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Key	Findings	and	Recommendations	for	Future	Studies	
	
We	have	completed	the	proposed	studies	and	now	have	a	suite	of	in	vitro	and	in	vivo	assays	for	the	
qualitative	and	quantitative	analysis	of	osteocyte-mediated	bone	remodeling	(OMBRE)	available	in	the	
UCSF	Skeletal	Biology	and	Biomechanics	Core.	 	These	services	are	available	on	a	 recharge	basis	 for	
CDMI	members.		In	addition,	our	validated	protocols	are	available	to	CDMI	members	upon	request.	 	
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Motivation:	Need	and	Industrial	Relevance	
	
Need:	 Understanding	 the	 control	 of	 bone	
mass	 has	 yielded	 essential	 therapies	 to	
treat	 bone	 fragility,	 including	 those	 that	
target	 parathyroid	 hormone	 or	 sclerostin	
(Figure	1).	However,	at	least	half	of	people	
with	fragility	fractures	do	not	have	clinically	
low	bone	mass,	pointing	to	the	importance	
of	bone	quality.		

A	key	aspect	of	bone	quality	is	the	material	
quality	of	bone	extracellular	matrix	(ECM).		
Defects	 in	 the	 material	 quality	 of	 bone	
contribute	 to	 bone	 fragility	 in	 aging,	
diabetes,	 and	 other	 conditions.	 	 The	
deterioration	of	bone	quality	has	significant	
orthopaedic	 and	 dental	 implications,	
including	 the	 integration	 of	 implants	 and	
osteonecrosis.	Currently,	therapies	for	bone	
quality	simply	do	not	exist.			

Agents	that	control	bone	quality	have	great	and	untapped	therapeutic	potential	for	treating	skeletal	
disease	or	for	improving	orthopaedic	implant	fixation.	 	Because	the	protection	and	improvement	of	
bone	quality	could	be	clinically	transformative,	our	long-term	goal	is	to	discover	new	diagnostic	markers	
for	bone	quality	and	new	therapies	to	treat	it.		

Industrial	Relevance:	Toward	the	long-term	goal	of	identifying	novel	therapies	to	improve	bone	quality	
and	prevent	bone	fragility,	this	project	aims	to	develop	a	novel,	integrated	panel	of	in	vivo	and	in	vitro	
assays	to	monitor	the	cellular	control	of	bone	quality	by	osteocytes,	called	OMBRE.	
	

When	 implemented,	OMBRE	will	support	 industry	and	basic	science	 in	the	 implementation	of	high-
throughput	screens	(HTS)	and	performance	of	pre-clinical	analyses	to	identify	compounds	that	improve	
bone	quality	systemically	or	locally	near	orthopaedic	devices.	
	
Background	
	
Bone	fragility	is	frequently	associated	with	a	low	bone	mass	phenotype,	such	as	osteoporosis.	Current	
therapies	for	preventing	bone	fragility	aim	to	increase	bone	quantity	by	targeting	osteoblasts,	bone	
forming	cells,	and/or	osteoclast,	bone	resorbing	cells.	However,	bone	fragility	can	occur	in	individuals	
with	normal	bone	mass,	suggesting	that	bone	quality	also	contributes	to	bone	fragility.		
	
Osteocytes,	mature	osteoblasts	embedded	within	the	bone	matrix,	sense	and	respond	to	a	variety	of	
biological	and	physical	cues	in	a	number	of	ways.		These	cells	have	an	endocrine	function,	releasing	
factors	such	as	FGF23	to	control	mineral	homeostasis,	and	are	also	central	to	mechanosensation	and	
the	anabolic	response	of	bone	to	mechanical	load.		Osteocytes	control	the	bone	remodeling	activity	of	
osteoblasts	and	osteoclasts	by	the	expression	of	SOST	and	RANKL,	respectively.		In	addition,	osteocytes	

	
Figure	1:	 	Schematic	of	therapies	targeting	cellular	participants	 in	
bone	remodeling	to	improve	skeletal	health.	
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have	 more	 recently	 been	 shown	 to	 directly	 remodel	 the	 bone	 perilacunar-canalicular	 matrix.		
Osteoctyes	release	proteases	and	acid	in	response	to	a	variety	of	biological	cues,	including	parathyroid	
hormone	and	TGFb.		Through	this	process,	called	perilacunar-canalicular	remodeling	(PLR),	osteocytes	
resorb	and	then	replace	local	bone	matrix.		PLR	is	essential	for	the	maintenance	of	mineral	homeostasis	
and	the	canalicular	network.		We	found	that	through	PLR,	osteocytes	regulate	bone	quality.		Thus,	PLR	
is	a	central	homeostatic	mechanism	by	which	bone	maintains	biological	and	mechanical	homeostasis.			
Consequently,	PLR	is	disrupted	in	various	skeletal	diseases,	including	osteonecrosis,	and	likely	others.		
We	anticipate	that	therapeutically	targeting	PLR	will	become	a	powerful	approach	to	restore	skeletal	
health	in	a	variety	of	conditions	in	which	deregulation	of	PLR	plays	a	causal	role	in	disease	progression.		
To	that	end,	appropriate	outcome	measures	of	PLR	are	needed	to	determine	the	role	of	osteocyte-
mediated	 bone	 remodeling	 in	 skeletal	 health	 and	 in	 disease.	 We	 therefore	 aimed	 to	 identify	
appropriate	outcomes	to	measure	PLR.		

Aims	
	
This	project	promotes	the	development	of	new	therapies	to	improve	bone	quality	and	prevent	bone	
fragility	by	streamlining	the	analysis	of	perilacunar	remodeling	by	osteocytes	(Figure	1).		Perilacunar	
remodeling	(PLR)	is	a	dynamic	process	by	which	osteocytes	dynamically	resorb	and	then	replace	the	
local	bone	matrix.	 	Recent	studies	by	our	group	and	others	reveal	 that	PLR	maintains	bone	quality,	
systemic	mineral	homeostasis,	and	the	lacunocanalicular	network.		Our	ongoing	studies	strengthen	the	
causal	 link	 between	 PLR,	 bone	 quality,	 and	 diseases	 ranging	 from	 osteoarthritis	 and	 diabetes	 to	
osteonecrosis	and	aging.		Nonetheless,	many	questions	remain	about	the	regulation	and	role	of	PLR	in	
skeletal	health	and	disease,	in	part,	because	reliable	outcome	measures	to	effectively	study	PLR	are	
still	needed.		

Here	we	 developed	 a	 comprehensive	 approach	 to	 evaluate	 PLR	 in	 vivo	 and	 in	 vitro,	 ultimately	 to	
advance	the	development	of	therapies	to	improve	bone	quality.		Specifically,	we	aim	to:		

Aim	1:	Develop	in	vitro	measures	of	PLR	function	for	high	throughput	screening.			

Based	on	PLR-dependent	changes	in	osteocyte	pH	and	bone	matrix	resorption,	we	will	develop	and	
validate	in	vitro	fluorescent	PLR	assays	that	can	be	used	in	high-throughput	screens	to	identify	novel	
PLR-regulatory	compounds.	
Aim	2:		Establish	the	Osteocyte-Mediated	Bone	Remodeling	ECM	(OMBRE)	Core.			

The	OMBRE	Core	will	provide	novel,	 streamlined	 in	 vitro	and	 in	 vivo	analysis	of	PLR	 for	basic,	pre-
clinical,	or	clinical	studies.	

When	implemented,	the	OMBRE	Core	will	support	scientists,	including	those	affiliated	with	the	CDMI,	
by	providing	PLR	analyses	as	they	seek	to	identify	new	therapies	to	improve	bone	quality	systemically	
or	locally	near	orthopaedic	devices.	

Methods	
	
Aim	1:	Develop	in	vitro	measures	of	PLR	function	for	high	throughput	screening		
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We	 developed	 a	 novel	 high-throughput	 screen	 to	 identify	 compounds	 that	 regulate	 osteocyte-
mediated	PLR.	We	will	now	work	in	partnership	with	the	UCSF	Small	Molecule	Development	Center	
(SMDC),	led	by	Dr.	Michelle	Arkin,	to	validate,	and	ultimately,	perform	this	screen.		

Based	on	their	utility	in	our	previous	studies,	we	have	used	MLO-Y4	osteocyte-like	cells	for	our	primary	
screens.	We	have	developed	two	functional	 in	vitro	PLR	outcomes,	namely	 intracellular	pH	and	the	
expression	of	a	prototypical	PLR	genes,	namely	MMP2,	MMP13,	MMP14,	and	Cathepsin	K.		Intracellular	
pH	is	measured	using	a	fluorescent	SNARF	dye,	which	shows	a	drop	in	pH	as	osteocytes	acidify	their	
microenvironment	to	induce	PLR.			

Aim	2:		Establish	the	Osteocyte-Mediated	Bone	Remodeling	ECM	(OMBRE)	Core.	

The	OMBRE	Core	has	developed	a	series	of	protocols	to	provide	a	comprehensive	approach	to	evaluate	
the	role	and	regulation	of	osteocyte-mediated	perilacunar	remodeling	in	bone	health	and	disease.		This	
Core	has	integrated	this	suite	of	rigorous	histologic,	cellular	and	molecular	analyses	for	in	vitro	studies	
and	for	in	vivo	analysis	of	specimens	from	mouse,	rat,	and	human	bone.		Each	of	the	protocols	was	
validated	in	a	system	of	PLR	deregulation.		

Results	
Aim	1:	Develop	in	vitro	measures	of	PLR	function	for	high	throughput	screening.	
We	have	 completed	 five	 final	 protocols	 for	 the	OMBRE	 core,	which	are	provided	as	 a	 core	 service	
through	recharges	available	on	the	updated	website	on	the	UCSF	CCMBM	website.	The	five	finalized	
OMBRE	protocols	are:	I.	Collagen	Organization	II.	Lacunocanalicular	Analysis	III.	PLR	Gene	Expression	
IV.	In	Vitro	PLR	Taqman	Assay	V.	In	Vitro	Functional	pH	Assay.	These	OMBRE	protocols	are	optimized	
towards	developing	a	high	throughput	screening	method	for	measuring	PLR.		
	
The	first	OMBRE	core	protocol,	I.	Collagen	Organization,	reveals	birefringences	of	collagen	matrix	under	
polarized	light	microscopy	and	collagen	orientation	quantitative	analysis	can	be	obtained,	which	was	
validated	in	TGF	Beta	Receptor	II	(TBRII)	osteocyte	specific	cell	knockout	mice.	The	Lacunocanalicular	
analysis	 protocol	 provides	 a	 histological	 analysis	 on	 the	 lacunae	 and	 canaliculi	 within	 the	 bone.	
Quantification	on	lacunocanalicular	area	and	canalicular	length	was	used	to	reveal	decreased	percent	
lacunocanalicular	area	and	canalicular	length	in	TBRII	osteocyte	specific	cell	knockout	mice.	Using	the	
TBRII	 osteocyte	 specific	 cell	 knockout	mice,	we	 validated	 the	 PLR	 gene	 expression	 protocol,	which	
revealed	down	regulated	PLR	gene	expression.	This	suggests	that	PLR	genes	(Mmp2,	Mmp13,	Cathepsin	
K,	Acid	phosphatase	5,	MMP14)	are	involved	in	PLR	in	vivo.	The	genes	involved	in	PLR	in	vivo	were	also	
validated	using	OCY454	cells,	an	osteocyte	cell	line.	When	treated	with	TGF	beta,	PLR	gene	expression	
was	significantly	increased.	We	can	therefore	use	taqman	array	plates	to	screen	genes	involved	in	PLR.	
In	the	fifth	OMBRE	core	protocol,	In	Vitro	Functional	pH	Assay,	we	showed	that	PLR	is	associated	with	
acidification	 that	 can	 also	 be	 detected	 colorimetrically,	 revealing	 both	 quantitative	 and	 qualitative	
methods	in	our	assay.		
	
Aim	2:	Establish	the	Osteocyte-Mediated	Bone	Remodeling	ECM	(OMBRE)	Core.	
Our	established	OMBRE	protocols	are	incorporated	in	the	OMBRE	core	and	are	provided	as	an	OMBRE	
service	accessible	for	CDMI	members	through	the	UCSF	Skeletal	Biology	and	Biomechanics	Core	and	
external	 users.	 Recharges	 for	 the	 core	 services	 were	 approved	 and	 are	 available	 on	 the	 updated	
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website	for	internal	and	external	users.	OMBRE	core	protocols	are	also	available	on	Airtable	for	easy	
access	to	anyone	who	wants	to	use	them.	
	

Discussion	and	Conclusions	
The	 OMBRE	 protocols	 were	 validated	 and	 established	 using	 in	 vivo	 and	 in	 vitro	 methods.	 These	
protocols	were	incorporated	in	our	OMBRE	core	services	and	provided	as	recharge	services	available	
for	internal	and	external	users.	Currently,	some	users	that	have	utilized	our	OMBRE	core	services	are	
from	UC	Davis,	Buck	Institute,	Cleveland	Clinic,	and	industry	users	such	as	Orthofix.		

Timeline	(for	those	that	have	yet	to	finish)	
Not	applicable.	

Recommendations	for	Future	Studies	
We	have	developed	OMBRE	protocols	that	are	accessible	as	a	core	service	and	are	further	adapting	
some	of	these	assays	towards	a	high	throughput	screen.	We	next	aim	to	develop	and	validate	this	high	
throughput	screen	with	our	collaboration	with	the	UCSF	Small	Molecule	Development	Center.	We	aim	
to	 screen	 current	 FDA-approved	 drugs	 that	 can	 be	 repurposed	 as	 OMBRE-regulators	 for	 treating	
skeletal	disease.		
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