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cytokines	present	in	the	milieu	of	inflamed	rheumatoid	arthritis	
(RA)	 or	 OA	 synovial	 joints	 [1-5].	 However,	 the	 growth	 and	
phenotypic	 stability	 of	 cultured	 human	 chondrocytes	 obtained	
by	enzymatic	dissociation	of	RA	or	OA	cartilage	specimens	may	
be	 seriously	 compromised	 by	 the	 effects	 of	 antecedent	 drug	
therapies	in	vivo	as	well	as	chondrocyte	expansion	in vitro.	This	

Introduction
Over	the	last	30	years	or	so,	in vitro	studies	of	human	chondrocytes	
isolated	 from	 non-arthritic	 and/or	 osteoarthritic	 (OA)	 human	
cartilage	furthered	the	understanding	of	how	articular	cartilage	
was	likely	to	respond	to	the	elevated	levels	of	pro-inflammatory	
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Abstract
Background:	Activation	of	the	SAPK/MAPK	signaling	pathway	by	pro-inflammatory	
cytokines	is	known	to	induce	apoptosis	in	cultured	articular	chondrocytes.	C-28/I2,	
an	immortalized	human	juvenile	chondrocyte	cell	line	was	employed	to	determine	
the	 extent	 to	 which	 recombinant	 human	 (rh)	 forms	 of	 the	 pro-inflammatory	
cytokines,	tumor	necrosis	factor-α	(rhTNF-α,),	interleukin-6	(rhIL-6)	and	oncostatin	
M	(rhOSM)	induced	apoptosis.	

Methods:	The	induction	of	apoptosis	in	the	presence	or	absence	of	these	cytokines	
was	measured	by	 the	DAPI/TUNEL	assay,	by	whether	or	not	pro-caspase-3	was	
activated	 and	 by	 the	 extent	 to	 which	 poly-ADP-ribose	 polymerase	 (PARP)	 was	
degraded.	

Findings: Only	 rhTNF-α,	 and	 rhIL-6	 significantly	 increased	 apoptosis	 in	 C-28/
I2	 chondrocytes,	 although	 rhOSM	 exhibited	 a	 strong	 trend	 (p=0.067)	 towards	
increasing	 the	 frequency	 of	 apoptotic	 chondrocytes.	 The	 number	 of	 apoptotic	
C28/I2	chondrocytes	was	significantly	increased	(p=1.3	×	10-5)	by	the	combination	
of	rhTNF-α	and	U0126	(10	µM)	compared	to	rhTNF-α	alone.	However	apoptosis	
was	not	further	increased	by	combining	rhIL-6	with	U0126.	The	LI-COR®	western	
blot	 system	 showed	 that	 U0126	 (10	 µM)	 inhibited	 the	 phosphorylation	 of	
extracellular	 signal-regulated	 kinase-2	 (p-ERK2)	 by	 phorbol	 myristate	 acetate-
treated	immortalized	myometrial	cells,	U0126	(10	µM)	did	not	alter	total	U-ERK2.	
Western	blot	analysis	also	revealed	that	the	increased	frequency	of	apoptotic	C-28/
I2	chondrocytes	induced	by	rhTNF-α	and	rhOSM,	but	not	rhIL-6,	was	associated	
with	PARP	degradation.	However,	none	of	the	cytokines	resulted	in	pro-caspase-3	
activation.		

Conclusion:	These	results	showed	that	rhTNF-α	and	rhIL-6	were	strong	inducers	
of	apoptosis	in	the	immortalized	C-28/I2	human	chondrocyte	cell	line.	They	also	
suggested	that	inhibiting	ERK2	phosphorylation	via	U0126-mediated	inhibition	of	
MEK1/2	activity,	increased	rhTNF-α-induced	C-28/I2	chondrocyte	apoptosis.	
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would	especially	be	the	case	where	the	“resident”	cartilage	was	
sampled	from	the	knee	or	hip	of	RA	and	OA	patients.	Furthermore,	
the	 interpretation	of	 results	 from	cultured	human	chondrocyte	
studies	may	also	be	affected	by	any	number	of	several	structural	
changes	 in	 the	 cartilages	 from	 which	 these	 chondrocytes	 are	
obtained.	For	example,	altered	structures	could	include	the	thicker	
cartilage	from	a	patient	with	early	RA	or	OA,	versus	the	thinner,	
residual	cartilage	from	patients	with	end-stage	RA	or	OA.	To	avoid	
having	to	cope	with	these	and	other	anatomically-related	issues	
as	well	as	potential	tissue	sampling	problems,	such	as	needing	to	
avoid	problems	inherent	 in	sampling	cartilage	from	osteophytic	
spurs	of	OA	cartilage	specimens,	investigators	have	more	recently	
opted	to	employ	immortalized	human	chondrocyte	cell	lines	for	
many	of	these	 in vitro	studies.	This	paradigm	shift	in	the	use	of	
these	human	chondrocyte	lines	has	ensured	a	plentiful	source	of	
phenotypically-stable	human	chondrocytes	in	order	to	measure	
their	overall	responsiveness	to	pro-inflammatory	cytokines	[6-8].	

C-28/I2	is	an	immortalized	juvenile	human	chondrocyte	cell	line	
which	 has	 been	 employed	 to	 study	 human	 chondrocyte	 gene	
expression,	 as	 well	 as	 hormonal,	 growth	 factor,	 and	 cytokine	
responsiveness	 [9-15].	 Thus,	 the	 results	 of	 several	 systematic	
analyses	published	since	1994	have	shown	that	these	chondrocyte	
cell	 lines,	which	have	been	 rigorously	examined,	defined	 those	
phenotypic	characteristics	 that	enable	 the	C-28/I2	chondrocyte	
line,	 among	 several	 established	 human	 chondrocyte	 cell	 lines,	
to	serve	as	a	“model”	cell	culture	system	for	fine-tuning	various	
aspects	of	human	chondrocyte	metabolism.	

One	of	the	phenotypic	characteristics	of	the	C-28/I2	chondrocyte	
cell	 line	 crucial	 to	 its	 use	 as	 a	 model	 system	 for	 human	
chondrocyte	 metabolism	 is	 its	 strong	 responsiveness	 to	 pro-
inflammatory	cytokines	such	as	interleukin-1β	[9].	Specifically,	IL-
1β	was	shown	to	decrease	the	expression	of	the	aggrecan	(ARGN)	
gene	 and	 the	 Type	 II	 collagen	 (COL2A1)	 gene	while	 increasing	
expression	of	the	matrix	metalloproteinase	(MMP)	genes,	MMP-
1,	 MMP-3,	 and	MMP-13	 [9,15],	 in	 such	 a	 manner	 that	 it	 was	
considered	to	be	similar	to	the	response	of	primary	cultures	of	
human	chondrocytes	to	IL-1β.	Importantly,	the	response	of	C-28/
I2	 chondrocytes	 to	 IL-1β	was	 also	 accompanied	 by	 changes	 in	
the	 ‘profile’	 of	 several	 actively	 transcribed	 chondrocyte	 genes.	
This	 ‘profile’	 resembled	 an	 “inflammation	 phenotype”	 which	
was	 consistent	with	 several	 aspects	of	 synovial	 joint	pathology	
associated	with	the	inflammation	of	arthritis,	including	increased	
cyclooxygenase-2	 (COX-2),	 Type	 I	 collagen	 (COL1A1),	 and	
secretory	phospholipase-A2	(PLA2G2)	gene	expression	[6].	

The	 results	 of	 a	 previous	 study	 also	 defined	 the	 growth	
requirements	 for	 establishing	 a	 stable	 phenotypic	 expression	
by	 C-28/I2	 chondrocytes.	 These	 results	 stressed	 that	 high-
density	 culture	 conditions	 were	 essential	 for	 maintaining	 a	
stable	chondrogenic	phenotype	[8].		Thus,	high	cell	density	was	
considered	 to	 be	 a	 stringent	 regulatory	 requirement	 for	 C-28/
I2	 chondrocytes	 to	 faithfully	 express	human	articular	 cartilage-
related	genes,	most	critically,	the	cartilage-specific	transcription	
factor,	 SOX9	 [13].	 Therefore,	 in	 the	 present	 study,	 C-28/I2	
chondrocytes	were	 routinely	 initiated	at	 high	 cell	 density	 (105/

ml)	 and,	 as	 such,	 chondrocyte	 apoptosis	 was	 analyzed	 when	
chondrocytes	reached	a	maximally	confluent	state	as	determined	
by	microscopic	inspection.

The	 primary	 objective	 of	 this	 study	 was	 to	 determine	 the	
apoptotic	 response	 of	 C-28/I2	 chondrocytes	 to	 3	 recombinant	
human	(rh)	pro-inflammatory	cytokines,	namely,	rhTNF-α,	rhIL-6	
and	rhOSM,	all	of	which	were	known	to	be	significantly	elevated	
in	 the	 sera	and	 synovial	fluid	of	patients	with	RA	and	OA	 [16].	
We	 then	 sought	 to	 determine	 the	 extent	 to	 which	 apoptosis	
was	altered	by	rhTNF-α	or	rhIL-6	in	the	presence	or	absence	of	
the	 IL-6	receptor	neutralizing	monoclonal	antibody,	tocilizumab	
or	 by	 U0126,	 an	 inhibitor	 of	 	 the	 upstream	 kinase,	 MEK1/2	
whose	 activity	 is	 required	 to	 regulate	 the	 phosphorylation	 of	
extracellular	 signal-regulated	 kinase	 1/2	 (ERK1/2).	With	 regard	
to	the	 latter,	U0126	was	employed	at	a	concentration	of	10µM	
which	was	used	to	probe	the	potential	effect	of	inhibiting	p-ERK1	
(p44)	and	p-ERK2	(p42)	via	MEK1/2	in	an	immortalized	cell	 line	
of	human	myometrial	cells,	which	was	known	to	phosphorylate	
ERKp42	after	 incubation	with	phorbol	myristate	acetate	 (PMA).	
Thus,	 MEK1/2	 activates	 the	 phosphorylation	 of	 p44	 and	 p42	
via	 their	activation	 loop	residues	 located	at	Thr202/Tyr204	and	
Thr185/Tyr185,	respectively	[17].	

The	 phosphorylation	 of	 ERK1/2	 is	 associated	 with	 both	 cell	
survival	 and/or	 apoptosis	 via	 the	 regulation	 of	 several	 critical	
downstream	targets	of	p-ERK1/2	that	include	transcription	factors	
c-myc/N-myc,	Ets-1/Ets-2,	c-fos,	ELK-1,	and	STAT-1.	These	are	all	
known	to	be	involved	in	the	regulation	of	cell	proliferation	and/
or	induction	of	apoptosis	[17-23],	thus	making	the	regulation	of	
ERK1/2	phosphorylation	relevant	to	pro-inflammatory	cytokine-
induced	chondrocyte	apoptosis.		

Methods
The	immortalized	juvenile	human	chondrocyte	cell	line,	C-28/I2,	
was	kindly	provided	by	Drs.	Mary	B.	Goldring	and	Miguel	Otero	
(The	Hospital	for	Special	Surgery,	Weill	Medical	College	of	Cornell	
University,	New	York,	N.Y.).	Dulbecco’s	Modified	Eagle’s	Medium/
Ham’s	F-12	medium	(1:1)	and	fetal	bovine	serum	were	purchased	
from	 Mediatech,	 Inc.	 The	 recombinant	 human	 cytokines,	
rhTNF-α,	 rhIL-6,	and	rhOSM,	were	obtained	 from	R&D	Systems	
and	Prospec	Bio,	respectively.		

Antibodies	 reactive	with	 total	ERK1/2	 (U-ERK1/2)	 (Immunogen-
Purified	mouse	ERK1/2;	Clone-L34F12;	Isotype-mouse	monoclonal	
IgG1)	 and	 p-ERK/1/2	 polyclonal	 antibody	 (Immunogen-Purified	
rabbit	 p-ERK1/2;	 phosphorylation	 sites,	 ERK1,	 Thr202/Tyr204,	
ERK2,	 Thr185/Tyr187)	 were	 purchased	 from	 Cell	 Signaling	
Technology.	 Purified	 mouse-anti-human	 caspase-3	 antibody	
(Immunogen-Human	 CPP32;	 amino	 acids,	 1-219;	 Clone-Human	
CPP32;	amino	acids,	1-219;	Isotype-Mouse	IgG2a)	was	purchased	
from	BD	Transduction	Laboratories.	Purified	mouse	anti-human	
poly-ADP	 ribose	 polymerase	 (PARP)	 antibody	 (Immunogen-
Purified	 human	 PARP;	 Clone-7D3-6;	 Isotype-Mouse	 IgG1)	 was	
purchased	 from	BD	Pharmingen.	 The	GAPDH-reactive	 antibody	
was	 a	mouse	monoclonal	 antibody	 (Immunogen-rabbit	muscle	
GAPDH;	 Clone-6C5;	 Isotype-rabbit	 IgG1)	 which	 was	 purchased	
from	Santa	Cruz	Biotechnology.	According	 to	 the	manufacturer	
the	anti-caspase-3	antibody	will	identify	the	32kDa	form	of	pro-



3© Under License of Creative Commons Attribution 3.0 License         

Vol. 1 No. 1:4

2015
Journal of Autoimmune Disorders

ISSN 2471-8513

caspase-3,	 as	 well	 as	 p20,	 p17,	 and	 p12	 subunits	 of	 activated	
caspase-3,	 on	 western	 blots,	 whereas	 the	 anti-PARP	 antibody	
was	shown	to	react	with	intact	PARP	as	well	as	several	forms	of	
degraded	PARP	[Data	Sheet,	BD	Pharmingen].

U0126	 (1,	4	diamino-2,	3-dicyano-1,	4,	bis	 [2-aminophenylthio]	
butadiene)	was	 purchased	 from	 Cell	 Signaling	 Technology.	 The	
monoclonal	 antibody,	 tocilizumab,	 [IgG	 subclass,	 IgG1κ],	 that	
neutralizes	the	interaction	between	IL-6	and	IL6Rα,	was	provided	
through	a	 contract	between	Genentech/Roche	group	and	Case	
Western	 Reserve	 University.	 DAPI	 was	 obtained	 from	 Sigma-
Aldrich.	The	TUNEL	assay	kit	used	for	determining	the	frequency	
of	apoptotic	cells	was	purchased	from	Roche.	

Analysis of C-28/I2 chondrocyte apoptosis
For	 the	 analysis	 of	 apoptosis,	 a	 stock	 of	 C-28/I2	 chondrocytes	
was	thawed	from	storage	in	a	liquid	nitrogen	tank.	The	cells	were	
re-suspended	and	plated	 into	12-well	plates	 (growth	area=22.1	
mm2)	at	105	cells/ml	in	1	ml	DMEM/F12	(1:1)	supplemented	with	
10%	FBS.	The	chondrocytes	were	grown	to	a	maximally	confluent	
state	which	was	generally	reached	after	5-7	days,	and	then	the	
various	assays	(see	below)	conducted	at	that	time.		

The	number	of	apoptotic	chondrocytes	was	determined	by	 the	
4',	 6-DiAmidino-2-Phenyl/Indole/Terminal	 deoxynucleotidyl	
transferase	 dUTP	 Nick	 End	 Labeling	 (DAPI/TUNEL)	 assay	 as	
previously	described	[24].	C-28/I2	chondrocytes	were	incubated	
with	either	DMEM/F12	(1:1)	plus	0.5%	FBS,	DMEM/F12	(1:1)	plus	
10%	FBS,	DMEM/F12	(1:1)	plus	DMSO	and	0.5%	FBS,	or	rhTNF-α	
(20	 ng/ml),	 rhIL-6	 (50	 ng/ml),	 or	 rhOSM	 (50	 ng/ml)	 or	 various	
combinations	of	rhTNF-α	(20	ng/ml)	and	U0126	(10	μM),	rhIL-6	
(50	ng/ml)	and	U0126	(10	μM),	rhIL-6	plus	tocilizumab	(200	ng/
ml)	or	rhOSM	(50	ng/ml)	which	were	all	maintained	 in	DMEM/
F12	(1:1)	plus	0.5%	FBS	for	24	hr.	

U0126,	 was	 first	 dissolved	 in	 DMSO	 and	 then	 diluted	 with	
DMEM/F12	(1:1).	Thus,	media	used	for	determining	the	effects	of	
U0126	on	C-28/I2	chondrocyte	apoptosis	contained	the	identical	
concentration	of	DMSO	present	in	the	culture	medium	of	the	“no	
additions”	(N/A)	control	group.	

A	morphological	assessment	of	C-28/I2	chondrocyte	size,	shape	
and	distribution	 in	the	control	group	as	well	as	after	treatment	
with	rhTNF-α	(20	ng/ml)	or	rhIL-6	(50	ng/ml)	was	performed	in	
situ	 by	 examining	 the	 cells	 with	 phase	 contrast	microscopy	 as	
well	as	after	staining	of	the	chondrocytes	with	hematoxylin-eosin	
(H&E),	the	stained	cells	being	visualized	by	light-microscopy.

Preparation of C-28/I2 chondrocyte protein for 
SDS-PAGE
The	culture	dishes	were	kept	on	wet-ice	 throughout	 the	entire	
cell	 collection	 procedure.	 C-28/I2	 chondrocytes	were	 collected	
with	 a	 rubber	 scraper	 in	 ice-cold	 phosphate	 buffered-saline	
(PBS).	The	pelleted	chondrocytes	were	subjected	to	sonication.	
The	 protein-containing	 supernatant	 was	 centrifuged	 for	 3	 min	
at	 5	 ×	 103	 g	 to	 remove	 particulate	material.	 An	 aliquot	 of	 the	
pelleted	chondrocytes	was	re-suspended	and	used	to	determine	
cell	protein	using	the	bicinchoninic	acid	assay.	Then	the	protein	
concentration	 in	 the	 supernatant	was	 diluted	 to	 1	mg/ml,	 and	

the	resultant	crude	protein-containing	lysate	stored	at	-20°C	until	
used	 for	 the	 various	 assays	 as	 indicated	 below,	 including	 SDS-
PAGE.

Experimental conditions for western blot 
analysis of pro-caspase-3 activation and PARP 
degradation
In	 a	 companion	 analysis	 to	 the	 DAPI/TUNEL	 assay,	 C-28/I2	
chondrocytes	were	maintained	in	DMEM/F12	(1:1)	supplemented	
with	0.5%	FBS,	with	either,	“no	additions”	(N/A;	control)	or	DMSO	
(DMSO	-	control),	or	treated	with	rhTNF-α	(20	ng/ml),	rhIL-6	(50	
ng/ml),	 rhOSM	 (50	ng/ml)	or	with	 combinations	of	 rhTNF-α	or	
rhIL-6	and	U0126	(10	μM)	for	24	hrs.	In	some	experiments,	C-28/
I2	 chondrocytes	 were	 incubated	 with	 rhTNF-α	 or	 rhIL-6	 with	
or	without	 tocilizumab	 (200	ng/ml)	 to	determine	 the	extent	 to	
which	tocilizumab	neutralizing	the	interaction	between	IL-6	and	
IL-6Rα	resulted	in	the	inhibition	of	pro-caspase-3	activation	and/
or	PARP	degradation.	

A	 standard	 western	 blot	 analysis	 was	 employed	 to	 determine	
whether	C-28/I2	chondrocyte	apoptosis	was	associated	with	pro-
caspase-3	activation	and/or	PARP	degradation.	Cell	lysates	were	
diluted	 in	 gel	 loading	 buffer	 consisting	 of	 40%	 glycerol,	 1	mM	
Tris-HCl,	 2.5%	 β-mercaptoethanol,	 8%	 sodium	 dodecyl	 sulfate,	
and	0.01%	bromophenol	blue	and	then	heated	for	5	min	at	95°C.	
Heated	cell	lysates	were	then	subjected	to	denaturing	conditions	
in	 4-20%	 SDS-PAGE	 using	 the	 Novex	 Tris-glycine	 system	 (Life	
Technologies).	Protein	(2µg/lane)	was	 loaded	on	to	the	gel	and	
after	 SDS-PAGE	 the	 separated	 proteins	were	 electrotransferred	
to	 polyvinyl	 difluoride	 membranes	 (Bio-Rad	 Laboratories).	 For	
western	blotting,	the	membranes	were	blocked	with	5%	nonfat	
milk	 in	 20	 mM	 Tris-HCl,	 500	 mM	 NaCl	 (pH	 7.5)	 containing	
0.05%	Tween	20	(TTBS)	for	1	h	at	room	temperature.	Afterward	
membranes	 were	 incubated	 with	 primary	 anti-caspase-3	
antibody,	anti-PARP	antibody	and	anti-GAPDH	overnight	at	40°C.	
Western	blots	were	washed	3	times	with	TTBS	and	incubated	at	
room	temperature	with	horseradish	peroxidase	(HRP)-conjugated	
secondary	antibody	 (Cell	 Signaling	Technology).	 The	blots	were	
then	 treated	 with	 HyGLO™	 Chemiluminescent	 HRP	 Antibody	
Detection	 Reagent	 (Denville).	 The	 western	 blot	 image	 was	
captured	using	the	ImageQuant	LAS	4000	system	(GE	Healthcare).

The Odyssey Two-Color and IN-Gel (LI-
COR®) Western Blot System
We	 had	 previously	 shown	 that	 C-28/I2	 chondrocytes	 primarily	
produced	 ERK2	 [25].	 To	 accomplish	 this,	 the	 LI-COR®	 western	
blot	system	was	used	to	detect	an	infrared	fluorescence	antibody	
conjugate	 to	 capture	U-ERK1/2	 and	p-ERK1/2	 produced	by	 the	
PMA-responsive	hTERT-HMA/B	 immortalized	cell	 line	of	human	
myometrial	cells	 [26,27].	Thus,	 this	human	myometrial	cell	 line	
was	used	to	confirm	that	U0126,	employed	at	10µM	in	the	C-28/
I2	 chondrocyte	 apoptosis	 assay,	 was	 capable	 of	 inhibiting	 the	
phosphorylation	of	ERK1/2	without	altering	total	U-ERK1/2.

Statistical analysis
Data	from	the	DAPI/TUNEL	assay	was	first	subjected	to	a	normalcy	
test.	 Then	 a	 one-way	 ANOVA	 for	 multiple	 group	 comparisons	
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of	unequal	 size	was	employed	 to	compare	 the	means	of	DAPI/
TUNEL-positive	chondrocytes	in	control	and	the	various	treatment	
groups.	A	p-value	of	<0.05	was	considered	significant.	The	Honest	
Significant	Difference	(HSD)	value	was	calculated	by	Tukey’s	post	
hoc	analysis	to	determine	the	p-value	when	multiple	treatment	
groups	were	compared.	

Results
C-28/I2 chondrocyte apoptosis measured by 
DAPI/TUNEL assay
The	number	of	apoptotic	C-28/I2	chondrocytes	was	enumerated	
with	 the	 DAPI/TUNEL	 assay.	 The	 results	 showed	 that	 there	
was	 no	 significant	 difference	 in	 the	 number	 of	 DAPI/TUNEL-
positive	 C-28/I2	 chondrocytes	 maintained	 in	 DMEM/F12	 (1:1)	
supplemented	 with	 either	 0.5%	 FBS	 (i.e.,	 apoptosis	 analysis	
conditions)	or	with	10%	FBS	(i.e.,	chondrocyte	growth	conditions)	
(Figure	1).	We	also	determined	the	extent	to	which	rhTNF-α,	rhIL-
6,	 and	 rhOSM,	 induced	 apoptosis	 in	 C-28/I2	 chondrocytes.	 In	
that	regard,	Figure	1	showed	that	rhTNF-α	or	rhIL-6	significantly	
increased	 the	 number	 of	 DAPI/TUNEL-positive	 chondrocytes	
when	 compared	 to	 the	 0.5%	 FBS	 medium-containing	 control	
group.	 Of	 note,	 rhTNF-α	 significantly	 increased	 the	 number	 of	
apoptotic	 chondrocytes	 compared	 to	 either	 rhIL-6	 or	 rhOSM	
(Tukey’s	HSD=7.81;	treatment	groups=3;	degrees	of	freedom=9;	
p<0.05).	Although	treatment	of	C-28/I2	chondrocytes	with	rhOSM	
also	increased	the	number	of	DAPI/TUNEL-positive	chondrocytes	
from	0.85	±	0.18%	 in	 the	0.5%	FBS-containing	control	group	to	
2.2	±	1.2%	(mean	±	SD,	n=3)	this	difference	produced	a	p-value	
of	 0.067,	 which	 was	 not	 statistically	 significant.	 Nevertheless,	
the	calculated	Δ%	between	control	and	 rhOSM-treated	C-28/I2	
chondrocytes	was	 58.9%	 indicating	 a	 strong	 positive	 apoptotic	
response	of	these	chondrocytes	to	rhOSM.	

The	 number	 of	 DAPI/TUNEL-positive	 C28/I2	 chondrocytes	 was	
significantly	 increased	 in	 medium	 containing	 DMSO/0.5%	 FBS	
compared	 to	 0.5%	 FBS-containing	 medium.	 This	 was	 a	 critical	
result	 because	 it	 provided	 the	 appropriate	 control	 group	 for	
comparing	 the	 differences	 in	 apoptotic	 responsiveness	 in	 the	
various	 treatment	 groups,	 when	 U0126	 was	 combined	 with	
various	 treatments	 (see	 below).	 This	 was	 due	 to	 the	 fact	 that	
the	 DMSO/0.5%	 FBS-treated	 group	 was	 used	 as	 the	 control	
group	 for	 C-28/I2	 chondrocytes	 that	 were	 incubated	 with	 the	
various	 cytokines	 and	 U0126.	 In	 that	 regard,	 treating	 C-28/I2	
chondrocytes	with	rhTNF-α	and	U0126	significantly	increased	the	
number	 of	 DAPI/TUNEL-positive	 chondrocytes	 compared	 with	
the	DMSO/0.5%	FBS	medium-containing	control	group	or	when	
the	TNF-α	plus	U0126	group	was	compared	to	the	rhTNF-α	group	
(p<6	×	10-3)	(Figure	1).	By	contrast,	the	combination	of	rhIL-6	and	
U0126	did	not	alter	the	number	of	DAPI/TUNEL-positive	C-28/I2	
chondrocytes	compared	to	rhIL-6	(Figure 1).

Microscopic Evaluation
A	 companion	 microscopic	 analysis	 revealed	 that	 there	 were	
fewer	C-28/I2	chondrocytes	when	these	cells	were	maintained	in	
DMEM/F12	medium	(1:1)	plus	0.5%	FBS	(Figure	2:	Panels	A	and	
B)	compared	to	DMEM/F12	(1:1)	medium	plus	10%	FBS	(Figure 

2;	Panels	C	and	D),	although	no	statistically	significant	difference	
in	DAPI/TUNEL-positivity	was	detected	among	these	two	control	
groups (Figure 1).	However,	a	 few	morphological	abnormalities	
in	 C-28/I2	 chondrocytes	 were	 noted	 in	 the	 rhTNF-α	 and	 rhIL-
6-treated	 groups	 (Figure 2).	 The	 most	 prominent	 of	 these	
morphological	changes	was	the	presence	of	fewer	chondrocytes	
as	 visualized	 by	 phase	microscopy	 (Figure 2, Panels E and G). 
However,	 smaller	 chondrocytes	 with	 condensed	 nuclei	 were	
seen	in	all	of	the	groups,	including	the	control	group,	but	there	
appeared	 to	 be	 more	 stellate-shaped	 chondrocytes,	 many	 of	
which	 showed	 condensed	 nuclei	 in	 the	 rhTNF-α	 and	 rhIL-6-
treated	groups	(Figure 2; Panels E, F, G and H)	when	compared	to	
the	shape	and	size	of	the	chondrocytes	in Figure 2,	Panel	A.		Of	
note,	there	were	many	fewer	cells	attached	to	the	plastic	culture	
dish	 substratum	 in	 the	 rhTNF-α-	 or	 rhIL-6-treated	 chondrocyte	
groups	that	were	employed	for	staining	with	H&E	compared	to	
the	 living	 chondrocytes	 visualized	 by	 phase	 microscopy	 which	
most	likely	resulted	from	the	loss	of	many	of	the	loosely	attached	
apoptotic	 chondrocytes	 during	 the	 formalin	 fixation	 and	 post-
formaldehyde	fixation	washing	preceding	H&E	staining.

Pro-Caspase-3 Activation and PARP 
Degradation
Although	 the	DAPI/TUNEL	 assay	by	 itself	 ostensibly	 provided	 a	
valid	molecular-based	assessment	of	the	frequency	of	apoptotic	
C-28/I2	 chondrocytes,	we	 also	 employed	 conventional	western	
blotting	to	determine	the	extent	to	which	the	various	treatment	
groups	activated	pro-caspase-3	and/or	induced	PARP	degradation.

PARP   
PARP	 cleavage	 is	 considered	a	 valid	 surrogate	measurement	of	
apoptosis.	 For	 example,	 during	 apoptosis	 PARP	 is	 cleaved	 by	
either	activated	caspase-3	or	caspase-7	or	other	enzymes	from	
the	“intact”	form	of	PARP	into	2	major	fragments	of	89	kDa	and	
24	kDa	[28].	However,	other	additional	PARP	cleavage	products	
which	migrate	on	polyacrylamide	gels	between	116	kDa	and	24	
kDa	 PARP	 	may	 also	 be	 produced	 by	 the	 action	 of	 caspase-3/
caspase-7	 or	 by	 the	 action	other	 enzymes,	 including	 calpain-1,	
cathepsins-B,	-D	and	-G,	granzyme-A,	granzyme-B	or	MMP-2	[28].		
Importantly,	the	molecular	sizes	of	PARP	degradation	fragments	
often	differ	according	to	which	enzyme	class	has	mediated	PARP	
degradation.	

The	results	of	the	western	blot	analysis	(Figure 3)	showed	that	the	
“intact”	form	of	PARP	migrated	to	a	position	on	the	gel	consistent	
with	124	kDa.	This	is	the	molecular	size	of	“intact”	PARP	reported	
by	 other	 investigators	 [28].	 	 In	 addition,	 various	 smaller	 PARP	
entities	in	this	case,	assumed	to	PARP	fragments	were	detected	in	
both	of	the	control	groups	(Table 1)	where,	in	fact	a	measurable	
number	 of	DAPI/TUNEL-positive	 chondrocytes	were	 also	 found	
(Figure 1).	 However,	 the	 PARP	 fragment	 pattern	 produced	 by	
rhTNF-α-treated	C-28/I2	chondrocytes	was	vastly	different	from	
the	 PARP	 fragment	 pattern	 in	 both	 control	 groups.	 Thus,	 no	
“intact”	 PARP	was	 detected	 in	 C-28/I2	 chondrocytes	 incubated	
with	 rhTNF-α.	Moreover,	2	PARP	 fragments	migrating	 to	96kDa	
and	77	kDa	which	were	also	seen	in	the	rhTNF-α-treatment	group	
was	not	detected	in	the	control	groups.	(Table 1).	In	addition,	the	
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124	 kDa	 PARP	 form	was	 not	 detected	 in	 C-28/I2	 chondrocytes	
incubated	 with	 rhTNF-α	 plus	 U0126	 or	 after	 incubation	 with	
rhOSM	(Table 1).	Interestingly,	a	similar	pattern	of	intact	PARP	as	
well	as	3	smaller	PARP	forms	(i.e.,	95	kDa,	73	kDa,	58	kDa)	were	
detected	when	C-28/I2	chondrocytes	were	incubated	either	with	
tocilizumab	(TOC)	alone	or	with	rhIL-6	plus	TOC (Figure 3; Table 
1).	These	particular	PARP	fragment	profiles	was	identical	to	the	
pattern	 of	 PARP	 fragments	 detected	 in	 both	 control	 groups	 as	
well	as	after	chondrocytes	were	incubated	rhIL-6	alone	(Table 1).

Caspase-3
The	western	blot	analysis	of	caspase-3	(CPP32)	revealed	a	similar	
pattern	of	anti-caspase-3	antibody-positive	bands	in	the	2	control	
groups	as	well	as	in	the	various	treatment	groups	(Figure 3).	Based	
on	the	results	of	this	western	blot,	the	purified	mouse	anti-human	
caspase-3	antibody	detected	a	form	of	caspase-3	which	migrated	

between	33	kDa	and	29	kDa	and	assumed	to	be	pro-caspase-3.	
However,	 although	 it	 appeared	 that	 the	 active	 “intermediate	
and	mature”	 forms	of	 caspase-3	which	according	 to	previously	
reported	 analyses	 would	 be	 comprised	 of	 19	 kDa/20	 kDa,	 17	
kDa	and	12	 kDa	 subunits	 [23,29,30],	were	not	detected	 in	 any	
of	the	control	or	treatment	groups.	Thus,	in	the	majority	of	the	
incubation	conditions,	including	the	2	control	groups,	there	were	
2	caspase-3	antibody-positive	bands,	the	aforementioned	bands	
migrating	between	29	kDa	and	33	kDa	which	were	prominent	as	
well,	 as	 a	 less	 prominent	 anti-caspase-3	 antibody	 band	 which	
migrated	between	30kDa	and	29kDa.	This	caspase-3	pattern	was	
most	 clearly	 evident	 in	 C-28/I2	 chondrocytes	 incubated	 with	
rhIL-6	 (Figure	 3).	 Of	 note,	 the	 anti-caspase-3	 antibody-positive	
band	was	undetectable	in	C-28/I2	chondrocytes	incubated	with	
rhIL-6	plus	U0126.	Two	additional	findings	also	merit	comment;	
1)	 the	 single	 caspase-3-positive	 band	 in	 the	 rhOSM-treated	

Figure 1 C-28/I2 Chondrocyte Apoptosis Induced by rhTNF-α, rhIL-6, rhOSM, and by rhTNF-α or rhIl-6 in Combination with U0126. 
C-28/I2	chondrocytes	were	grown	to	a	confluent	state	 in	DMEM/F12	 (1:1)	 supplemented	with	10%	FBS.	After	washing	 the	
cells	in	warmed	PBS	at	room	temperature,	chondrocytes	were	incubated	for	24	hrs	in	DMEM/F12	(1:1)	containing	either	0.5%	
FBS	(n=4),	DMEM/F12	(1:1)	containing	10%	FBS	(n=5),	DMEM/F12	(1:1)	containing	DMSO/0.5%	FBS	(n=5),	or	DMEM/F12	(1:1)	
containing	0.5%	FBS	plus	rhTNF-α	(20	ng/ml;	n=4),	rhIL-6	(50	ng/ml;	n=4),	rhOSM	(50	ng/ml;	n=4),	DMEM/F12	(1:1)	containing	
DMSO/0.5%	FBS,		rhTNF-α	and	U0126	(10	μM;	n=7),	or	rhIL-6	and	U0126	(n=4).	Cell	nuclei	and	apoptotic	cells	were	enumerated	
by	the	DAPI/TUNEL	assay	as	previously	described	[24].	The	mean	±	SD	is	shown	as	well	as	the	comparison	groups	which	were	
analyzed	for	the	level	of	significance.
These	were:	
0.5%	FBS	versus	10%	FBS;	0.5%	FBS	versus	rhOSM;	DMSO,	0.5%	FBS	versus	rhIL-6	+	U0126,	
NS=Not	Significant,	p>0.05;	
0.5%	FBS	versus	DMSO,	0.5%	FBS;	0.5%	FBS	versus	rhIL-6,*	p=0.01;	
0.5%	FBS	versus	rhTNF-α,	**	p=2.8	×	10-5;	
DMSO,	0.5%	FBS	versus	rhTNF-α	+	U0126,	***p=1.3	×	10-5.
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group	migrated	to	32	kDa	(Tables 1 and 2) and 2 incubation	with	
either	 rhTNF-α	 plus	 U0126	 or	 rhIL-6	 plus	 U0126	 did	 not	 alter	
the	caspase-3	migration	pattern	compared	to	rhTNF-α	or	rhIL-6	
alone.

GAPDH

Only	1	anti-GAPDH	antibody	reactive	band	was	detected	with	the	
anti-GAPDH	antibody	on	this	western	blot	(Figure 3).		This	form	of	
GAPDH	migrated	to	the	expected	molecular	size	of	GAPDH	(i.e.,	
37kDa/38kDa)	which	was	detected	at	that	migration	position	in	
the	control	and	all	of	the	treatment	groups	(Figure 3; Table 1). 
However,	 there	 was	 an	 indication	 that	 the	 content	 of	 GAPDH	
was	also	influenced	by	a	few	of	the	incubation	conditions	most	
notably,	by	rhOSM,	rhIL-6	and	by	TOC	alone	(Figure 3). 

Activation of p-ERK2 by PMA in hTERT-HMA/B 
cells and Inhibition of p-ERK2 by U0126
We	 employed	 the	 LI-COR®	 western	 blotting	 system,	 which	
showed	 that	 the	 anti-ERK1/2	 antibody	 reactive	band	produced	
by	the	immortalized	human	myometrial	cell	line,	hTERT-HMA/B,	
was	predominantly	total	U-ERK2	(Figure	4).	Moreover,	treatment	
of	hTERT-HMA/B	with	PMA	resulted	in	phosphorylation	of	U-ERK2	
as	previously	reported	[26,27].	The	LI-COR®	western	blot	analysis	
also	showed	that	U0126	employed	at	10	μM	essentially	eliminated	
p-ERK2	without	altering	total	U-ERK2	(Figure 4) indicating	that	10	
μM	was	an	effective	U0126	concentration	for	inhibiting	upstream	
MEK1/2	whose	kinase	activity	is	essential	for	the	phosphorylation	
of	 ERK1/2.	 This	 result	 was	 important	 because	 10	 μM	was	 the	
concentration	 of	 U0126	 employed	 in	 the	 analysis	 of	 C-28/I2	
chondrocyte	apoptotic	responsiveness	to	rhTNF-α	and	rhIL-6.	

Discussion
Our	laboratory	had	previously	shown	that	rhTNF-α	was	a	potent	
pro-inflammatory	 cytokine	 inducer	 of	 apoptosis	 in	 human	
chondrocytes	which	had	been	enzymatically	dissociated	from	OA	
knee	cartilage	[24].	This	was	indicated	by	the	increased	number	
of	 DAPI/TUNEL-positive	 chondrocytes	 in	 the	 rhTNF-α-treated	
group	 compared	 to	 a	 control	 group.	 The	 results	 of	 the	 DAPI/
TUNEL	 assay	 demonstrating	 that	 apoptosis	 had	 been	 induced	
by	rhTNF-α	was	further	validated	by	showing	the	accumulation	
of	 ethidium	 bromide-positively	 stained	 intranucleosomal	 DNA	
fragments	 in	 the	 rhTNF-α-treated	 group	 [24],	 the	 migration	
pattern	of	which	on	1.2%	agarose	gels	was	consistent	with	that	of		
DNA	fragments	produced	by	apoptotic	cells.	

The	results	of	the	current	study	extended	those	previous	findings	
to	 now	 show	 that	 rhTNF-α	 increased	 the	 number	 of	 apoptotic	
cells	 in	 the	 immortalized	 human	 C-28/I2	 chondrocyte	 cell	 line.	
In	 addition	 we	 demonstrated,	 for	 the	 first	 time,	 that	 rhIL-6	
was	 also	 a	 pro-apoptotic	 pro-inflammatory	 cytokine	 for	 C-28/
I2	chondrocytes,	although	rhIL-6	was	not	nearly	as	effective	an	
inducer	of	apoptosis	in	C-28/I2	chondrocytes	as	was	rhTNF-α.	

The	concentration	of	rhTNF-α	(20	ng/ml)	used	in	this	study	was	
principally	based	on	the	concentration	range	of	rhTNF-α	(10-20	
ng/ml)	we	employed	 in	a	previously	published	 study	of	 rhTNF-
α-induced	 apoptosis	 in	 chondrocytes	 derived	 from	 human	
osteoarthritic	cartilage	[24],	whereas	the	concentrations	of	rhIL-6	
and	rhOSM	(50	ng/ml)	were	chosen	on	the	basis	of	presumptive	
elevated	levels	of	these	pro-inflammatory	cytokines	in	RA	patients,	
both	of	which	are	known	to	be	involved	in	the	clinical	progression	
of	 RA.	 Thus,	 one	 limitation	 on	 the	 interpretation	 of	 the	 DAPI/
TUNEL	analysis	may	 reflect,	 in	part,	 the	concentration	of	 these	
pro-inflammatory	cytokines	early	on	in	RA	pathogenesis,	but	may	

Figure 2 Morphological Changes in C-28/I2 Chondrocytes after 
Incubation with rhTNF-α or rhIL-6. Panel	A,	DMEM/F12	
+	0.5%	FBS	 (phase	microscopy);	 Panel	B,	DMEM/F12	+	
0.5%	FBS	(H&E);	Panel	C,	DMEM/F12	+	10%	FBS	(phase	
microscopy);	 Panel	 D,	 DMEM/F12	 +	 10%	 FBS	 (H&E);	
Panel	E,	 rhTNF-α	 (20	ng/ml)	 (phase	microscopy);	Panel	
F,	rhTNF-α	(20	ng/ml)	(H&E);	Panel	G,	rhIL-6	(50	ng/ml)	
(phase	 microscopy);	 Panel	 H,	 rhIL-6	 (50	 ng/ml)	 (H&E).		
There	are	fewer	attached	C-28/I2	chondrocytes	in	Panels	
E-H.	 There	 are	 more	 stellate-shaped	 chondrocytes	
in	 Panels	 E-H	 (arrowheads)	 with	 additional	 evidence	
of	 condensed	 nuclei	 (arrows).	 Chondrocytes	 with	
condensed	nuclei	were	also	seen	in	the	control	groups,	
Panels	A	and	C	(phase	microscopy),	Panels	B	and	D	(H&E).	



7© Under License of Creative Commons Attribution 3.0 License         

Vol. 1 No. 1:4

2015
Journal of Autoimmune Disorders

ISSN 2471-8513

not	be	an	accurate	indicator	of	the	level	of	these	cytokines	after	
medical	 therapy	of	RA	 is	 initiated	by	either	by	TNF-α	blockade	
or	neutralization	of	the	IL-6/IL-6R	interaction.	The	concentration	
of	tocilizumab	[200	ng/ml]	employed	in	this	study	to	determine	
whether	 tocilizumab	 altered	 the	 pro-caspase-3	 activation	 and	

PARP	degradation	after	treating	C-28/I2	chondrocytes	with	rhIL-6	
(Table 1)	was	based	on	the	results	of	our	prior	study	[31]	which	
showed	 that	 this	 concentration	of	 tocilizumab	 [i.e.,	200	ng/ml]	
inhibited	rhIL-6-inducd	MMP-9	production.

An	 examination	 of	 C-28/I2	 chondrocytes	 by	 phase	microscopy,	

Figure 3 Western Blot Analysis of Pro-Caspase-3, Activated Caspase-3 and PARP Degradation.  
C-28/I2	were	grown	to	a	confluent	state	in	DMEM/F12	(1:1)	supplemented	with	10%	FBS.	After	washing	the	cells	in	warmed	
PBS	at	room	temperature,	chondrocytes	were	incubated	in	DMEM/F12	(1:1)	containing	either	0.5%	FBS	(NA)	or	0.5%	FBS	plus	
DMSO	(DMSO),	rhTNF-α	(20	ng/ml),		rhTNF-α	plus	U0126	(10	µM),	rhOSM	(50	ng/ml),	rhIL-6	(50	ng/ml),	rhIL-6	(50	ng/ml),	rhIL-6	
plus	U0126,	tocilizumab	(200	ng/ml)	or	rhIL-6	plus	tocilizumab	(200	ng/ml),	for	24	hrs.	Western	blots	were	probed	for	reactivity	
with	caspase-3	using	a	mouse	anti-human	caspase-3	antibody.	The	caspase-3	antibody	is	expected	to	detect	both	pro-caspase-3	
(~32	kDa)	and	activated	caspase-3	(20	kDa/21	kDa).	The	anti-PARP	antibody	is	expected	to	detect	undegraded	PARP	(~124	kDa)	
as	well	as	various	PARP	degradation	products.		The	anti-GAPDH	antibody	was	employed	to	determine	if	any	of	the	treatment	
groups	altered	the	content	of	total	GAPDH.	
			Western	blot-Left	to	right;	NA,	DMEM/F12	plus	0.5%	FBS;	DMSO,	DMEM/Fl2	plus	0.5%	FBS	+	DMSO;	TNF,	rhTNF-α	(20	ng/ml);	
TNF+U,	rhTNF-α	plus	U0126	(10	µM);	OSM,	rhOSM	(50	ng/ml);	IL-6,	rhIL-6	(50	ng/ml)	IL-6+U,	rhIL-6	+	U0126;	TOC,	tocilizumab	
(200ng/ml);	IL-6	+	TOC,	rhIL-6	+	TOC.	

     Treatment Group           PARP (kDa)       Caspase-3 (kDa)         GAPDH (kDa)
													NA 						124*	[92,	72,	56]             33**,	29*** 															37
											DMSO       123*	[92,	71,	58] 												33**,	30*** 															38
									rhTNF-α 							[96,	77,	72,	58] 																34** 															38

				rhTNF-α	+	U0126 															[58] 																33** 															38
										rhOSM 													[72,	57] 																32** 															38
											rhIL-6 							125*,	93,	72,	57 									34**,	30*** 															38

							rhIL-6	+	U0126 				NOT	DETECTABLE 																33** 															38
												TOC 							125*	[95,	73,	58] 									33**,	30*** 															38

						rhIL-6	+	TOC 							125*	[95,	73,	58] 									34**,	30*** 															38

Table 1: Molecular	size	calculations	for	PARP,	Caspase-3	and	GAPDH
*Intact	PARP	(Molecular	Sizes	of	PARP	fragments)
**	Inactive	caspase-3	(CPP32)
***	Uncharacterized	anti-caspase-3	antibody	reactive	band
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as	well	as	after	staining	formalin-fixed	cells	with	H&E	confirmed	
that	 the	 increase	 in	 the	 frequency	 of	 apoptotic	 chondrocytes	
in	 the	 rhTNF-α,	 and	 rhIL-6-treated	 groups	was	 associated	with	
morphological	 changes	 in	 the	 shape,	 the	 number	 and	 overall	
distribution	of	the	chondrocytes	on	the	coverslip.				

Both	PARP	degradation	and	caspase-3	activation	are	considered	
to	 be	 2	 surrogate	 biomarkers	 of	 apoptosis.	 Thus,	 the	 western	
blot	 analysis,	 which	 probed	 for	 evidence	 of	 PARP	 degradation	
confirmed	 that	 incubation	 of	 C-28/I2	 chondrocytes	 with	
rhTNF-α	or	rhIL-6	did	indeed	result	in	PARP	degradation.	We	had	
previously	shown	that	hydrostatic	pressure	applied	to	human	OA	
chondrocytes	 in vitro	 at	 a	 pressure	 level	which	was	 consistent	
with	 elevated	 biomechanical	 stress	 on	 synovial	 joints	 (i.e.,	 5	
megapascals;	5mPA)	also	induced	chondrocyte	apoptosis	[23].	In	
that	study,	5	mPA-induced	human	OA	chondrocyte	apoptosis	was	
associated	with	an	increase	in	TNF-α,	c-myc,	p53,	bax-α	and	iNOS	
gene	expression,	suppression	of	bcl-2	gene	expression	as	well	as	
pro-caspase-3	activation	and	PARP	degradation.	Taken	together,	
the	 present	 western	 blot	 results	 indicated	 that	 intact	 PARP	
was	undetectable	 in	 response	 to	 rhTNF-α	or	 rhOSM	 in	C-28/I2	
chondrocytes	but	not	in	response	to	rhIL-6.	Thus	after	incubation	
with	rhTNF-α	and	rhOSM	only	faster	migrating	PARP	forms	were	
detected	whereas	with	rhIL-6	the	“intact”	form	of	PARP	as	well	
as	other	forms	of	degraded	PARP	was	detected.	In	addition,	the	
PARP	fragments	found	in	the	rhIL-6	group	were	identical	in	their	
migration	 pattern	 to	 those	 forms	 of	 PARP	 that	were	 produced	
by	C-28/I2	chondrocytes	in	the	control	groups,	an	indicator	that	
rhIL-6-induced	C-28/I2	chondrocyte	apoptosis	was	not	associated	
with	degradation	of	“intact”	PARP.

In	contrast	to	PARP	degradation	produced	by	rhTNF-α	and	rhOSM,	
we	could	find	no	evidence	for	the	activated	20kDa/21kDa	forms	
of	 caspase-3	 despite	 the	 assertion	 by	 the	 manufacturer	 that	

the	purified	mouse	anti-human	caspase-3	antibody	used	in	this	
western	blot	analysis	purportedly	recognizes	both	pro-caspase-3	
(CPP32)	 as	 well	 as	 activated	 caspase-3	 [BD	 Technical	 Data	
Sheet].	Thus,	this	finding	strongly	suggested	that	although	PARP	
degradation	was	most	often	considered	to	be	caspase-dependent	
[29]	and	caspase-3-dependent,	in	particular	[23,32],	the	pattern	of	
PARP	degradation	produced	by	C-28/I2	chondrocyte	undergoing	
apoptosis	 in	 response	to	rhTNF-α,	 rhIL-6,	and	rhOSM	appeared	
to	be	caspase-3-independent,	thus	potentially	 implicating	other	
enzymes	 in	 the	 degradation	 of	 PARP	 in	 C-28/I2	 chondrocytes	
[28].	Although	the	effect	of	tocilizumab	on	rhIL-6-induced	C-28/
I2	 chondrocyte	 apoptosis	was	not	 assessed	 in	 the	DAPI/TUNEL	
assay,	 the	 results	 of	 the	 PARP	 degradation	 analysis	 suggested	
that	tocilizumab	itself,	as	well	as	the	combination	of	rhIL-6	and	
tocilizumab,	had	no	effect	either	on	caspase-3	activation	or	on	
PARP	degradation	as	did	rhIL-6.				

Recently,	Wylie	et	al.,	[25]	showed	that	the	ratio	of	total	U-ERK2	
(p42)	to	total	U-ERK1	(p44)	 in	C-28/I2	chondrocytes	was	2.33	±	
0.05	(mean	±	SEM,	n=3),	an	indicator	that	C-28/I2	chondrocytes	
predominately	synthesized	U-ERK2.	The	results	of	that	study	also	
demonstrated	that	rhIL-6	or	rhOSM	increased	the	ratio	of	p-ERK2	
to	β-actin	 in	C-28/I2	chondrocytes	without	altering	 the	 ratio	of	
total	U-ERK2	to	β-actin.	Furthermore,	the	combination	of	rhIL-6	
and	U0126	reduced	the	ratio	of	p-ERK2	to	β-actin.

Several	 previously	 published	 studies	 had	 commented	 on	 the	
biological	 significance	 of	 varying	 ratios	 of	 ERK1	 to	 ERK2	 in	
cultured	 cells.	 Thus,	 in	most	mammalian	 tissues	 and	 cell	 lines	
studied	 to	 date	 ERK2	 appeared	 to	 be	 the	 predominating	 ERK	
isoform,	whereas	ERK1	was	quantitatively	much	 less	abundant.	
In	principle	this	evidence	should	adequately	explain	the	dramatic	
biological	effects	observed	when	ERK2	is	either	ablated	in	mice	
or	knocked	down	in	cells	[33-37].	 	Thus,	the	results	reported	in	

Figure 4 Effect of U0126 on Total U-ERK1/2 and p-ERK1/2 in hTERT-HMA/B Cells. 
The	 immortalized	human	myometrial	cell	 line,	hTERT-HMA/B	was	pre-incubated	with	U0126	(10	μM)	for	10	min	followed	by	
incubation	with	PMA	(100	nM)	for	10	min	or	with	PMA	alone	for	10	min.	The	Odyssey	Two-Color	and	IN-Gel	(LI-COR®)	western	
blot	 system	was	used	 to	detect	 an	 infrared	fluorescence	 antibody	 conjugate	which	 captures	 total	U-ERK1/2	 and	p-ERK1/2	
with	an	anti-U-ERK1/2	or	anti-p-ERK1/2	antibody	 (Cell	Signaling	Technology).	 Lanes	as	shown	are:	STD,	gel	 loading	control;	
GAPDH,	Glyceraldehyde-3-phosphate	dehydrogenase;	U0126,	hTERT-HMA/B	cells	pre-incubated	with	U0126	(10	μM)	followed	
by	 incubation	with	PMA	(100	nM)	 for	10	min;	hTERT-HMA/B	cells	 treated	with	PMA	(100	nM)	 for	10	min.	Total	U-ERK1/2	 is	
depicted	in	red,	p-ERK1/2	is	depicted	in	green	and	the	total	U-ERK1/2/p-ERK1/2	merge	is	depicted	in	yellow.	
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the	original	study	from	Pouyssegur’s	group	on	the	significance	of	
total	ERK1	versus	 total	ERK2	 [37]	was	noteworthy	with	 respect	
to	 the	 findings	 with	 C-28/I2	 chondrocytes	 because	 the	 most	
significant	 biochemical	 feature	 of	 ERK1-deficient	 cells	 was	 the	
strong	hyperphosphorylation	of	the	ERK2	isoform.		

Importantly,	U0126,	(an	upstream	inhibitor	of	MEK1/MEK2,	the	
activation	of	which	is	required	for	the	phosphorylation	of	ERK1/2)	
[17,38],	 in	 combination	 with	 rhTNF-α,	 not	 only	 increased	 the	
number	of	DAPI/TUNEL-positive	C-28/I2	chondrocytes,	but	also	
produced	 the	most	marked	effect	on	PARP	degradation	where,	
for	example,	only	a	single	58	kDa	PARP	fragment	was	detected.	
However,	the	effect	of	rhTNF-α	and	U0126	on	C-28/I2	chondrocyte	
apoptosis	 could	 not	 be	 mimicked	 by	 rhIL-6	 in	 combination	
with	 U0126.	 This	 result	 suggested	 that	 although	 activation	 of	
ERK2	was	 a	 highly	 plausible	mechanism	 accounting	 for	 rhTNF-
α-mediated	 apoptosis	 of	 C-28/I2	 chondrocytes,	 inhibition	 of	
p-ERK2	by	U0126	in	rhTNF-α-treated	C-28/I2	chondrocytes	may	
have	had	 the	 additional	 effect	 of	 shifting	MAPK	 signaling	 from	
the	 ERK	 pathway	 to	 the	 p38	 kinase	 and/or	 JNK1/2	 pathways.	
Thus,	 “cross-talk”	 between	 signal	 transduction	 pathways	 [24]	
constitutes	one	plausible	mechanism	responsible	 for	 increasing	
C-28/I2	chondrocyte	apoptosis	after	treatment	with	rhTNF-α	and	
U0126.	Indeed,	Loesser	et	al.,	[39]	in	reviewing	MAPK	signaling	in	
normal	 chondrocytes,	 similarly	 concluded	 that	 TNF-α	 activated	
p38	MAPK	and	JNK1/2,	which	we	also	confirmed	to	be	the	case	
with	 human	 OA	 chondrocytes	 as	 well	 [24].	 Furthermore,	 this	
conclusion	was	borne	out	by	the	results	from	an	analysis	on	the	
effects	of	rhIL-6	and	U0126	in	restoring	the	level	of	p-JNK46,	the	
latter	 having	 been	 inhibited	 by	 rhIL-6	 alone	 (data	 not	 shown).	
That	 rhIL-6	 plus	 U0126	 also	 was	 found	 to	 reduce	 the	 ratio	 of	
p-p38	 MAPK	 to	 β-actin	 [25]	 tends	 to	 support	 the	 conclusion	
that	 “cross-talk”	 between	 MAPK	 signaling	 pathways	 could	 be	
responsible	for	regulating	the	 induction	of	C-28/I2	chondrocyte	
apoptosis	by	rhIL-6.		

Pelletier	et	al.	[40]	had	previously	shown	that	PD98059,	another	
MEK1	small	molecule	inhibitor,	decreased,	rather	than	increased,	
canine	OA	chondrocyte	cell	death.	The	mechanism	attributed	to	
the	PD98059	effect	on	canine	OA	chondrocyte	apoptosis	was	not	
only	 its	capacity	to	 inhibit	MEK1	but	also	 its	effect	on	reducing	
COX-2,	 inducible	nitric	oxide	(iNOS)	and	p-p38	MAPK,	the	latter	
having	 been	 previously	 shown	 to	 be	 involved	 in	 increasing	OA	
chondrocyte	 apoptosis	 [19].	 In	 contrast,	 Schmidt	 et	 al.,	 [41]	
showed	 that	 iNOS	 mRNA	 expression	 was	 reduced	 in	 C-28/I2	
chondrocytes	in	association	with	the	inhibition	of	p38	MAPK,	NF-
κB,	and	JAK2/STAT1A	activation.		Thus,	various	interpretations	of	
the	results	in	the	present	study	must	include	the	possibility	going	
forward	 that	 1)	 inhibition	 of	 MEK1/2	 by	 U0126	 and	 PD98059	
produce	contrasting	 results	 insofar	as	chondrocyte	apoptosis	 is	
concerned;	2)	that	C-28/I2	chondrocytes	behave	differently	than	
canine	OA	chondrocytes	as	a	response	to	inhibiting	MEK1/2;	and	
3)	 that	 induction	of	C-28/I2	chondrocyte	apoptosis	 in	 response	
to	rhTNF-α,	also	involves	activation	of	p38	MAPK	and/or	JNK1/2	
MAPK,	 as	 was	 previously	 shown	 to	 be	 the	 case	 with	 cultured	
human	OA	chondrocytes	[24].	

Wylie	et	al.,	[25]	also	showed	that	rhOSM	strongly	activated	C-28/
I2	 chondrocyte	 ERK2.	 Thus,	 combined	with	 the	 present	 results	

which	showed	that	rhOSM	caused	a	robust	positive	trend	towards	
increasing	C-28/I2	chondrocyte	DAPI/TUNEL-positivity	as	well	as	
causing	 PARP	 degradation	 suggested	 that	 ERK2	 activation	 was	
also	likely	to	be	a	primary	mechanism	involved	in	the	increased	
level	 of	 C-28/I2	 chondrocyte	 apoptosis	 in	 response	 to	 rhOSM,	
and	even	more	so,	because	the	addition	of	U0126	did	not	alter	
this	result.		

These	results	became	even	more	pertinent	 to	 the	role	of	ERK2	
as	 a	 regulator	 of	 apoptosis	 in	 view	 of	 the	 data	 published	 by	
Seidel	 and	Graves	 [42],	who	 showed	 that	 Ets-1,	 one	of	 several	
transcription	 factors	 involved	 in	 regulating	apoptosis	possessed	
a	 “Pointed”	 domain	 and	 an	 ERK2	 docking	 site.	 Based	 on	 the	
results	 of	 their	 experiments,	 Seidel	 and	 Graves	 [42],	 proposed	
that	this	structurally	defined	ERK2	docking	site	could	represent	
the	component	which	explains	the	common	mechanism	by	which	
activated	ERK2	regulates	apoptosis.	Thus	it	can	be	proposed	that	
activated	ERK2	in	C-28/I2	chondrocytes	in	response	to	rhTNF-α,	
rhIL-6	 or	 rhOSM,	 eventually	 interacts	with	 various	 cytoplasmic	
and	nuclear	substrates,	including	Ets-1,	as	well	as	promoting	the	
interaction	of	p-ERK2	with	other	protein	scaffolds	and	anchoring	
proteins	 which	 further	 regulates	 gene	 transcription	 associated	
with	apoptosis	[43].							

By	further	assessing	the	effect	of	rhTNF-α,	rhIL-6,	or	rhOSM	on	
C-28/I2	 chondrocyte	apoptosis	we	 should	also	be	able	 to	 shed	
additional	light	on	alternative	signal	transduction	mechanism(s)	
responsible	 for	 the	 regulation	 of	 pro-apoptosis	 proteins	 which	
result	 in	 the	 loss	of	 chondrocyte	 viability	 in	RA	or	OA	articular	
cartilage	[19,44-47].		In	that	regard,	the	results	of	this	study	with	
respect	 to	 the	 effect	 of	 combining	 rhIL-6	 with	 tocilizumab	 on	
caspase-3	activation	and	PARP	degradation	in	C-28/2	chondrocytes	
was	quite	unexpected	considering	our	current	understanding	of	
the	mechanism	by	which	tocilizumab	neutralizes	the	interaction	
of	IL-6	with	the	IL-6	receptor	mechanism	resulting	in	the	inhibition	
of	JAK/STAT	signaling	[45].	Thus,	neither	rhIL-6,	tocilizumab,	nor	
rhIL-6	plus	tocilizumab	had	any	effect	on	the	degradation	of	PARP.	
However,	the	extent	to	which	tocilizumab	would	have	inhibited	
rhIL-6-induced	 C-28/I2	 chondrocyte	 apoptosis	warrants	 further	
study.		

Of	 note,	 the	 chronic	 inflammatory	 state	 of	 RA	 synovial	 joints	
resulting	 from	 autoimmune	 activation	 of	 T-cells,	 B-cells,	
macrophages,	 and	other	accessory	 cells	 (i.e.,	dendritic	 cells)	of	
the	 innate	 and	 adaptive	 immune	 system	 [47-49],	 often	 results	
in	both	“apoptosis-resistance”	in	RA	synovial	tissue	[50-52]	and	
a	 reduction	 in	 chondrocyte	 vitality,	 the	 latter	 event	 generally	
attributed	 to	 the	 capacity	 of	 pro-inflammatory	 cytokines	
to	 induce	 apoptosis	 [24].	 In	 addition,	 the	 profound	 loss	 of	
chondrocyte	viability	as	OA	progresses	from	an	indolent	state	to	
an	 inflammatory	disease	believed	to	be	generally	accompanied	
by	 a	 process	 resulting	 from	 chondrocyte	 apoptosis	 is	 generally	
considered	 to	 be	 a	 hallmark	 of	 this	 disease	 process.	 Thus,	
chondrocyte	apoptosis	 is	 thought	 to	be	at	 an	elevated	 level	 as	
a	 result	 of	 articular	 cartilage	 responding	 to	 the	 elevated	 levels	
of	synovial	fluid	pro-inflammatory	cytokines,	such	as	TNF-α,	IL-6,	
and	OSM,	among	other	pro-inflammatory	cytokines	[53].	

In	conclusion,	human	chondrocyte	model	in vitro	culture	systems	
such	as	the	one	employed	in	this	study	with	C-28/I2	chondrocytes	
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could	 produce	 the	 pre-clinical	 data	 moving	 forward	 which	
would	 determine	 the	 clinical	 efficacy	 of	 various	 agents	 with	
the	potential	 to	 inhibit	 chondrocyte	apoptosis	 in	well-validated	
animal	models	of	RA	or	OA.	The	results	from	these	studies	could	
then	 provide	 the	 impetus	 for	 developing	 drugs	 which	 would	
be	 specifically	 designed	 to	 inhibit	 pro-inflammatory	 cytokine-
induced	chondrocyte	apoptosis	in	various	forms	of	arthritis	which	
we	[5,54,55]	have	previously	proposed	to	be	the	case.			

Acknowledgment
This	 study	 was	 supported	 by	 a	 contract	 between	 Genentech/

Roche	Group	and	Case	Western	Reserve	University	(CJM,	PI),	by	
the	Case	Western	Reserve	University,	Cell	Culture	Core	Facility	of	
the	Visual	Sciences	Research	Center	funded	by	the	National	Eye	
Institute	(P30-EY11373)	and	by	R01-HD061819	(SM;	PI).	We	thank	
Tanu	 Parmar,	 Ph.D.	 for	 assistance	 with	 the	 phase	 microscopy	
analysis	 of	 C-28/I2	 chondrocytes	 and	 for	 hematoxylin-eosin	
staining	of	these	cells.	Dr.	Malemud	and	Mr.	Meszaros	received	
salary	 support	 from	the	Genentech/Roche	Group	contract.	The	
authors	declare	no	conflicts	of	interest.



11© Under License of Creative Commons Attribution 3.0 License         

Vol. 1 No. 1:4

2015
Journal of Autoimmune Disorders

ISSN 2471-8513

References
1 Burrage	PS,	Mix	KS,	Brinckerhoff	CE	(2006)	Matrix	metalloproteinases:	

role	in	arthritis.		Front	Biosci	11:	529-543.

2 Malemud	CJ	(2007)	OA,	Inflammation	and	Degradation:	A	Continuum.	
Vol	70.	IOS	Press:	Amsterdam,	Netherlands,	pp.	99-117. 

3 Caramés	 B,	 López-Armada	 MJ,	 Cillero-Pastor	 B,	 Lires-Dean	 M,	
Vaamonde	 C	 et	 al.	 (2008)	 Differential	 effects	 of	 tumor	 necrosis	
factor-a	 and	 interleukin-1-ß	 on	 cell	 death	 in	 human	 articular	
chondrocytes.	Osteoarthritis	Cartilage	16:	715-722. 

4	 Daheshia	M,	 Yao	 JQ	 (2008)	 The	 interleukin	 1beta	 pathway	 in	 the	
pathogenesis	of	osteoarthritis.		J	Rheumatol	35:	2306-2312.

5	 Malemud	CJ	(2013)	Intracellular	Signaling	Pathways	in	Rheumatoid	
Arthritis.		J	Clin	Cell	Immunol	4:	160.

6	 Robbins	 JR,	 Thomas	 B,	 Tan	 L,	 Choy	 B,	 Arbiser	 JL,	 et	 al.	 (2000)	
Immortalized	human	adult	articular	chondrocytes	maintain	cartilage-
specific	 phenotype	 and	 responses	 to	 interleukin-1beta.	 	 Arthritis	
Rheum	43:	2189-2201.

7	 Goldring	MB	(2004)	Immortalization	of	human	articular	chondrocytes	
for	generation	of	stable,	differentiated	cell	lines.	Methods	Mol	Med	
100:	23-36.

8	 Goldring	MB	(2004)	Culture	of	immortalized	chondrocytes	and	their	use	
as	models	of	chondrocyte	function.	Methods	Mol	Med	100:	37-52.

9	 Goldring	MB,	Birkhead	JR,	Suen	LF,	Yamin	R,	Mizuno	S,	et	al.	(1994)	
Interleukin-1	 beta-modulated	 gene	 expression	 in	 immortalized	
human	chondrocytes.	J	Clin	Invest	94:	2307-2316.

10	 Kokenyesi	 R,	 Tan	 L,	 Robbins	 JR,	 Goldring	MB	 (2000)	 Proteoglycan	
production	by	immortalized	human	chondrocyte	cell	 lines	cultured	
under	 conditions	 that	 promote	 expression	 of	 the	 differentiated	
phenotype.	Arch	Biochem	Biophys	383:	79-90. 

11  Matsumoto	 T,	 Tsurumoto	 T,	 Goldring	 MB,	 Shindo	 H	 (2000)	
Differential	effects	of	IGF-binding	proteins,	IGFBP-3	and	IGFBP-5,	on	
IGF-I	action	and	binding	to	cell	membranes	of	immortalized	human	
chondrocytes.	J	Endocrinol	166:	29-37. 

12 Osaki	M,	Tan	L,	Choy	BK,	Yoshida	Y,	Cheah	KS,	et	al.	(2003)	The	TATA-
containing	 core	 promoter	 of	 the	 type	 II	 collagen	 gene	 (COL2A1)	
is	 the	 target	 of	 interferon-gamma-mediated	 inhibition	 in	 human	
chondrocytes:	requirement	for	Stat1	alpha,	Jak1	and	Jak2.		Biochem	
J	369:	103-115.

13 Finger	 F,	 Schörle	 C,	 Zien	 A,	Gebhard	 P,	 Goldring	MB,	 et	 al.	 (2003)	
Molecular	phenotyping	of	human	chondrocyte	cell	 lines	T/C-28a2,	
T/C-28a4,	and	C-28/I2.		Arthritis	Rheum	48:	3395-3403.

14	 Claassen	 H,	 Schicht	M,	 Brandt	 J,	 Reuse	 K,	 Schädlich	 R,	 et	 al.	 (2011)	
C-28/I2	and	T/C-28a2	chondrocytes	as	well	as	human	primary	articular	
chondrocytes	express	sex	hormone	and	insulin	receptors—Useful	cells	
in	the	study	of	cartilage	metabolism.	Ann	Anat	193:	23-29.

15	 Catterall	 JB,	 Carrère	 S,	 Koshy	 PJ,	 Degnan	 BA,	 Shingleton	 WD,	 et	
al.	 (2001)	 Synergistic	 induction	 of	 matrix	 metalloproteinase	 1	 by	
interleukin-1alpha	and	oncostatin	M	in	human	chondrocytes	involves	
signal	transducer	and	activator	of	transcription	and	activator	protein	
1	transcription	factors	via	a	novel	mechanism.	Arthritis	Rheum	44:	
2296-2310. 

16	 Tayal	V,	Kalra	BS	(2008)	Cytokines	and	anti-cytokines	as	therapeutics-
-an	update.		Eur	J	Pharmacol	579:	1-12.

17	 Roskoski	R	 Jr	 (2012)	ERK1/2	MAP	kinases:	 structure,	 function,	and	
regulation.	Pharmacol	Res	66:	105-143.

18	 McCubrey	JA,	May	WS,	Duronio	V,	Mufson	A	(2000)	Serine/threonine	
phosphorylation	in	cytokine	signal	transduction.	Leukemia	14:	9-21.

19	 Malemud	CJ,	Gillespie	HJ	 (2005)	The	 role	of	 apoptosis	 in	 arthritis.	
Curr	Rheum	Rev	1:	131-142. 

20	 Perera	PM,	Wypasek	E,	Madhaven	S,	Rath-Deschner	B,	Liu	 J,	et	al.	
(2010)	Mechanical	signals	control	SOX9,	VEGF,	and	c-Myc	expression	
and	cell	proliferation	during	inflammation	via	integrin-linked	kinase,	
B-Raf,	 ERK1/2-dependent	 signaling	 in	 articular	 chondrocytes.	
Arthritis	Res	Ther	12:	R016.

21 Colmegna	 I,	 Pryshchep	 S,	Oishi	H,	Goronzy	 JJ,	Weyand	CM	 (2012)	
Dampened	 ERK	 signaling	 in	 hematopoietic	 progenitor	 cells	 in	
rheumatoid	arthritis.	Clin	Immunol	143:	73-82.

22 Kar	A,	Gutierrez-Hartmann	A	(2013)	Molecular	mechanisms	of	ETS	
transcription	factor-mediated	tumorigenesis.	Crit	Rev	Biochem	Mol	
Biol	48:	522-543.

23  Islam	 N,	 Haqqi	 TM,	 Jepsen	 KJ,	 Kraay	 M,	Welter	 JF,	 et	 al.	 (2002)	
Hydrostatic	pressure	induces	apoptosis	in	human	chondrocytes	from	
osteoarthritic	 cartilage	 through	 up-regulation	 of	 tumor	 necrosis	
factor-α,	inducible	nitric	oxide	synthase,	p53,	c-myc	and	bax-α	and	
suppression	of	bcl-2. J	Cell	Biochem	87:	266-278.

24	 Malemud	CJ,	Sun	Y,	Pearlman	E,	Ginley	NM,	Awadallah	A,	et	al.	(2012)	
Monosodium	Urate	and	Tumor	Necrosis	Factor-α	Increase	Apoptosis	
in	Human	Chondrocyte	Cultures.		Rheumatology	(Sunnyvale)	2:	113.

25	 Wylie	MA,	Meszaros	EC,	Malemud	CJ	(2015)	The	effect	of	interleukin-
6-type	 cytokines	 and	 adiponectin	 on	 MAPK	 activation	 in	 the	
immortalized	 human	 chondrocyte	 C28/I2	 line	 and	 normal	 human	
chondrocytes.	J	Cell	Biol	Histol	1:	101. 

26	 Tan	 H,	 Yi	 L,	 Rote	 NS,	 Hurd	 WW,	 Mesiano	 S	 (2012)	 Progesterone	
receptor-A	and	–B	have	opposite	effects	on	proinflammatory	gene	
expression	in	human	myometrial	cells:	implications	for	progesterone	
actions	in	human	pregnancy	and	parturition.	J	Clin	Endocrinol	Metab	
95:	E719-E730. 

27	 Welsh	T,	 Johnson	M,	Yi	L,	Tan	H,	Rahman	R,	et	al.	 (2012)	Estrogen	
receptor	 (ER)	 expression	 and	 function	 in	 the	 pregnant	 human	
myometrium:	 estradiol	 via	 ERα	 activates	 ERK1/2	 signaling	 in	 term	
myometrium.	J	Endocrinol	212:	227-238.

28	 Chaitanya	GV,	Steven	AJ,	Babu	PP	(2010)	PARP-1	cleavage	fragments:	
signatures	 of	 cell-death	 proteases	 in	 neurodegeneration.	 Cell	
Commun	Signal	8:	31.

29	 Wen	X,	Lin	ZQ,	Liu	B,	Wei	YQ	(2012)	Caspase-mediated	programmed	
cell	death	pathways	as	potential	therapeutic	targets	 in	cancer.	Cell	
Prolif	45:	217-224.

30	 Han	Z,	Hendrickson	EA,	Bremner	TA,	Wyche	JH	(1997)	A	sequential	
two-step	mechanism	for	the	production	of	the	mature	p17:p12	form	
of	caspase-3	in	vitro.	J	Biol	Chem	272:	13432-13436.

31 Meszaros	EC,	Dahoud	W,	Mesiano	S,	Malemud	CJ	 (2015)	Blockade	
of	 recombinant	 human	 IL-6	 by	 tocilizumab	 suppresses	 matrix	
metalloproteinase-9	production	in	the	C28/I2	immortalized	human	
chondrocyte	cell	line.	Integr	Mol	Med	2:	304-310. 

32 Yinjun	 L,	 Jie	 J,	 Weilai	 X,	 Xiangming	 T	 (2004)	 Homoharringtonine	
mediates	myeloid	 cell	 apoptosis	 via	 upregulation	 of	 pro-apoptotic	
bax	and	inducing	caspase-3-mediated	cleavage	of	poly	(ADP-ribose)	
polymerase	(PARP).	Am	J	Hematol	76:	199-204.

33 Saba-El-Leil	MK,	Vella	 FD,	Vernay	B,	Voisin	 L,	 Chen	 L,	 et	 al.	 (2003)	
An	essential	function	of	the	mitogen-activated	protein	kinase	Erk2	in	
mouse	trophoblast	development.	EMBO	Rep	4:	964-968.



2015
Vol. 1 No. 1:4

12 This article is available in:  http://autoimmunediseases.imedpub.com/archive.php

Journal of Autoimmune Disorders
ISSN 2471-8513

34	 Hatano	 N,	Mori	 Y,	 Oh-hora	M,	 Kosugi	 A,	 Fujikawa	 T,	 et	 al.	 (2003)	
Essential	role	for	ERK2	mitogen-activated	protein	kinase	in	placental	
development.	Genes	Cells	8:	847-856.

35	 Yao	 Y,	 Li	W,	Wu	 J,	Germann	UA,	 Su	MS,	 et	 al.	 (2003)	 Extracellular	
signal-regulated	kinase	2	is	necessary	for	mesoderm	differentiation.	
Proc	Natl	Acad	Sci	U	S	A	100:	12759-12764.

36	 Vantaggiato	C,	Formentini	 I,	Bondanza	A,	Bonini	C,	Naldini	L,	et	al.	
(2006)	ERK1	and	ERK2	mitogen-activated	protein	kinases	affect	Ras-
dependent	cell	signaling	differentially.	J	Biol	5:	14.

37	 Pagès	G,	Guérin	S,	Grall	D,	Bonino	F,	Smith	A,	et	al.	(1999)	Defective	
thymocyte	maturation	 in	 p44	MAP	 kinase	 (Erk	 1)	 knockout	mice.	
Science	286:	1374-1377.

38	 Favata	MF,	Horiuchi	 KY,	Manos	 EJ,	 Daulerio	 AJ,	 Stradley	DA,	 et	 al.	
(1998)	Identification	of	a	novel	inhibitor	of	mitogen-activated	protein	
kinase	kinase.	J	Biol	Chem	273:	18623-18632.

39	 Loeser	 RF,	 Erickson	 EA,	 Long	 DL	 (2008)	Mitogen-activated	 protein	
kinases	as	therapeutic	targets	in	osteoarthritis.	Curr	Opin	Rheumatol	
20:	581-586.

40	 Pelletier	JP,	Fernandes	JC,	Jovanovic	DV,	Reboul	P,	Martel-Pelletier	J	
(2001)	Chondrocyte	death	in	experimental	osteoarthritis	is	mediated	
by	 MEK	 1/2	 and	 p38	 pathways:	 role	 of	 cyclooxygenase-2	 and	
inducible	nitric	oxide	synthase.	J	Rheumatol	28:	2509-2519.

41	 Schmidt	 N,	 Pautz	 A,	 Art	 J,	 Rauschkolb	 P,	 Jung	 M,	 et	 al.	 (2010)	
Transcriptional	and	post-transcriptional	regulation	of	iNOS	expression	
in	human	chondrocytes.	Biochem	Pharmacol	79:	722-732.

42	 Seidel	 JJ,	 Graves	 BJ	 (2002)	 An	 ERK2	 docking	 site	 in	 the	 Pointed	
domain	 distinguishes	 a	 subset	 of	 ETS	 transcription	 factors.	 Genes	
Dev	16:	127-137.

43	 Lee	 S,	 Bae	 YS	 (2012)	 Monomeric	 and	 dimeric	 models	 of	 ERK2	
in	 conjunction	 with	 studies	 on	 cellular	 localization,	 nuclear	
translocation,	and	in	vitro	analysis.		Mol	Cells	33:	325-334.

44	 Firestein	GS	(2005)	Immunologic	mechanisms	in	the	pathogenesis	of	
rheumatoid	arthritis.	J	Clin	Rheumatol	11:	S39-44.

45	 Malemud	 CJ,	 Reddy	 SK	 (2008)	 Targeting	 cytokines,	 chemokines	 and	
adhesion	molecules	in	rheumatoid	arthritis.	Curr	Rheum	Rev	4:	219-234. 

46	 Toh	ML,	Miossec	P	(2007)	The	role	of	T	cells	in	rheumatoid	arthritis:	
new	subsets	and	new	targets.	Curr	Opin	Rheumatol	19:	284-288.

47	 Malemud	CJ,	Pearlman	E	(2009)	Targeting	JAK/STAT	signaling	pathway	
in	inflammatory	diseases.	Curr	Signal	Transduct	Ther	4:	201-221. 

48	 Korb	A,	Pavenstädt	H,	Pap	T	(2009)	Cell	death	in	rheumatoid	arthritis.	
Apoptosis	14:	447-454.

49	 Wylie	MA,	Malemud	CJ	(2013)	Perspective:	Deregulation	of	apoptosis	in	
arthritis	by	altered	signal	transduction.	Int	J	Clin	Rheumatol	8:	483-490.	

50	 Malemud	CJ	 (2011)	Molecular	mechanisms	 in	 rheumatic	diseases:	
rationale	 for	 novel	 drug	 development	 -	 introduction.	 Antiinflamm	
Antiallergy	Agents	Med	Chem	10:	73-77.

51	 Hutcheson	 J,	 Perlman	H	 (2008)	Apoptosis	 regulators	 and	RA.	 Curr	
Rheum	Res	4:	254-258. 

52	 Malemud	 CJ	 (2012)	 Apoptosis	 resistance	 in	 rheumatoid	 arthritis	
synovial	tissue.	J	Clin	Cell	Immunol	S3:	006. 

53	 Malemud	 CJ	 (2015)	 Biologic	 basis	 of	 osteoarthritis:	 state	 of	 the	
evidence.	Curr	Opin	Rheumatol	27:	289-294.

54	 Wisler	 BA,	 Dennis	 JE,	 Malemud	 CJ	 (2011)	 New	 organ-specific	
pharmacological	 strategies	 interfering	 with	 signaling	 pathways	
in	 inflammatory	 disorders/autoimmune	 disorders.	 Curr	 Signal	
Transduct	Ther	6:	279-291. 

55	 Lewis	AC,	Malemud	CJ	(2011)	Correction	of	dysfunctional	apoptosis	
in	 arthritis	 by	 pharmacologic	 interventions:	 Focus	 on	 altering	 the	
activity	of	inhibitor	of	apoptosis	protein.	In:	Pandalai	SG	(ed.)	Recent	
Research	Developments	in	Pharmacology,	pp.	69-84.


