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Abstract
Experimental	and	clinical	therapies	in	the	field	of	Alzheimer's	disease	(AD)	have	fo-
cused	on	elimination	of	 extracellular	 amyloid	beta	 aggregates	or	prevention	of	 cy-
toplasmic neuronal fibrillary tangles formation, yet these approaches have been 
generally ineffective. Interruption of nuclear lamina integrity, or laminopathy, is a 
newly	identified	concept	in	AD	pathophysiology.	Unraveling	the	molecular	players	in	
the induction of nuclear lamina damage may lead to identification of new therapies. 
Here,	using	3xTg	and	APP/PS1	mouse	models	of	AD,	and	in	vitro	model	of	amyloid	
beta42	 (Aβ42)	 toxicity	 in	 primary	 neuronal	 cultures	 and	 SH-	SY5Y	 neuroblastoma	
cells,	we	have	uncovered	a	key	role	for	cathepsin	L	in	the	induction	of	nuclear	lam-
ina	damage.	The	applicability	of	our	 findings	 to	AD	pathophysiology	was	validated	
in	brain	autopsy	samples	from	patients.	We	report	that	upregulation	of	cathepsin	L	
is an important process in the induction of nuclear lamina damage, shown by lamin 
B1	cleavage,	and	is	associated	with	epigenetic	modifications	in	AD	pathophysiology.	
More	 importantly,	pharmacological	 targeting	and	genetic	 knock	out	of	 cathepsin	L	
mitigated	Aβ42 induced lamin B1 degradation and downstream structural and mo-
lecular	 changes.	Affirming	 these	 findings,	overexpression	of	 cathepsin	L	alone	was	
sufficient	to	induce	lamin	B1	cleavage.	The	proteolytic	activity	of	cathepsin	L	on	lamin	
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1  |  INTRODUC TION

Alzheimer's	disease	(AD)	accounts	for	~64%	of	all	dementias	(Long	&	
Holtzman,	2019).	The	pathophysiology	of	the	disease	is	highly	com-
plex	and	includes	neuronal	and	glial	cells	functional	deficits.	These	
include	 the	 disruption	 of	 oxidative	 stress	 management,	 defective	
proteostasis systems, and accumulation of amyloidogenic process-
ing of amyloid precursor protein and hyperphosphorylation of Tau 
(Arranz	 &	 De	 Strooper,	 2019;	 Hohn	 et	 al.,	 2020).	 These	 result	 in	
deposition	of	extracellular	amyloid	beta	(Aβ)	and	intracellular	accu-
mulation	of	neurofibrillary	tangles	(NFTs)	and	trigger	the	progressive	
neuronal	degeneration,	causing	memory	loss	and	eventual	patient's	
death	within	5–	12	years	of	diagnosis	(Duyckaerts	et	al.,	2009;	Hardy	
&	Higgins,	1992;	Jack	et	al.,	2018).	Despite	extensive	basic	research	
and clinical trials during the last four decades, there are currently 
no effective standard treatments that can prevent the loss of neu-
rons	in	this	disease.	Although	some	positive	news	on	potential	new	
therapies	including	Aducanumab	targeting	Aβ or anti- Tau antibodies 
have	raised	some	hope	(Vaz	&	Silvestre,	2020),	the	need	for	under-
standing	the	mechanisms	of	neuronal	death	in	AD	for	finding	more	
effective therapies retains its utmost priority.

Neuronal	laminopathy	is	a	newly	identified	concept	in	the	patho-
physiology	 of	 AD.	 Nuclear	 lamina	 (NL)	 is	 a	 dense	 fibrillar	 protein	
layer that is located at the interface of nuclear envelope inner layer 
and	 chromatin.	NL	 undergoes	 significant	 changes	 during	 cell	 divi-
sion, proliferation, and differentiation as well as in different patho-
logical	 conditions	 (Broers	 et	 al.,	 2006).	 There	 are	 two	 classes	 of	
proteins	in	NL:	lamin	A/C	and	lamin	B1/B2.	Lamin	A/C	are	encoded	
by alternatively spliced LMNA transcripts, but lamin B1 and B2 are 
encoded by LMNB1 and LMNB2,	respectively	(Malhas	et	al.,	2009).	
These proteins play important roles in chromatin stability and gene 
expression,	and	mutations/defects	in	these	proteins	lead	to	a	class	of	
diseases known as laminopathy. More than 300 mutations in LMNA 
gene have been reported in association with several developmen-
tal diseases affecting mesodermal tissues, but sparing the central 
nervous	 system	 (Broers	et	 al.,	 2006).	The	 sparing	has	been	 linked	
to	 low	 levels	 of	 lamin	A	protein	 in	neural	 cells,	which	 is	mediated	
by	microRNA-	9	through	downregulation	of	progerin	and	prelamin	A	
transcripts	(Frost,	2016;	Young	et	al.,	2014).	B-	type	lamins	are	widely	
expressed	 in	 all	 types	 of	 tissues	 and	 provide	 a	 tethering	 function	
for chromatin, therefore are involved in many vital systems through 
modulation	of	gene	regulation	(Butin-	Israeli	et	al.,	2015).	Lamin	B1/

B2	(LB1/2)	also	play	crucial	roles	in	brain	development	and	neuronal	
survival	 under	 oxidative	 stress	 (Chen	 et	 al.,	 2019;	Coffinier	 et	 al.,	
2010).	Genetic	deletion	studies	of	LMNB1 and LMNB2	show	that	LB1	
is indispensable in the adult brain, partially due to its regulatory role 
in	the	transcription	of	antioxidant	genes,	mediated	by	direct	interac-
tion with Oct1, a transcription factor responsible for regulation of 
antioxidant	systems	(Malhas	et	al.,	2009).

Nuclear	lamina	damage	in	AD	was	originally	described	in	a	model	
of tauopathy in Drosophila,	in	which	genetic	inhibition	of	thioredoxin	
reductase-	1	(TrxR1)	or	superoxide	dismutase	resulted	in	hyperphos-
phorylation of Tau and changes in chromatin density. Tauopathy was 
associated	with	NL	damage-	causing	nuclear	envelope	 invagination	
and	aberrant	gene	expression	(Frost	et	al.,	2014).	A	series	of	studies	
in cardiac and neural cells propose the involvement of mechanical 
stress	in	induction	of	laminopathy	(Bertero	et	al.,	2019;	Frost	et	al.,	
2016).	In	AD,	formation	of	NFTs	is	believed	to	be	the	source	of	this	
mechanical	stress	that	causes	interruption	of	NL	integrity	as	shown	
by	LB1	disruption.	There	seems	 to	be	an	association	between	cell	
death	mode	 and	 the	 extent	 of	NL	 damage;	 in	 caspase-	dependent	
(apoptotic)	 cell	 death.	NL	 is	 separated	 from	 the	nuclear	 envelope,	
while	 in	 developmental	 programmed	 cell	 death	 (caspase	 indepen-
dent)	NL	remains	attached	to	the	envelope	(Lindenboim	et	al.,	2020).	
The	identity	of	molecular	players	causing	NL	damage,	however,	re-
mains mostly undetermined.

We	 recently	 showed	 that	 LB1	 is	 a	 substrate	 of	 caspase-	6	
(CASP6)	that	is	activated	after	diminished	thioredoxin	(Trx1)	reduc-
ing	capacity	 (Islam	et	al.,	2019).	 Increased	CASP6	 (Halawani	et	al.,	
2010;	L.	Zhou	et	al.,	2019)	and	decreased	Trx1	levels	(Lovell	et	al.,	
2000;	Raffel	et	al.,	2003;	Venojarvi	et	al.,	2014)	are	well-	established	
hallmarks	of	AD,	indicating	the	relevance	of	our	findings	to	patho-
physiology	 of	 the	 disease.	 In	 addition	 to	 CASP6,	 a	wide	 range	 of	
other	proteases	are	known	to	mediate	LB1	degradation.	This	list	in-
cludes	CASP3,	granzyme	A	and	B,	as	well	as	nuclear	scaffold	prote-
ases	(Islam	et	al.,	2019;	Kivinen	et	al.,	2005;	Ramasamy	et	al.,	2016;	
Zhang	et	al.,	2001).	LB1	degradation	can	also	be	mediated	by	phos-
phorylation	of	its	specific	amino	acid	residues	(Chang	et	al.,	2011).	
Disruption	 of	 LB1	 integrity	 is	 reported	 as	 part	 of	 autophagy	 pro-
cess,	proposing	a	potential	role	for	lysosomal	enzymes	(Butin-	Israeli	
et	al.,	2015).	More	evidence	for	lysosomal	enzymes	involvement	in	
NL	damage	has	been	shown	by	identification	of	LB-	LC3	conjugates	
in	 cellular	 senescence	 (Dou	 et	 al.,	 2015);	 however,	 the	 identity	 of	
these	enzymes	has	not	been	determined,	which	could	have	valuable	

B1	was	confirmed	using	mass	spectrometry.	Our	 research	 identifies	cathepsin	L	as	
a	newly	 identified	 lamin	B1	protease	and	mediator	of	 laminopathy	observed	in	AD.	
These	results	uncover	a	new	aspect	in	the	pathophysiology	of	AD	that	can	be	pharma-
cologically prevented, raising hope for potential therapeutic interventions.
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therapeutic implications. Building on previous reports on lysosomal 
deficiency	in	models	of	AD	(Hung	&	Livesey,	2018),	and	the	involve-
ment	of	CASP6	in	induction	of	LB1	degradation	(Islam	et	al.,	2019),	
in	this	study,	we	aimed	to	examine	the	involvement	of	lysosomal	en-
zymes	in	NL	damage	and	assess	its	potential	amenability	to	pharma-
cological interventions.

2  |  RESULTS

2.1  |  LB1 degradation in NL damage is associated 
with upregulation of lysosomal cathepsins in the 3xTg 
model of AD

Tau	hyperphosphorylation	and	NFT	 formation	has	been	previously	
shown	as	 a	 cause	of	NL	damage	 (Frost	 et	 al.,	 2014).	 The	 status	of	
NL	was	then	tested	 in	the	widely	used	3xTg	mice	model	of	AD.	As	
reported	 previously	 (Oddo	 et	 al.,	 2003),	 we	 confirmed	 that	 these	
mice	 display	 increased	 level	 of	 Aβ deposition before formation of 
NFT	(Figure	S1A,B).	NL	integrity	in	these	studies	was	assessed	using	
changes	 in	 LB1	protein	 level.	 Previous	 studies	 in	Drosophila	 (Frost	
et	al.,	2014,	2016)	have	shown	loss	of	LB1.	Western	blotting	on	hip-
pocampal	 tissue	 lysate	 from	 two-		 and	 six-	month-	old	 3xTg	 mouse	
detected	two	C-	terminal	fragments	of	LB1:	a	46	kDa	and	a	21	kDa	
(Figure	 1a).	We	 previously	 showed	 that	 the	 46	 kDa	 fragment	 is	 a	
product	 of	 CASP6	 activation	 (Islam	 et	 al.,	 2019).	 The	 reduction	 in	
CASP6	and	LB1	degradation	 in	3xTg	mouse	model	was	not	associ-
ated with activation of caspase- dependent apoptosis as verified with 
a	lack	of	CASP3	cleavage	in	these	animals	(Figure	1a).	In	this	study,	we	
observed that the 21 kDa fragment was also significantly increased in 
3xTg	mice	(n = 5– 6, p <	0.05)	(Figure	1a,b)	and	in	hippocampal	sam-
ples	from	APP/PS1	mouse,	another	model	of	AD	that	is	characterized	
by	increased	levels	of	Aβ	(n = 4– 7, p <	0.05)	(Figure	S1C,	D).

The involvement of endo- lysosomal dysfunction and lysosomal 
enzymes	 in	AD-	associated	neuronal	cell	death	 is	well	documented	
(Hung	 &	 Livesey,	 2018;	 Nixon,	 2013,	 2017).	 Accordingly,	 we	 de-
tected	 increased	 levels	of	cathepsin	B	 (CTSB)	 (n = 7– 8, p =	0.059)	
and	 cathepsin	 L	 (CTSL)	 (n = 7– 8, p <	 0.05)	 proteins	 in	 3xTg	mice	
(Figure1c,d).	The	increased	protein	level	was	also	associated	with	up-
regulation	of	enzymatic	activity	of	CTSL	(n = 8, p < 0.01 and <	0.05)	
and	CTSB	 (n = 5– 6, p <	 0.05)	 (Figure	 1e);	 however,	 no	 change	 in	
cathepsin	D	(CTSD)	was	noted	(Figure	1c,d).	Despite	changes	in	lyso-
somal	enzymes,	we	did	not	detect	any	robust	changes	in	autophagy-	
related	proteins	p62,	LC3,	ATG5,	or	ATG7	(Figure	1f,g).

2.2  |  LB1 degradation and increased CTSL level are 
observed in human AD samples

To	 examine	 the	 relevance	 of	 our	 experimental	 findings	 in	 3xTg	
mouse	to	the	pathophysiology	of	human	AD,	we	assessed	the	sta-
tus	of	NL	integrity	in	postmortem	human	hippocampal	tissue	from	
AD	patients	and	control	 subjects	by	using	 immunohistochemistry	

and	Western	blotting.	 In	agreement	with	a	previous	 report	 (Frost	
et	 al.,	 2016),	 we	 observed	 that	 the	 majority	 of	 neuronal	 nuclei	
(~65%)	 in	the	hippocampus	of	AD	patients	displayed	NL	invagina-
tion	(n = 5– 6, p <	0.0001)	as	detected	by	LB1	labeled	coffee-	bean	
shaped	neuronal	nuclei	(Figure	2a-	d).	Additionally,	focal	loss	of	LB1	
was	 observed	 in	 AD	 samples	 (Figure	 2b,c).	 Double	 staining	 with	
NeuN	indicated	that	LB1	damage	is	a	neuronal	event	as	astrocytes	
identified	by	glial	fibrillary	acidic	protein	(GFAP)	did	not	display	any	
LB1	labeling	(Figure	S2A).

Human	AD	hippocampal	sections	contained	significantly	higher	
levels	of	neuronal	CTSL	as	detected	by	quantitative	analysis	of	CTSL	
signal	intensity	(n = 5– 6, p <	0.01)	in	comparison	with	the	controls	
(Figure	 3a).	 Figure	 3b	 shows	 the	 relative	 intensity	 and	 approxi-
mate	 cellular	 localization	 of	 CTSL	 positive	 particles;	 AD	 samples	
displayed	an	 increased	CTSL	signal	 level	and	showed	a	more	peri-	
nuclear aggregation. Using Western blotting, we further confirmed 
the	increased	levels	of	the	21	kDa	cleaved	product	of	LB1	in	hippo-
campal	samples	from	AD	patients	 (n =	control	7,	AD	10,	p <	0.05)	
(Figure	3c,d).	This	was	associated	with	increased	levels	of	intermedi-
ate	CTSL	(n =	control	7,	AD	10,	p <	0.05)	compared	to	control	sam-
ples	(Figure	3c,d).	A	~50	kDa	LB1-	positive	band	was	also	detected	in	
patient samples; however, it is not clear whether this is mediated by 
CASP6	activation.

2.3  |  In Vitro Aβ42 toxicity model recapitulates the 
human neuronal nuclear laminopathy observed in AD

To	further	investigate	the	underpinning	mechanisms	of	LB1	cleavage	
observed	 in	human	AD	and	3xTg	mouse	hippocampal	 samples,	we	
used	an	Aβ	neuronal	toxicity	model	by	exposing	SH-	SY5Y	neuroblas-
toma	cells	 to	Aβ42.	Fibrillogenesis	property	of	Aβ42 was assessed 
by	Thioflavin	T	assay	 (Figure	S2B).	We	first	 tested	 the	 fate	of	LB1	
in this model using Western blotting and confirmed the induction 
of	21	kDa	C-	terminal	fragment	of	LB1	(Figure	4a).	Cell	death	in	AD	
has been shown to be mediated by a caspase- independent apopto-
sis	(Selznick	et	al.,	2000).	We	therefore	compared	the	status	of	LB1	
in	Aβ42	toxicity	with	Staurosporine	 (STS)	 treatment,	a	well-	known	
model of caspase- dependent apoptotic cell death. Western blotting 
showed	(Figure	4a)	a	robust	decrease	in	pro-	casp6	in	both	Aβ42	(5uM	
for	16	hrs)	and	STS	(0.5	µM,	6	h)	treated	cells.	LB1	is	a	well-	known	
substrate	of	CASP6	at	cysteine	231,	producing	a	46	kDa	C-	terminal	
fragment	 (Ehrnhoefer	 et	 al.,	 2011;	 Rao	 et	 al.,	 1996);	 however,	 the	
46	kDa	fragment	was	only	observed	in	STS-	treated	cells	(Figure	4a).	
Moreover,	 cleaved	CASP3	was	only	observed	 in	STS-	treated	 cells,	
suggesting	 that	NL	damage	 in	Aβ42	toxicity	 is	not	associated	with	
induction	of	apoptosis	(Figures	4a,c	and	S2E).	CASP6	activity	was	de-
creased	significantly	in	Aβ42-	treated	cells	(Figure	4c).	CTSL	and	CTSB	
activity	significantly	increased	only	in	Aβ42-	treated	cells	(Figure	4c).	
An	 anti-	LB1	 antibody	 that	 detects	 the	 N-	terminal	 fragments	 did	
not	 show	any	cleaved	products	 in	Aβ42-	treated	cells	 (Figure	S3A).	
Similarly,	we	were	unable	to	detect	any	N-	terminal	cleaved	product	
in	human	tissue	by	Western	blotting	(data	not	shown).
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F I G U R E  1 Lamin	B1	degradation	and	upregulation	of	lysosomal	cathepsins	in	3xTg	mouse	hippocampus	tissue	(a)	Representative	
Western	blots	showing	the	expression	of	lamin	B1,	pro-	casp6,	and	cl-	Casp3	in	hippocampal	lysates	from	CTL	and	age-	matched	3xTg	mouse.	
(b)	Quantification	of	cleaved	lamin	B1	(21	kDa)	and	pro-	casp6	is	shown	in	2	months	(2m)	and	6	months	(6m)	old	mice.	(n =	5–	6	mice/group),	
data shown as ±SEM,	*p <	0.05.	Increased	cleaved	lamin	B1	in	3xTg	mice	is	detected	by	appearance	of	a	46	kDa	and	a	21	kDa	(arrowhead).	
As	reported	previously,	a	significant	decrease	in	pro-	casp6	protein	was	confirmed	in	3xTg	mouse.	We	did	not	detect	any	indication	of	
apoptosis	in	these	mice	as	assessed	by	lack	of	cl-	Casp3.	(c)	Representative	Western	blots	showing	lysosomal	cathepsins	in	3xTg	mouse	
hippocampus	were	quantified	using	densitometry.	(d)	Bar	graph	shows	increased	levels	of	CTSB	and	CTSL	in	3xTg	mouse,	although	CTSD	
levels	remained	unchanged.	(e)	Enzymatic	activity	of	CTSB	and	CTSL	activity	in	CTL	and	age-	matched	3xTg	hippocampal	lysates.	(f)	Markers	
of	autophagy	progression	were	assessed	using	immunoblotting.	(g)	No	significant	change	in	autophagy	progression	was	observed	in	this	
model
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Although	the	appearance	of	21	kDa	cleaved	product	of	LB1	was	
observed	in	Aβ42- treated cells, there was no apparent reduction in 
pro-	LB1	compared	to	control	cells	(Figures	1a,	3c	and	4a).	Previous	
reports	(Gerace	&	Blobel,	1980)	have	shown	that	pro-	LB1	is	tightly	
associated with nuclear envelope, and determination of its levels can 
be affected by cell lysis method. Rigorous cell lysis method, such 
as those used in our study, results in release of both soluble and 
membrane-	bound	LB1	fraction.	We	therefore	employed	a	digitonin	
buffer for gentle lysis of cellular membrane without disruption of 
nuclear membrane. This approach showed that administration of 
Aβ42	leads	to	release	of	LB1	(21	kDa)	in	supernatant	fraction	(sup)	
that	was	not	present	in	the	control	cells	(Figure	S3B).	The	pro-	LB1	
(67	 kDa)	 was	 only	 detected	 in	 control	 cells	 in	 the	 NP-	40-	treated	
fraction	 without	 sonication	 (ppt),	 whereas	 the	 Aβ42 treated cells 
contained	the	21	kDa	fragment	(Figure	S3B).	Despite	these	obvious	
differences	in	sup	and	ppt	fractions,	the	pellet	(sonicated)	fraction	
from	control	and	Aβ42-	treated	cells	had	comparable	pro-	LB1	levels,	

representing	 the	 nuclear	 membrane-	bound	 LB1	 release	 (Figure	
S3C).	Proteolytic	degradation	of	histone	H3,	suggesting	CTSL	acti-
vation	(Duncan	et	al.,	2008)	was	also	detected	in	Aβ42- treated nu-
clear	enriched	fraction	(Figure	S3B).	This	was	further	investigated	by	
using	purified	rhLB1	and	rhCTSL.	Previous	reports	have	shown	that	
lamins form stable polymeric structures by intra-  and inter- molecular 
bonding	(Schirmer	&	Gerace,	2004)	 in	purified	conditions	specially	
if	 the	 condition	 is	not	denaturing	 (e.g.	 presence	of	8	M	urea).	We	
hypothesized	 that	 these	global	 forms	were	 responsible	 for	 lack	of	
significant changes in the 67 kDa band density and asked whether 
increasing	 the	 level	of	 rhCTSL	can	overcome	this	 issue.	 Increasing	
amounts	of	rhCTSL	 (from	3.12	ng	to	200	ng)	were	 incubated	with	
rhLB1.	The	final	concentration	of	urea	in	the	reaction	was	240	mM.	
Despite	successful	degradation	of	rhCTSL	and	generation	of	cleaved	
21 kDa product at doses as low as 12.5 ng/reaction, the levels of 
pro-	LB1	 (67	 kDa)	 remained	 relatively	 unchanged	 until	 high	 doses	
rhCTSL	(100–	200	ng/reaction)	were	used	(Figure	S3D,	E)	which	was	

F I G U R E  2 Nuclear	lamina	damage	
is detected by invagination and focal 
loss	of	Lamin	B1	in	human	AD	brain.	
(a)	Confocal	microscopic	micrographs	
depicting	histological	examination	of	
hippocampal	and	medial	temporal	cortex	
from	autopsy	samples:	LB1	(green),	NeuN	
(red),	and	DAPI	(blue).	(b	and	c)	Higher	
magnifications of the selected regions 
from	A	are	shown	(scale	bar	= 10 µm).	
(d)	Quantification	of	damaged	neuronal	
nuclei, as identified with their coffee- 
bean	nuclei	immunolabeled	with	LB1	
is shown. Cell counting was performed 
using	ImageJ.	A	minimum	of	109	cells	
were counted for each sample and 
the number of invaginated cells were 
expressed	as	%	of	total	cells.	(CTL	= 5 and 
AD	=	6	samples).	Data	reported	as	mean	
±SEM.	****	represents	p < 0.0001
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inhibited	by	CTSL	inhibitor	(z-	FY-	CHO).	Equal	high	dose	of	CTSB	did	
not	have	any	effect	on	rhLB1	(Figure	S3D,	E).

Similar events were detected in primary hippocampal neurons 
when	exposed	to	Aβ42.	Administration	of	Aβ42 resulted in appear-
ance	of	the	21	kDa	LB1	fragment	(Figures	4d	and	S3).	These	events	
were	effectively	prevented	after	pre-	treatment	with	CTSL	inhibitor	

z-	FY-	CHO.	To	exclude	the	involvement	of	caspases	in	LB1	damage,	
cells	were	treated	with	z-	VAD-	FMK,	an	 irreversible	cell	permeable	
pan-	caspase	 inhibitor;	 however,	 this	 did	 not	 prevent	 LB1	 damage	
when	exposed	to	Aβ42	(Figure	4d).	These	data	suggested	that	LB1	
is	a	substrate	of	CTSL	in	this	model.	We	then	investigated	whether	
treatment	of	Aβ42	induces	LB1	 invagination	as	seen	 in	human	AD	

F I G U R E  3 Cathepsin	L	(CTSL)	
mediated lamin B1 cleavage is 
observed	in	human	AD	samples.	(a)	
Immunohistochemical labeling of 
hippocampal and medial temporal 
sections	of	human	samples	for	NeuN	
(red),	CTSL	(green),	and	DAPI	(blue),	scale	
bar = 10 µm. Mean fluorescence intensity 
for	CTSL	was	quantified	and	shown	
as mean ±	SEM,	**p <	0.01.	(CTL	= 5 
and	AD	=	6).	(b)	Graphs	representing	
distribution	and	intensity	of	CTSL	in	CTL	
and	AD	are	shown.	Higher	intensity	and	
closer	apposition	of	CTSL-	positive	bodies	
to	the	nucleus	were	observed	in	AD	
tissues	in	comparison	with	the	CTL.	(c)	
Representative Western blotting showing 
the	expression	of	LB1	and	CTSL	in	human	
hippocampus	samples.	(d)	Densitometric	
quantification	of	the	blots	is	shown	as	
mean ±	SEM,	CTL	(n =	7),	and	AD	(n =	10),	
*p < 0.05

F I G U R E  4 Aβ42- induced lamin B1 cleavage is independent of apoptosis. To differentiate the contribution of apoptosis and autophagy to 
lamin	B1	cleavage,	SH-	SY5Y	cells	were	exposed	to	Aβ42	(5	µM,	16	h)	and	STS	(0.5	µM,	6	h).	(a)	Western	blots	showing	the	appearance	of	a	
lamin B1 46 kDa fragment that was only observed in STS- treated cells. This was associated with a significant loss of pro- casp6 protein and 
presence of cleaved Casp3, indicating the involvement of caspases. The 46 kDa fragment of lamin B1 and pro- casp6 were not observed in 
Aβ42-	treated	cells	and	no	cleaved	Casp3	was	detected	in	these	cells.	(b)	Representative	immunoblots	examining	the	changes	in	lysosomal	
cathepsin	protein	level.	(c)	Enzymatic	activity	assays	for	Casp6,	Casp3,	CTSL,	and	CTSB	indicated	the	induction	of	caspases	in	STS-	treated	
cells	and	preferential	activation	of	cathepsins	in	Aβ42-	treated	cells.	**p <	0.01	and	****	p <	0.0001.	(one-	way	ANOVA/Tukey's	post	hoc).	(d)	
Western	blot	confirming	the	involvement	of	CTSL	in	lamin	B1	damage	in	rat	primary	hippocampal	neurons	when	exposed	to	Aβ42	(5	µM, 
16	h).	Overnight	pre-	treatment	of	neurons	with	CTSL	inhibitor	alleviated	lamin	B1	damage,	but	a	pan-	caspase	inhibitor	z-	VAD-	fmk	(20	µM)	
did	not	have	any	effect.	(e)	Confocal	micrographs	depicting	cultured	rat	hippocampal	neurons	labeled	for	lamin	B1	status	in	Aβ42	toxicity.	
LB1	invagination	was	observed	in	this	model	but	was	prevented	significantly	by	CTSL	inhibitor.	The	bar	graph	represents	the	percentage	
of	invaginated/nicked	neuronal	LB1.	A	minimum	of	130	cells/condition	were	analyzed.	(f)	The	sensitivity	of	neuronal	LB1	damage	and	NL	
invagination	was	also	confirmed	in	mouse	primary	cortical	neurons.	This	was	preventable	by	pre-	treatment	with	CTSL	inhibitor.	An	average	
of	56	cells	were	examined/experimental	group.	Results	are	mean	±SEM,	*p <	0.05,	**p <	0.01	and	****p <	0.0001,	one-	way	ANOVA/Tukey's	
post hoc, scale bar = 10 µm
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brain.	 LB1	 invagination/damage	 was	 observed	 in	 approximately	
65%	of	Aβ42-	treated	cells	(n = 3, p <	0.01),	but	was	effectively	pre-
vented	by	z-	FY-	CHO	(n = 3, p <	0.05)	(Figure	4e).	This	finding	was	
further	confirmed	by	administering	Aβ42 to primary mouse cortical 

neurons	with	or	without	z-	FY-	CHO.	Approximately	70%	cells	(n = 2 
experiments,	p <	0.0001)	were	observed	 to	have	 invaginated	LB1	
after	 treating	with	 Aβ42,	which	was	 prevented	 by	 CTSL	 inhibitor	
(p <	0.01)	(Figure	4f).
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2.4  |  Aβ42 toxicity increases lysosomal membrane 
permeability

The	 increase	 in	cathepsin	activity	 in	Aβ42-	treated	cells	 (Figure	4c)	
prompted	us	to	assess	the	status	of	lysosomes.	LAMP2	(Lysosome-	
associated	 membrane	 protein	 2)	 levels	 as	 a	 marker	 of	 lysosome	
were	 increased	 in	 coordination	 with	 the	 enhanced	 expression	 of	
cathepsins	 in	 Aβ42- treated cells. Using 3D confocal microscopy 
and Image J measurement, we noted a significant increase in the 
size	of	LAMP2	positive	 lysosomes	 in	Aβ42-	treated	cells	 (n = 2 in-
dependent studies, p <	 0.0001)	 compared	 to	 the	 vehicle-	treated	
cells	(Figure	S4A,	B).	An	increase	in	lysosomal	size	has	been	previ-
ously	linked	to	LMP	(lysosomal	membrane	permeabilization)	(Boya	&	
Kroemer,	2008).	We,	therefore,	used	acridine	orange	(AO)	staining	
to	investigate	whether	Aβ42	treatment	causes	LMP.	AO	is	known	to	
accumulate in acidic organelles such as lysosomes, but any loss of 
lysosomal	membrane	integrity	causes	the	leakage	of	AO	into	the	cy-
tosol,	where	due	to	change	in	pH,	AO	emits	green	fluorescence	(Luo	
et	 al.,	 2018).	A	 robust	 increase	 in	 cytoplasmic	 green	 fluorescence	
after	 Aβ42	 exposure	 indicated	 the	 induction	 of	 LMP	 (Figure	 5a)	
(n = 3 independent studies, p <	0.0001).	We	also	noted	a	preferen-
tial	 peri-	nuclear	 localization	of	 lysosomes	 as	 identified	 by	 LAMP2	
and	CTSL	staining	 in	Aβ42-	treated	cells	 (Figure	S4A,B).	To	 further	
confirm	the	induction	of	LMP	and	cytoplasmic	leakage	of	lysosomal	
enzymes,	we	performed	CTSB	and	CTSL	enzymatic	activity	 in	cy-
tosolic fraction using their fluorogenic substrates. These reactions 
were performed at pH 5.0 and pH 7.4 to replicate the lysosomal 
and	 cytoplasmic	 environment,	 respectively	 (Duncan	 et	 al.,	 2008).	
The	increase	in	CTSL	activity	in	Aβ42- treated cells was several folds 
higher	 at	 pH	7.4	 (n =	 4	 independent	 experiments,	p <	 0.05)	 than	
the	lysosomal	acidic	pH	5.0	(Figure	5b).	This	is	in	accordance	with	a	
previous	report	where	CTSL	activity	was	reported	to	be	maintained	
at	cytosolic	pH	(Duncan	et	al.,	2008).	Elevated	CTSB	activity	was	ob-
served	at	pH	5.0	(n = 4, p <	0.05)	and	was	not	notably	affected	at	pH	
7.4	(Figure	5b).	The	purity	of	the	cytosolic	and	lysosomal	fractions	
was	confirmed	by	Western	blotting	(n =	4	experiments)	(Figure	5b).	
Distribution	of	CTSL	 in	cytosolic	 (sup),	nuclear	enriched	 (ppt),	and	
conditioned media was probed by Western blot and an increase in 
mat-	CTSL	was	observed	in	Aβ42- treated nuclear enriched fraction 
(Figure	 S4C).	We	 also	 found	 an	overall	 increase	 in	CTSL	 in	Aβ42- 
treated	conditioned	media	(Figure	S4D)	(Noonan	et	al.,	2010).

To	examine	whether	inhibition	of	these	enzymes	could	prevent	
LB1	 damage,	 the	 SH-	SY5Y	 cells	 were	 pre-	treated	 with	 cathepsin	
inhibitors	 before	 administration	 of	 Aβ42. Pre- treatment of SH- 
SY5Y	 cells	with	 z-	FY-	CHO,	 significantly	 reduced	 formation	 of	 the	
21	kDa	fragment	of	LB1	(n =	3	experiments,	p <	0.01)	(Figure	5c,d).	
Quantification	of	CTSL	using	Western	blotting	showed	that	the	ma-
ture	form	of	CTSL	(~25	kDa)	was	increased	after	Aβ42 administration, 
which	was	effectively	prevented	in	z-	FY-	CHO	pre-	treated	cells.	This	
was	associated	with	elevated	levels	of	intermediate	isoform	of	CTSL	
(34	kDa)	(Figure	5c,d).	No	detectable	changes	were	observed	in	the	
level	of	pro-	CTSL	(42	kDa).	Although	application	of	CA-	074me,	an	
inhibitor	of	CTSB,	also	partially	decreased	the	Aβ42- induced lamin 

B1	cleavage	(p <	0.05)	(Figure	5c,d),	cross-	reactivity	of	this	inhibitor	
with	CTSL	has	been	reported	previously	(Montaser	et	al.,	2002).

2.5  |  LB1 and CASP6 are substrates of Cathepsin L

Despite	robust	decrease	in	pro-	casp6	level,	administration	of	Aβ42 
in	SH-	SY5Y	and	primary	neuronal	cultures	in	this	study	lack	of	the	
46	kDa	LB1	fragment	negated	the	involvement	of	CASP6	in	cleav-
age	 of	 LB1.	 To	 further	 confirm	 these	 results,	 we	 postulated	 that	
CASP6	might	 be	 degraded	 in	 this	 model,	 and	 therefore	 aimed	 to	
examine	 the	 interaction	of	CTSL	 and	CTSB	with	CASP6	 and	 LB1.	
Purified	 recombinant	 human	 LB1	 (rhLB1)	 was	 incubated	 with	 rh-
CASP6,	rhCTSL,	and	rhCTSB	and	their	respective	inhibitors	at	pH	7.4	
to	recapitulate	the	potential	interaction	of	these	enzymes	after	lyso-
somal membrane damage. Our data confirmed two distinct cleavage 
patterns	of	 rhLB1	 for	CTSL	and	CASP6.	CTSL-	cleaved	 rhLB1	with	
higher efficiency and produced a different cleaved product from 
CASP6	 (Figures	 6a	 and	 S3D,E).	 This	 was	 completely	 inhibited	 by	
CTSL	inhibitor	z-	FY-	CHO	(Figures	6a	and	S3D,E).	The	cleavage	pat-
tern	of	LB1	was	similar	to	that	observed	after	Aβ42	toxicity	in	SH-	
SY5Y	(Figure	4a),	primary	rat	hippocampal	neurons	(Figure	4d),	and	
in	3xTg	mouse	hippocampal	samples	(Figure	1a)	as	well	as	in	human	
AD	brain	 tissue	 (Figure	3c).	The	potential	 involvement	of	CTSB	 in	
cleavage	of	LB1	was	negated	in	these	experiments	(Figure	6a,	Figure	
S3D,E	and	S5A).

To	 investigate	 the	 lack	 of	 CASP6-	mediated	 LB1	 fragment	
(46	 kDa)	 in	 Aβ42	 toxicity,	 rhCASP6	 was	 incubated	 with	 purified	
rhCTSL	 and	 rhCTSB	 in	 the	 presence	 and	 absence	 of	 z-	FY-	CHO	
and	CA074-	me,	 respectively.	Our	data	showed	that	CTSL,	but	not	
CTSB	 can	 effectively	 digest	 both	 pro	 and	 active	 forms	 of	 CASP6	
(Figure	6b).	Loss	of	CASP6	was	completely	abolished	in	the	presence	
of	the	CTSL	inhibitor.	CTSL	mediated	degradation	of	CASP6	was	also	
confirmed	by	CASP6	enzymatic	assay	(Figure	6b).	To	validate	these	
findings	in	a	cellular	context,	we	have	incubated	whole-	cell	extract	
(SH-	SY5Y)	with	rhCTSL	and	rhCTSB.	Administration	of	rhCTSL	re-
sults	in	cleavage	of	LB1,	CASP6,	and	histone	H3	in	a	similar	fashion	
to	Aβ42- treated cells and was successfully prevented by its inhibitor 
z-	FY-	CHO	(Figure	S5A,B).	The	other	major	cellular	cysteine	prote-
ase,	rhCTSB,	did	not	show	any	effect	on	LB1,	CASP6,	and	histone	
H3	(Figure	S5A,	B).

Taken	 together,	 these	 results	 suggest	 that	 CTSL	 is	 the	main	
player	 in	 cleaving	 LB1	 in	 Aβ42- mediated nuclear damage. The 
source	of	the	active	form	of	CTSL	in	NL	degradation	is	not	clear.	
Previous	 studies	 (Duncan	et	 al.,	 2008;	Goulet	 et	 al.,	 2004)	have	
reported	the	presence	of	a	catalytically	active	form	of	CTSL	in	the	
nucleus;	we	therefore	asked	whether	activating	this	nuclear	CTSL	
will produce a similar pattern of lamin B cleavage in isolated nuclei. 
To test this hypothesis, freshly isolated nuclei from healthy SH- 
SY5Y	cells	were	 incubated	at	nuclear	pH	7.4	for	one	hour	at	37°	
C	with	and	without	respective	cathepsin	inhibitors.	As	expected,	
CTSL-	mediated	cleavage	of	LB1	was	seen,	which	was	inhibited	by	
the	CTSL	inhibitor	(Figure	S5C).	To	identify	the	specific	cleavage	



    |  9 of 18ISLAM et AL.

sites	for	CTSL	in	LB1,	we	carried	out	an	in	vitro	reaction	of	rhCTSL	
and	rhLB1	(pH	7.4)	and	analyzed	the	products	by	mass	spectrom-
etry	(MS).	These	data	revealed	that	CTSL	cuts	most	frequently	at	
arginine	(R)	and	lysine	(K)	on	lamin	B	(Figure	6c).	The	most	favored	

cleavage site was found to be R136. In addition, there were some 
instances	where	CTSL	cleaved	at	a	hydrophilic	amino	acid	such	as	
S,	E,	and	T.	A	 list	of	peptides	with	their	corresponding	sequence	
locations	on	hLB1	and	mass	(Da)	is	shown	in	Table	S1.	A	decreasing	

F I G U R E  5 Lamin	B1	damage	in	Aβ42	toxicity	is	associated	with	lysosomal	membrane	permeabilization.	(a)	Representative	acridine	orange	
staining	confirmed	the	induction	of	LMP	in	Aβ42-	treated	SH-	SY5Y	cells.	Scale	bar	= 20 µm.	LMP	was	quantified	using	green	fluorescence	
intensity/cell.	A	minimum	of	100	cells/condition	were	examined.	****p <	0.0001.	(t	test)	(b)	LMP	was	further	assessed	by	measuring	CTSL	
and	CTSB	enzymatic	activities	in	cytosolic	fractions	at	pH	5.0	and	pH	7.4.	Data	shown	here	represents	mean	±SEM	of	n = 3 independent 
experiments.	*p < 0.05. The purity of cytosolic fraction was confirmed by a Western blot against β-	actin	(cytosol)	and	LAMP2	(lysosome).	
(c)	Pharmacological	inhibition	of	CTSL	prevents	Aβ42-	induced	lamin	B1	cleavage.	SH-	SY5Y	cells	were	pre-	treated	with	indicated	inhibitors	
(20	µM	each)	overnight.	Medium	was	changed,	and	cells	were	exposed	to	Aβ42	(5	µM)	for	16	h.	Cathepsin	and	lamin	B	were	assessed	by	
Western	blotting	in	whole-	cell	lysates.	(d)	Quantification	of	Western	blot	results	in	c,	data	presented	as	mean	±	SEM,	n = 3 independent 
experiments,	*p <	0.05,	**p <	0.01,	and	***p <	0.001,	respectively	(one-	way	ANOVA/Tukey's	post	hoc).	Upregulation	of	cathepsin	B	and	L	
coincided	with	appearance	of	the	21	kDa	lamin	B1	product	in	Aβ42-	treated	group.	This	was	robustly	prevented	by	z-	FY-	CHO	and	partially	
by	CA074-	me
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FIGURE	6 	Legend	on	next	page
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trend	 in	 cystatin	B	 protein	 level	 (endogenous	 inhibitor	 of	CTSL)	
was	observed	 in	 the	AD	brain	 samples	 (n = 3, p <	 0.01)	 (Figure	
S5D,E).

These	data	collectively	indicate	that	in	Aβ42-	mediated	cytotox-
icity,	CTSL	acquires	a	monopoly	 role	 in	LB1	damage	 through	deg-
radation	 of	 CASP6.	 In	 line	 with	 these	 observations,	 significantly	
decreased	level	of	CASP6	was	detected	in	human	AD	brain	samples	
compared	to	CTL	(n = 3, p <	0.05)	(Figure	S5D,E).	Our	data	indicate	a	
novel	role	for	CTSL	in	mediation	of	LB1	damage	and	induction	of	NL	
invagination.	However,	considering	the	wide	range	of	CTSL	protease	
activity,	the	potential	contribution	of	other	CTSL	substrates	 in	AD	
pathology	cannot	be	excluded	in	the	present	study.

2.6  |  Genetic manipulation of CTSL negatively 
affects LB1 damage in Aβ42 toxicity

To	further	examine	the	role	of	cathepsins	in	degradation	of	LB1	in	
Aβ42	toxicity	model	and	to	confirm	the	specificity	of	pharmacologic	
inhibitors	of	cathepsins,	we	employed	cultures	of	MEF	cells	derived	
from	CTSL	and	CTSB	knockout	mice.	Cellular	phenotype	was	first	
confirmed	by	Western	blot	and	enzymatic	activity	(Figure	S5F,G).	This	
was associated with compensatory upregulation of CTSB protein in 
Ctsl−/−	cells,	and	increased	levels	of	CTSL	in	Ctsb−/−	Cells	(Figure	S5F).	
Similar	to	SH-	SY5Y	cells,	treating	the	wild-	type	MEF	cells	with	Aβ42 
resulted	in	increased	expression	of	CTSL	which	was	associated	with	
robust	deformation	of	nucleus	and	disintegration	of	LB1	(Figure	6d).	
These	 changes	 were	 absent	 in	 CTSL-	KO	 MEF	 cells	 (Figure	 6d).	
Interestingly, the Ctsb−/−	cells,	with	increased	level	of	CTSL	protein	
had	the	worst	outcome	after	exposure	to	Aβ42	(Figure	6d).	Overall,	
these	experiments	proposed	 that	CTSL-	mediated	LB1	degradation	
in	 response	 to	 Aβ42	 treatment	 is	 an	 exclusive	 phenomenon	 and	
can	 be	 alleviated	 by	 genetic	 deletion	 of	CTSL.	Of	 particular	 note,	
overexpression	of	human	CTSL	in	transgenic	MEF	cells	(TghCTSL+/+)	
(Figure	S5H,I)	was	sufficient	to	induce	LB1	damage	in	the	absence	
of	 any	Aβ treatment, as shown by generation of the 21 kDa frag-
ment,	which	was	completely	prevented	by	CTSL	inhibitor	(Figure	6e).	

Contrarily, TghCTSB+/+	cells	did	not	cause	LB1	cleavage	(Figure	6e).	
These	data	further	confirm	that	LB1	is	a	specific	substrate	of	CTSL.

2.7  |  LB1 damage affects nuclear architecture and 
induces histone modification

A	robust	change	in	nuclear	size	and	DNA	density	was	noted	in	cells	
exposed	to	Aβ42. We therefore employed 3D- SIM super- resolution 
microscopy	 to	 quantitatively	 measure	 changes	 in	 DNA	 organiza-
tion. This was achieved by granulometry, a method that is used for 
measuring	 DNA	 compaction	 and	 DNA-	free/poor	 space	 in	 nuclei	
(Righolt	 et	 al.,	 2014).	 We	 observed	 that	 Aβ42 treatment caused 
robust	changes	 in	compaction	of	nuclear	chromatin	 (n =	2	experi-
ments, p =	1.1744E-	138)	and	significant	increase	in	DNA-	free	space	
(p =	 5.7328E-	17)	 in	 SH-	SY5Y	 cells	 (Figure	 7a,b).	 Pre-	treatment	 of	
these	 cells	 with	 z-	FY-	CHO,	 significantly	 prevented	 DNA	 compac-
tion	(light	granulometry:	p =	0.700E-	04),	although	changes	in	DNA-	
free	 space	 were	 not	 statistically	 significant	 (dark	 granulometry:	
p =	0.5810)	(Figure	7a,b).

The	involvement	of	NL	in	regulation	of	gene	expression	has	been	
attributed to its physical contact with lamin- associated domains 
(LAD)	and	induction	of	epigenetic	changes	in	nuclear	chromatin.	We	
therefore	asked	whether	changes	in	CTSL-	LB1	axis	are	involved	in	in-
duction of such changes. 3D confocal microscopy in immunolabeled 
SH-	SY5Y	cells	was	used	to	examine	the	effect	of	Aβ42 treatment on 
the	extent	of	histone	modification.	Using	antibodies	to	H3K9ac	and	
H3K9me2 as indicators of acetylation and methylation, representing 
epigenetic changes, we detected significant overall increase in histone 
acetylation	 (n =	3	experiments,	p <	0.05).	The	 intensity	of	H3K9ac	
staining	was	specifically	higher	in	areas	where	LB1	integrity	was	com-
promised	(Figure	7c,	white	arrow	heads).	Pre-	treatment	of	cells	with	
CTSL	 inhibitors	prevented	the	overall	 increase	 in	H3K9	acetylation	
(p<0.05)	(Figure	7c).	Aβ42- induced hyperacetylation of histone H3 at 
K9	was	further	verified	by	Western	blot	analysis	in	cell	extracts	and	
was	ameliorated	after	CTSL	 inhibition	 (n = 2, p <	0.05)	 (Figure	7d).	
We then focused to better understand the underlying mechanisms 

F I G U R E  6 Cathepsin	L	(CTSL)	is	the	main	protease	in	degradation	of	lamin	B1.	(a)	Recombinant	human	(rh)	LB1	(1	µg)	was	incubated	
with	equal	amount	of	(50	ng)	rhCasp6,	rhCTSL,	and	rhCTSB	at	pH	7.4	for	the	indicated	time.	Western	blot	comparing	the	protease	activity	
of	CTSL,	CTSB,	and	CASP6	in	processing	of	LB1,	in	a	cell-	free	condition.	The	21	kDa	fragment	of	LB1,	similar	to	the	one	seen	in	Aβ42 
treatment	and	AD	mouse	and	human	samples	was	only	produced	by	rhCTSL	and	inhibited	by	its	specific	inhibitor.	Data	are	representative	
of	4	independent	experiments.	CASP6	produced	a	~46	kDa	fragment	that	was	inhibited	by	z-	VEID-	FMK.	rhCTSB	did	not	have	any	effect	
on	rhLB1.	(b)	Enzymatic	activity	and	Western	blotting	confirming	that	CASP6	is	degraded	by	CTSL.	rhCasp6	(1	µg)	was	incubated	with	
rhCTSL	and	rhCTSB	(50	ng	each)	without/with	their	specific	inhibitors	for	1	h	at	37°C.	Only	rhCTSL	degraded	rhCasp6.	These	results	were	
further	validated	using	rhCasp6	enzymatic	activity	using	Ac-	VEID-	amc	as	substrate	(bar	graph).	(c)	In	vitro	reaction	mixture	of	rhLB1	and	
rhCTSL	was	subjected	to	mass	spectrometry,	and	CTSL-	mediated	cleavage	sites	on	LB1	were	determined	by	analyzing	the	small	peptides	
produced	in	mass	spectrometry.	The	abundance	of	the	peptides	was	established	by	considering	peptide	spectrum	match	(PSM)	7	or	more.	
The	cleavage	sites	are	indicated	with	blue	arrow	heads.	Peptides	are	listed	in	Table	S1.	(d)	Genetic	inhibition	of	CTSL	prevents	invagination	
of	LB1.	Representative	3D	confocal	microscopy	depicting	the	effect	of	Aβ42	on	LB1	was	assessed	in	WT,	Ctsl−/−, and Ctsb−/−	MEF	cells	after	
treatment with 5 µM	of	Aβ42	for	16	h.	Depletion	of	CTSL−/−	effectively	prevented	LB1	damage.	n =	3	independent	experiments,	*p < 0.05, 
and	***p <	0.001,	respectively	(one-	way	ANOVA/Tukey's	post	hoc),	Scale	bar:	10	µm.	(e)	Western	blotting	confirmed	that	overexpression	of	
CTSL	(TghCTSL+/+)	is	sufficient	to	induce	LB1	cleavage	in	normal	conditions,	however,	pre-	treatment	with	z-	FY-	CHO	effectively	prevented	
LB1	damage.	WT,	Ctsl−/−, and Ctsb−/−	indicate	wilt	type,	CTSL,	and	CTSB	knock	out,	respectively
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FIGURE	7 	Legend	on	next	page
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involved in regulation of H3 acetylation. While histone acetyltrans-
ferase-	1	(HAT1)	did	not	change	after	Aβ42	treatment	(n =	2),	histone	
deacetylase	1	 (HDAC1)	was	 robustly	decreased	 (p <	0.05)	 in	 these	
cells	but	returned	to	normal	levels	in	the	presence	of	CTSL	inhibitor	
(p <	 0.05)	 (Figure	7d).	A	 significant	 increase	 in	 chromatin	methyla-
tion was detected by assessment of H3K9me2 signal intensity after 
administration	of	Aβ42	 in	SH-	SY5Y	(n = 3, p <	0.0001),	which	was	
effectively	lowered	by	CTSL	inhibition	(p <	0.0001)	(Figure	7e).	These	
results	were	further	confirmed	by	Western	blotting	in	Aβ42 treated 
cell	extracts	(n = 2, p <	0.05)	(Figure	7f).	To	check	the	applicability	of	
these	findings	in	an	animal	model	of	AD,	the	protein	levels	of	H3K9ac,	
HeK9me2,	HAT1,	and	HDAC1	were	assessed	in	the	hippocampus	of	
3xTg	mice	at	2-		and	6-	month	age.	Although	there	was	no	detectable	
difference in H3K9ac levels at 2 months, H3K9ac levels were signifi-
cantly	(p <	0.01)	upregulated	at	6	months	(Figure	S6A,B).	Conversely,	
the	2-	month-	old	3xTg	mice	displayed	significantly	higher	protein	lev-
els	of	HDAC1	(n = 3, p <	0.01),	HAT1	(n = 3, p <	0.05),	and	H3K9me2	
(n = 4– 5, p <	0.05)	than	the	wild-	type	controls.	These	differences	dis-
appeared	in	6-	month-	old	mice	(Figure	S6A,B).	The	findings	were	fur-
ther	validated	using	human	AD	brain	samples.	Previous	reports	have	
shown an increase in acetylation of histone H3 at lysine 9 residues 
(K9)	in	AD	(Klein	et	al.,	2019).	We	also	found	an	overall	increasing	ten-
dency	in	H3K9Ac	(n = 3, p =	0.238)	that	coincided	with	a	significant	
increase	(n = 3, p <	0.05)	in	HAT1	in	AD	brain	tissues	(Figure	S6C,D).	
Similarly,	 treatment	of	 primary	mouse	 cortical	 neurons	with	Aβ42- 
induced	LB1	invagination	and	increased	acetylation	of	histone	at	K9	
(n = 2, p <	0.0001)	which	was	ameliorated	by	CTSL	inhibitor	(n = 2, 
p <	0.01)	(Figure	S6E).

3  |  DISCUSSION

In	the	present	study,	we	have	identified	CTSL	as	an	important	player	
in	regulation	of	NL	integrity	in	an	in	vitro	model	of	Aβ	toxicity.	This	
was associated with significant structural changes that altered 

chromatin	 organization	 and	 caused	 histone	 modifications.	 These	
changes were substantially alleviated after pharmacologic and ge-
netic	 downregulation	 of	 CTSL.	 Further	 support	 for	 CTSL	 involve-
ment	in	nuclear	changes	was	obtained	in	the	3xTg	mouse	model	of	
AD	 and	 in	 human	 postmortem	 hippocampal	 tissue.	 Neuronal	 NL	
damage	is	a	newly	identified	frontier	in	AD	pathology	and	our	dis-
covery	unraveling	the	key	role	of	CTSL	in	degradation	of	LB1	is	an	
important finding that fills the gap in the field and may provide im-
portant information for developing new therapeutic strategies.

3.1  |  Nuclear lamina degradation is a prominent 
feature of Alzheimer's disease pathophysiology

The	 importance	 of	 NL	 integrity	 in	 cell's	 functional	 and	 structural	
health is mediated by its anchoring role for nuclear chromatin, pro-
viding	a	functional	compartmentalization	for	gene	expression.	The	
genome	 is	divided	 into	smaller	sub-	domains	A	and	B	 (Dixon	et	al.,	
2015).	Genes	associated	with	compartment	A	are	considered	to	be	
active and mostly euchromatic, whereas, B compartment associ-
ated	genes	are	inactive	(Lieberman-	Aiden	et	al.,	2009)	and	hetero-
chromatic.	A	tightly	regulated	dynamic	relationship	exists	between	
the domains, that is, a gene can move between the compartments 
(Dixon	et	al.,	2015),	and	this	is	controlled	by	the	association	of	these	
compartments	with	other	functional	parts	such	as	NL	(Reddy	et	al.,	
2008;	Zullo	et	al.,	2012).	Nuclear	LB1	is	related	to	compartment	B	
and	 restricts	 the	 accessibility/transcription	 of	 LB1-	tethered	 genes	
(Reddy	et	al.,	2008).	It	is	therefore	expected	that	any	disruptions	of	
LB1	affect	cellular	function.	LB1	physical	interaction	with	Oct1	tran-
scription	factor	is	vital	for	neuronal	survival	under	oxidative	stress	
(Malhas	et	al.,	2009),	and	hence,	genetic	deletion	of	LB1	or	Oct1	has	
been shown to result in dysregulation of various systems including 
those	 relevant	 to	 oxidative	 stress	 and	 aging	 (Malhas	 et	 al.,	 2009).	
This	regulatory	role	of	LB1	has	also	been	shown	in	models	of	neuro-
degeneration	(Frost	et	al.,	2016).

F I G U R E  7 Lamin	B1	damage	in	Aβ42	toxicity	affects	nuclear	architecture	and	chromatin	remodeling.	To	examine	the	effect	of	LB1	
invagination	observed	in	Aβ42	toxicity,	we	exposed	the	SH-	SY5Y	cells	to	Aβ42	(5	µM,	16	h),	with/without	pre-	treatment	with	CTSL	inhibitor	
(z-	FY-	CHO,	20	µM).	(a)	Micrographs	representing	3D-	Struture	Illumination	Microscopy	(3D-	SIM)	of	DAPI-	stained	cells.	(Scale	bar	= 1 µm)	
(b)	Granulometry	analysis	of	images	in	a	is	shown	by	graph	(cumulative	distribution	vs	size	in	µm).	A	minimum	of	39	cells/condition	
were	analyzed.	Data	are	representative	of	two	independent	experiments	and	reported	as	mean	±	SEM.	Statistical	analysis	(one-	way	
ANOVA/Tukey's	post	hoc)	showed	that	administration	of	Aβ42	significantly	increased	DNA	compaction,	as	shown	by	light	granulometry:	
(p =	1.1744E-	138)	that	was	prevented	in	cells	pre-	treated	with	z-	FY-	CHO	(p =	0.700E-	04).	DNA-	free	space,	assessed	by	dark	granulometry,	
was	also	increased	after	Aβ42	administration	(CTL	vs.	Aβ42, p =	5.7328E-	17),	although	it	did	not	fully	recover	after	inhibition	of	CTSL	
(Aβ42 +	z-	FY-	CHO:	p =	0.5810).	(c)	Representative	3D	confocal	microscopy	depicting	epigenetic	changes	(H3K9ac)	associated	with	lamin	
B1	damage.	While	inhibition	of	CTSL	(z-	FY-	CHO,	20	µM)	robustly	alleviated	these	changes,	inhibition	of	CTSB	(CA074-	me,	20	µM)	was	
not	equally	effective.	Quantitative	analysis	of	H3K9ac	mean	fluorescence	intensity	(MFI)/cells	(n ≥	46	cells/treatment	group)	is	shown	as	a	
bar	graph.	Data	are	representative	of	three	independent	experiments	and	reported	as	mean	±	SEM,	*p <	0.05	(one-	way	ANOVA/Tukey's	
post	hoc),	Scale	bar	= 10 µm.	(d)	To	gain	a	mechanistic	view	of	molecular	changes	in	acetylation,	Western	blotting	was	performed,	showing	
that	the	increase	in	H3K9ac	was	due	to	decreased	HDAC1	levels	in	Aβ42	treated	cells	and	was	normalized	by	inhibition	of	CTSL.	n = 2 
independent	experiments,	data	are	mean	±	SEM.	*p <	0.05	(one-	way	ANOVA/Tukey's	post	hoc).	(e)	Confocal	micrographs	depicting	changes	
in	H3K9me2	in	this	experimental	model.	Mean	fluorescence	intensity	for	H3K9me2	was	analyzed	(n	≥	41	cells/conditions)	and	reported	as	
mean ±SEM.	****p <	0.0001	(one-	way	ANOVA/Tukey's	post	hoc),	Scale	bar:	10	µm.	(f)	H3K9me2	and	G9a	were	probed	for	Western	blotting	
after	treating	SH-	SY5Y	cells	as	stated	in	e.	Quantitative	bar	graphs	of	the	indicated	protein	levels.	Data	reported	as	mean	±	SEM.	*p < 0.05 
(one-	way	ANOVA/Tukey's	post	hoc)
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The	available	literature	indicates	the	involvement	of	NL	dam-
age	 in	 pathophysiology	of	AD	 in	 a	wide	 range	of	 in	 vitro	 and	 in	
vivo	animal	models	as	well	as	in	postmortem	brain	tissue	from	AD	
patients.	 Earlier	 genetic	 and	pharmacologic	models	 showed	 that	
targeting	cellular	antioxidants	result	 in	NL	damage	and	neurode-
generation	(Dias-	Santagata	et	al.,	2007;	Frost	et	al.,	2014).	These	
studies	proposed	that	NL	damage	is	a	consequence	of	Tau	hyper-
phosphorylation	(Frost	et	al.,	2014)	and	leads	to	aberrant	gene	ex-
pression	(Cornelison	et	al.,	2019;	Sun	et	al.,	2018).	Research	from	
our	 group	 further	 proposes	 the	 involvement	 of	 oxidative	 stress,	
as	mediated	by	inhibition	of	thioredoxin	system	and	activation	of	
caspase-	6	(Islam	et	al.,	2019).	Using	3xTg	mice	in	which	Aβ deposi-
tion	occurs	before	NFT	formation,	the	present	study	suggests	that	
LB1	damage	is	an	early	event	that	can	be	detected	in	hippocampus	
as	early	as	2	months	of	age.	Aβ	deposition	and	NFT	formation	in	
this model are reported to occur between 6 and 12 months of age 
(Oddo	 et	 al.,	 2003).	We	 further	 used	 an	 in	 vitro	model	 of	Aβ42 
toxicity	and	showed	that	LB1	damage	can	also	be	induced	by	Aβ42 
toxicity.

Collectively, the available literature from different models of 
AD	disease	 including	Tau	toxicity,	genetic	and	pharmacologic	 inhi-
bition	of	Trx	system,	and	our	current	observation	with	Aβ42 model, 
indicate	that	LB1	degradation	 is	a	common	event	 in	these	models,	
however,	whether	this	is	the	cause	or	consequence	of	these	changes	
remain unknown.

3.2  |  Cysteine cathepsins and NL damage in AD

In	these	studies,	we	showed	LB1	damage	coincided	with	increased	
lysosomal	 size	 and	 membrane	 permeability	 and	 was	 associated	
with	elevated	CTSL	protein	 level	and	enzymatic	activity	 in	Aβ42 
toxicity	model,	hippocampal	lysate	from	3xTg	mouse	and	in	human	
brain	 tissue	 from	 AD	 patients.	 Using	 pharmacological	 inhibitor,	
we	showed	that	CTSL	inhibition	can	successfully	inhibit	NL	dam-
age. Proof of principle data from Ctsl−/−	MEF	cells	confirmed	the	
specificity	of	CTSL	while	genetic	depletion	(Ctsb−/−)	or	overexpres-
sion	 (TgCtsb+/+),	 did	 not	 have	 any	major	 effect	 on	 LB1	 degrada-
tion. In fact, the Ctsb−/− cells displayed the worst degradation of 
LB1	when	exposed	to	Aβ42. There are conflicting reports on the 
role	of	CTSB	 in	Aβ	 toxicity	 in	AD,	 identifying	CTSB	as	a	protec-
tive	protease	by	digesting	Aβ and reducing its accumulation in the 
neuronal	cells	(Mueller-	Steiner	et	al.,	2006;	Perlenfein	&	Murphy,	
2017;	Wang	et	al.,	2012;	Zhou	et	al.,	2020).	Supporting	this	notion,	
overexpressing	CTSB’s	endogenous	inhibitor	cystatin	C	had	been	
proposed	to	 initiate	the	onset	of	AD	(Wang	et	al.,	2012).	On	the	
contrary,	overexpressing	cystatin	C	was	also	shown	to	reduce	Aβ 
load	in	AD	mice	(Mi	et	al.,	2007),	suggesting	a	harmful	effect	for	
CTSB	in	Aβ	metabolism.	In	our	study,	application	of	Aβ42 in cul-
tures	of	MEF	cells	lacking	CTSB,	exacerbated	nuclear	morphology,	
although	 this	may	be	 the	 result	of	 impaired	Aβ clearance due to 
the lack of CTSB, but it also can be a reflection of compensatory 
increased	expression	of	CTSL	 in	 these	cells.	Overall,	our	 studies	

showed	that	CTSL	and	not	CTSB	is	involved	in	maintaining	nuclear	
integrity	in	these	experimental	conditions.

Upregulation	of	 cathepsin	 L	 activity	 in	 these	 experiments	was	
associated	with	degradation	of	CASP6	and	inhibition	of	its	activity,	
perhaps	 proposing	 an	 anti-	apoptotic	 activity,	 for	 CTSL.	 This	 was	
supported	by	 lack	of	Casp3	activation	 in	Aβ42	toxicity	model	and	
in	 3xTg	mouse.	 A	 similar	 anti-	apoptotic	 or	 pro-	autophagy	 role	 for	
CTSL	has	been	previously	reported	through	its	capacity	to	degrade	
CTSD,	which	 in	 turn	 is	 an	activator	of	CASP3-	mediated	apoptosis	
(Zheng	et	al.,	2008).	Our	results	propose	that	CTSL	activation	delays	
the onset of apoptosis by inhibiting caspases, and therefore, are in 
agreement with a previous report showing that classical apoptosis 
was	only	induced	in	late	stages	of	AD	pathology	(Guglielmotto	et	al.,	
2014).

3.3  |  Cathepsin L involvement in nuclear 
reorganization

The	 importance	of	CTSL	has	been	shown	in	a	variety	of	biological	
processes from cell division to cell death. We provide evidence that 
a	catalytic	form	of	CTSL	is	activated	in	the	nuclear	compartment	and	
contributes	to	NL	damage	in	Aβ42-	mediated	toxicity.	A	similar	ob-
servation	has	been	previously	reported	involving	CTSL	regulation	of	
cell	proliferation	through	processing	of	CDP/Cux	transcription	factor	
in	NIH3T3	(Goulet	et	al.,	2004).	The	authors	showed	that	this	cata-
lytic	form	of	CTSL	is	shorter,	lacking	a	signal	peptide	and	is	targeted	
to	nuclear	 compartment.	Accordingly,	 inhibition	of	CTSL	 is	 shown	
to	 disrupt	 cell	 proliferation	 in	 cancer	 cells	 (Tamhane	 et	 al.,	 2016).	
Another	evidence	 for	nuclear	 activity	of	CTSL	has	been	 shown	 in	
differentiation of mouse embryonic stem cells that is regulated by 
cleavage	of	histone	H3	(Duncan	et	al.,	2008).	Activation	of	CTSL	has	
been	linked	to	degradation	of	DNA	repair	machinery,	for	example,	
53BP1,	pRb,	and	p107	(Das	et	al.,	2013;	Grotsky	et	al.,	2013).

In	our	study,	we	provide	the	first	evidence	that	CTSL	can	cause	
structural	 and	 functional	 changes	 to	NL	 by	 cleaving	 LB1.	We	have	
shown	 that	 degradation	 of	 NL	 in	 Aβ42	 toxicity	 results	 in	 overall	
shrinkage	of	the	nucleus,	 increased	compaction	of	DNA,	and	DNA-	
free space in the nucleus. This is in agreement with a previous study 
showing	increased	chromatin	density	in	Aβ	toxicity	model	(Estus	et	al.,	
1997).	Immunostaining	data	revealed	a	robust	increase	in	H3K9ac	in	
regions	with	low	LB1	signals,	indicating	that	LB1	level	negatively	regu-
lates	acetylation.	This	is	in	agreement	with	a	recent	report	showing	ex-
tensive	acetylation	in	tauopathy	and	AD	(Klein	et	al.,	2019).	Whether	
the	 cleaved	 LB1	 fragments	 play	 direct	 role	 in	 induction	 of	 these	
changes	remains	to	be	further	examined.	Additionally,	hypermethyl-
ation	of	H3	is	another	event	in	AD	that	has	been	linked	to	changes	in	
gene	expressions	(Frost	et	al.,	2014,	2016).	We	also	observed	an	over-
all	increase	in	H3	methylation	at	K9	in	response	to	Aβ42 treatment in 
SH-	SY5Y	cells,	which	was	further	confirmed	in	3xTg	mice.	However,	
as	CTSL	has	a	wide	range	of	nuclear	substrates	(discussed	above),	the	
potential	contribution	of	other	CTSL	substrates	in	nuclear	events	can-
not be negated. This area deserves further research for identification 
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of	downstream	players	after	CTSL	activation	and	may	lead	to	discov-
ery of more effective therapeutic target.

3.4  |  Limitations of the study

In	this	study,	we	have	used	undifferentiated	SH-	SY5Y	neuroblastoma,	
primary	cortical,	and	hippocampal	neurons	from	E18	mouse	embryo	
to	 study	 the	molecular	events	 associated	with	Aβ42	 toxicity.	While	
these	 models	 have	 been	 extensively	 used	 for	 shaping	 our	 current	
knowledge	of	neurodegeneration	process	 in	AD,	 the	chronic	nature	
of	neurodegeneration	cannot	be	appropriately	examined	under	these	
in vitro conditions and must be complemented by animal models and 
available	human	tissue.	Accordingly,	using	the	widespread	3xTg	mouse	
model	of	AD	that	display	evidence	of	tauopathy	and	amyloid	beta	tox-
icity before the onset of cognitive deficits, we showed the relevance of 
these	finding	in	human	brain	samples	from	AD	patients	and	controls.	
However, one must consider the inevitable limitations of accessing 
human samples including the variance in postmortem tissue retrieval.

3.5  |  Conclusion

Collectively, our findings in the current study are suggestive of a 
central	 role	 for	CTSL	 in	 induction	of	NL	damage	 in	models	of	AD.	
We	have	 shown	 that	upregulation	of	CTSL	 is	 associated	with	LB1	
digestion	and	induction	of	NL	invagination.	Robust	chromatin	reor-
ganization	and	histone	modifications	occurred	in	the	model	of	Aβ42 
toxicity,	which	was	alleviated	by	inhibition	of	CTSL.	We	are	propos-
ing	new	enzyme-	substrate	(CTSL-	LB1)	system	for	the	first	time	with	
experimental	evidence.	The	applicability	of	these	findings	in	target-
ing	CTSL	as	a	therapeutic	approach	in	AD	animal	models	will	be	an	
exciting	 future	 research	direction.	This	will	 require	novel	methods	
for	in	vivo	modulation	of	the	neuronal	CTSL/LB1	axis.

4  |  MATERIAL S AND METHODS

4.1  |  Reagents and antibodies

Reagents and antibodies used for the study are listed in Tables S2a 
and S2b, respectively.

4.2  |  Animals

3xTg	mice	(a	gift	from	Dr.	Mark	Mattson,	National	Institutes	of	Health,	
Baltimore,	Maryland),	were	maintained	on	a	C57BL/6	background	for	
eight	generations.	Only	homozygous	mice	(four	males	and	four	females	
for	 each	 time	 point)	 for	 the	 transgene	 and	 their	 age-	matched	wild-	
type	controls	were	used	for	the	study.	The	3xTg	mice	express	three	
transgene	(APPswe, PS1M146V, and Tau P301L)	and	show	evidence	of	
amyloid	plaque	and	NFT	formation,	with	early	signs	of	mild	cognitive	

impairment	at	six	months	of	age	(Stover	et	al.,	2015).	The	deposition	
of	amyloid	beta	plaques	occurs	before	formation	of	NFT	in	this	model	
(Oddo	 et	 al.,	 2003).	We	 additionally	 used	 APP/PS1	mice	 generated	
from	 cross-	breeding	 of	 a	 single	 transgenic	 mice	 expressing	 human	
APPK670N/M671L	with	mice	expressing	human	PS1M146L	(Y.	Wang	
et	al.,	2019).	All	animal	use	was	carried	out	according	to	standard	proto-
cols	approved	by	the	University	of	Manitoba	Animal	Care	Committee	
in	accordance	with	 the	Canadian	Council	on	Animal	Care	guidelines	
and	policies.	Animals	were	euthanized	at	indicated	age	and	their	left	
and right hippocampi tissue were collected. For protein analysis, the 
hippocampal	tissue	was	lysed	in	a	lysis	buffer	(50	mM	Tris-	HCl	pH	8.0,	
150	mM	NaCl,	5	mM	EDTA,	1%	v/v	NP-	40)	by	manual	homogenization	
followed	by	sonication	(10s	X	3)	on	ice.	Samples	were	then	centrifuged	
for 30 min at 16,200 g	at	4°C.	The	supernatant	was	used	immediately	
for	measurement	of	cathepsin	L	(CTSL)	and	cathepsin	B	(CTSB)	enzy-
matic activity. The remaining supernatant was treated with protease 
and phosphatase inhibitors for Western blot sample preparation ac-
cording	to	our	routine	procedures	(Islam	et	al.,	2019).

4.3  |  Lysosome size analysis

3D confocal microscopy images were converted to 8- bit im-
ages,	 and	 the	 size	of	 the	 lysosomes	were	determined	using	 Image	
J	 software.	 “Analyze	 particles”	 tool	 was	 used	 with	 a	 set	 param-
eter of Threshold =	 Auto	 (Triangle	 method);	 Size	= 0.1– 1.5 µm2, 
Circularity = 0.05– 1.00, Scale =	9.76	pixel/µm.

4.4  |  Statistical analysis

We used GraphPad Prism version 6.00 for Windows. For compar-
ing	 two	experimental	 groups,	 Student's	 t test was used. One- way 
ANOVA	followed	by	Tukey's	post	hoc	test	was	performed	to	com-
pare	more	 than	 two	experimental	 groups.	Sample	 size	and	 signifi-
cance level have been indicated in the figures and legends.
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