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Werner Syndrome Fibroblasts Have Defective Cholesterol Efflux and lts Correction by the
Introduction of Cdc42, a Member of Rho-GTPases Families
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Summary

Cholesterol efflux from the cells is the initial and crucial step of reverse cholesterol transport, a major
protective system against atherosclerosis. Werner syndrome (WS) is characterized by the early onset of
senescent phenotypes including premature atherosclerotic cardiovascular disease and cancer, though the
underlying molecular mechanism is not fully understood yet. In the present study, we examined cholesterol
efflux as well as intracellular lipid trafficking in the WS fibroblasts. We found that cholesterol efflux mediated
by apolipoprotein Al and high density lipoprotein was markedly reduced. The intracellular lipid trafficking of
fluorescence ceramide was aiso markedly retarded in the living WS fibroblasts, demonstrated by
fluorescence recovery after photobleaching. To know the mechanism for the above abnormal lipid transport,
we examined the expression of levels of ATP-binding cassette transporter-1 (ABCA1) and Cdc42, a member
of RhoGTPases families. Although the protein levels of ABCA1 were not altered, those of Cdc42 were
markedly reduced in the WS fibroblasts. The introduction of WRN cDNA increased cholesterol efflux along
with the induction of Cdc42 in the WS cells. The introduction of wild-type Cdc42 completely corrected both
of the retarded intraceliular lipid transport and decreased cholesterol efflux in the WS cells. These effects
were observed in TD cells as well. In conclusion, WS fibroblasts had defective cholesterol efflux and
intracellular lipid transport in association with the decreased expression of Cdc42. The roles of Cdc42 on -
lipid transport appear independent of ABCA1.

Key words: aging, atherosclerosis, Cdc42, cholesterol efflux, fluorescence recovery after photobleaching,
reverse cholesterol transport, vesicular transport, Werner's syndrome. '
Introduction

Atherosclerotic cardiovascular disease is a major cause of death in the well-developed countries. Reverse
cholesterol transport (RCT) is one of the major protective systems against atherosclerosis, in which high
density lipoprotein (HDL) particles or free apolipoprotein {Apo) Al removes cholesterol from lipid-laden cells
and delivers it to the liver, a terminal of RCT. We have continued to elucidate the significance of RCT by
analyzing the pathophysiology of disorders with abnormal HDL metabolism including cholesteryl ester
transfer protein deficiency, Tangier disease (TD), and familial HDL deficiency (FHD).

Cholesterol efflux from the cells is the initial and crucial step of RCT. In 1999 the ATP-binding cassette
transporter-1 (ABCA1) gene was found mutated in patients with TD, which is a familial HDL deficiency
characterized by the defective cholesterol efflux as well as the retarded intracellular lipid transport in their
cells. Many researchers including ours have tried to elucidate the detailed molecular mechanism for
cholesterol efflux, because the enhancement of cholesterol efflux is believed to be one of the novel
strategies for the development of treatment against atherosclerosis.

The gain and loss of function studies demonstrated that ABCA1 is prerequisite for apo Al-mediated
cholesterol efflux from the cells. In addition to the identification of novel ABCA1 mutations in the Japanese
patients with TD and FHD, we found that the expression of Cdc42, a member of Rho-GTPases families, was
markedly decreased in the TD cells by using the ¢DNA subtraction techniques and subsequently
demonstrated that MDCK cells expressing dominant negative form of Cdc42 had reduced cholesterol efflux.
Furthermore, we reported that ABCA1 may interact with Cdc42 in the over-expressing cells and that the
ABCA1-induced changes in the actin cytoskeletons might be inhibited by the introduction of dominant
negative form of Cdc42. More recently, we reported that Cdc42 was decreased in in vitro and in vivo aged
human fibroblasts in association with retarded intracellular lipid kinetics around the Golgi apparatus. We
proposed a hypothesis that Cdc42 might be important for intracellular lipid trafficking and its export from the
cells.

Werner syndrome (WS), which was first described by Dr. Otto Werner at the Kiel University in 1904, is
characterized by the presence of premature aging, atherosclerosis and malignancy. Many patients with WS
died of acute myocardial infarction and cancer at their 40s. Since it was found that the WS is caused by
mutations at the WRN locus on chromosome 8p in 1996, the characteristics of WRN protein have been
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analyzed to show that WRN protein has activities for DNA helicase, ATPase, and exonuclease. However,
molecular mechanism underlying the premature atheroscleaosis is still not fully understood yet.

In the present study, we examined the cellular lipid transport in the WS fibroblasts. We found that the WS
fibroblasts had defective cholesterol efflux and retarded intracellular lipid trafficking along with the decreased
expression of Cdc42. Although these cellular characteristics in the WS cells were similar to those in TD
fibroblasts, the expression of ABCA1 protein was not apparently changed. We demonstrated that the
transfection of WRN cDNA corrected the abnormal lipid transport and, furthermore, the introduction of Cdc42
completely corrected the observed abnormal lipid transport in the WS cells. Although the etiologies were
different between WS and TD, these data indicated the possible relationship between Cdc42 and lipid
transport.

Materials and Methods

-Antibodies-

To detect WRN protein, rabbit anti-sera against the carboxy-terminal of WRN protein was kindly provided
from Dr. Oshima (Seattle, Washington). Polyclonal antibody was Anti-c-myc antibody (9E10) and anti-Cdc42
antibody were purchased from Santa Cruz Biotechnology. The antibody against ABCA1 was recently
generated in our laboratory.

-Cells and tissue culture-

WS1 (RCB0155), WS2 (RCB0387), and W-V (RCB0252) were obtained from the RIKEN cell bank (Tsukuba,
Japan). WS1 and WS2 were passage skin fibroblasts from unrelated female patients with WS. W-V was a
SV40-transformed fibroblasts from a male patient with WS. TD was a fibroblast cell line from a female
patient with TD who was homozygous for the R1851X truncated mutation in the ABCA1 gene, as recently
reported. The immunoreactive mass of WRN protein were not detectable in either of the WS cells used, by
the antibody against the caroboxy-terminus of WRN protein. Normal human fibroblasts were obtained from 2
4-, 48-, and 54-year-old female after the informed consent, as described previously. The fibroblasts were
passaged by 1: 4 split to increase cell population doubling level (PDL) by 2 on passage. The cells were
cultured according to the standard conditions in minimum essential medium (MEM) supplemented with L-
glutamine, nonessential amino acids, and 10 % of fetal calf serum in a humidified 5 % CO2 atomosphere at
37 C.

-Plasmids and transfection-

A plasmid encoding full-length WRN cDNA driven by CMV promoter, pBSCA-6xHis WRN, was kindly
provided from Dr. Junko Oshima (Washington University, Seattle). cDNA of myc- tagged wild-type Cdc42
(myc-Cdc42-WT) was kindly provided from Drs. Kenji Takaishi and Yoshimi Takai (Department of Molecular
Biology and Biochemistry , Osaka University, Japan). Plasmid DNAs were transfected into the SV40-
transformed WRN fibroblasts by using Lipofectamine 2000.

Western blot analysis
Fibroblasts were lysed and passed 10 times through 25-gause needles. Samples were run on SDS-PAGE,
blotted onto polyvinylidene difluoride (PVDF) membranes (Millipore). For the analysis of ABCA1 protein, the
extraction buffer containing higher concentrations of urea was used, as reported previously. The detection
was performed with enhanced chemiluminescence (ECL) plus kit (Amersham) according to the
manufacturer's protocol.

Construction of Adenovirus Vectors and their Expression in  Fibroblasts

Adenovirus vector encoding. myc-Cdc42-WT or LacZ was constructed according to the protocol of the

Adeno-X expression system (Clontech). The titer of the virus stock was assessed by a plaque formation

assay using HEK293 cells and expressed as plaque formation units. The infection with adenovirus was

carried out by incubating cells in serum-free medium for 1 hour at 37 °C under gentle agitation. The medium
was exchanged with a complete medium and the cells were further incubated at CO2 incubator. Five days

after infection with the indicated m.o.i., the cells were applied to the experiments.

Fluorescence recovery after photobleaching (FRAP)

Fluorescence recovery after photobleaching (FRAP) experiment was carried out as follows; Cells were
stained with C6-NBD-Ceramide (Molecular Probes) for 30 min at 4 C. After washed twice with ice cold PBS,
cells were incubated with complete media at 37 “C for 30 min. A beam of light using 488 nm laser lines was
focused on the indicated part of C6-NBD-Ceramide positive regions in the living cells by a confocal laser
microscopy (Zeiss LSM 510, Carl Zeiss Co., Ltd.). Typically, 30 iterations were required for complete or
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almost complete photobleaching. After the appropriate bleach pulse, FRAP was monitored at the bleached
area until 30 seconds after bleaching. The relative fluorescence was measured by dividing the fluorescence
in the FRAP area by that in the reference spot. The recovery was reasonably fit by a single exponential
function. After the values of relative fluorescence were plotted, the time constant was calculated.

-Cholesterol Efflux Assay-

Cellular cholesterol efflux was assayed by a modification of a published method. Briefly, the release of
radioactive cholesterol to a given acceptor ( e.g. 10 pg/mlL of human apo Al or HDL) was measured by
scintillation counting of filtered aliquots of acceptor-containing medium and expressed as the fraction of the
total isopropanol-soluble label in the cells plus the label release to the medium. All efflux assays were done
in triplicate. The cells were pre-labeled with 3H-cholesterol by incubation for 18 hours at 37 °C in a CO2
incubator with MEM supplemented with 20 % fetal calf serum (FCS) and an acyl CoA: cholesterof
acyltransferase (ACAT) inhibitor (F-1394, Fuji Rebio, Japan). In all experiments, fractional efflux was
corrected for the small amount of radioactivity released to MEM without an acceptor present.

Results

Marked Reduction of Apo Al- and HDL-mediated Cholesterol Efflux in Fibroblasts from Werner

Syndrome

We tested apolipoprotein (apo) Al- and HDL3-mediated cholesterol efflux in the passaged skin fibroblasts

from two unrelated patients with WS, as shown in Figures 1-A and 1-B. Apo Al-mediated cholesterol efflux
was markedly reduced in the two WS fibroblasts lines by ~70 %, comparing with normal fibroblasts (n=3)

(Figure 1-A). The observed reduction in cholesterol efflux was not so severe in the WS cells as in the

fibroblasts from a patient with Tangier disease (TD). HDL3-mediated cholesterol efflux was also decreased

in the WS cells, which was comparable to that in TD cells ( Figure 1-B). We also examined the cholesterol
efflux from the SV40-immortalized WS and normal fibroblasts. We could obtain the similar data in the

immortalized cells, showing the reduction in both apo Al- and HDL3-mediated cholesterol efflux in the WS

cells (data not shown).

-Markedly Retarded Intracellular Lipid Kinetics in WS Fibroblasts-

Next, we examined the intracellular lipid trafficking in the living WS cells by the fluorescence recovery after
photobleaching technique (FRAP), using a fluorescent ceramide (C6-NBD-ceramide, Molecular Probe) as a
probe. FRAP is the powerful tool to examine the intracellular transport of protein as well as lipids in the
living cells. The ceramide used in the present study is believed to be metabolized and accumulated in the
Golgi apparatus and to be sorted and transported to the plasma membrane via vesicular transport.
Furthermore, the previous studies showed that the kinetics of this ceramide closely reflects that of
cholesterol. We analyzed the intracellular lipid transport around the Golgi apparatus using the fluorescent
ceramide. After incubation, C6-NBD-ceramide accumulated around the Golgi apparatus. After bleaching,
the recovery of fluorescence intensity was monitored and time constants were measured in the defined
region (Figure 2). We found that the time constants for recovery were significantly prolonged in the WS
fibroblasts compared with those of controls (18.5 = 2.5 seconds versus 7.2 + 2.1 seconds, respectively (p <
0.01)). These data indicated that the intracellular transport of lipids may be markedly retarded in the WS
cells.

-Expression levels of ABCA1 and Cdc42-

These data indicated that the WS cells had the defective cholesterol efflux and retarded intracellular lipid
trafficking, which resembled those of TD cells. In order to know the mechanism underlying the abnormal
lipid transport in the WS cells, we first analyzed the expression levels of ABCA1 mRNA and protein, which is
known to be a prerequisite molecule for apo Al-mediated cholesterol efflux and the cause of TD. RNase
protection assay revealed that the expression levels of ABCA1 mRNA was not altered in the WS cells (data
not shown). As shown in Figure 3, the immunoreactive mass of ABCA1 protein was comparable to those of
normal cells. There could be a possibility that intracellular localization and activity of ABCA1 might be
affected in the WS cells. However, because HDL3-mediated cholesterol efflux, which is believed a very
complex process, was also decreased in the WS cells, we focused on molecules other than ABCA1. We
tested the expression levels of scavenger receptor class B type | (SR-BI), which is known to facilitate HDL3-
mediated cholesterol efflux, showing no expression in either normal or WS fibroblasts. Next, we analyzed
the expression of levels of Cdc42, which is a member of RhoGTPases families. This is because we have
reported that MDCK cells stably expressing dominant negative form of Cdc42 had defective cholesterol
efflux, proposing a hypothesis that this G protein may be important for lipid transport. As shown in Figures
3, the expression levels of Cdc42 protein were markedly reduced in the WS fibroblasts , comparing with
fibroblasts from normal subjects.

-ransfection of WRN cDNA Increased Cholesterol Efflux and the Expression of Cdc42 in WS cells
In order to correlate the above findings to WRN protein, we examined the effect of transfection of WRN
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cDNA on cholesterol effux and the expression levels of ABCA1 and Cdc42. As shown in Figure 4, the
introduction of WRN cDNA induced a significant increase in both apo Al- and HDL-mediated cholesterol
efflux along with the increase of Cdc42, whereas the expression levels of ABCA1 were not changed by the
transfection of WRN cDNA.

-Introduction of Wild-type Cdc42 Completely Corrected Abnormal Lipid Transport-

Finally, to correlate the decreased expression of Cdc42 with the defective cholesterol efflux as well as
retarded intracellular lipid transport, we examined the effect of introduction of wild-type Cdc42 into the WS
cells as weli as the TD cells. The adenovirus-mediated introduction of wild-type Cdc42 into the WS cells
was successful (data not shown). Figure 5 shows the effect of wild-type Cdc42 on the intracellular lipid
transport determined by FRAP. The introduction of WT-Cdc42 completely corrected the abnormal
intracellular kinetics of cearmide in the WS cells as well as TD cells. We also tested the effect on apo Al-
and HDL-mediated cholesteral efflux in the normal as well as WS fibroblasts ( Figure 6). We could observe
the dose-dependent increase in cholesterol efflux in the WS cells. In addition, in the normal fibroblasts, the
cholesterol efflux was significantly increased. These data indicated that the observed abnormalities in lipid
transport could be corrected by WT-Cdc42 without the introduction of WRN protein. Furthermore, we
tested the effect of wild-type Cdc42 on apo Al- and HDL-mediated cholesterol efflux in the TD cells ( Figure.
7), showing that Cdc42 completely corrected the cholesterol efflux. These data suggested that Cdc42-
mediated lipid transport is indepenpdent of ABCAI1.

Discussion

The present study for the first time demonstrated the marked reduction of apo Al- and HDL-mediated
cholesterol efflux and retardation of intracellular lipid transport in the WS fibroblasts along with the
decreased expression of Cdc42. We demonstrated that the introduction of WRN cDNA completely rescued
the observed phenotypes including the abnormal-expression.of Cdc42. Finally, we also found that the
complementation of wild-type Cdc42 completely corrected the above abnormal lipid transport without the
introduction of WRN.

Recently, we have proposed that Cdc42, a member of Rho-GTPases families, may be important for cellular
lipid transport, since we found the decreased expression of this type of small G protein in cells from TD
cells. In the present study, we detected the comparable expression of ABCA1 transporter in the WS cells,
however the cholesterol efflux was markedly reduced. Even though there could be possibilities that the
activity or intracellular localization of ABCA1 might be affected, we think that the present findings indicated
that ABCA1 is pre-requisite, but may not be suificient for cholesterol efflux. Furthermore, the introduction of
WT-Cdc42 completely corrected the abnormalities in cholesterol efflux and intracellular lipid transport
without changes in either the expression levels or cell surface expression of ABCA1 protein (data not
shown). The effect of introduction of Cdc42-WT on cholesterol efflux was also observed in the TD cells
lacking ABCA1 transporter (Hirano K, et al. Unpublished observation). These data indicated that the effect
of Cdc42 on cholesterol efflux might be independent of ABCA1, though it needs to be clarified how Cdc42
mediates lipid transport.

It would be of importance to know whether or not the macrophages from patients with WS or WRN
knockout mice may have defective cholesterol efflux, which we did not have chance to test. Saito and his
colleagues reported that some patients with WS suffered from tendon xanthomatosis and their
macrophages had higher cholesterol content. Our unpublished data showed that cholesterol content was
higher in WS fibroblasts than normal cells, which was associated with the increased expression of caveolin-
1 and decrease in LDL receptor (Zhang, et al. Unpublished). It still remains to be investigated the
mechanism for the reduction of Cdc42 protein in the WS fibroblasts. There have been revealed that WRN
DNA helicase protein has multi-function to regulate recombination, transcription, and apoptosis, though the
introduction of WRN cDNA into the cells induced the expression of Cdc42. Further studies are required to
know the regulatory mechanism.

Even though the molecular characteristics of WRN protein as DNA helicase have been extensively clarified,
there are still many points needed to be clarified including molecular mechanism for premature aging. In
addition to the present study, we have reported that the expression of Cdc42 was decreased in in vitro and
in vivo aged human fibroblasts in association with the retarded intraceliular lipid transport. Because Cdc42
is know to play various essential cell biological activities including regulation of actin dynamics, cell cycle,
transformation, vesicular transpont, and lipid transport, the matfunction of this type of small G protein could
induce the many abnormalities at the individual as well as cellular levels. The finding in this report might
provide important implications for the expression of premature atherosclerosis and other senescent
phenotypes in patients with WS.
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Figure 1 Decreased cholesterol efflux in WS fibroblasts Figure 2 Markedly Retarded Intracellular Lipid Kinetics in
WS Fibroblasts
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Figure 3 Expression levels of ABCA1 were not altered Figure 4 Transfection of WRN cDNA Increased
but the levels of Cdc42 protein were markedly reduced in Cholesterol Efflux and the Expression of Cdc42 in WS
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Figure 5 The effect of wild-type Cdc42 on the Figure 6 The introduction of WT-Cdc42 completely
intracellular lipid transport determined by FRAP corrected the decreased cholesterol efflux in the WS
cells.
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Figure 7 The introduction of WT-Cdc42 completely
corrected the decreased cholesterol efflux in the TD
cells.
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