs across the genome and suggest particular variations that affect
a person’s response to certain drugs and influence interactions between a
person’s gene and the environment

 CAN NOT tell if the variant is affecting culprit gene or a gene at more distant
loci



GWAS follow up consists of multiple considerations
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Cano-Gamez E. and Trynka G: Front. Genet. 11:424 (2020) doi: 10.3389/fgene.2020.00424



https://doi.org/10.3389%2Ffgene.2020.00424

ATAC-seq and Capture-C can implicate putative effector genes at

BMD GWAS loci

Identify all SNPs in high LD with
sentinel associated variant

(r?=0.8)

Filter by residing in open
chromatin as assessed by ATAC-
seq in hMSC-derived osteoblasts

Open chromatin variants are
subsequently filtered by being
in direct physical contact with
gene promoter baits (Promoter-
focused Capture-C)

siRNA knockdown experiments
are performed for a subset of
these contacted genes

(Functional validation)
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Cousminer et al., Genome Biol 2021 22(1):1 doi: 10.1186/s13059-020-02207-9



Summary of Methods

hMSC regular growth media Serum-Free Osteopermissive Media with or without BMP-2

v
v

Day (3) Day (4) Day (5) Day (6) Day (7) Days 11-13
change to serum-free Alk phos stain Alizarin stain

Osteopermissive media

Day 1
hMSC seeding

ATAC seq

Intersect Data to Whether osteoblast specific genes
physically fine-map are expressed?
each BMD locus in differentiating
human osteoblasts




Selection of BMD loci

Estrada et al., Nat.

Genet. 44, 491-501
(2012)

Chesi et al., J Bone
Mner Res. 32(6):
1274-1281 (2017)

Chesi et al., Hum Mol
Genet. 24(17):5053-
5059 (2015)

Kemp et al., PloS
Genet.
10(6):€1004423
(2014)

Zheng et al., Nature
526(7571): 112-117
(2015)

Medina-Gomez et al.,
Nat Commun. 8(1):121
(2017)

Kemp et al., Nat
Genet. 49(10):1468-
1475 (2017)

Genome-wide meta-analysis identifies 56 bone mineral density loci and
reveals 14 loci associated with risk of fracture

A Genomewide Association Study Identifies Two Sex-Specific Loci, at SPTB
and IZUMO3, Influencing Pediatric Bone Mineral Density at Multiple
Skeletal Sites.

A trans-ethnic genome-wide association study identifies gender-specific
loci influencing pediatric aBMD and BMC at the distal radius.

Phenotypic dissection of bone mineral density reveals skeletal site
specificity and facilitates the identification of novel loci in the genetic
regulation of bone mass attainment.

Whole-genome sequencing identifies EN1 as a determinant of bone density
and fracture.

Bivariate genome-wide association meta-analysis of pediatric
musculoskeletal traits reveals pleiotropic effects at the SREBF1/TOM1L2
locus.

Identification of 153 new loci associated with heel bone mineral density
and functional involvement of GPC6 in osteoporosis.

56 loci (32 new)
P<5X108

5 loci (4 new)
2 were sex specific
P<5X10>

2 loci
P<5X10°

13 loci
P<5X107

1 loci
P<5X10°®

8 loci
P<5X108

203 loci
P<6.6X10°

107 DEXA BMD loci and 203 loci derived from heel ultrasound BMD




ldentifying proxy SNPs in open chromatin and in high LD with GWAS identified sentinel SNP

Lead SNP |

v ExpandinLD (r° > 0.8)

tead+tD | | L LHILIL 1 10H0D 10

L Overlap with peaks

ATAC-seq { ? T ” F r }

tead+0 | | L LHILHL 1 HHEL 0T

A _

Al B C D E F
Genes |- HiHH Bt i L= o
Chromatin
Interaction

9 ATAC seq libraries from 4 unique donors

Analyzed using ENCODE ATAC-seq pipeline

156,406

open chromatin
peaks

Determine informative proxy SNP for each of the 110 independent
signals at 107 DEXA BMD GWAS loci as well as 307 independent
signals at 203 heel ultrasound BMD GWAS loci by overlapping the
positions of the open chromatin regions (peaks) with those of the
sentinel and proxy SNPs (r2>0.8 to sentinel SNP in Europeans)

Would this proxy SNP affect gene C or gene E?

Corces et al., Nature Genetics, 52: 1158-1168(2020)

215 informative proxy SNPS corresponding to 58 DEXA loci

and 282 proxy SNPS corresponding to 112 heel loci
in high LD with the sentinel SNP of the BMD loci investigated




Article | Open Access | Published: 19 March 2019

Genome-scale Capture C promoter interactions
implicate effector genes at GWAS loci for bone mineral
density

Alessandra Chesi, Yadav Wagley, Matthew E. Johnson, Elisabetta Manduchi, Chun Su, Sumei Lu, Michelle E.

Leonard, Kenyaita M. Hodge, James A. Pippin, Kurt D. Hankenson, Andrew D. Wells & Struan F. A. Grant

Nature Communications 10, Article number: 1260 (2019) | Cite this article

8491 Accesses | 32 Citations |?9 Altmetric | Metrics

—

46 GWAS loci revealed at least one
or more BMD proxy SNPs in open
chromatin (and not residing in a
baited promoter region) interacting
with an open gene promoter



STARD3NL Locus: Variant to gene mapping

EPDR1 and SFRP4 at ‘'STARD3NL’ (sentinel rs6959212)

distant
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Fold change (relative to no

BMP2/control siRNA)
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Fold change (relative to no

BMP2/control siRNA)

Fold change (relative to no

BMP2/control siRNA)
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Is EPDR1 fundamental gene required for general cell metabolism or whether it
affects MSC differentiation into adipocytes?



EPDR1 silencing increases adipogenesis

Adipogenic differentiation

»
»

Day 0 Day 4

Control
siRNA



Fold change (relative to no

differentiation /control siRNA)
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* ATAC-seq coupled with chromatin confirmation capture implicates EPDR1 as
an osteoblast effector gene at the STARD3NL locus

 EPDR1 silencing biases hMSC to adipogensis



CRISPR-Cas9-Mediated Genome Editing Confirms EPDR1 as an Effector Gene at
the BMD GWAS-Implicated ‘STARD3NL’ Locus

EPDR1 at ‘STARD3NL' Locus (Sentinel rs6959212)
chr7(p14.1)| | EBE SE:-BEE X B B ><¢ 0 RSk B BEq22| S8 B RS 7G34EIEE 36.1 |36,

Scale = 100kb

EPDR1 Proxy SNP Interactions 8\ Sentinel SNP

rs6959212

STARD3NL

CRISPR Target Region



hFOB1.19 cells as an alternate model to study proxy SNP regulation
of EPDR1

* Immortalized human fetal osteoblastic cell ine—easy expanding and passaging

e Contains temperature sensitive mutant, tsA58, of the SV40 large T antigen that
allows for the genome-edited cells to proliferate at 33.5°C and to differentiate at
39.5°C

33.5°C 39.5°C

AlkPhos



Pooled lentivirus was prepared using three sets of guides on each upstream and
downstream site of the proxy SNPs

CRISPR Design at ‘'STARD3NL’ Locus (Sentinel rs6959212) Proxy SNPs

rs1524068
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CRISPR Design at ‘'STARD3NL’ Locus (Sentinel rs6959212) Proxy SNPs
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Deletion of proxy SNPs reduces EPDR1 expression in cells undergoing
differentiation

RT-qPCR
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EPDR1 proxy SNP deleted cells fails to properly differentiate into osteoblasts

33.5°C 39.5°C
Empty Empty
Vector Vector
CRISPR CRISPR
pool pool
AlkPhos AlkPhos

% Alkaline Phosphatase Staining
(39.5°C, 5 Days)

Empty Vector CRISPR Pool



 EPDR1 plays a regulatory role during osteoblast differentiation of hFOB1.19
cells

* CRISPR-Cas9 deletion of three proxy SNPs at the ‘STARD3NL' locus shows
reduced EPDR1 expression during hFOB1.19 osteoblast differentiation



EPDR1 plays an anti-inflammatory role during human osteoblastogenesis



Experimental Outline

3 independent donors

Control siRNA

Serum-free Osteopermissive Media

»

EPDR1 siRNA

Day (0)
hMSC seeding SiRNA transfection

—
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BMP2

.
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.
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l

Day (5)
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BMP2_Ctrl siR vs
Ctrl_Ctrl siRNA

BMP2 EPDRI1 siR vs Ctrl_ EPDR1 siR vs
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BMP2_Ctrl siR vs Ctrl_Ctrl siRNA BMP2_EPDR1 siR vs
Ctrl_EPDR1 siRNA

positive regulation of cell cycle = 70/500

regulation of BMP signaling pathway = 45/157

Anterior/posterior pattern specification = 63/244 FDR >O 05

Osteoblast differentiation = 49/158 for all the GO biological
processes shown on the left

Embryonic heart tube development = 25/105

Cariac Ventricle development-l 53/194

Notch signaling pathway = 35/158

Artery morphogenesis = 33/92

Endocardial cushion formation -] 14/32

—

Embryonic limb morphogenesis =

45/157

0.00000 0.00005 0.00010 0.00015 0.00020
P value



GO biological process complete

inflammatory response (GO:0006954)

cell division (GO:0051301)

xenobiotic metabolic process (GO:0006805)

cytokine-mediated signaling pathway (G0:0019221)

regulation of leukocyte chemotaxis (GO:0002688)

regulation of T cell mediated immunity (GO:0002709)
regulation of T cell proliferation (GO:0042129)
regulation of interleukin-1 production (GO:0032652)
negative regulation of T cell activation (GO:0050868)

adaptive immune response (G0O:0002250)

#

+/- P value FDR

72+

59-

15+

45+

20+

12+

17+

16+

16+

29+

4.48E-094.05E-05

4.62E-062.32E-03

4.84E-062.19E-03

4.08E-057.84E-03

8.65E-051.22E-02

1.76E-042.09E-02

2.80E-042.88E-02

3.22E-043.09E-02

3.40E-043.20E-02

4.42E-043.99E-02

Homo
Sapiens

685
598
222
925
178

115
264
194
186

745

+/- Pvalue FDR

79+

92-

17+

45+

27+

11+

28+

21+

18+

31+

2.93E-082.73E-05

8.35E-091.11E-05

8.81E-044.07E-02

6.91E-072.93E-04

7.76E-043.75E-02

2.74E-041.77E-02

3.25E-041.99E-02

6.65E-043.43E-02

6.94E-043.52E-02

1.91E-041.45E-02




GO biological process complete

regulation of fatty acid metabolic process (GO:0019217)

regulation of tumor necrosis factor production (GO:0032680)

phospholipid efflux (GO:0033700)

negative regulation of collagen biosynthetic process (G0O:0032966)
regulation of bone resorption (G0:0045124)

positive regulation of interferon-gamma production (GO:0032729)
regulation of interleukin-8 production (GO:0032677)

arachidonic acid metabolic process (GO:0019369)

positive regulation of cell adhesion (GO:0045785)

+/-

13+

27+

5+

6+

10+

11+

13+

9+

84+

P value FDR

3.23E-042.00E-02

3.48E-042.09E-02

6.36E-043.33E-02

6.95E-043.50E-02

7.44E-043.65E-02

7.50E-043.66E-02

8.46E-043.96E-02

9.07E-044.15E-02

1.14E-034.95E-02

Homo
sapiens

130

240

22

14
44
110
135
120

757



300

250+

200+

% Cells

150+

100-

GO biological process complete

cell division (GO:0051301)

hMSC

Cell proliferation Rate

—e— Control siRNA

EPDR1 siRNA

50

Day 1

Day 2 Day 3

T
Day 4

400=

300

200+

100

Relative cell proliferation
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Summary

* RNA sequencing of EPDR1 silenced cells shows major inflammation response
and reduction of cell division

* BMP2 mediated human osteoblast differentiation is abrogated in presence of
inflammatory cytokines such as TNFa
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