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ABSTRACT
The ability of heparin to block proliferation of vascular smooth muscle cells has been well documented. It is clear that heparin treatment can

decrease the level of ERK activity in vascular smooth muscle cells that are sensitive to heparin. In this study, the mechanism by which heparin

induces decreases in ERK activity was investigated by evaluating the dual specificity phosphatase, MKP-1, in heparin treated cells. Heparin

induced MKP-1 synthesis in a time and concentration dependent manner. The time-course of MKP-1 expression correlated with the decrease

in ERK activity. Over the same time frame, heparin treatment did not result in decreases in MEK-1 activity which could have, along with

constitutive phosphatase activity, accounted for the decrease in ERK activity. Antibodies against a heparin receptor also induced the synthesis

of MKP-1 along with decreasing ERK activity. Blocking either phosphatase activity or synthesis also blocked heparin-induced decreases in

ERK activity. Consistent with a role for MKP-1, a nuclear phosphatase, heparin treated cells exhibited decreases in nuclear ERK activity more

rapidly than cells not treated with heparin. The data support MKP-1 as a heparin-induced phosphatase that dephosphorylates ERK, decreasing

ERK activity, in vascular smooth muscle cells. J. Cell. Biochem. 110: 382–391, 2010. � 2010 Wiley-Liss, Inc.
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V ascular smooth muscle cell (VSMC) proliferation induced by

growth factors released from injured endothelial cells and/or

stimulated platelets is a significant component in the process of

atherosclerosis and also plays a role in the restenosis that often

occurs after angioplasty [Ross, 1999]. A major pathway leading from

growth factor receptors into the cell is the mitogen activated protein

kinase (MAPK) pathway. The proliferation specific MAPKs (referred

to as ERK1 and ERK2 for extracellular signal-regulated kinase), are

proline directed serine/threonine kinases activated by a kinase

termed MEK1 (MAPK/ERK kinase) which phosphorylates ERK on

both threonine and tyrosine [Garrington and Johnson, 1999]. Active

ERK has been shown to accumulate in the nuclei of stimulated and

cycling cells where the enzyme plays a key role in G1 progression

[Brunet et al., 1999]. Both the strength and duration of the ERK

activation are important for cell cycle progression [Stork, 2002].

Among other effects, ERK activity appears to induce several G1 cell
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cycle phase-related changes including increased cyclin D1 expres-

sion [Lavoie et al., 1996], cyclin-dependent kinase 2 (CDK2)

accumulation and movement to the nucleus [Lents et al., 2002], and

decreases in p27kip1 protein levels [Sakakibara et al., 2005].

Heparin has been widely studied as a potential mechanism to

neutralize or reverse many steps in the atherogenic process. Among

heparin’s actions in the vasculature is its ability to decrease

proliferation of heparin-sensitive VSMCs by blocking progression

through G1 [Reilly et al., 1989]. In VSMCs, heparin treatment results

in inhibition of a protein kinase C-dependent pathway involved in

cell cycle progression, blocks second messenger pathways for FOS

expression [Ottlinger et al., 1993] and decreases ERK activation

[Ottlinger et al., 1993; Pukac et al., 1997; Savage et al., 2001]. There

is also evidence that the G1 phase increase in p27kip1 protein levels

resulting from heparin-induced ERK activity decreases is critical

for the heparin-induced decreases in vascular smooth muscle cell
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proliferation because the stable accumulated p27kip1 prevents

activation of CDK2 [Fasciano et al., 2005].

Endothelial cells carry heparan sulfate proteoglycans that have

anticoagulant properties [Marcum et al., 1986], raising the effective

concentration of heparin-like materials adjacent to the VSMCs.

These heparan sulfate chains have been shown to act similarly to

heparin in blocking smooth muscle cell proliferation [Castellot et al.,

1981]. Since wounded endothelial cell layers alter their synthesis

of glycosaminoglycan chains in favor of chondroitin sulfate

[Kinsella and Wight, 1986], the heparan sulfate in the basal lamina

of damaged vessels is lower in concentration.

Despite the documentation of heparin effects in cultured VSMCs,

relatively little is known about the mechanism(s) by which heparin

alters ERK activity and VSMC proliferation. One possible mechanism

by which heparin could function is through heparin’s interactions

with growth factors [Chua et al., 2004]. However, the lack of changes

in PDGF receptor kinase activity and the lag in MAPK activity

decreases [Pukac et al., 1997; Savage et al., 2001] suggest that this is

not the only mechanism by which heparin down-regulates MAPK

activity. Heparin binding to smooth muscle cells has been known

for some time [Castellot et al., 1985] and the identification of a

putative heparin receptor provided another possible site for heparin

interaction [Patton et al., 1995]. Evidence from our laboratory

indicates that antibodies to this heparin receptor can mimic heparin

by decreasing ERK activity and DNA synthesis [Savage et al., 2001].

The lag time between ERK activation and inactivation indicates

that heparin’s effects on ERK involve down-regulation of activity

rather than simply a block in activation [Pukac et al., 1997;

Savage et al., 2001]. This suggests that one or more phosphatases

are involved in the heparin-induced ERK activity decrease. MKP-1 is

the original member of a family of dual-specificity phosphatases

that can remove phosphates from tyrosine and threonine in ERK and

related kinases [Kondoh and Nishida, 2007]. Three different families

of MKP enzymes have been cloned and characterized, for a review

see Kondoh and Nishida [2007]. Many of these phosphatases are

localized in the nuclei of cells, inactivating the MAPK enzymes only

after they move to the nuclei. MKP-1 is the most thoroughly studied

member of the MKP family. It is an immediate-early gene, being

rapidly upregulated in response to ERK pathway activation and

resulting in ERK inactivation in VSMCs after its concentration rises

[Duff et al., 1993]. Therefore, MKP-1 limits the extent of ERK

activity, consistent with a role in the cell cycle. It is also short-lived,

allowing ERK activity to increase again later in the cycle [Duff et al.,

1995]. In addition to its identification as an immediate-early gene,

MKP-1 can be induced by other signals such as insulin [Begum

et al., 1998], atrial natriuretic peptide [Furst et al., 2005], adhesion

to fibronectin [Kim and Corson, 2000], glucocorticoid hormones

[Wu et al., 2005], arachidonic acid [Metzler et al., 1998], contact

inhibition [Wayne et al., 2006] and the endocannabinoid, ananda-

mide [Eljaschewitch et al., 2006]. Evidence from many studies,

including the use of knockout mice, has supported a conclusion

that MKP-1 is a critical player in inflammatory situations [Li et al.,

2009].

Insulin and angiotensin, not normally mitogenic to VSMC, both

result in increased VSMC ERK activation and rapid MKP-1 synthesis

[Duff et al., 1993; Begum et al., 1998]. Similar rapid MKP-1
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synthesis after oxidative stress limits the extent of Jun N-terminal

kinase (JNK) activity [Teng et al., 2007], and both vascular

endothelial growth factor (VEGF) and thrombin induce MKP-1 in

endothelial cells limiting the extent of ERK and JNK activity [Kinney

et al., 2008]. Contact-inhibited fibroblasts express higher levels of

MKP-1, MKP-2, and MKP-3 than subconfluent cells, while cells

whose proliferation is not contact inhibited show no change of MKP

expression upon reaching confluence [Wayne et al., 2006]. In

addition, phosphorylation by MAPKs [Brondello et al., 1999] can

result in MKP-1 activation and increased half-life, while extensive

phosphorylation by ERK leads to ubiquitin-mediated degradation

[Lin et al., 2003] as does PKCd phosphorylation [Choi et al., 2006].

However, HSP70 association can protect MKP-1 from proteasome-

dependent degradation [Zheng et al., 2006] as can stabilization by

HuR and NF90 binding [Kuwano et al., 2008]. The interactions

between ERK and MKP-1 appear to be a finely tuned control

system that allows either ERK inactivation or MKP-1 degradation

depending on the amount of ERK activation in the system [Lin and

Yang, 2006].

Many reports of ERK inactivation identify MKP-1 or other MKP

family members as involved in decreasing ERK activity during cell

cycle progression and after specific signals that do not result in

continued ERK activity. Recently, it has even become clear that

different dual-specificity phosphatases can cause dephosphorylated

ERK to remain in the nucleus [Caunt et al., 2008]. Since cell

proliferation involves ERK movement to the nucleus, induction of

the nuclear enzyme MKP-1 is a logical mechanism by which heparin

could inactivate VSMC ERK and thereby suppress cell proliferation.

The focus of the present study was to determine whether

heparin induces the synthesis of MKP-1 in VSMCs and whether

the increased MKP-1 is important for heparin-induced decreases in

ERK activity.
EXPERIMENTAL PROCEDURES

CELL CULTURE

VSMCs from porcine aortas were obtained and cultured as described

previously [Savage et al., 2001]. For some experiments, porcine

aortic VSMCs were purchased from Cell Applications (San Diego,

CA). Briefly, cells were grown in Dulbecco’s Modified Eagle’s

Medium (DMEM, Sigma) with 10% heat-inactivated fetal bovine

serum (Atlanta Biologicals, BioSource, or Invitrogen) and 100mg/ml

streptomycin/100 U/ml penicillin (Sigma). Cell lines were examined

for the presence of smooth muscle actin and myosin to ascertain

their smooth muscle phenotype [Savage et al., 2001]. A7r5 (rat

vascular cells with smooth muscle cell characteristics, #CRL 1444)

were obtained from ATCC and cultured as recommended. This

cloned line was employed for reproducibility. Hybridoma cell lines

producing antibodies against the putative heparin receptor were

grown and antibodies isolated as described previously [Patton et al.,

1995; Savage et al., 2001].

PMA ACTIVATION AND HEPARIN TREATMENTS

Cells were cultured as above and a single line of cells was used for a

given experiment. Cells were plated at about 30–50% confluence
HEPARIN INDUCES MKP-1 383



and allowed to initiate growth. When the cultures reached 60–70%

confluence, cells were starved by changing the culture media to

0.4% serum for porcine cells or serum-free for A7r5 cells. Typically,

cells were starved for about 48 h and then activated with 50 ng/ml

PMA or addition of serum from 1% to 10% for various times as

noted. Pre-treatment with heparin (at concentrations noted in

the text) typically occurred 10 min prior to activation. In some

experiments, anti-heparin receptor antibodies were added in place

of heparin as previously described [Savage et al., 2001]. Vanadate

treatment, when used, was 100mM sodium ortho-vanadate added

5 min prior to addition of PMA. Doxorubicin, previously reported to

decrease MKP-1 synthesis [Small et al., 2003], was used at various

concentrations as noted in the text. Doxorubicin was added prior to

addition of heparin for various times as noted in the text. Activation

was consistently carried out with serum in doxorubicin experiments.

SiRNA treatments were carried out as recommended by the

supplier. Serum-induced activation of siRNA treated cells occurred

in the recommended siRNA procedures (Santa Cruz Biotechnology).

Therefore, heparin effects in the siRNA treated cells were

consistently evaluated after addition of heparin to cells in serum

containing ‘‘recovery’’ media.

IMMUNOBLOTTING AND ACTIVE ENZYME DETECTION

Western blot analysis of smooth muscle cell samples was carried out

as previously described [Savage et al., 2001]. Relative protein levels

were determined by laser scanning densitometry of the developed

blots, and statistical analyses were carried out as described pre-

viously [Savage et al., 2001]. Anti-MKP-1 antibodies were obtained

from Santa Cruz Biotechnology. ERK activity was determined either

by using anti-phospho-ERK antibody (Cell Signaling) as the primary
Fig. 1. Heparin effects on MKP-1 levels in VSMCs. Porcine VSMCs were grown to 70%

heparin (panel A) for various times. Cells were harvested as described in Experimenta

anti-MKP-1 antibody. Panel A shows a representative blot of data from the five experime

heparin treatment (panel B). Panel C, illustrates effects of heparin on porcine VSMCs ove

were treated for 10 min with heparin at a wide range of concentrations.
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antibody or using pan ERK antibody and the gel-shift of active ERK

as described previously [Savage et al., 2001]. A non-specific protein

band recognized by extravidin-alkaline phosphatase was used to

confirm identical loading of samples and was employed to match

density between different experiments (e.g., in Fig. 1) [Savage et al.,

2001]. Graphs represent averages from three experiments unless

otherwise noted.

IMMUNOFLUORESCENCE

For fluorescence microscopy, cells were seeded onto sterile glass

coverslips in individual wells of six-well plates. Cells were grown,

starved, and stimulated as for cells in standard culture dishes. In

order to reproducibly stain ERK and MKP-1 in the nucleus, the cells

were treated with 30mg/ml digitonin by adding digitonin to the

treatment media 5 min before harvest. The cells were fixed with

ice-cold methanol for 5 min, placed in primary antibody (at the

concentrations recommended by the suppliers) at 48C for 12–24 h,

incubated with secondary antibody conjugated to a fluorescent

tag (Jackson) as noted in the text, and mounted using Mowoil

(Calbiochem, San Diego, CA). The stained cells were examined and

photographed under epi-fluorescence with a NIKON OptiphotTM

microscope or a Zeiss LSM 500 confocal microscope as described

previously [Hamel et al., 2006].

RESULTS

HEPARIN INDUCES MKP-1 EXPRESSION

To determine whether the heparin-induced differences in ERK

activation [Savage et al., 2001] might be explained by increased

levels of MKP-1, VSMCs were treated with heparin for various time
confluence and starved for 48 h. After starvation, cells were incubated with 100mg/ml

l Procedures Section and MKP-1 levels determined by Western blot analysis using

nts included in the graph plotted below indicating increased MKP-1 levels over time of

r a heparin concentration range. Panel D illustrates the results when starved A7r5 cells
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points up to 60 min. Figure 1, panel A, illustrates an increase in

MKP-1 levels detected within 10 min after heparin treatment and a

continuing rise in MKP-1 levels for most of the hour. The graph

(panel B) illustrates data compiled from five experiments. Similar

increases in MKP-1 were observed in heparin-treated porcine aortic

smooth muscle cells (Fig. 1C). The heparin effect on MKP-1 levels

was concentration dependent in VSMCs (Fig. 1C). An expanded

heparin range (Fig. 1D) in A7r5 cells shows that the concentration

dependence is true in both cell types and is maximal at about

300mg/ml heparin. A 10 min time point was chosen for the

concentration dependence because the time frame indicated that a

low amount of induction could be observed. At longer times, closer

to the maximal time point, it might have been difficult to observe
Fig. 2. MKP-1 and active ERK in heparin treated VSMCs. A7r5 cells were seeded on cov

Section. Cells were treated with heparin at 100mg/ml for varying times (A—no treat

untreated (C–E) followed by PMA treatment after 10 min. Incubation in PMA was for 15

treatment to facilitate nuclear staining. Samples A and B were fixed and stained using a pr

Anti-active MAPK from Cellular Signaling (C–H) antibodies were used as the primary a

mounted as described in Experimental Procedures Section. Photographs were taken at 40

magnifications.
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further increased MKP-1 induction at higher concentrations of

heparin.

HEPARIN-INDUCED DECREASES IN ERK ACTIVITY ARE

OBSERVED IN THE NUCLEUS

VSMCs treated with heparin expressed MKP-1 primarily in the

nucleus as expected. By 10 min of heparin treatment additional

nuclear staining was observed and the maximal increase was at

about 30 min (Fig. 2A,B). If heparin-induced MKP-1 is responsible

for the heparin-induced decrease in ERK activity, a loss of

active ERK in the nuclei should occur in heparin treated cells.

Therefore, VSMC activated with PMA were examined by immuno-

fluorescence for the location of ERK and active ERK. Figure 2
erslips, grown to 60% confluence and starved as described in Experimental Procedures

ment, B—30 min). Other cells were treated with heparin at 200mg/ml (F–H) or left

min (D,G) or 30 min (E,H). All cells were treated with digitonin for the last 5 min of the

imary antibody against MKP-1 and a lissamine rhodamine-labeled secondary antibody.

ntibody followed by FITC-labeled anti-rabbit secondary antibodies. Stained cells were

� magnification, converted to grayscale using Fireworks, and reproduced at the same
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Fig. 3. Heparin effects on active MEK. Panel A: A7r5 cells were grown,

starved, untreated or treated with 100mg/ml heparin, activated with PMA and

analyzed by Western blotting using an antibody against active MEK. Squares

indicate heparin treated cells, while triangles show data from cells not treated

with heparin. The time starts with PMA addition. Each point is the average from

three experiments, error bars fall within the data points. Panel B: Experiments

identical to those in panel A were carried out with porcine VSMCs, but using
illustrates the initial accumulation of active ERK in the nuclei of

cells treated with PMA (Fig. 2C–E) or PMA with heparin (Fig. 2F–H).

Heparin-treated cells typically exhibit similar patterns of total ERK

localization at 5 min with relatively low levels of active ERK in the

cytoplasm and nucleus, although there may be somewhat less active

ERK in the nuclei of heparin-treated cells. After 15 min of PMA

treatment, many heparin-treated cells have decreased levels of

active ERK in their nuclei compared to active ERK in the nuclei of

cells treated with PMA alone. This pattern of decreased nuclear

active ERK in heparin-treated cells continues through 30 min (e.g.,

arrows in Fig. 2H with heparin compared to Fig. 2E without heparin).

During this same period there was no obvious change in overall ERK

distribution in PMA-treated cells, and some clearing of nuclear ERK

in heparin-treated cells as detected by a PAN ERK antibody (not

shown). Little active ERK was detected in cells not stimulated with

PMA (Fig. 2C) and staining was not seen in cells treated with

secondary antibodies only. The relative levels of active ERK in the

nuclei and cytoplasm of activated cells varied between experiments

and between different smooth muscle cell cultures. However, the

population of heparin-treated cells always exhibited lower levels of

active ERK in their nuclei relative to their cytoplasm, while the

accumulation of active ERK in the nuclei of cells activated without

heparin was always observed.
serum for activation. A representative blot is illustrated.
HEPARIN DOES NOT INCREASE MEK1 ACTIVITY

MEK1 has been identified as the upstream activator of ERK. To

determine whether heparin also decreased the level of MEK activity

in the same time frame as it altered ERK activity, Western blots of

treated cell samples prepared as above were analyzed for MEK

activity. Figure 3A illustrates levels of active MEK1 in heparin-

treated and untreated cells activated with PMA. There was no

significant difference in the level of phospho-MEK1 in heparin-

treated cells over the time period when ERK activity was decreased.

Similar results were obtained with porcine cells. A representative

experiment is shown in Figure 3B, where the cells were activated

with serum instead of PMA. Over the time frame studied, heparin has

no effect on MEK1 activity levels in either PMA or serum-treated

VSMCs.
Fig. 4. Anti-heparin receptor antibody effects on MKP-1 levels. A7r5 cells

were grown to 60% confluence, starved, and treated for 10 min with 100mg/

ml heparin, 0.8mg/ml antibody 18H6, 0.9mg/ml antibody 18E9, or left

untreated. MKP-1 levels were determined by Western blotting and represent

the averages of three trials.
ANTI-HEPARIN RECEPTOR ANTIBODIES MIMIC HEPARIN BY

INDUCING MKP-1 EXPRESSION

Previous studies with anti-heparin receptor antibodies indicated

that the antibodies caused a decrease in VSMC ERK activity similar

to that induced by heparin [Savage et al., 2001]. To determine

whether these antibodies also induced MKP-1 increases, cells

were treated with heparin or anti-heparin receptor antibodies at

concentrations shown to be effective in decreasing ERK activity.

In these experiments the antibody-treated cells had higher levels of

MKP-1 at 10 min of treatment than untreated controls (Fig. 4). Cells

treated with 100mg/ml heparin for 10 min exhibited higher levels of

MKP-1 than the controls, but lower levels than shown in the

antibody-treated cells. However, as shown in Figure 1, 100mg/ml

heparin did not induce maximum levels of MKP-1.
386 HEPARIN INDUCES MKP-1
BLOCKING PHOSPHATASE ACTIVITY PROTECTS ERK ACTIVITY FROM

HEPARIN-INDUCED DECREASES

To confirm that phosphatase activity is required for heparin-induced

ERK activity decreases, we blocked dual specificity and tyrosine

phosphatases with vanadate. Cells were treated with vanadate prior

to heparin and PMA treatments. The porcine cells rapidly rounded

up in the presence of vanadate and were not evaluated. The A7r5
JOURNAL OF CELLULAR BIOCHEMISTRY



cells also rounded up in the presence of vanadate. However, that

process did not begin until almost 30 min after vanadate addition.

Therefore, A7r5 cells were tested at a 15 min time point. At 15 min

after PMA stimulation, heparin-treated cells typically have

significantly less active ERK than those activated without heparin

treatment [Savage et al., 2001]. Vanadate had no significant effect

on the ability of PMA to activate ERK, although total levels of

phospho-ERK were often slightly higher in vanadate-treated cells

than cells not treated with vanadate. PMA-activated cells treated

with both heparin and vanadate had levels of phospho-ERK similar

to the levels in activated cells without heparin (Fig. 5). The cells

treated with heparin and PMA had significantly less phospho-ERK

than PMA alone, PMA with vanadate and PMA with heparin and

vanadate (P< 0.05 in each case). Sanguinarine was reported in the

literature to specifically decrease MKP-1 activity [Vogt et al., 2005],

but also resulted in cell loss beyond about 15 min of incubation (data

not shown).

MKP-1 SYNTHESIS IS REQUIRED FOR HEPARIN-INDUCED

DECREASES IN ERK ACTIVATION

Blocking phosphatase activity was accompanied by increased ERK

activation in heparin-treated cells. However, the effects of blocking

phosphatase activity were more dramatic than simple increases

in ERK phosphorylation. Therefore, we evaluated the effects of

blocking MKP-1 synthesis on heparin-induced decreases in ERK

activity. For these experiments, the cells were more confluent than

in the Figure 1 studies, so the basal MKP-1 levels are higher than in

Figure 1. Doxorubicin has been shown to block MKP-1 synthesis

[Small et al., 2003] and was used in the present study for the same

purpose. Treatment of A7r5 cells with doxorubicin decreased MKP-1

synthesis induced by heparin in a concentration-dependent manner
Fig. 5. Vanadate interferes with heparin effects on MAPK activity. A7r5 cells

were grown to approximately 60% confluence, starved and treated with

100mg/ml heparin, 100 mM sodium vanadate, and activated with PMA for

15 min or left untreated as described in Experimental Procedures Section.

Active ERK was determined by Western blotting as described in the Experi-

mental Procedures Section. The absorbance determined for the PMA samples in

each experiment was set to 100% and the other values were calculated as a

percent of the PMA only samples to facilitate compiling the data from four

experiments. The differences between PMA and PMA with vanadate and PMA

with heparin and vanadate are not significant. All three are significantly

different from PMA and heparin (P< 0.05 for each case).
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(Fig. 6, panel A). Further, in the absence of doxorubicin, heparin

decreased the amount of active ERK as seen previously, even

with the higher basal MKP-1 levels. However, in the presence of

doxorubicin, heparin-treated cells exhibited almost the same levels

of active ERK as did the cells activated without heparin (Fig. 6,

panel B). Anti-heparin receptor antibody-treated cells responded to

doxorubicin identically to heparin-treated cells (Fig. 6, panels C and

D) showing decreased ability of the antibodies to induce MKP-1

synthesis and decreased ability to decrease ERK activation.

To ensure that the effects of doxorubicin were due to inhibition of

MKP-1 synthesis rather than some other doxorubicin response, cells

were treated with siRNA to specifically eliminate MKP-1 expression.

First, we confirmed the MKP-1 siRNA ability to block heparin-

induced MKP-1 synthesis (Fig. 7A, light bars vs. control siRNA, dark

bars). The recommended protocol involves a recovery period in

serum-containing media after the siRNA treatment in serum-free

media. Therefore, we altered the protocol for heparin treatment so

that it occurred in the serum-containing media rather than prior to

serum treatment of starved cells. Heparin treatment of the cells in

serum-containing media also resulted in decreased ERK activation.

A7r5 cells treated with control siRNA had reduced ERK activity after

heparin treatment (Fig. 7B, dark bars) while identical cells with

MKP-1 siRNA had ERK activity levels that remained high despite

treatment with heparin (Fig. 7B, light bars). Porcine VSMC treated

with siRNA to MKP-1 also failed to accumulate MKP-1 protein,

while those treated with control siRNA did accumulate MKP-1 in

response to heparin (Fig. 7C). When MKP-1 siRNA treated porcine

cells were treated with 200mg/ml heparin followed by a fresh

addition of 1% serum 5 min later, ERK activity was much higher in

the MKP-1 siRNA treated cells than in the control siRNA treated cells

(Fig. 7D).

DISCUSSION

Research on inactivation of MAPK enzymes indicates that specific

phosphatases are synthesized as immediate early genes [Sun et al.,

1993]. These phosphatases can selectively inactivate kinases in

the MAPK cascades returning the cell to an inactivated state.

Much interest has been focused on the dual-specificity family of

phosphatases whose members can dephosphorylate both threonine

and tyrosine residues in members of the MAPK family [Dickinson

and Keyse, 2006].

Published data indicate that heparin can negatively influence the

ability of VSMCs to divide after specific growth factor stimulation.

Heparin-induced decreases in VSMC proliferation have been

determined to be mediated by stabilization and increased levels

of p27kip1 protein [Fasciano et al., 2005]. ERK activity had

previously been known to decrease p27kip1 levels [Sakakibara

et al., 2005], but the identification of p27kip1 as an ERK target that

was important for heparin effects on proliferation had not been

clear. Understanding how heparin could dampen ERK activity has

been complicated by the ability of heparin to interact with growth

factors in stimulatory (and possibly inhibitory) manners. In addition,

evidence suggests that heparin can block the ERK activity after

direct stimulation of protein kinase C, bypassing the growth factors
HEPARIN INDUCES MKP-1 387



Fig. 6. Doxorubicin blocks MKP-1 synthesis and protects ERK activity. A7r5 cells were grown to 75% confluence and starved. Cells were pre-treated with doxorubicin (for 1 h)

at varying concentrations and then treated with heparin, at 200mg/ml for 30 min, to induce MKP-1 synthesis (panel A). The level of MKP-1 present with no doxorubicin (but

with heparin) was set as 1.0. Other cells were treated with or without doxorubicin (1 h at 10mM) followed by addition of 200mg/ml heparin for 10 min prior to activation with

serum for varying times, and ERK activity was determined by western blotting with antibodies recognizing phosphorylated ERK (panel B). Samples without heparin that were

activated for 20 min were set equal to 1.0. Similar cell samples to those in panel A were treated with or without doxorubicin and 18E9 anti-heparin receptor antibodies (0.8mg/

ml) and MKP-1 levels were determined (panel C). Doxorubicin and anti-heparin receptor antibodies were used to treat cells analogous to experiments in panel B followed by

serum treatment (panel D) for evaluation of active ERK levels. In panels B and D, black bars represent cells treated with doxorubicin, but without heparin (B) or antibodies (D).

Dark gray bars represent no doxorubicin and no heparin (B) or antibodies (D). Light gray bars represent cells treated with doxorubicin and heparin (B) or antibodies (D). White

bars represent cells treated without doxorubicin, but with heparin (B) or antibodies (D). In each panel, averages from four separate experiments are plotted. The results were

analyzed by ANOVA. In panels A and C, doxorubicin treatment results in significant decreases in MKP-1 levels ( P< 0.05). In panels B and D, doxorubicin treated samples showed

no significant difference in activation with heparin or antibodies compared to serum activation, while without doxorubicin, both heparin (panel B) and anti-heparin receptor

antibody (panel D) treatment resulted in significant decreases in ERK activity ( P< 0.05).
entirely [Ottlinger et al., 1993]. Heparin treatment also results in

delayed inactivation of ERK [Pukac et al., 1997; Savage et al., 2001].

Together, these data indicate that heparin may influence cell growth

through interactions with proteins other than growth factors. The

identification of a putative heparin receptor [Patton et al., 1995] and

evidence that antibodies against that receptor mimic heparin effects

[Savage et al., 2001] support the hypothesis that the ERK pathway is

intersected within the cell by a heparin-induced signal.

Therefore, the possibility that heparin could induce MKP-1

increases was examined. Heparin treatment of vascular smooth

muscle cells results in the time and concentration dependent

increase of MKP-1 protein, a dual specificity phosphatase that

normally is expressed as an immediate early gene (Fig. 1). Under

growth factor stimulation conditions, the ERK activity typically

continues long enough to result in synthesis of immediate early gene

products including MKP-1. ERK activity is then decreased and the

cells either return to a resting state or continue through the cell cycle

depending upon whether the cell was stimulated sufficiently to pass

the G1 restriction point. In heparin-treated cells, initial growth factor

activation of ERK in the cytoplasm may result in ERK phosphoryla-

tion of cytoplasmic proteins and transport of the ERK to the nuclei as

usual. However, once in the nucleus, the ERK would be inactivated
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by the heparin-induced MKP-1 before it could phosphorylate

sufficient transcription factors and other targets resulting in

decreased p27kip1 levels. Immunofluorescent data indicate that

levels of active ERK decrease in heparin-treated cells (Fig. 2). In cells

that are activated by serum or PMA and treated with heparin it was

possible to observe cells with very low levels of active ERK in the

nucleus consistent with ERK inactivation occurring in the nucleus

(Fig. 2).

Further confirmation that heparin induction of MKP-1 is

involved in heparin responses includes the fact that the MEK1

(the dual function kinase responsible for activating ERK) activation

is not decreased by heparin treatment. Levels of activated MEK1 rise

upon PMA or growth factor treatment of the starved cells, but over

the time course examined in our studies are not any lower in cells

treated with heparin than in activated cells without heparin

treatment. Data in Figure 3 indicate no significant difference in the

levels of active MEK between heparin-treated, activated, and control

activated cells over 45 min. To confirm that tyrosine or dual-

specificity phosphatase activity was important in the lower levels of

activated ERK induced by heparin, cells were treated with vanadate

(a general tyrosine phosphatase inhibitor). Under these conditions

cells activated with PMA and treated with heparin had levels of
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Fig. 7. Inhibition of MKP-1 induction using siRNA protects ERK activity. A7r5 cells were grown to 75% confluence and placed into transfection media for siRNA treatment as

recommended. After transfection with either MKP-1 siRNA (light gray bars) or control siRNA (black bars), cells were placed back into regular growth media for recovery as

recommended. After 24 h recovery, cells were treated with 200mg/ml heparin for varying times, harvested, and Western blots were developed for MKP-1 (panel A) and active

ERK (panel B). Panel A represents a single experiment where the 30 min. MKP-1 level in cells with control siRNA was set as 1.0. The experiment in panel B was repeated four

times and averages from these experiments are shown along with standard deviations. The active ERK levels in cells with MKP-1 siRNA were set at 1.0 for purposes of

comparison and data analysis for the four experiments. The control siRNA samples contain significantly less active ERK than those samples treated with MKP-1 siRNA

(P< 0.05). Porcine VSMC treated with MKP-1 siRNA or control siRNA were treated with 200mg/ml heparin for times noted and Western blots were developed with antibodies

to MKP-1 (panel C). Panel D illustrates blotting for active ERK. Times shown represent time after heparin addition. To increase ERK activity, fresh serum was added (1% of total

volume) 5 min after heparin. Antibodies against phospho-ERK were used for development.
phospho-ERK similar to PMA treated cells without heparin (Fig. 5).

Because vanadate inhibits many phosphatases, these data indicate

phosphatase activity is important for heparin effects, but do not

specifically indicate MKP-1 involvement. Blocking MKP-1 synthesis

by doxorubicin or, specifically, using MKP-1 siRNA resulted in a

loss of heparin effects on ERK activation (Figs. 6 and 7). This

information supports the idea that inactivation of ERK is an

important aspect of the mechanism by which ERK activity is altered.

Some other signals that result in the decrease of MAPK activity

(or induction of ERK activity followed by rapid decrease) also

increase MKP-1 levels. These include insulin [Begum et al., 1998],

angiotensin [Duff et al., 1995], glucocorticoid hormones [Wu et al.,

2005], and ANP [Furst et al., 2005]. In the heparin situation

evaluated here, the vanadate, doxorubicin, and MKP-1 siRNA

sensitivity of the heparin response, the specific nuclear effect of

heparin on ERK activity and the MKP-1 induction by heparin and

the anti-heparin receptor antibodies indicate that MKP-1 is an

important player in the heparin-induced decrease in ERK activation.

Recent reports indicate that doxorubicin treatment, which blocks

MKP-1 induction, results in increased MAPK activity and

accompanying changes in physiology indicating that MKP-1

induction can be important in modulating physiologically relevant

MAPK signaling [Poizat et al., 2005]. While significant attention has
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been paid to evidence that MKP-1 knockout tissues have little

decrease in active ERK levels, much of this work has been focused on

tissues and cells involved in inflammatory responses as reviewed [Li

et al., 2009], other evidence indicates that insulin-sensitive tissues

and tissues where MKP-2 increases can compensate for the MKP-1

loss may show no decrease in active ERK. One example is evidence

for a role of MKP-1 in diet-induced obesity [Wu et al., 2006].

Our data support the conclusion that heparin affects ERK activity

levels in heparin-sensitive vascular smooth muscle cells, at least in

part, by inducing the synthesis of the dual-specificity phosphatase

MKP-1. This explanation fits well with evidence that rapid ERK-

dependent phosphorylation is not altered by treatment of cells with

heparin as there is a lag between ERK activation and heparin-

induced inactivation of the ERK as has also been shown previously

[Pukac et al., 1997; Savage et al., 2001]. It is possible that additional

steps in the signal transduction pathway between growth factors and

the nucleus are also turned off by heparin treatment. As an example,

Raf inactivation in heparin-treated VSMCs was noted previously

[Pukac et al., 1997] and non-steroidal anti-inflammatory drugs were

shown to decrease Raf activation and increase MKP-1 production in

lung cancer cells [Pan et al., 2008]. The mechanism by which Raf is

inactivated in heparin treated cells has yet to be reported. In the

present study, the inactivation of MEK that would need to rapidly
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follow Raf inactivation, if Raf inactivation in response to heparin

was totally responsible for the heparin effects on ERK activity,

was not observed. However, there appeared to be a slight decrease in

the active MEK1 at the 45 min time point. Our data support an

alternative possibility to Raf activity being the primary target for

heparin effects in VSMCs. This alternate hypothesis is that heparin

treatment causes inactivation of several enzymes in the ERK

pathway. Further studies will be required to determine whether

MEK1 activity does decrease more rapidly in heparin-treated cells

and the mechanism(s) by which Raf or other pathway components

are also targets for heparin effects.

Our data indicate that there is a mechanism(s) to induce the

synthesis of MKP-1 without the need for activation of transcription

factors normally responsible for immediate early gene induction.

Insulin [Begum et al., 1998], arachidonic acid [Metzler et al., 1998],

angiotensin II [Duff et al., 1993], oxidative stress [Teng et al., 2007],

glucocorticoid hormones [Wu et al., 2005], and atrial natriuretic

peptide [Furst et al., 2005] all resulted in the synthesis of MKP-1 in

various cell types. The mechanisms by which these other molecules

induce MKP-1 synthesis include heat shock elements, changes in

stability, cAMP and cGMP sensitive activation, glucocorticoid

receptors, p53-induced transcription and Jak2 kinase-induced

responses [Li et al., 2003; Wong et al., 2005; Wu et al., 2005].

The proximal promoter for MKP-1 includes multiple cis-acting

elements indicating a complex array of possibilities by which

heparin might function [Ryser et al., 2004]. Additional studies must

be carried out to determine which of these mechanisms is involved

in increasing MKP-1 levels in response to heparin. Such studies

should also explore the possibility that a coordinately regulated set

of inactivation steps for the ERK pathway exists.
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