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The goal of this study was to achieve safe and stable bone regeneration regardless of differences in the
epigenomic status of cells. To end this, we aimed at (1) understanding epigenetic landscape that regulates
cell fate determination and differentiation during osteogenesis in human and (2) development of a method
which enable to manipulate the activity of enhancer landscape using a novel epigenome editing method. The
following research projects were conducted.

(1) Elucidation of the epigenetic landscape of human bone development

To conduct this study, we first established a method to induce 3D bone tissue from human pluripotent stem
cells. By stepwise differentiation of stem cells into sclerotome, which includes osteochondral progenitors,
followed by transplantation of the induced sclerotome cells under the renal capsule of immunodeficient mice,
3D bone structure was formed. By histological analysis and single cell RNA-seq (scRNA-seq), we validated
that this model recapitulates human endochondral ossification to some extent.
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To further understand gene regulatory networks in human bone development, we performed single
cell multiome (scRNA-seq and scATAC-seq) analysis. We identified cell-type distinct open chromatin regions.
Further computational analysis predicted a network of transcription factors which regulate cell-type specific
gene regulations. Among this, we identified ZEB2 as a novel osteoblast determinant by in vitro and in vivo
analysis.

We further address super-enhancer which is defined as cluster of enhancers governing cell fate
determination and the cell-type specific properties. We identified an SP7 enhancer which is active in
osteoblasts. Mouse genetic study further confirmed that the Sp7 enhancer was selectively active in

osteoblasts and indispensable for bone mineral density in adulthood.

(2) Development of multiplex enhancer screening method

To achieve a gene expression, multiple enhancers as well as promoter are collectively regulated in a
finetuning manner. Casl2a, like Cas9, is capable of guide RNA-dependent DNA cleavage, although the
process of guide RNA maturation is different. Casl2a generates multiple mature guide RNAs from a single
transcript unit (named as CRISPR array), facilitating multiple-sites genome editing. Therefore, in this study,
we aimed at development of an epigenome editing methods which manipulates simultaneous activity of
multiple enhancers by using Casl2a mutants and the CRISPR array system.

In this study, we utilized ddCas12a, a mutant of Cas12a without DNA cleavage, fused with a
transcriptional activation domain. We confirmed that the simultaneous activation of the promoter and
enhancer regions significantly enhanced the induction of target gene expression compared to the activation
of only the promoter region. Thus, by introducing the optimized vector into cells using the PiggyBac method,
we established a cell line that constantly expresses this system.

We then investigated a relationship between the number of guide RNAs introduced into the CRISPR
array and the actual induction of target gene expression. We found that introducing more than a certain
number of gRNAs into one vector reduced the effect of transcriptional activation. Thus, we next optimized
the cloning method to clone optimized number of guide RNAs into a library vector for enhancer screening.
From the human osteoblast enhancer analysis as mentioned early, libraries for osteoblast super-enhancer
and a group of transcription factors that construct gene regulatory network was constructed. Using those

material, an enhancer screening is now underway.

(3) Investigation of bone regeneration by optimized epigenome editing system

Human mesenchymal stem cells (MSCs) have been the subject of limited research for bone regeneration due
to variations in their proliferative and differentiation capacities depending on their origin and cell lot. We
investigated whether epigenome editing, developed in this study, could correct this variation and exert bone
regenerative effects. First, we performed a comparative analysis of the ability of MSCs derived from multiple
sources to induce osteoblast differentiation. As a result, bone marrow-derived MSCs and adipocyte-derived
MSCs showed enhanced osteoblast differentiation in the osteoblast differentiation induction medium,
whereas umbilical cord-derived MSCs did not show sufficient osteoblast differentiation. Therefore, we
utilized our epigenome method to introduce activation of SP7 and DLX5 enhancers. As a result, significant
upregulation of osteoblast differentiation marker genes was observed by the epigenome system. In the future,
we plan to examine whether further induction is possible by activating a combination of enhancers optimized
by enhancer screening. In addition to the in vitro analysis, we are also testing the effect of epigenome editing
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method on bone regeneration using a bone defect model in vivo.



