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ABSTRACT

Genome-wide-association studies (GWASs) have discovered genetic signals robustly associated with BMD, but typically not the
precise localization of effector genes. By intersecting genome-wide promoter-focused Capture C and assay for transposase-
accessible chromatin using sequencing (ATAC-seq) data generated in human mesenchymal progenitor cell (hMSC)-derived oste-
oblasts, consistent contacts were previously predicted between the EPDR1 promoter and multiple BMD-associated candidate
causal variants at the ‘STARD3NL’ locus. RNAi knockdown of EPDR1 expression in hMSC-derived osteoblasts was shown to lead
to inhibition of osteoblastogenesis. To fully characterize the physical connection between these putative noncoding causal vari-
ants at this locus and the EPDR1 gene, clustered regularly interspaced short-palindromic repeat Cas9 endonuclease (CRISPR-Cas9)
genome editing was conducted in hFOB1.19 cells across the single open-chromatin region harboring candidates for the under-
lying causal variant, rs1524068, rs6975644, and rs940347, all in close proximity to each other. RT-gPCR and immunoblotting
revealed dramatic and consistent downregulation of EPDR1 specifically in the edited differentiated osteoblast cells. Consistent
with EPDR1 expression changes, alkaline phosphatase staining was also markedly reduced in the edited differentiated cells. Col-
lectively, CRISPR-Cas9 genome editing in the hFOB1.19 cell model supports previous observations, where this regulatory region
harboring GWAS-implicated variation operates through direct long-distance physical contact, further implicating a key role for
EPDR1 in osteoblastogenesis and BMD determination. © 2021 The Authors. JBMR Plus published by Wiley Periodicals LLC on
behalf of American Society for Bone and Mineral Research.
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Introduction

MD is a key clinical measure used to assess development

and risk of the age-related disease, osteoporosis.” Low
BMD is associated with a risk of bone fracture, including
low trauma events in patients with osteoporosis.®’ BMD is highly
heritable, with genome-wide-association studies (GWASs) hav-
ing already identified hundreds of loci associated with disease
risk in both adults™* and children.*> Although some progress
has been made in recent years with the development of new
methods to treat osteoporosis,®” functional investigation of
BMD loci identified by GWASs should reveal target genes that

represent potentially novel therapeutic avenues for prevention
and treatment of this debilitating disease.

Often the sentinel SNP identified in a GWAS is not the causal
SNP, but instead a proxy SNP in close linkage disequilibrium
(LD) turns out to be the actual causal SNP.®’ We recently pub-
lished a high-resolution variant-to-gene mapping analysis at
BMD GWAS loci in a disease-relevant cellular context: human
mesenchymal stem-cell-derived osteoblasts (hMSCs).?) We
placed two constraints on our data derived from hMSCs differen-
tiated into osteoblasts: first that SNPs in strong LD with a given
GWAS sentinel variant must be accessible as determined by
assay for transposase-accessible chromatin using sequencing
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(ATAC-seq), and second that these accessible BMD SNPs must
be in direct physical contact with an accessible promoter as
determined by high-resolution Dpnll-based promoter
Capture-C covering 36,691 baited regions across the entire
genome. Applying this epigenomic filter to DEXA-derived
and heel ultrasound-associated signals highlighted 46 BMD
GWAS loci and their putative effector gene targets.” Some
of these genes (SMAD3, SMAD9, SPP1, WLS, FRZB, NOG, and
MIR31HG) are known regulators of bone osteogenesis, con-
firming the validity of our approach, whereas our data also
implicated genes not previously studied in the context of
bone metabolism.

In that initial study, EPDR1 (encoding ependymin related
protein 1) was one of the implicated genes we examined and
found an influence on both osteoblastogenesis and adipogen-
esis. The EPDR1 gene resides at the ‘STARD3NL’ locus (sentinel
SNP: rs6959212; minor allele frequency: ~35%), and downregu-
lation of its expression via RNA interference (RNAI) in
BMP2-induced hMSC-derived osteoblasts revealed a decrease
in both alkaline phosphatase (ALP) and Alizarin Red S (ARS)
staining, two fundamental measurements of osteoblastogen-
esis.® Further analysis revealed a reciprocal role for EPDR1
during adipogenic differentiation of the same hMSCs. Silencing
of EPDRIT increased the number of lipid droplets during
adipogenic differentiation of hMSCs, which was accompanied
by increased expression of C/EBP-a and PPAR-y, two key adipo-
genic transcription factors (TFs).”)

Although our RNAi approach provided valuable insight into
the potential role of EPDR1 in osteoblast differentiation, it did
not prove a direct regulatory connection between the GWAS-
implicated proxy SNPs and this putative effector gene. To
determine whether the BMD-associated tight proxy-SNP cluster
resides in a cis-regulatory element for the connected EPDRT
gene, we sought to delete the open chromatin region (OCR)
harboring the three key proxy SNPs to the sentinel (which
are in strong LD and in very close proximity) using clustered
regularly interspaced short palindromic repeat Cas9 endonu-
clease (CRISPR-Cas9)-mediated gene editing (Fig. 1). We have
successfully applied a comparable approach for the TCF7L2
locus (rs7903146) associated with type 2 diabetes mellitus.'?
In that study, we leveraged CRISPR-Cas9-mediated deletion
of a region immediately surrounding the putative causal vari-
ant that resulted in a 30-fold loss in ACSL5 expression. Thus,
by removing the immediate region harboring the causal SNP,
this approach implicated a functional linkage between the
putative regulator harboring TCF7L2 locus and the ASCL5
gene.'?

Although CRISPR-Cas9-based genetic alteration has proven
to be an efficient way to explore the functional relationship
between long-distal regulators (those not in close proximity
to the target gene promoter) and effector genes, it is known
to be challenging to execute this approach in primary hMSCs,
given their lack of proliferation ability. Here, we selected an
alternative cell model, an immortalized human fetal osteoblas-
tic cell line (hRFOB1.19) to pursue characterization of regulatory
regions for human osteoblastogenesis. The hFOB1.19 cell line
is easily passaged and expanded, a key requirement for CRISPR
targeting. It contains a temperature-sensitive mutant, tsA58, of
the SV40 large T antigen that allows for the genome-edited
cells to proliferate under permissive conditions (33.5°C), and
to subsequently differentiate into osteoblasts at a higher tem-
perature (39.5°C)."" This allowed us to fully investigate the
variant-to-gene contact between the proxy SNPs and the

EPDR1 gene promoter at the ‘STARD3NL’ locus at various
stages of differentiation.

Materials and Methods

Cell culture

hFOB1.19 and 293 T cells were cultured in the recommended
media and maintained using standard culture conditions at
33.5°C and 37°C, respectively. Differentiation of hFOB1.19 cells
into mature osteoblasts was accomplished by growing the
cells at 39.5°Cfor 5 to 7 days for all experiments (see Supplemen-
tary Detailed Materials and Methods).

RNAi treatment

Cells were seeded in 12-well plates, and RNAi transfections were
carried out the next day using sets of four ON-TARGETplus RNAis
(see Supplementary Table S1) according to the manufacturer’s
instructions. Twenty-four hours later, media were replaced with
fresh growth media. Cells designated for differentiation into
mature osteoblasts were moved into a 39.5°C environment the
following day; the cells were allowed to grow until assayed for
ALP staining after 5 days (see Supplementary Detailed Materials
and Methods for details).

CRISPR constructs, lentivirus production, and hFOB1.19
infection

The synthesized single-guide RNAs (sgRNAs) were cloned into the
LentiCRISPRv2-mCherry construct using a modified Golden Gate
assembly method"?"'¥ (see Supplementary Table S1). Proper
insertion of the sgRNAs into the construct was confirmed using
Sanger sequencing, and a pool containing an equal molar ratio
of sgRNA constructs was generated for transfection. Then 293 T
cells were seeded and allowed to adhere for 24 hours. Cells were
transfected with equal molar ratios of LentiCRISPRv2-mCherry
construct, packaging construct, and envelope construct. Trans-
fection media were replaced with growth media after 5 hours.
Growth media containing the lentivirus were collected after
48 hours, filtered, and stored at -80°C until infection of hFOB1.19
cells.

Freshly thawed hFOB1.19 cells were plated and allowed to
adhere for 24 hours. Growth media were replaced with fresh
growth media, filtered lentivirus, and Polybrene to allow for len-
tiviral infection. Media were replaced after 72 hours, and cells
were checked for expression of mCherry (see Supplementary
Fig. S1). Lentiviral transduction efficiency was estimated by cell
counting of both bright field live and mCherry-positive cells.
Cells were split post infection into freezer stocks and experimen-
tal plates to allow for assaying the cells at an early passage and as
close to the original cells as possible (see Supplementary
Detailed Materials and Methods).

Multiplex sequencing

Genomic DNA from CRISPR-edited plates was extracted,
quantitated, and normalized. The proxy-SNP target region
was amplified by PCR (see Supplementary Fig. S2 and
SupplementaryTable S1) in three concurrent reactions. The final
PCR reaction contained pooled sequencing primers approxi-
mately 50 base pairs (bp) upstream (US) of each CRISPR cut site
to provide sequence coverage for all possible CRISPR-cas9-
splicing sites. To eliminate primer carryover, each of the PCR
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Fig. 1. Promoter capture C interactions between the EPDR1 gene promoter and proxy SNPs. rs1524068 (r* = 1.0, dark green), rs6975644 (r* = 0553249,
orange), and rs940347 (r> = 0.995712, light green) located at the ‘STARD3NL’ locus (sentinel SNP rs6959212). Chromatin contacts between the proxy SNPs
and the EDPR1 gene promoter are approximately 150 kb (color arcs) and located in open chromatin regions. The 204-bp clustered regularly interspaced
short-palindromic repeat Cas9 endonuclease (CRISPR-Cas9) target region is indicated below the proxy SNPs with an arrowhead. All genes in the

‘STARD3NL’ locus are indicated at scale.

reactions was followed by a purification step. Libraries were
indexed and purified then checked on a Bioanalyzer 2100
(Agilent) for quality before being pooled. Finally, the libraries
were sequenced on the MiSeq System (lllumina).

Sequencing libraries were first mapped to human genome
assembly hg19 using BLAT. The spliced reads were extracted if
the splicing junction within the read was larger than 2 bp and
the rest of the read-alignment ratio was above 95%. Spliced
reads were further assigned to sgRNA primer-pair sequences if
the splicing site was within 60 bp of the CRISPR-cas9 editing
sites. The efficiency of each pair of sgRNAs was calculated inde-
pendently for each library as the ratio of spliced reads located
around their editing sites to total mapped reads. Finally, dele-
tions for each pair of sgRNAs were visualized using ggplot2 (ver-
sion 3.1.0) in R (see Supplementary Detailed Materials and
Methods).

Alkaline phosphatase assay

ALP staining was assessed as described in previous studies
with hMSCs.” Briefly, CRISPR-edited hFOB1.19 cells were
seeded in two 12-well plates and allowed to adhere for
24 hours. The following day, one plate was moved to a
39.5°C environment and allowed to differentiate for 5 days,
while the other remained in a 33.5°C environment. On the
day of the ALP assay, fresh fixation and staining mixtures were
prepared, media were removed, and cells were washed with
Dulbecco’s phosphate-buffered saline. Cells were fixed in the
plate, washed with ultrapure water, and staining solution was
applied to the cells until the development of color. Once stain-
ing was complete, cells were washed with ultrapure water and
allowed to air dry. Plates were photographed and images were
converted to gray scale for quantification using Image J soft-
ware as previously described® (see Supplementary Detailed
Materials and Methods).

Reverse transcription-quantitative polymerase chain
reaction

RNA was isolated from CRISPR-edited hFOB1.19 cells after 7 days
of differentiation (39.5°C). RNA was subsequently purified, con-
verted into ¢cDNA, and subjected to qPCR using gene-specific
primers (see SupplementaryTable S1). Results were exported,
normalized to GAPDH, and fold-change calculated using Cq
(AR) values and the comparative CT method (AACT method).!"®
(see Supplementary Detailed Materials and Methods for details).

Western blotting

Plates seeded with CRISPR-edited hFOB1.19 cells were grown at
both 33.5°Cand 39.5°C for 7 days, then cells were collected. Cells
were washed and lysed on ice. Supernatants containing whole-
cell lysates were collected, total protein concentration was mea-
sured, and samples were normalized. Whole-cell lysate was
loaded onto gels then transblotted onto membrane stacks.
Membranes were blocked in nonfat dry milk and incubated over-
night at 4°C with EPDR1 antibody (ab197932; Abcam) and
a-tubulin antibody (sc-58666; Santa Cruz Biotechnology). On
the following day, membranes were washed, incubated with
horseradish-peroxidase-linked secondary antibodies (Santa
Cruz Biotechnology), washed again, developed with chemilumi-
nescent substrate, and visualized using the iBright FL1500 Imag-
ing System (Thermo). Quantification of Western immunoblotting
bands was performed using the build-in software on the iBright
system (see Supplementary Detailed Materials and Methods).

Results

RNAi knock-down of EPDR1 gene expression and alkaline
phosphatase activity in differentiated hFOB1.19 cells

To validate differentiated hFOB1.19 cells as a comparable model
to human mesenchymal stem cell (hMSC)-derived osteoblasts
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for our line of investigation, we carried out RNAi targeting of
EPDRT1 expression in hFOB1.19 cells. Our previous RNAI targeting
of EPDR1 in hMSC-derived osteoblasts resulted in lower levels of
both ALP staining and ARS staining.” ALP activity is necessary
for hydroxyapatite deposition and mineralization,"® whereas
ARS stains for the deposition of calcium."” However, though
hFOB1.19 cells undergo osteoblast differentiation, they do not
produce an appreciable amount of calcium for detection by
ARS."® Therefore, we elected to use ALP staining alone for
assessment of differentiation. To confirm the same response as
observed in hMSC-derived osteoblasts, we carried out RNAi tar-
geting of EPDR1 expression in differentiated hFOB1.19 cells.
ALP staining was markedly increased during differentiation of
hFOB1.19 cells, while it was absent in undifferentiated cells and
in EPDR1 RNAi-treated cells under differentiating conditions.
Indeed, this reduction was more pronounced than our observa-
tions in hMSC-derived osteoblasts (Supplementary Fig. S3A,
B).®) This confirmed that the hFOB1.19 cell line is a suitable cellu-
lar model to study preliminary osteoblast differentiation, and
that the EPDR1 gene product plays a functional role during differ-
entiation of both hMSC-derived osteoblasts and hFOB1.19 cells.

Lentiviral CRISPR-Cas9 targeting in hFOB1.19 cells of
the putative enhancer region harboring key ‘STARD3NL’
proxy SNPs

We elected to employ a lentiviral-CRISPR-Cas9 construct contain-
ing mCherry to target the putative enhancer harboring the three
proxy SNPs in strong LD with sentinel SNP rs6959212 at the
‘STARD3NL’ locus, which are all in close proximity (rs1524068,
rs6975644, rs940347).%) Given that the three proxy SNPs are

harbored within a 204-bp region and indistinguishable from
each other with respect to LD, we designed a pooled set of three
sgRNA binding sites flanking each side of the proxy SNP set to
delete the entire region of open chromatin (see Supplementary
Fig. S2). mCherry expression in CRISPR targeted cells was used
to visualize lentiviral transduction efficiency and averaged
approximately 87% (see Supplementary Figs. S1 and S4). This
high efficiency allowed us to proceed without cell sorting; how-
ever, it should be noted that as a result of this approach, all sub-
sequent results included at least 10% of nontargeted cells.

PCR and multiplexed sequencing validation of pooled
CRISPR hFOB1.19 cells

PCR primers flanking the targeted region were used to amplify
genomic DNA derived from the CRISPR-edited hFOB1.19 cells
(see Supplementary Fig. S2 and Supplementary Table S1). These
PCR products were further selected for specificity with a nested
set of PCR primers. PCR products from both WT and CRISPR dele-
tions fell within the predicted size range (Supplementary Fig. S5).
The WT product was 2370 bp in size, whereas deletions in the
CRISPR-edited pooled cells ranged from 595 to 1739 bp (PCR
band size 631-1775 bp). To further verify each CRISPR deletion,
all PCR products were sequenced using a multiplexed next-
generation sequencing adapter primer strategy modified from
previously published studies"®?? (see Supplementary Fig. 52).
Although there is some variability among replicates, it is appar-
ent that the upstream (US-3), downstream (DS-3) sgRNA pair
were the most efficient at CRISPR-Cas9-mediated deletion of
the proxy SNP region, followed closely by the US-3 and DS-4 pair
(Fig. 2). These sgRNA combinations correspond to bands in
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STARD3N_US-1,STARD3N_DS-4- 0.06% H |
STARD3N_US-1,STARD3N_DS-3- 0.01% H |
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Fig. 2. Multiplexed sequencing of clustered regularly interspaced short-palindromic repeat (CRISPR)-edited hFOB1.19 cell PCR products confirms proxy
SNP deletions and reveals the efficient single-guide RNA (sgRNA) pairs. Three biological replicates are shown. Teal indicates WT sequence, pink indicates
CRISPR-cas9 deleted regions, and the red bars indicate proxy-SNP locations. The upstream-3/downstream-3 (US-3/DS-3) sgRNA combination produced
the highest percentage of deletions (average 59.3%) followed by the US-3/DS-4 combination (average 39.6%). Variability in the CRISPR cut sites is indi-

cated by the horizonal error bars.
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Supplementary Fig. S5. Other sgRNA pairs-generated CRISPR-
Cas9 deletions to varying degrees in each replicate of CRISPR
pool cells. Based on this validation of the deletion of the region
harboring the proxy SNPs, we proceeded with functional analysis
of the pooled CRISPR-edited hFOB1.19 cells.

gPCR analysis of EPDR1 RNA expression in pooled CRISPR
hFOB1.19 cells

Given that distal cis-regulatory elements generally regulate
gene expression via contact to physically cooperate with the
promoter and/or proximal US regulatory regions, we hypothe-
sized that contacts between the putative causal SNP region
and the EPDR1 promoter regulate EPDR1 gene expression. To
test this, we measured EPDR1 expression by RT-qPCR using
gene-specific primers (see Supplementary Table S1) on control
(empty vector, ie, the LentiCRISPRv2-mCherry construct con-
taining no sgRNA sequence) or CRISPR-targeted hFOB1.19 cells
grown for 5days under either permissive or differentiation
conditions. When all samples were first normalized to GAPDH
expression and then normalized to the permissive empty-
vector control samples, a large increase in EPDRT mRNA was
observed in the differentiated control samples, but EPDRT
MRNA levels remained significantly lower in the differentiated
pooled CRISPR-edited samples (Fig. 3). No difference in EPDRT
MRNA expression was observed in the cells growing under
undifferentiated conditions (Fig. 3). Normalization of CRISPR

20.00
19.00 1
18.00 A
17.00 1
16.00 H
15.00 A
14.00 A
13.00 H
12.00 A
11.00 A
10.00 A
9.00 A
8.00 A
7.00
6.00
5.00 A
4.00 A
3.00 A
2.00 1

888 1 rep 1|rep 2| rep§|
Empty Vector
33.5°C

Fold Change
(Normalized to GAPDH, Empty Vector-33.5°C)

.
rep 1jrep 2lrep 3 rep 1|rep 2jrep 3

CRISPR Pool

samples to GAPDH for the corresponding permissive or differ-
entiated controls, respectively, revealed levels of EPDRT mRNA
in differentiated CRISPR-edited hFOB1.19 cells were reduced
three- to sevenfold compared with controls and unchanged
in the undifferentiated cells (Supplementary Fig. S6). Taken
together, these data strongly support a role for the direct phys-
ical contact between the putative enhancer region harboring
the key proxy SNPs and the EPDR1 gene during osteoblast
differentiation.

Western blot analysis of EPDR1 protein expression in
pooled CRISPR-edited hFOB1.19 cells

To confirm that lower expression levels of EPDRT mRNA
translate to lower levels of EPDR1 protein in our pooled
CRISPR-edited hFOB1.19 cells, we grew each replicate under
both permissive and differentiation conditions for 7 days and
subjected whole-cell lysates to immunoblot analysis. As shown
in Fig. 4A, EPDR1 protein-expression levels were markedly
reduced in the pooled CRISPR-edited hFOB1.19 cells grown
under differentiation conditions, but not in those grown under
permissive conditions, which is consistent with the results
observed for EPDRT mRNA levels. Quantification of both the
upper band (U) and middle band (M) present across all samples
showed approximately a 70% to 90% decrease in EPDR1 pro-
tein levels when normalized to tubulin, but in the differentiated
samples only (Fig. 4B).

EPDR1

I

Empty Vector  CRISPR Pool
39.5°C

Fig. 3. RT-gPCR of clustered regularly interspaced short-palindromic repeat (CRISPR)-edited hFOB1.19-derived RNA reveals EPDRT mRNA levels increase
when normalized to GAPDH expression and permissive control. Three biological replicates are shown for each condition. All samples are normalized to
control (empty vector) at permissive (33.5°C) growth. This normalization reveals a large increase (up to 16-fold) in EPDRT mRNA levels when hFOB1.19
cells differentiate (39.5°C) but levels return to basal levels when the proxy-SNPs contain region is deleted by CRISPR-cas9. p Values (t test): # = empty vec-

tor-33.5°C versus all, * = CRISPR pool-33.5°C versus CRISPR pool-39.5°C,

ap<0.04.

"= empty vector-39.5°C versus CRISPR pool-39.5°C, all marked samples have
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Fig. 4. Western Immunoblotting reveals a decrease in EPDR1 protein levels specific to clustered regularly interspaced short-palindromic repeat (CRISPR)-
edited hFOB1.19 cells differentiated for 7 days. Three biological replicates are shown for each condition. (A) Western immunoblotting detected bands for
all three isotypes of EPDR1 (25 kDa) with a decrease in EPDR1 band intensities in differentiated CRISPR-edited hFOB1.19 samples. Equal loading was ver-
ified with the housekeeping a-tubulin antibody (55 kDa). (B) Quantification of the upper band (U) and middle band (M) that are present across all samples
shows a decrease of approximately 90% on average for both U and M bands when compared with controls (empty vector).

Alkaline phosphatase activity in pooled CRISPR-edited
hFOB1.19 cells

ALP activity is an important biomarker of osteoblast differentia-
tion; therefore, we sought to confirm that this decrease in EPDR1
expression leads to functional differences in ALP activity in differ-
entiated hFOB1.19 cells lacking the putative noncoding causal
SNP region. Pooled CRISPR-edited hFOB1.19 replicates were gen-
erated under permissive and differentiation conditions for
5 days. Plates were then assessed for ALP activity in the same
manner used for RNAi-treated cells. As shown in Fig. 5A,
differentiation-induced ALP staining was reduced in CRISPR-
edited hFOB1.19 cells compared with controls, and quantifica-
tion of ALP staining revealed a 40% to 76% decrease in this
staining (Fig. 5B). We presume a portion of the staining in the
CRISPR-edited cells is based on the presence of WT cells (~10%)
in our pooled replicates. This decrease in ALP staining in differen-
tiated CRISPR-edited hFOB1.19 cells further implicates EPDRT in
the differentiation of osteoblasts. These results also validate the
importance of the candidate causal SNP region and its regulatory
function on the putative effector EPDRT gene promoter.

Discussion

In our previous study, we implicated a putative regulatory region
harboring a tight cluster of three BMD GWAS proxy SNPs inter-
acting with EPDR1, a gene not previously known to be involved
in bone metabolism. It should be noted that the previous study
identified other novel genes implicated in osteoblastogenesis
using this method; the same techniques could be more generally
applied to other GWASs and cell model systems. In this current
study, we sought to fully validate the regulatory connection
between the SNP harboring region at the ‘STARD3NL’ locus
and the implicated EPDR1 gene. Deleting this region coinciding
with the putative underlying causal SNP in hFOB1.19 cells by
CRISPR-Cas9 provided direct evidence for an EPDR1 regulatory
function of this region at both the RNA and protein levels, and
interestingly, this regulation is cell differentiation state-specific.
The nearby gene SFRP4 (see Fig. 1) was not detectable by gPCR
and showed no significant change on Western blots in hFOB1.19
cells (data not shown). Thus, these studies also support our prior
initial evidence that EPDR1 plays a role in osteoblastogenesis by
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Fig. 5. Alkaline phosphatase staining (ALP) is reduced in clustered regu-
larly interspaced short-palindromic repeat (CRISPR)-edited hFOB1.19
cells differentiated for 5 days. Three biological replicates are shown for
each condition. (A) ALP staining of plates grown under both permissive
(33.5°C) and differentiation (39.5°C) conditions. Purple color indicates
ALP activity. (B) Quantification of ALP staining shows an average 61%
decrease in ALP staining in differentiated hFOB1.19 samples. p Values (t
test): * = empty vector-39.5°C versus CRISPR pool-39.5°C, all marked
samples have a p < 0.0005.

validating the putative regulatory region has an effect on ALP
activity through CRISPR-based perturbation.

GWASs have proven very informative in identifying highly
associated regions of interest within the genome, but very often
the identified SNP is not casual and the actual effector gene still
has to be elucidated. In addition, target validation follow-up
studies are needed to fully verify the observed interactions and
their regulatory consequences. In this case, multiple BMD GWASs
reported an intergenic regulatory region at the ‘STARD3NL’
locus; hence, we subsequently implicated EPDR1 as a putative
target effector gene. This follow-up validation study was able
to confirm both a regulatory role for this proxy SNP region in
EPDR1 expression and further supported a role for EPDR1 in
osteoblastogenesis.

EPDR1 is a relatively novel protein whose function is still being
resolved. It may serve as a type Il transmembrane protein,?" but
other studies have suggested it is secreted and that it could play
a direct transcriptional regulatory role.*? EPDR1 is also known to
interact with extracellular matrix proteins that are known to play
a role in osteoblast differentiation.?'® Furthermore, EPDR1

peptides have been shown to play a role in transcription via
AP-1,% a TF involved in osteoblast differentiation through
TGF-B, PTH, and 1,25-dihydroxy vitamin D®*?%; thus, AP-1 tran-
scriptional activity may reveal another role for EPDR1 in this set-
ting, and therefore warrants follow-up efforts. These other
studies suggest that EPDR1 represents an attractive novel target
for bone metabolism. Although EPDR1 downregulation impairs
gene expression, elucidating the impact of reduced EPDR1 on
matrix composition at the protein level will be essential.

Although the present study confirms a regulatory role for the
proxy SNP-harboring open region in EPDR1 gene regulation
because of the tight proximity of the three BMD GWASs’ impli-
cated proxy SNPs, the identity of the exact causal variant remains
unknown. Identification of the precise SNP(s) involved will
require more precise techniques than CRISPR-Cas9- mediate
deletion of this region. Other sequence-specific techniques like
CRISPR inhibition (CRISPRi) and/or CRISPR activation (CRISPRa),
which have no endonuclease activity but either inhibit or acti-
vate at the sgRNA guide position without modifying the genome
or CRISPR-Cas9-based synchronous programmable adenine and
cytosine editor (SPACE),®® may allow more precise targeting of
the individual alleles. Potential binding sites for TFs NFkB-cRel
and AP-2A are present at rs1524068, as well as ARP-1 at
rs940347. NFkB-cRel is known to be an osteoblast-related TF?%
and has been shown to be a crucial factor responsible for
impaired bone formation in osteoporosis,*> whereas AP-2A
has been shown to enhance the osteogenic differentiation
potential of MSCs.?” Thus, further studies using electrophoretic
mobility shift assay (EMSA) and/or chromatin immunoprecipita-
tion (ChIP) have the potential to verify TF binding at these SNPs
and thus implicate potential roles for these TFs in EPDRT gene
regulation.

This work also builds on efforts by other groups to connect
osteoporosis-reported GWAS signals directly to the transcription
of a distal gene, and thus DS osteoblastogenesis.*® Although
additional studies are needed to further explore the regulation
of EPDR1 via the ‘STARD3NL’ locus and to understand its mecha-
nistic function, our cumulative data clearly point to EPDR1 being
involved in bone differentiation processes and thus represents a
new target for BMD-related osteoporosis studies.

Acknowledgments

This research was funded by the Children’s Hospital of Philadel-
phia and by NIH grants R01 HG010067, R0OT AR066028, and RO1
HD100406. Dr. Grant is funded by the Daniel B. Burke Endowed
Chair for Diabetes Research.

Conflicts of interest

The authors report no conflicts of interest.

Peer Review

The peer review history for this article is available at https://
publons.com/publon/10.1002/jbm4.10531.

References

1. Morris JA, Kemp JP, Youlten SE, et al. An atlas of genetic influences on
osteoporosis in humans and mice. Nat Genet. 2019;51(2):258-266.

JBMR® Plus

CRISPR-Cas9-MEDIATED GENOME EDITING CONFIRMS EPDRT 7 of 8 Il


https://publons.com/publon/10.1002/jbm4.10531
https://publons.com/publon/10.1002/jbm4.10531

. Richards JB, Zheng H-F, Spector TD. Genetics of osteoporosis from

genome-wide association studies: advances and challenges. Nat
Rev Genet. 2012;13(8):576-588.

. Kemp JP, Morris JA, Medina-Gomez C, et al. Identification of 153 new

loci associated with heel bone mineral density and functional
involvement of GPC6 in osteoporosis. Nat Genet. 2017;49(10):1468-
1475.

. Chesi A, Mitchell JA, Kalkwarf HJ, et al. A genomewide association

study identifies two sex-specific loci, at SPTB and IZUMO3, influenc-
ing pediatric bone mineral density at multiple skeletal sites. J Bone
Miner Res. 2017;32(6):1274-1281.

. Chesi A, Mitchell JA, Kalkwarf HJ. A trans-ethnic genome-wide associ-

ation study identifies gender-specific loci influencing pediatric aBMD
and BMC at the distal radius. Hum Mol Genet. 2015;24:5053-5059.

. Gennari L, Merlotti D, Falchetti A, Eller Vainicher C, Cosso R, Chiodini I.

Emerging therapeutic targets for osteoporosis. Expert Opin Ther
Targets. 2020;24(2):115-130.

. Anagnostis P, Gkekas NK, Potoupnis M, Kenanidis E, Tsiridis E,

Goulis DG. New therapeutic targets for osteoporosis. Maturitas.
2019;120:1-6.

. Zaitlen N, PaSaniuc B, Gur T, Ziv E, Halperin E. Leveraging genetic var-

iability across populations for the identification of causal variants. Am
Soc Hum Genet. 2010;86(1):23-33.

. Chesi A, Wagley Y, Johnson ME, et al. Genome-scale Capture C pro-

moter interactions implicate effector genes at GWAS loci for bone
mineral density. Nat Commun. 2019;13:1-11.

. Xia Q, Chesi A, Manduchi E, et al. The type 2 diabetes presumed

causal variant within TCF7L2 resides in an element that controls
the expression of ACSL5. Diabetologia. 2016;59(11):2360-2368.

. Harris SA, Enger RJ, Riggs LB, Spelsberg TC. Development and charac-

terization of a conditionally immortalized human fetal osteoblastic
cell line. J Bone Min Res. 1995;10(2):178-186.

. Engler C, Kandzia R, Marillonnet S. A one pot, one step, precision

cloning method with high throughput capability. PLoS One. 2008;3
(11):e3647.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Orimo H. The mechanism of mineralization and the role of alkaline
phosphatase in health and disease. J Nippon Med Sch. 2010;77(1):4-12.

Serguienko A, Wang MY, Myklebost O. Real-time vital mineralization
detection and quantification during in vitro osteoblast differentia-
tion. Biol Proced Online. 2018;20:14.

Wanachewin O, Boonmaleerat K, Pothacharoen P, Reutrakul V,
Kongtawelert P. Sesamin stimulates osteoblast differentiation
through p38 and ERK1/2 MAPK signaling pathways. BMC Comple-
ment Altern Med. 2012;12(1):71.

Bell CC, Magor GW, Gillinder KR, Perkins AC. A high-throughput
screening strategy for detecting CRISPR-Cas9 induced mutations
using next-generation sequencing. BMC Genomics. 2014;15(1):1002-
1007.

Veeranagouda Y, Debono-Lagneaux D, Fournet H, Thill G, Didier M.
CRISPR-Cas9-edited site sequencing (CRES-Seq): an efficient and
high-throughput method for the selection of CRISPR-Cas9-edited
clones. Curr Protoc Mol Biol. 2018;121(1):31.14.1-31.14.11.

Nimmrich I, Erdmann S, Melchers U, et al. The novel ependymin
related gene UCC1 is highly expressed in colorectal tumor cells.
Cancer Lett. 2001;165(1):71-79.

Deshmukh AS, Peijs L, Beaudry JL, et al. Proteomics-based compara-
tive mapping of the secretomes of human brown and white adipo-
cytes reveals EPDR1 as a novel batokine. Cell Metab. 2019;30(5):
963-967.

Shashoua VE, Adams D, Boyer-Boiteau A. CMX-8933, a peptide frag-
ment of the glycoprotein ependymin, promotes activation of AP-1
transcription factor in mouse neuroblastoma and rat cortical cell cul-
tures. Neurosci Lett. 2001;312(2):103-107.

Trzeciakiewicz A, Habauzit V, Horcajada M-N. When nutrition inter-
acts with osteoblast function: molecular mechanisms of polyphenols.
Nutr Res Rev. 2009;22(1):68-81.

Chang J, Wang Z, Tang E, et al. Inhibition of osteoblastic bone forma-
tion by nuclear factor-kB. Nat Med. 2009;15(6):682-689.

Grunewald J, Zhou R, Lareau CA, et al. A dual-deaminase CRISPR base
editor enables concurrent adenine and cytosine editing. Nat Biotech-
nol. 2020;38(7):861-864.

Lin X, Yang H, Wang L, et al. AP2a enhanced the osteogenic differen-
tiation of mesenchymal stem cells by inhibiting the formation of
YAP/RUNX2 complex and BARX1 transcription. Cell Prolif. 2018;52
(1):212522.

Chen XF, Zhu DL, Yang M, et al. An osteoporosis risk SNP at 1p36.
12 acts as an allele-specific enhancer to modulate LINC00339 expres-
sion via long-range loop formation. Am J Hum Genet. 2018;102:
776-793.

13. Engler C, Gruetzner R, Kandzia R, Marillonnet S. Golden gate shuf-
fling: a one-pot DNA shuffling method based on type iis restriction
enzymes. PLoS One. 2009;4(5):e5553.

14. Engler C, Marillonnet S. Generation of families of construct variants
using Golden Gate shuffling. In Lu C, Browse J, Wallis JG, eds. cDNA
Libraries: Methods and Applications. Humana Press; 2011 pp 167-181.

15. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the com-
parative C T method. Nat Protoc. 2008;3(6):1101-1108.

M 80of 8 PIPPINETAL

JBMR Plus (WOA)



	CRISPR-Cas9-Mediated Genome Editing Confirms EPDR1 as an Effector Gene at the BMD GWAS-Implicated `STARD3NL´ Locus
	Introduction
	Materials and Methods
	Cell culture
	RNAi treatment
	CRISPR constructs, lentivirus production, and hFOB1.19 infection
	Multiplex sequencing
	Alkaline phosphatase assay
	Reverse transcription-quantitative polymerase chain reaction
	Western blotting

	Results
	RNAi knock-down of EPDR1 gene expression and alkaline phosphatase activity in differentiated hFOB1.19 cells
	Lentiviral CRISPR-Cas9 targeting in hFOB1.19 cells of the putative enhancer region harboring key `STARD3NL´ proxy SNPs
	PCR and multiplexed sequencing validation of pooled CRISPR hFOB1.19 cells
	qPCR analysis of EPDR1 RNA expression in pooled CRISPR hFOB1.19 cells
	Western blot analysis of EPDR1 protein expression in pooled CRISPR-edited hFOB1.19 cells
	Alkaline phosphatase activity in pooled CRISPR-edited hFOB1.19 cells

	Discussion
	Acknowledgments
	Conflicts of interest
	Peer Review

	References


