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Upregulation of MMP is Mediated by MEK1 Activation During
Differentiation of Monocyte into Macrophage

Jaewon Lim'”, Yoonjung Cho'?, Dong Hyun Lee', Byung Chul Jung', Han Sol Kang',
Tack-Joong Kim’, Ki-Jong Rhee', Tae Ue Kim"" and Yoon Suk Kim""

'Department of Biomedical Laboratory Science, College of Health Sciences, Yonsei University, Wonju 220-710, Korea
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Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases which degrade extracellular matrix (ECM)
during embryogenesis, wound healing, and tissue remodeling. Dysregulation of MMP activity is also associated with
various pathological inflammatory conditions. In this study, we examined the expression pattern of MMPs during
PMA-induced differentiation of THP-1 monocytic cells into macrophages. We found that MMP1, MMPS, MMP3,
MMP10, MMP12, MMP19, MMP9, and MMP7 were upregulated during differentiation whereas MMP2 remained
unchanged. Expression of MMPs increased in a time-dependent manner; MMP1, MMP8, MMP3, MMP10, and MMP12
increased beginning at 60 hr post PMA treatment whereas MMP19, MMP9, and MMP7 increased beginning at 24 hr
post PMA treatment. To identify signal transduction pathways involved in PMA-induced upregulation of MMPs, we
treated PMA-differentiated THP-1 cells with specific inhibitors for PKC, MEK1, NF-kB, PI3K, p38 MAPK and PLC.
We found that inhibition of the MEK1 pathway blocked PMA-induced upregulation of all MMPs to varying degrees
except for MMP-2. In addition, expression of select MMPs was inhibited by PI3K, p38 MAPK and PLC inhibitors. In
conclusion, we show that of the MMPs examined, most MMPs were up-regulated during differentiation of monocyte
into macrophage via the MEK 1 pathway. These results provide basic information for studying MMPs expression during

macrophage differentiation.
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w79 Ee AR Sl Boldke Aow
RBax3 9t} (Brinckerhoff et al., 2002; Deryugina and
Quigley, 2006; Egeblad and Werb, 2002; Pollette et al., 2004).
ol2]gk MMPs7} HI/dA o apihel = S5t
B AdxA 55 dJIAA g A 2k
op7lete Aoz A At} (Brinckerhoff and Matriain,
2002). MMPs= Z+g A3k Wdo] F983%k 98-S 3l
Ao R dulx] e ol o 9 Hol, e 59
ko] MMPs7}F #olgl Ao ® Budw gla, st
< (atherosclerosis)2] W&ol e Ado] JYe A
o2 4#A T} (Lendon et al., 1991; Moreno et al., 1994;
Vihinen and Kahari, 2002; Westermarck and Kahari, 1999).
MMPst Al 9] 714 &8 7|53 e AxY F
2] (proliferation) = ©]-5 (migration), A3ZAFE (apoptosis)
I AfEo] dom HAMEA ZtE Abo]EFQ
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(cytokine)@} 1 =8| (receptor) T A EZF2AAx}
(growth factor)E B3} = M| LA SHA7]=H| ofs)
o 44 We Ao FAU AL = Ao Ul

2] AT} (Hojilla et al., 2003; Parks et al., 2004).

HA7EA, Abol A EE S MMPs 23F°] B
2E 3 9o, 714 (substrate)ol] T ol W o)
A& 743t domain T30l Wt F 6719 o 1F
(subclass group) o= -F¥t) 6719 o}y 1HF-S 747t
Collagenases (MMP-1, -8, -13), gelatinases (MMP-2, -9),
stromelysins (MMP-3, -10), matrilysins (MMP-7, -26), A| 3 ut
A3 MMPs (MT-MMPs) Z22]al 7]€} MMPs (MMP-12,
-19, -20, -27)2.2 3 ©t}. (Fanjul-Ferna ndez et al., 2010;
Nagase et al., 2006; Santiago et al., 2010; Ugalde et al., 2010).
MMPsE Washs AEES Tdet AEF2R14 Abe]
EF}l AETFIQ] (chemokines) 2 A|XE ] 7]&3}e] 2
AAQ AF Tl gate] 3zt o] MMPsE 2l st
2 mRNA HA} (transcription) YA A MMPs 1 o]
ZH ¥t} (Andrea et al, 2010). |24 W3 E MMPsE
pro-peptide domain¥} ©}¢1 o]-20] Zul| 59 (catalytic site)

o Aol 7145te] AFE sl vBaE o)
Z A geke AR Aladd 9@ pro-peptide
domain®] A|AZHA EAF-9] (active site)’} 7123} A
Gt Hol 71dE el = Al |rt (Nagase et al,
2006; Page-McCaw et al., 2007; Stamenkovic, 2003). ©] = 7|
A3E MMPsE 8 99A7F 28 AG- Aol &

A S} tissue inhibitor of metalloproteinases (TIMPs)2} ™6™
H= Ak A o5 L EAo] SJAE T} (Schafers et
al., 2010).

o]2]3t MMPsi= W3 A|3E (endothelial cell), -4 3E
(smooth muscle cell) ¥ o}2} T3 (monocyte), THA] A
3 (macrophage)E X33l thFst HYA X
cell)oll Al BT} (Schafers et al., 2010). < A7+ A3}

of eJatd FMAsS T X 4T A5 dE
HELr/Poﬂ Ml\/[Ps7]' *}345]01 o]ou:] E—a—] u}sﬂ:rt =1 EH/J
Al A Bl shs MMPs7F 0B gk A5 Ae e
9} 7

o

il

(immune

Fe o

Y

Gl ol A MMP-8, -11, 17, 23, -25 5¢ U3
s T o] BaEo] 9lom (Bar-Or et al, 2003), Al
o] A|&] ek Altel wht = ME 9] 71HS TS
= el o3 Aot thE Al o3k A, 1A Q)
A= Foll oJste] @3- W L5 MMPs o] Wstat
205 2ei#] 2t} (Amorino and Hoover, 1998; Matias-

%

rr

A Aol e ALSE A7 (Andrew, 2008).

Roman et al,, 2005). ©]#13F MMPs2] #&-2 whall4-7} &
#¥lo] Qs AMEANE BLE = MMPse]
BE Pe BTt solt gl ow Wuw 9
T} (Andrew, 2008). <17} &350l glanulocyte/macrophage-
colony stimulating factor (GM-CSF)E #]2]3}o] o 2] Al| 3L
2 WA A9 MMP-1, -2, -7, 9, -11, -12, -14¢] &
o] F7Fsh= RHA, MMP-8> WS} gl Blo = deA]
T} (Ardans et al., 2002; Bar-Or et al., 2003; Feinberg et al.,
2000; Schonbeck et al., 1999; Welgus et al., 1990; Whatling et
al., 2004). THP-1°]1} U937%} #-2 T3l FAF HEF
(monocyte-like cell lines)®l| phorbol myristate acetate (PMA)
E AgsA I fF-AF A A E (macrophage-like cells)
EstE = oju] MMPs I ol tigk 9 Bar
221} (Andrew, 2008; Amorino and Hoover, 1998) | 7]
oz 7 vl gl Aol

AN THP AES 29 AER o]83jol
PMA #2lel o3k T3l A Al xw 23k Al Al
Ut A% MMPsE AlQ] R U A] o} Tl Héh=
FA-S gRlshan, 717Fe] MMPs

2 rlr Hu il

MMPs & ¢ ol
oJ5t= A Z AL A (signal transduction pathway)S 14
alara} SISl MMPs o] @hlgRo] A4
ER2 Wt Al STFIAIN S7F S R A s
AAE ofF 2 atolE Helth 2 Aqe el

4 1%
R RREL 1 ngaﬂ-z— MMPss} 215 354 2o
g B A

WEREIETT
ASTETHE ATIH|

Classical PKC (RO-31-7549), MEK1 (PD 98059), PI3-K
(LY 294002), p38 MAPK (SB 203580) 2 cRAF-1 kinase
(GW 5074)°ll th3k Eo]4 2JA]#|E Calbiochem (Darmstadt,
Germany)©ol| A 1|8} t}, NF-«B (BAY 11-7085)°l tigk
E-o]% AA|A|E Enzo life science (New York, NY, USA)°l|
A FjEkTE PLC (U 73122)00 ek Eo]% A4S
Cayman (Ann Arbor, MI, USA)o| A +ul}8}$I T}, Dimethyl
sulfoxide (DMSO)< Sigma-Aldrich (St. Louis, MO, USA)®l|
A Folste] Abgetelc.

Mz BiF H X2

10% heat-inactivated fetal bovine serum (FBS), 2 mM
L-glutamine, 100 U/ml penicillin 2! 100 pg/ml streptomycin
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RPMI 1640 HHX]E o]-gsto] QIZF el 1
¢l THP-1 MEE 5% CO, 4] 3}l 37T
|14 kst THP-1 NS A2z 2
3ko] 6-well plateoll ZF well & 1.0 < 10°7¢]
200 nM PMAE A& 3k3lth. PMAC] st
<A MMPs el ®iskE A E7] $)8te] PMA
F 5ot Z12b o, 1, 2, 4, 10, 20, 40 2 100 nM A
Atk PMAC] gk AZF oA MMPs 2 W st
= 2w B 7] 9)8ke] 200 M PMAES Z}2} 0, 6, 12, 24,
36, 48, 60 2 72A17F BoF Akt o AlAl A2l
= MMPs 2 WstE ER18H7] 9l5te] 484111 Ft
200 nMe] PMAE Ag H, oz} vlaste] 7h7}
RO-31-7549 50 nM, PD 98059 50 uM, BAY 11-7085 10 uM,
LY 294002 10 pM, SB 203580 20 uM, GW 5074 0.5 uM, U
73122 50 ng/mlZ 200 nM PMAS} 7o) 24417k 5<F A2
Eli=

o 1y

il

)

1

&
e
O;

>
N
N
HL

b
RS il
o> —

~

l'\,
N

lm_@mmokrgﬂ

RNA 22| % semi-quantitative reverse transcriptase
PCR (semi-gqRT-PCR)

THP-1 A2 2 PMAc°] ¢zl
differentiated) THP-1 /‘ﬂ =
(PBS)Z 23] A% ¥ 1 ml9] Trizol (Invitrogen, Grand Island,
NY, USA)S 2|8 % Invitrogen AFollA #]-8-3F protocol
o] Aol wel RNAE 83k 3lth ¢cDNAE @d38t7]
2138k 2 pgel total RNAE 73 % random hexamer
0.25 pg, Murine Molony Leukemia Virus Reverse Transcriptase
(MMLV-RT; Invitrogen) 200 unitS 7}&ke] 25T 104, 37°C
508 2 70T 15% B9k WHSAIFTE S AL (reverse-
transcribed) cDNAS 4%k % 20 ul PCR 5% (PCR
amplification)ol] ©]-&3}th PCR FEo|&= Prime Taq
premix PCR kit (Genet Bio, Chungnam, Korea)& ©]-8-3}31 31
MMP-1, -8, -3, -10, -12, -19, -2, -9, -7 (MMP-1, 5'- GAT GGG
AGG CAA GTT GAA AA -3' & 5- CCA GGT CCA TCA
AAA GGA GA -3'; MMP-8, 5'- GGA AAC CCC AAG TGG
GAA CG -3' ¥ 5'- AGT CCA TAG ATG GCC TGA ATG C
-3'; MMP-3, 5'- GGC CAG GGA TTA ATG GAG AT -3' & 5-
GCT GAC AGC ATC AAA GGA CA -3'; MMP-10, 5'-GTG
GAG TTC CTG ACG TTG GT -3' ¥ 5- TGC CTG ATG
CAT CTT CTG TC -3'; MMP-12, 5'- ACA CCT GAC ATG
AAC CGT GA -3' ¥ 5- AGC AGA GAG GCG AAA TGT
GT -3"; MMP-19, 5'- GGG TCC TGT TCT TCC TAC AT -3'
2 5'- CAA TCC TGC AGT ACT GGT CT -3'; MMP-2, 5-

fre shE (PMA-
1 ml phosphate buffered saline

TTT CCA TTC CGC TTC CAG GGC AC -3' ¥ 5- TCG
CAC ACC ACA TCT TTC CGT CAC T -3'; MMP-9, 5'-
TGG AGA GTC GAA ATC TCT GG -3' % 5'- ACC AAA
CTG GAT GAC GAT GT -3'; MMP-7, 5'- AAC TCC CGC
GTC ATA GAA ATA ATG -3' & 5- ACC CAA ACA ATG
GCC AAG TTC ATG -3)°ll th& MMPs S-0]4 Zejoln
(primer)E A28}t PCR 53 thermocycler (Applied
Biosystems, New York, NY, USA)E 3l 25~40 cycles
S3F eEkoith MMPs HElS vl S1R1817] 9]}
glyceraldehyde 3-phosphate dehydrogenase (GAP-DH)E U
£ 7]= (internal control)= A}&3}3ith $Z% PCR AHzE
<2 0.5 pg/ml ethidium bromide (Et-Br)7} 718 2.0% (w/v)
agarose gels?ll Al 271955 31312 100 bp DNA ladder
marker (Intron, Gyeonggi, Korea)E 7|22 S5%% PCR
AHES &9218}% T} Gel-Doc (Bio-Rad, Hercules, CA, USA)
S 0] 83} Gel-imageE 913k
2.0, Bio-Rad)S =3}l GAP-DHel th3dt A= MMPs
e =S e itk

o =

% Image Lab (version

2 I

PMA XMz|o| 2|5t
El=

Eis4T0| CHAINIE 251 TPHOIA MMPs

PMA= @ el AR Aol A2 Aol o
AAERS] 35 frieshs Aow AR jlon ofuf
AE MMPs2] A3 ¢ #H] (secretion)’} S F = A o]
R 3E vl 21T} (Ardans et al, 2002; Bar-Or et al., 2003;
Feinberg et al., 2000; Watanabe et al., 1993; Welgus et al.,
1990; Whatling et al., 2004). ¥ <170l A= PMA 2o
o)k w3l o] thAAE E3} A A MMPse] TF
WS BQ15l7] 98l THP-1 AlEo] PMAS &% o
Ao AE)e F 7} MMPs2] mRNA %5 RT-PCRZ &}
¢Iakaith. MMP-2:= PMA A 2] ook gl so] U
Y} (Fig. 1). 22y MMP-2E A|9]3} collagenases (MMP-1,
-8), stromelysins (MMP-3, -10), 7]E} MMPs (MMP-12, -19),
matrilysins (MMP-7), Z12] 31 gelatinases 5= MMP-9-> PMA
Ae] Zol= mRNA FEollA] Bdo] WA vt
PMA Aol 93] tiaMxz Eelsd dEEE RS
315kt (Fig. 1). 8218 MMP Fol MMP-10> T2
MMPl| H3l] ag=e] PMA g Aol o] F7lsh=
o] HAEAT (Fig. 1). 514 22 MMP2& A5 5%
(1~4nM)°] PMA A& Alol= S7ksltt 5% (20~100
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Fig. 1. Dose-dependent expression of MMPs during PMA-
induced differentiation of THP-1 cells. (A) THP-1 cells were
treated with indicated concentrations of PMA (0, 1, 2, 4, 10, 20, 40
or 100 nM) for 72 hrs. cDNA was prepared from extracted total
RNA and subjected to PCR to amplify MMPs. The PCR products
were analyzed on a 2% agarose gel and GAP-DH was used as an
internal control. (B) Densitometric analysis. Data are expressed as
the mean = SD and are presented as the expression levels of
MMPs mRNA relative to GAP-DH mRNA. The mRNA expression
level of MMPs relative to GAP-DH in cells treated with 100 nM
PMA was set as 100. Data are from three independent experiments.

A MMP 5 MMP-2E #9]3 t}E MMPs:= PMA #1E]
o o]&ll THP-1 M2} Hallroll A tf A A 2= 3} o

o] gAEE AL s

CRET0IA CHAIMZZO| 231 ZFH0IAM PMA X2| AlZ

S|EXMoZ MMPs & 7t

FO% PMAE ARE eEA 0 Agste] ZF MMPs
o] Id s Qg A MMP2E Al9d vE
MMPs+= PMA A2 ARt o]F&% 02 Weo] SIS g
QI}AT} (Fig. 2). Collagenases ¢} 15l 3+ MMP-1
7} MMP-8, stromelysins ©}3 Z1gF-oll 43} MMP-33}
MMP-10> Z}ZF PMA A 2loll w2 &d AZH7F fAF
3k 7S golsl 4= It} (Fig. 2). MMP2E PMA A7 &
ARV ANHOE ZohSIL 1 ol Feli Algte]
A5l W 1w el 1aste] PMA A2 14N
73 Fol= PMA A dAFo R Fof
oE AS #EE 4 AT (Fig 2). E3F Collagenases
(MMP-1, -8), stromelysins (MMP-3, -10), 7]E} MMP %
MMP-12%= PMA A& $ 60A1XF 73 Fof] Wrado] vz
9 & PMA A2 ¥ 24

‘I /\Zo

¥ WFH MMP-19, MMP-9, MMP-7
ﬂjﬂr FHE wyo] BAHT} (Fig 2). B ATS
3l A o MMP F MMP2E A€]& T2 MMPs
© PMA %1?401] o3| THP-1 HE7} waltol| A )2l A
X EskE wf AIRE ojEA o Wo] FHAbEH MMP
H“_ﬂ-q PMA A7} o4& o Z1E3ke] zhel7} gt
AP S slelE)oit)

of

r1r

PMA Xzlof 2Ist SRETFOIA CHAMIZRO| 251 apPHuIA
Protein kinase C (PKC) H|2|EX o2 MMPs & =7}

THP-1 AIZE tAMER #8750 AHEE= PMA
= PKCE 43} sl &4 (activator) @ LA ot
1994). wehx] PMA A2l w2
ul3 =7}ol] PKC7F #oshi=x] 01315t} THP-

(Van Leeuwen et al.,
MMPs
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Fig. 2. Time-dependent expression of MMPs during PMA-
induced differentiation of THP-1 cells. (A) THP-1 cells were
differentiated with PMA (200 nM) for the indicated times (0, 6,
12, 24, 36, 48, 60 or 72 hrs). Total RNA was extracted and cDNA
was prepared. PCR analysis was performed using MMP-specific
primers. The PCR products were resolved on a 2% agarose gel.
GAP-DH was used as an internal control. (B) Densitometric
analysis. Data are expressed as the mean = SD and are presented
as the expression levels of MMPs mRNA relative to GAP-DH
mRNA. The mRNA expression level of MMPs relative to GAP-
DH in THP-1 cells treated with 200 nM PMA for 72 hrs was set
as 100. Data are from three independent experiments.

1 A3l 200 nM2] PMAE A28k 48417 &3 1l
3 % classical PKC & A#|Q] RO-31-75495 *]2]3}
2471 ZF gt & MMPs Hd W3E ER1IEI3ITE o
3 24 PKC A4S AT Z9-o= PMA <]

el = ol W3t fIATh (Fig. 3). & A7

O

i o oo Rl

GAP-DH

PMA - + +
RO-31-7549 - - +
Collagenases
Stromelysins
Other MMPs
Gelatinases

Fig. 3. PKC is not involved in PMA-induced increase of
MMPs expression. THP-1 cells were differentiated with PMA
(200 nM) for 48 hrs and then treated with 50 nM RO-31-7549
(inhibitor specific for PKC) for another 24 hrs. cDNA was synthe-
sized and PCR performed using MMP-specific primers. The PCR
products were resolved on a 2% agarose gel. GAP-DH was used
as an internal control.

5 F3] THP-1 Mo A Axze
PMAC] 2J3t MMPs &8 F71E m7lisks Al S EA A

Lo
M
ot
o
o
=2
>

o PKCE wolshd eeths 2 F1d 4 ggiv.
PMA Xf2l0fl O[3t ERT 281 DHH0IM MEK-1 oIZH

AMSMENES Solf MMPs &d 7}

PMA®]| ©]g THP-1 A3
71%= MMPs®] & Z7kel Avkd e
Ag sl fI8te] 72HE AlsddEdol gk oJAlAl
st AHS H&siith THP-1 A2 200 nM
o] PMAE 48A17F 59t AEjgh 7 745 AsddE4
oA AAAZ A&t 2447 wF & 1}
48 RT-PCR WHH o2 89131tk cRAF-19] thal A
AR GW 50749} PLC AAIAIR] U 731225 ] Aloll+=
PMA®] 2]3F MMPsS] W& 7t ¥} gl AL &
Qg 4= AUt (Fig. 4). 3HAIRF collagenases (MMP-1, -8),
stromelysins (MMP-3, -8), 12|31l 7]E} MMPs ©}3 13&
% MMP-12¢} 2 79, MEK1o] 3 9A1#1¢1 PD
980595 A 2|3l PMA®] o|gh & Tt gl o
A= s g1 4 ATk 1231 MMP-19, MMP-9,

g &
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Fig. 4. PMA-induced upregulation of most MMPs is mediated
by the MEK-1 pathway. (A) THP-1 cells were incubated with
PMA (200 nM) for 48 hrs and then treated with inhibitors PD
98059 (50 uM), BAY 11-7085 (10 pM), Ly 294002 (10 uM), SB
203580 (20 uM), GW 5074 (0.5 uM), or U 73122 (50 ng/ml) for
another 24 hrs. cDNA was prepared from total RNA extracts and
subjected to PCR to amplify MMPs. The PCR products were
resolved on a 2% agarose gel. GAP-DH was used as an internal
control. (B) Densitometric analysis. Data are expressed as the
mean £ SD and are presented as the expression levels of MMPs
mRNA relative to GAP-DH mRNA. The mRNA expression level
of MMPs relative to GAP-DH mRNA in PMA-treated cells without
treatment with inhibitors was set as 100. The data represent results
from three independent experiments.

MMP-72] 7905 PD 98059 %] A] PMA *]2]o] |3t
walo] AN oAlEE e gRlsklt (Fig. 4). o2 g
A3E Z3lo] MMP2E #9]3F MMPs& PMA ]9
ojgh e Z717F MEKL ¥ A AGAAE B3 o
FoRE E1E 4 ATk collagenases (MMP-1, -8)2]
79, NF-kB E0] A48l BAY 11-7085 *12] A] PMA
o oJ% MMPs H&o] Ui 7HAadte 3lo] #EHUL
stromelysins (MMP-3, -10)= p38 MAPK E-°] A]|#]21
SB 203580 2] A] PMA &l °|§ MMP S7F7F &
AE-S gelskAT) (Fig. 4). 3 MMP-83} MMP-12:=
PI3-K E©°] A9 LY 294002 *2] A] PMA°] <]3t
ulglo] oA AeS BelslAn) (Fig 4). ©)2dt

= PMAS] Aol 9)EF MMPs W3lo] MEKI #H Al

ik

¢

SAGAA o] 2]e] NF«B, p38 MAPK, PI3-K 5¢] 25
AGEAo] oa) 7] 2L HolFn =3 fEd NS
AgEZo] A MMPs ©o}8 T1EoAE FEHes #
oS HojFa1 9l

i
-

i

fl

U e ] gl = A5 MMPs7F W2 el
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