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Agtrap activity under both physiological and pathological con-
ditions. The balance of the endogenous expression of Agtrap
and ATIR in local tissues is important for the regulation of
tissue ATIR signaling. Down-regulation of Agtrap and/or up-
regulation of AT1R at local tissue sites together with the result-
ant pathological activation of the tissue renin-angiotensin sys-
tem are pathogenetic mechanisms that may be responsible for
cardiovascular and renal disease. For example, in Ang II-in-
fused mice and genetically hypertensive rats, the development
of hypertension and organ injury, such as cardiac hypertrophy
and renal fibrosis, was reportedly accompanied by a decrease in
the tissue Agtrap expression without altered AT1R expression
(2, 15-19). In addition, we previously showed that serum star-
vation stimulates Agtrap gene expression in mouse distal con-
voluted tubule cells (mDCT cells) and that Runx3, one of the
Runt-related transcription factors, is involved in the transcrip-
tional activation of Agirap gene expression (20). However, the
regulatory mechanism of Agtrap gene expression in relation to
organ injury needs further investigation to elucidate the rela-
tionship of the regulation of Agtrap expression with the patho-
physiology of cardiovascular and renal disease at the molecular
level.

The transcription factors upstream stimulatory factor (USF/
Usf) 1 and USF2/Usf2 were originally identified in HeLa cells by
biochemical analysis (21; 22). The human c¢DNA cloning of
Usf1 and Usf2 revealed that the Usfs belong to the c-Myc-re-
lated family of DNA-binding proteins, which have a helix-loop-
helix motif and a leucine repeat, and that USF interacts with its
target DNA as a dimer (23). Previous examination of the tissue
and cell type distribution of Usfl and Usf2 revealed that
although both are ubiquitously expressed, different ratios of
USF homo- and heterodimers are found in different tissues and

cell types (24).. The results of mouse Usfl cDNA clonmg

showed ahigh level of sequence homology between the mouse

and human USF1 genes (25). Previous studies that were under-

taken to assign a physiological role to the Usfs in vivo, mcludmg

the disruption of Usfl and Usf2 genes in mice, revealed that
Usf1 and Usf2 play a role in the modulation of glucose and lipid

metabolism by modulation of their trans-activating efficiency
(26 —29). Subsequent studies also showed that Usfl and Usf2
are involved in the pathophysiology of several metabolic disor-
ders, including familial hypercholesterolemia and diabetic
nephropathy (30 —33). In this study, we show that the proximal
promoter region (—72 to —43) of the mouse Agtrap gene con-
tains an “E-box (CANNTG)” sequence, which is a putative
binding site for Usfl and Usf2 that interacts with these tran-
scription factors. It is shown both in vitro and in vivo that Usfl
decreases and Usf2 increases the Agtrap gene expression
through their binding to the E-box.

EXPERIMENTAL PROCEDURES

Cell Culture—The mDCT cells were kindly provided by Dr.
Peter A. Friedman (University of Pittsburgh School of Medi-
cine). These cells have been shown to have a phenotype of a
polarized tight junction epithelium along with both morpho-
logical and functional features retained from the parental cells
(14, 34-36). The mDCT cells also express the endogenous
ATIR and Agtrap (14). Human embryonic kidney-derived 293
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(HEK293) cells were cultured according to the American Type
Culture Collection (ATCC) protocol, as described previously
(37, 38).

Animals and Treatment—Adult C57BL/6 mice were pur-
chased from Oriental Yeast Kogyo (Tokyo, Japan). The proce-
dure of unilateral ureteral obstruction (UUO) was performed
using C57BL/6 mice, as described previously (20, 39). Briefly,
with the mice under anesthesia, the left ureter was ligated with
4-0 silk at two locations and then cut between the ligatures to
prevent retrograde urinary tract infection. Mice that were oper-
ated on were sacrificed under anesthesia 7 days after UUOQ.
Sham operation was also performed in which the ureters were
manipulated but not ligated. Seven days after the sham opera-
tion, mice were sacrificed to obtain control kidneys. The pro-
cedures were performed in accordance with the National Insti-
tutes of Health guidelines for the use of experimental animals.
All of the animal studies were reviewed and approved by the
Animal Studies Committee of Yokohama City University.

Plasmid Construction and Transcriptional Mouse Agtrap
and Human AGTRAP Promoter Assay—For the analysis of the
mouse Agtrap promoter, 5022-,2943-, 2090-, 1272-, 972-, 613-,
453-, 374-, and 222-bp mouse Agtrap -promoter fragments
(—4950, —2871, —2018, —1200, —900, —541, —381, —302, and
—150 to +72 of the putative transcriptional start site, respec-
tively) were amplified from C57BL/6] geriomic DNA, using the
pair of primers indicated in Table 1, and then subcloned into
the multicloning sites of pBluescript. A 613-bp Agtrap pro-
moter fragment (—541 to +72 of the putative transcriptional
start site)-containing plasmid was used as a template to con-
struct mutations in the X-box, E-box, and GC-box by oligonu-
cleotide (ODN)-directed mutagenesis (40 —42). The sequences
of the oligonucleotide used to create the mutated X-box (X-box

" mt), mutated.E-box (E-box mt), mutated GC-box (GC-box mt,

and mutated X- and E-boxes (X/E box -mt) are also shown in

© Table 1. To normalize transfection efﬁaency, we employed the

Dual-Luciferase Assay System (Promega) for the transcrip-
tional Agtrap promoter assay using pGL3~bas1c plasmid-based
luciferase constructs, as described previously (20, 36).

For analysis of the human AGTRAP promoter, 575-bp
AGTRAP promoter fragments (—480 to +95 of the putative
transcriptional start site, NC_000001.9) containing two adja-
cent wild-type or mutated E-box motifs, were gene-synthesized
(Eurofins MWG Operon). The human AGTRAP promoter
assay using the Dual-Luciferase Assay System (Promega) was
performed using pGL3- and pGL4.1-basic plasmid-based lucif-
erase constructs (20, 36).

Real Time Quantitative RT-PCR Analysis—Total RNA was
extracted and purified using the RNeasy kit (Qiagen), and the
cDNA was synthesized using SuperScript VILO (Invitrogen).
Real time quantitative RT-PCR was performed by incubating
the RT product with the TagMan Universal PCR Master Mix
and designed TagMan FAM™ dye-labeled probes for Usfl,
Usf2, and Agtrap (Applied Biosystems), and a TagMan VIC
dye-labeled probe as the internal control (18 S rRNA Endoge-
nous Control, Applied Biosystems) in the same reaction mix-
ture (CFX96 system, BIO-RAD), essentially as described previ-
ously (20).
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Immunoblot Analysis—A 14-amino acid synthetic peptide
corresponding to amino acids 148 ~161 of the C-terminal tail of
mouse (DBA/2]) ATRAP was used for the generation of a poly-
clonal anti-ATRAP antibody (7), and the characterization and
specificity of the anti-ATRAP antibody were described previ-
ously (9, 15, 43). Antibodies for USF1 (C-20 sc-229, Santa Cruz
Biotechnology), USF2 (ab32616, Abcam), TATA-binding pro-
tein (ab818[1TBP18], Abcam), and a-tubulin (ab40742 Abcam)
were also used. Immunoblot analysis was performed as de-
scribed previously (9, 15, 43), and the images were analyzed
using a FUJI LAS3000mini Image Analyzer (FUJI Film,
Tokyo, Japan).

Electrophoretic Mobility Shift Assay (EMSA)—Nuclear
extracts from mDCT cells (70 ~80% confluent, a 15-cm diam-
eter dish) were prepared with a modification of the protocols of
Dignam et al. (44) and Swick et al. (45). The final protein con-
centration was adjusted to 1 mg/ml. EMSA was performed
essentially as described previously (46, 47). Briefly, single-
stranded ODN sequences were biotin-labeled at 3'-ends by the
manufacturer, annealed to each other, and used as the probe.
The ODN sequences for the E-box and mutated E-box (E-box
mt) are shown in Table 1. Nuclear extracts (2 ug) were incu-
bated on ice in a 20-pl EMSA binding reaction mixture con-
taining 10 mm Tris-HC], pH 7.5, 50 mm NaCl 1mMEDTA, pH
8.0, 4% glycerol, 1 pg of BSA, and 1 pg of double-stranded
poly(dI-dC) in the presence or absence of a specific double-
stranded competitor DNA and biotin-labeled DNA probe. The
incubation mixture was loaded onto a 5% polyacrylamide mini
(7.5 X 9.0 cm) gel in 0.5X TBE and electrophoresed at 350 V for
25 min, followed by transfer of DNA from the gel onto nylon
membranes (Hybond-N+, GE) by cross-linking the transferred
DNA to the membrane and rinsing with the TN buffer (100 mm
Tris-HCI, pH 7.5, 150 mm NaCl). After blocking the incubation
with Blocking Reagent (FP1020, PerkinElmer Life Sciences),
incubating with streptawdm—horseradlsh peroxidase (HRP)
conjugate (NEL750, PerkinElmer Life Scxences) and washing
(incubation) to remove unreacted excess. reagent with PBST
(0.05% Tween 20/PBS), the biotin-labeled DNA was visualized
by chemiluminescence (Immobilon Western Detection Rea-
gent, Millipore) and analyzed using an LAS3000mini Image
Analyzer (FUJI Film, Japan).

Streptavidin-Biotin Complex Assay—Streptavidin-biotin
complex assay was performed using 3’-biotin-labeled oligonu-
cleotides corresponding to the Agtrap E-box and X-box (Table
1), essentially as described previously (28, 48, 49). The strepta-
vidin that was immobilized on agarose CL-4B (85881, Sigma)
was pretreated with TN buffer containing 1% BSA and incu-
bated with 50 pg of nuclear extracts from mDCT cells on ice in
a 200-ul EMSA binding buffer for 20 min. After five washing
steps with EMSA binding buffer, the streptavidin-biotin-DNA
complex was eluted with SDS buffer, and a one-fifth volume
was used for immunoblot analysis.

Chromatin Immunoprecipitation (ChIP) Assay—ChlIP assay
was performed essentially according to the manufacturer’s pro-
tocol (Active Motif) (50, 51). Briefly, mDCT or HEK293 cells
were treated with formalin to cross-link the protein-DNA com-
plexes, and glycine was added to stop the reaction. The cells
were lysed with 300 ul of lysis buffer (50 mm Tris-HCI, pH 8.0,
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10 mMm EDTA, pH 8.0, 1% SDS, protease inhibitor mixture;
P8340, Sigma), and the lysates were sonicated using the Biorup-
tor Sonication System (250 watts, 30 s on and 30 s off/30 cycle;
Bioruptor UCD-250, COSMO BIO, Tokyo, Japan) to reduce the
DNA fragments. Subsequently, the sonicated lysates were
divided into three equal aliquots for immunoprecipitation with
specific antibodies, immunoprecipitation with control IgG
(rabbit anti-HA antibody; 561, MBL, Japan), and input refer-
ence. After immunoprecipitation with an anti-USF1 antibody
(C-20 sc-229, Santa Cruz Biotechnology), anti-USF2 antibody
(C-20 sc-862, Santa Cruz Biotechnology), anti-SREBP1 anti-
body (H-160 sc-8984, Santa Cruz Biotechnology), anti-BMAL1
antibody (ab3350, Abcam), or control IgG, DNA was purified
from the antibody-bound and unbound input fractions. The
anti-USF1 antibody and anti-USF2 antibody used in the ChIP
assay were characterized in detail in a previous study (28).
Enrichment of the mouse Agtrap promoter sequences in the
respective bound fractions was estimated by quantitative PCR
with the SsoFast EvaGreen system (Bio-Rad) using the primers
shown in Table 1 to detect the 134-bp fragment (—65 to +69 of
the transcriptional start site).

For the ChIP analysis-of human AGTRAP, HEK293 cells were
treated with formalin to cross-link the protein-DNA com-
plexes, and then the cells were lysed with lysis buffer and
sonicated to reduce the DNA fragments. After immunoprecipi-
tation with an anti-USF1 antibody, anti-USF2 antibody, anti-
SREBP1 antibody, anti-BMAL1 antibody or control IgG, DNA
was purified from the antibody-bound and unbound input
fractions. Enrichment of the AGTRAP promoter or exon3
sequences in the bound fractions was estimated by quantltatlve
PCR using the primers in Table 1 to detect 161- or 102-bp
fragments, respectively. The target proteins in the co-immuno-
precipitates were also.subjected to immunoblot analys1s and
were visualized by TrueBlot (Affymetrix).

Statistical Analysis—All the quantitative data are expressed
asthemeans £ S.E. For omparisons between groups, Student’s
t test was employed, Differences were considered to be statisti-
cally significant at p < '0.05.

RESULTS

Determination of the Minimal Mouse Agirap Promoter—To
determine the minimal region required for basal activity of the
core promoter of the Agirap gene, the 5-kb promoter region
upstream of its transcriptional start site was isolated. Then, we
generated a series of luciferase reporter plasmids containing the
various Agtrap proximal promoter regions, which are illus-
trated in Fig. 1A4. To determinate the minimal Agtrap promoter,
we transfected these plasmids into mDCT cells, and luciferase
activity was measured. Although the luciferase activity was
gradually increased by the deletion from —4950 to —541, fur-
ther deletion, i.e. from —381 to —150, resulted in a decrease in
the luciferase activity of the Agtrap reporter constructs (Fig.
14). Consistent with this finding, this region contains two
important Agtrap regulatory elements, the SMAD-binding ele-
ment (—261 to —257) and the Runt-binding element (—246 to
—241) (20). Intriguingly, the promoter region from -150 to
+72 maintained the luciferase activity of the Agtrap reporter
constructs. This suggested that this region contains important
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FIGURE 1. Identification of mouse Agtrap promoter region. A, functional analysis of the mouse Agtrap promoter in mDCT cells. The Agtrap promoter-
luciferase constructs were transiently transfected into mDCT cells, and luciferase assay was performed. The relative luciferase activities were calculated relative
to those achieved with the promoterless control plasmid (pGL3-basic). Data are expressed as the means * S.E. (n = 4). B, nucleotide sequence of the mouse
Agtrap promoter region and putative transcription factor-binding motifs. The nucleotides are numbered at the left with the putative initiation site of transcrip-
tion designated as -+ 1. The untranslated and translated nucleotides of exon 1 are designated by the bold letters and the bold italic letters, respectively. The

nucleotides in a portion of intron 1 are indicated by the small letters.

regulatory elements for Agtrap gene transcription. To identify
the candidate transcription factors involved in Agtrap gene
transcription, we next performed a computational sequence
analysis of the Agfrap proximal promoter region using
TFSEARCH: Searching Transcription Factor-binding Sites
software and identified the consensus binding motifs for several
transcription factors (Fig. 1B).

Functional Involvement of X-box, E-box, and GC-box in the
Proximal Mouse Agtrap Promoter Activity—Among the con-
sensus binding motifs of the transcription factors listed in Fig.
1B, there are highly homologous sequences of the X-box (5'-
GTCCCTAGCAAC-3') (52), E-box (5'-CATGTG-3' or
5'-CANNTG-3'), and GC-box (5'-GGAGGGGGG(A/C)GG-
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3’) (53), which are highly conserved in mammals (Fig. 24). To
examine the functional role of these conserved elements in the
regulation of Agtrap gene transcription, we mutated the core
binding sequences of the X-box, E-box, and GC-box in the
Agtrap promoter, X-box mt, E-box mt, and GC-box mt (Fig.
2B). Although the promoter region from —541 to +72 of the
putative transcriptional start site of the Agtrap gene exhibited
substantial luciferase activity in mDCT cells, site-directed
mutations of the X-box, E-box, or GC-box decreased the lucif-
erase activity to 39.7 = 2.5% (X-box mt), 48.2 % 4.1% (E-box
mt), and 51.2 * 3.0% (GC-box mt) of that achieved with the
wild-type promoter, respectively (Fig. 2C). Mutations of any
two of the three consensus motifs further decreased the lucif-
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FIGURE 2. Involvement of the X-box, E-box, and GC-box regions in the transcriptional activation of the mouse Agtrap promoter in mDCT cells.
A, alignment of the proximal regions of the human (Homo sapiens), cow (Bos taurus), rat (Rattus norvegicus), and mouse (Mus musculus) Agtrap genes. The

nucleotldes are n
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sequences (wt)
Agtrap promoter {
to those achieved

erase activity (E—box GC—box mt, 25.3 * 1.4%; X—box/GC box
mt, 24.7 *+ 1.3%; X—b x/E-box mt, 28.6 * +32. 4%) relative to that
achieved with the wxldvtype promoter, whereas mutation of all
three motifs reduced the luciferase activity almost to the back-
ground reference level (X-box/E-box/GC-box mt, 7.2 = 0.3%).
These results indicate that the three binding motifs of the
X-box, E-box, and GC-box are important for the basal tran-
scriptional activity directed by the minimal Agtrap promoter
and suggest that these binding motifs independently modulate
the promoter activity of the Agtrap gene.

Identification of the E-box as a Transcription Factor-binding
Site in the Mouse Agtrap Promoter—Among the X-box, E-box,
and GC-box in the Agtrap proximal promoter, the canonical
E-box is a target for many genes involved in pathophysiological
conditions such as diabetic nephropathy and fibrotic disease
(33, 54, 55). Therefore, we focused on the functional character-
ization of the E-box in the regulation of the Agtrap promoter.
To determine whether the E-box is capable of binding tran-
scription factors, nuclear extracts were prepared from mDCT
cells (Fig. 34), and EMSA analysis was performed with an
Agtrap promoter fragment (—72 to —43) probe containing the
E-box but not the X-box or GC-box (Table 1). The E-box probe
formed a DNA-protein complex (Fig. 3B, lanes 8 and 12), and
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bered at the left-with the putative initiation site of transcription designated as +1. The putative transcription factor binding motifs
nderlines. B, construction of site-directed mutations in the X-box, E-box, and GC-box in the mouse Agtrap promoter sequence. Wild-type
‘mutated sequences (m1) are shown. C, effects of mutations in the X-box, E~box, and GC-box on the transcriptional activity of the mouse
1 to +72 of the transcriptional start site)-luciferase hybrid gene in mDCT cells. The relatlve luciferase activities were calculated relative
jith the promoterless control plasmid. Data are expressed asthe means + = SE{n=4)."

the formation of the complex was com etely 1mpa1red by the
addition of an excess amount of the unlabeled probe with a
wild-type sequence (Fig. 3B, lanes 5—7), but not by a mutated
probe (Fig. 3B, lanes 9—11). These results indicate that there are
nuclear factors that bind to the E-box sequence of the Agtrap
promoter.

Specific Binding of Usfl and Usf2 to the E-box of the Mouse
Agtrap Promoter—Several candidate transcription factors,
including Usf1, Usf2, BMAL1/Arntl, and Srebfl, are reported
to be capable of binding to the E-box sequence. Among these
factors, Usfl, Usf2, and BMAL1/Arntl, but not Srebfl mRNA,
were detectably expressed on RT-PCR and immunoblot analy-
ses in mDCT cells (data not shown). We then examined
whether Usfl, Usf2, and/or BMAL1 interact with the E-box of
the Agtrap promoter using a biotin-labeled E-box probe and
X-box probe. These biotin-labeled probes were individually
mixed with the nuclear extracts of mDCT cells and pulled down
using streptavidin-Sepharose. The results showed that substan-
tial amounts of Usf1 (43 kDa) and Usf2 (44 kDa) proteins from
nuclear extracts were pulled down with the biotin-labeled
E-box, but not the X-box, of the Agtrap promoter (Fig. 44).
However, no binding of BMAL1 to the biotin-labeled E-box or
X-box in the Agtrap promoter was observed.
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FIGURE 3. Identification of nuclear factors binding to the E-box (—72 to —43) of the mouse Agtrap promoter by EMSA. A, immunoblot analysis shows
TATA-binding protein (TBP) and a-tubulin in the nuclear extract (NP} and cytosolic extract (Cy), respectively. B, electrophoretic mobility shift and competition
analyses of complexes formed by nuclear factors with the E-box (—72 to —43) of the Agtrap promoter. The E-box ODNs were biotin-fabeled at the 3'-end and
used as the labeled probe. Nuclearextracts (2 pg) from mDCT cells were incubated with the probe. In electrophoretic shift competition assay, 50, 12.5, and 2.5
pmol of unlabeled wild-type E-box (wt) or mutated E-| box (m?) ODNs were added to the reaction mixture. SB indicates a shifted band derived from specific

DNA-protein complexes. FP, free probes

We next performed ChIP analy51s to determme whether Usfl
and Usf2 physiologically interacted with the Agtmp promoter
region. As shown in Fig. 4B, the 134-bp E-box containing the
sequence from —65 to +69 of: the transcriptional start site of
the Agtrap promoter was recovered from mDCT cells after
immunoprecipitation of sheared genomic DNA with an anti-
USF1 antibody and anti-USF2: antlbody but not after immuno-
precipitation with an anti-SREBP1 antibody or anti- BMALI
antibody. Quantitative PCR:analysis confirmed that Usfl and
Usf2 are present in the Agtmp E-box promoter reglon, and the
corresponding genomic DNA was enriched with both an anti-
USF1 antibody (*, p < 0. 05 versus 1gG control) ai d anti- USP2'
antibody (**, p < 0.01, versus 1gG control)‘ ‘with an anti-
SREBP1 antibody or anti-BMAL1 antibody. These data provide
evidence for the occupancy by Usfl and Usf2, but not Srebf1 or
BMALL, of the mouse Agirap promoter E-box in vivo.

Functional Involvement of Usfl and Usf2 in Mouse Agtrap
Promoter Activity—To determine whether Usfl and Usf2 are
involved in the transcriptional regulation of the Agtrap gene in
mDCT cells, we examined the effect of Usfl and Usf2 siRNAs
transfection on endogenous Agtrap gene expression. The
mRNA and protein levels of Usf1 (Fig. 5, A and D) and Usf2 (Fig.
5, B and E) were significantly decreased after transfection with
their respective siRNA. In addition, although the Usf2 mRNA
level was slightly increased by Usfl knockdown (Fig. 5B), the
Usf2 protein level was not affected (Fig. 5E). Intriguingly,
although the siRNA reduction of Usfl resulted in a significant
increase in the levels of the Agtrap mRNA (Fig. 5C, p < 0.01,
siUsf1 versus siCtrl) and protein (Fig. 5F, p < 0.01, siUsf1 versus
siCtrl), Usf2 knockdown significantly decreased the Agtrap
mRNA (Fig. 5C, p < 0.01, siUsf2 versus siCtrl) and protein (Fig.
5F, p < 0.01, siUsf1 versus siCtrl). These results show that Usfl
and Usf2 exert negative and positive regulatory effects on
Agtrap gene expression, respectively.
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Pathophysiological Relevance of Usfl and Usf2 in Mouse
Agtrap Gene Expression in the Kidney—To understand the
pathophysiological roles of Agtrap in target organ injury, it is
necessary to investigate the regulation of the expression of the
Agtrap gene in response to pathological stimuli. UUO is a well
established experimental model of progressive tubulo-intersti-
tial fibrosis. UUO leads to changes in renal hemodynamics,
inflammatory responses in the kidney, tubular hypertrophy,
and interstitial fibrosis of the affected kidney by stimulating the
renin-angiotensin system (39). Since we previously showed that
the Agtrap mRNA level was suppressed in the affected kidney
by UUO (20), we examined whether the change in Agtrap gene
expression is accompamed by any modulation of the UsfI or
Usf2 gene expression in the UUO kidney. According to the
results of quantitative RT-PCR analysis, while the Usfl mRNA
expression was significantly up-regulated in the affected kidney
after 7 days of UUQ (Fig. 6B), the Usf2 mRNA expression was
significantly down-regulated in the affected kidney by UUO
(Fig. 6C), with a concomitant decrease in the Agtrap mRNA
expression (Fig. 64). These results in vivo are consistent with
the notion that Usfl and Usf2 are inhibitory and stimulatory
transcription factors for the Agtrap gene, respectively.

Functional Involvement of the Two Adjacently Located E-box
Motifs in Proximal Human AGTRAP Promoter Activity—To
evaluate the evolutionary and functional conservation of the
regulation of AGTRAP gene expression by the E-box, we exam-
ined the activity of the AGTRAP proximal promoter with or
without an E-box mutation using luciferase reporter assay.
Because the promoter of the human isologous gene AGTRAP
has two adjacently located E-box muotifs (Fig. 24), we analyzed
both of them. As shown in Fig. 7A, the 575-bp human AGTRAP
proximal promoter fragments (—480 to +95 of the putative
transcriptional start site) exhibited substantial luciferase activ-
ity in human kidney-derived HEK293 cells. In addition, muta-
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TABLE 1
Primer sequences used in the study
Primers Primer sequences
Construction of wild-type and
mutated Agtrap promoter-
containing plasmids
—4950 to —353 Forward 5'GCCATTCCCTGAGCTGTTGAGGGCCCTTCACTGAAAGGCTTCTTGGT3’
Reverse  5'CTTTGTGAGGATCAGTGAATGAATTCATGTCCATAAAGATAAAAAGTGA3'
—2871 to 353 Forward 5'CTAGAGAAGGTACCCAAGGAGCTAAACGGATCTGCAACCCTATAG3'
Reverse  5'CTTTGTGAGGATCAGTGAATGAATTCATGTCCATAAAGATAAAAAGTGA3'
—2018 to —353 Forward  5'GCTATGTGGTTAAAGGCACTTGCCACACCAGCCTGTCGACTGGCCS'
Reverse  5'CTTTGTGAGGATCAGTGAATGAATTCATGTCCATAAAGATAAAAAGTGA3'
—1200to +72 Forward 5'ggggtaCCAACTTTTGCTATGTTGGGCAAGTGGACTCCA3'
Reverse  5'cgggatccGAACTCGGGAACAAACTTCCT3'
—900to +72 Forward 5’ggggtaCCCCTTTCTTGACTTCAGGTCCTGTCTCCCTTTCC3'
Reverse 5'cgggatccGAACTCGGGAACAAACTTCCT3'
—541 to +72 Forward 5'gcggtACCTGCCTGTGTGTGTATATGCACTT3'
Reverse 5'cgggatccGAACTCGGGAACARACTTCCT3'
—381 to +72 Forward 5'gcggtACCCTCACTTTTTATCTTTATGG3’
Reverse 5'cgggatccGAACTCGGGAACAAACTTCCT3'
—~302to +72 Forward 5'ggggtacCTTGTGCAAGGGAAGTAAGA3’
Reverse 5'cgggatccGAACTCGGGAACAAACTTCCTI!
—150to +72 Forward 5'gcggtaCCCTAGGCTGCAGARATCCCS'
Reverse 5'cgggatccGAACTCGGGAACAAACTTCCT3'
Construction of mutated Agtrap
promoter-containing plasmids
X-box-mt Forward 5'CTGCCTGACGCCGTCTCCTATCATACGGCTGCAGTCACGTGGCCG3'
Reverse  5'CGGCCACGTGACTGCAGCCGTATGATAGGAGACGGCGTCAGGCA3'
E-box-mt Forward  5'TCCTAGCAACCGGCTGCATTCAAATGGCCGCGCGAGTTGGCCT3’
Reverse  5'AGGCCAACTCGCGCGGCCATTTGAATGCAGCCGGTTGCTAGGAS'
GC-box-mt Forward 5'GAACTGGCGCAACGCGACGETTGGCGCCAGGAAGTTTGTTCCCGA3’
Reverse  5'TCGGGAACAAACTTCCTGGCGCCAACCGTCGCGTTGCGCCAGTTC3!
X/E-box-mt Forward - 5'TCCTATCATACGGCTGCATTCAAATGGCCGCGEGAGTTGGCCT3'
: Reverse 5/AGGCCAACTCGCGCGGCCATTTGAATGCAGCCGTATGATAGGAS'
Electrophoretic mobility shift '
assay (EMSA) and
oligonucleotide precipitation
assay o g )
E-box ODN 5!CCGGCTGCAGTCACGTGGCCGCGCGAGTTG3! and 5'CAACTCGCGCGGCCACGTGACTGCAGCCGG3'
E-box-mt ODN 5'CCGGCTGCATTCAAATGGCCGCGCGAGTTG3! .and 5'CAACTCGCGCGGCCATTTGAATGCAGCCGG3'
X-box ODN 5'CTGCCTGACGCCGTCTCCTAGCAACCGGCTE3  and 5'CAGCCGGTTGCTAGGAGACGGCGTCAGGCAGS’
Chromatin
immunoprecipitation (ChIP) -
assay
Mouse Agtrap promoter 5/CCTAGCAGCAAGAGCAGCT3’
}  5'GAACTCGGGAACAAACTTCCT3'
Human AGTRAP promoter =~ d ' '5’ACAGTCCGCTTCCTGGAATAS’
5! GCCGCTTGGT‘I‘GCTAGGAGACGGCGTCGGC Gc3’
Human AGTRAP exon 3 ' 5'GGCTGCATTGTATTCTCAGG3’ )

'CTTATGGCGTCGATGGAGTC3'

tions of either of the two adjacently located E-box motifs signif-
icantly decreased the luciferase activity (Fig. 7A4). Mutations of
both E-box motifs further reduced the luciferase activity (Fig.
7A). These results indicate that the two adjacently located
E-box motifs are important for the basal transcriptional activity
directed by the AGTRAP promoter.

USF1 and USF2 Bind the AGTRAP Promoter Region—We
further performed ChIP analysis to examine whether USF1,
USF2, or BMALLI physiologically interacts with the AGTRAP
promoter region. For ChIP analysis, we prepared primer sets for
the AGTRAP promoter region and internal exon 3 (Fig. 7B). A
161-bp fragment of the proximal upstream region of the two
adjacently located E-box motifs in the AGTRAP promoter was
recovered after immunoprecipitation of sheared genomic DNA
from HEK293 cells with an anti-USF1 antibody and anti-USF2
antibody but not after immunoprecipitation with an anti-
SREBP1 antibody or anti-BMALLI antibody. Quantitative PCR
analysis showed that USF1 and USF2 are present at the
AGTRAP E-box promoter region, and the corresponding
genomic DNA was enriched with an anti-USF1 antibody (**,
p < 0.01, versus IgG control) and anti-USF2 antibody (**, p <

AV N

0.01, versus 1gG control), respectively, but not w1th an anti-
SREBP1 antibody or anti-BMALI1 antibody (Flg 7B). Among
these factors USF1 and USF2, but not BMAL1 and SREBP1,
proteins were also detected in the co-immunoprecipitates from
HEK293 cells on immunoblot analyses (Fig. 7C). However,
USF1, USF2, SREBP1, and BMAL1 did not interact with the
AGTRAP exon 3 region, which is a negative control region,
without the E-box (Fig. 7B). These data indicate the occupancy
by USF1 and USF2, but not SREBP1 or BMALL, of the human
AGTRAP promoter region.

DISCUSSION

Despite the accumulating evidence supporting the involve-
ment of an altered expression of Agtrap gene at local tissue sites
in the pathogenesis of hypertension and related kidney injury,
little is known about the transcriptional regulation of Agtrap
expression. In this study, we showed that the promoter region
from —150 to +72 of the mouse Agtrap 5'-flanking sequence,
which is considered to contain important regulatory elements,
directs Agtrap gene transcription in normal culture.
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A S B 15+ =3 chip We analyzed the region from —381 to +72 based on the
- w4 B 196  results showing maximum promoter activity. The results of

E-b E-n X-b X-n NP Cy g 0. luciferase assay using deletion mutants revealed the minimally
2 required proximal promoter region from —150 to +72 that

Usft 43kD E * contains the X-box, E-box, and GC-box consensus motifs is

,—;_W — x } Ust2 44kD § 5 " able to direct substantial transcription of the Agtrap gene.
- g Among these binding motifs, we confirmed that the E-box spe-

[ . ,_.....I BMALT 69.4kD NS cifically binds Usf1 and Usf2 by employing EMSA, streptavidin-
o NI biotin complex assay, and ChIP. Such E-box-Usf1/Usf2 binding

NN ée?\ Q}@’ is functionally important in activating Agtrap expression for the

ChiP DNA following reasons: 1) mutation of the E-box to prevent Usfl1/

controttge | Usf2 binding reduces Agtrap promoter activity (Fig. 2); 2) trans-

o fection of siRNA for Usfl increases and Usf2 decreases endog-

FIGURE 4. Identification of Usf1 and Usf2 interaction with the E-box (—72to
—43) of the mouse Agtrap promoter by streptavidin-biotin complex assay
and ChIP assay. A, streptavidin-biotin complex assay. Nuclear extracts from
mDCT cells were incubated with streptavidin immobilized on agarose beads. The
streptavidin-biotin-DNA complex was eluted with SDS buffer and visualized by
immunoblot analysis. £-b, E-box biotin-labeled probe; £-n, E-box nonlabeled
probe; X-b, X-box biotin-labeled probe; X-n, X-box nonlabeled probe; NP, nuclear
extracts; Cy, cytosolic extracts. B, ChiP assay. The mDCT cells were treated with an
anti-USF1 antibody, anti-USF2 antibody, anti-SREBP1 antibody, anti-BMAL1 anti-
body, or control IgG (rabbit anti-HA antibody). Co-immunoprecipitated DNA was

purified and estimated by quantitative PCR. In the upper panel the relative
amount of DNA fragment detected perantibody is shown. In the lower panel, the
quantitative PCR produc‘cs whichwere loaded on 3% agarose gels and visualized . -

by ethidium bromide staining, are shown. Experiments were independently
repeated at least three times, and data are expressed as the means = S.E.* P <
0.05; **, p < 0.01, versus control IgG. NS not significant.

enous Agtrap mRNA and protein expression (Fig. 5), and 3) the
decrease in Agtrap mRNA expression in the affected UUO kid-
ney is accompanied by changes in Usfl and Usf2 mRNA (Fig. 6).
Taken together, these data indicate that Usfl and Usf2 nega-
tively and positively regulate Agtrap gene transcription, respec-
tively. Because Usf1 and Usf2 bind to DNA with the same E-box
sequence specificity, they most likely regulate Agtrap gene
expression in a competitive manner.

' Recently, the E-boxes in the promoter reglons of renin and
angiotensinogen were shown to be direct targets of Usfl and
Usf2 and suggested to be involved in the pathogenesis of both
hypertension and renal injury (33, 56~58). In this study, it is
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FIGURE 5. Effects of specific knockdown of Usf1 and Usf2 by small interference (si)RNA on endogenous Agtrap gene expression in mDCT cells.
A-C, quantitative RT-PCR analysis showing the effects of respective siRNA transfection on the relative Usf1 (A), Usf2 (B), and Agtrap (C) mRNA levels. RNA
quantity was normalized to the signal generated by constitutively expressed 18 S rRNA and is expressed relative to that achieved with extracts derived from
nontreated mDCT cells (none). Experiments were independently repeated at least three times, and the data are expressed as the means * S.E. ¥, p < 0.05; *¥,
p < 0.01, versus control siCtrl. D-F, immunoblot analysis showing the effects of the respective siRNA transfection on the relative Usf1 (D), Usf2 (E), and Agtrap (F) protein
levels. Representative immunoblots are shown, and protein expression levels are expressed relative to those achieved with extracts derived from nontreated mDCT
cells (none). Experiments were independently repeated at least three times, and data are expressed as the means == SE. ¥, p < 0.05; **, p < 0.01, versus control siCtrl.
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FIGURE 6. Regulation of Usf1, Usf2, and Agtrap mRNA in the affected kid-
ney by UUO. A-C, quantitative RT-PCR analysis showing the effects of UUO
on the relative Agtrap (A), Usf1 (B), and Usf2 (C) mRNA levels. RNA quantity
was normalized to the signal generated by the constitutively expressed 18 S
rRNA and is expressed relative to the level achieved with extracts derived
from sham-operated kidney (n = 6).*, p < 0.05; **, p < 0.01, versus sham. Data
are expressed as the means * S.E.

shown that Agtrap, an emerging modulator of the renin-angio-
tensin system, is another target gene of Usfl and Usf2, and that
Agtrap gene expression is activated through the binding of Usf2
and inhibited through the binding of Usf1 to the same canonical
E-box sequence in the Agtrap proximal promoter region.

Both Usfl and Usf2 are reportedly activators of gene tran-
scription via homodimerization or heterodimerization, with
similar trans-activating capacities (59, 60), and they have also
been proposed to function as repressors of a number of target
genes (61). However, the results of this study show that Usfl
and Usf2 exert opposing regulatory effects on the expression of
the same gene. Consistent with this notion, similarly opposing
effects of Usfl and Usf2 on the E-box of plasminogen activator
inhibitor-1 gene, a key regulator of the fibrinolytic system, have
been reported (62, 63). With respect to an interaction between
Usf and other transcription factors, a previous study reported a
contrasting functional and physical interaction between Usf

and Spl, a GC-box binding transcription factor, in the tran-
scriptional regulation of the deoxycytldme kinase gene in liver- -

derived HepG2 cells (64). In the regulation of the deoxycytidine

kinase promoter, the combination of Usfl and Spl exhibited:

additive trans-activation at lower concentrations of Spl,
although Spl was inhibitory at higher levels, whereas trans-
activation by Usf2 and Sp1 was synergistic in HepG2 cells (64).
In this study, although the E-box and GC-box were found to be
adjacently located in the Agtrap promoter, the results of lucif-
erase assay showed a positive and independent stimulatory
effect of these binding motifs in kidney-derived mDCT cells
(Fig. 2), possibly because of a difference in the network of tran-
scription factors in the liver and kidney. However, it is still pos-
sible that a functional interplay of Usfl and Usf2 with putative
transcription factors other than Sp1 is involved in the opposing
regulatory effect exerted by Usfl and Usf2 on Agtrap gene
expression (Fig. 5). Further studies are needed to elucidate the
molecular mechanisms, including kinase cascades, such as
PI3K (28), which are involved in the differential regulatory
functional effect of Usfl and Usf2 on Agtrap gene expression.

Studies are also needed to examine the possible role of E-box*

modulation by methylation at the core CpG in the Usf1/Usf2
recognition site (5'-CACpGTG-3') in the regulation of the
Agtrap promoter (64).
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FIGURE 7. Involvement of the E-box motifs in the regulation of the human

AGTRAP promoter. A, involvement of the two E-box motifs in the transcrip-
tional activation of the AGTRAP promoter in HEK293 cells. The effects of muta-
tions in the two E-box motifs on the transcriptional activity of the AGTRAP
promoter-luciferase hybrid gene in HEK293 cells are shown. The relative lucif-
erase activities were calculated relative to those achieved with the promoter-
less control plasmid. Data are expressed as the means + S.E. (n = 4). B, iden-
tification of USF1 and USF2 interaction with the AGTRAP proximal promoter
region by ChlP analysis. Schematic representation of the AGTRAP gene struc-
ture and the approximate genomic positions for the enrichment of the
AGTRAP promoter and exon3 region by ChlP assay are shown (upper panel).
The results of ChIP assay with an anti-USF1 antibody, anti-USF2 antibody,
anti-SREBP1 antibody, or anti-BMAL1 antibody are shown (lower panel). Data
are expressed as the means = S.E. (n = 4). **, p < 0.01, versus control IgG
{rabbit anti-HA antibody). NS, not significant. C, identification of USF1 and
USF2 in the co-immunoprecipitates from the AGTRAP proximal promoter
region in ChIP analysis. Co-immunoprecipitated proteins with respective spe-
cific antibodies or their corresponding control IgG in ChiP assay were sub-
jected to immunoblot analysis and were visualized by TrueBlot (Affymetrix).
NP, nuclear extracts; Cy, cytosolic extracts; Input, input reference.

Cardiovascular and renal diseases are closely related to cir-
cadian rhythms, which are under the control of an internal bio-
logical clock mechanism. The binding of the transcription fac-
tors BMAL1 and CLOCK to multiple extra- and intragenic
E-boxes is reported to play an important role in the circadian

JOURNAL OF BIOLOGICAL CHEMISTRY 9
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rhythm-related regulation of certain genes in peripheral, car-
diovascular, and renal tissues (65-67). However, the present

» results do not indicate any significant interaction of BMALI1
with the E-box of the mouse Agtrap promoter (Fig. 4). This may
be because the BMAL1-CLOCK heterodimer binds to multiple
E-boxes of target genes despite there being a single E-box in the
mouse Agtrap proximal promoter (66). The human AGTRAP
promoter contains two adjacently located E-box motifs (Fig. 2).
However, we did not obtain any evidence to indicate the inter-
action of BMAL1 with these two adjacently located E-box
motifs in the AGTRAP promoter, at least in human kidney-
derived cells (Fig. 7). Further studies are needed to examine the
potential interaction of the BMAL1-CLOCK heterodimer with
the adjacently located two E-box motifs in the AGTRAP pro-
moter in other cells or tissues such as fat or liver, so as to exert
cell type- or tissue-specific function. However, the results of the
promoter assay and ChIP analysis clearly indicate the func-
tional interactions of USF1/USF2 and the adjacently located
two E-box motifs are involved in the regulation of the human
AGTRAP promoter.

In summary, the results of this study show that Usfl and Usf2
regulate Agtrap gene transcription through their interaction
with the E-box in the mouse Agtrap promoter. Furthermore,
the in vitro and in vivo results of siRNA transfection in mDCT
cells and UUOQ in mice, respectively, suggest that Usfl decreases
and Usf2 increases Agtrap gene expression through the binding
of Usf1/Usf2 to the E-box. We also demonstrated functional
E-box-USF1/USF2 binding in the human AGTRAP promoter,
thereby suggesting that a strategy of modulating the E-box-
USF1/USF2 binding may have novel therapeutic potential.
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Abstract: Cardiovascular disease (CVD)is a major cause of
death in patients with chronic kidney disease (CKD).
Patients with CKD are reported to have a significant greater
risk of CVD-associated mortality than that of the general
population after stratification for age, gender, race, and the
presence or absence of diabetes. CKD itself is also an inde-
pendent risk factor for the development of atherosclerosis,
and in particular, patients undergoing dialysis typically
bear many of the risk factors for atherosclerosis, such
as hypertension, dyslipidemia and disturbed calcium-
phosphate metabolism, and commonly suffér from severe
atherosclerosis, including peripheral arterial disease (PAD).
Low-density lipoprotein (LDL) apheresis is a potentially
valuable treatment applied to conventional therapy-

resistant hypercholesterolemic patients with coronary
artery disease and PAD. Although previous and recent
studies have suggested that LDL apheresis exerts beneficial
effects on the peripheral circulation in dialysis patients suf-
fering from PAD, probably through a reduction of not only
serum lipids but also of inflammatory or coagulatory factors
and oxidative stress, the precise molecular mechanisms
underlying the long-term effects of LDL apheresis on the
improvement of the peripheral circulation remains unclear
and warrants further investigation. Key Words: Chronic
kidney disease, Hemodialysis patients, Low-density
lipoprotein apheresis, Oxidative stress, Peripheral artery
disease.

Cardiovascular disease (CVD) has a major effect
on the prognosis of patients with chronic kidney
disease (CKD), particularly for those patients on
dialysis, and atherosclerotic vascular changes play a
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critical role. Renal deterioration in CKD promotes
hypertension, dyslipidemia, insulin resistance, dis-
turbed calcium-phosphate metabolism and renal
anemia, and these are all risk factors for atheroscle-
rosis. In addition, chronic inflammation, oxidative
stress and variability in blood pressure and circulat-
ing blood volume also promote atherosclerotic vas-
cular changes in dialysis CKD patients. Among the
systemic atherosclerotic vascular diseases, peripheral
arterial disease (PAD) is prevalent in dialysis CKD
patients. In dialysis CKD patients, the PAD lesions
are prone to being distributed in the arteries of the
lower limbs and exhibit a severely stenotic lumen
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with vascular calcification without the development
of any collateral circulation, and patients with CKD
and PAD have higher mortality rates than those with
either of these conditions alone (1).

Percutaneous transluminal angioplasty (PTA) for
the treatment of PAD is reported to suffer from the
problem of an increased rate of restenosis in dialysis
CKD patients (2). PAD in HD patients is often
therapy resistant and closely associated with an
increased risk of cardiovascular mortality, morbidity,
and hospitalization as well as a reduced Health-
Related Quality of Life (HRQOL), even after bypass
surgery and leg amputation (3,4). In certain coun-
tries, including most of the countries in Europe, LDL
apheresis is the treatment of choice in patients with
homozygous familial hypercholesterolemia (FH),
particularly those refractory to statins, as described in
arecent review (5). LDL apheresis has been shown to
exert beneficial effects on aortic and coronary ath-
erosclerosis and to reduce the risk of coronary artery
disease in patients with homozygous FH (6,7).
Recently LDL apheresis has become the adjuvant
treatment of choice for dialysis CKD patients with
PAD, particularly those refractory to statins and on
whom it is difficult to perform PTA or bypass surgery
(8,9). In this review we briefly summarize the clinical
applications of LDL apheresis in Japan and mecha-
nistic basis for its benefit in PAD in dialysis patients.

PRESENT INDICATION OF LDL APHERESIS
FOR THERAPY OF PAD IN JAPAN

In Japan, indicated usage of LDL apheresis for the
treatment of PAD under the government system of
insurance coverage, includes the following. (i) clinical
signs of poor peripheral circulation, such as cold,
decolored or ulcerated extremities, or intermittent
claudication consistent with a Fontaine classification
of Grade II or more; (ii) refractoriness to conven-
tional medical or surgical treatment; (iii) an exces-
sively high LDL cholesterol (LDL-C) or total
cholesterol (TC) levels (LDL-C >140 mg/dL or TC
>220 mg/dL) in spite of drug treatment (10). Japanese
government insurance coverage permits 10 sessions
of LDL apheresis for each patient to be carried out
during a 3-month period.

THE PATHOGENESIS OF LIPOPROTEIN
ABNORMALITIES IN CKD

Although hypercholesterolemia is a major requi-
site for the governmental insurance-covered applica-
tion of LDL apheresis for the treatment of PAD in
Japan, the regulatory system of lipid metabolism is

Ther Apher Dial, Vol. 17, No. 2, 2013

reported to be highly disturbed in CKD patients,
owing to alterations in apolipoproteins, lipid transfer
proteins, lipolytic enzymes and lipoprotein receptors
(11,12). Previous studies demonstrated that LDL par-
ticles are heterogeneous with respect to their size,
density and lipid composition (13,14). Among the
LDL particles, the smaller and denser LDL particles
(small dense low-density LDL particles) are more
atherogenic (13), and the small dense low-density
LDL phenotype is strongly associated with the devel-
opment of coronary heart disease (15).

In CKD patients, triglyceride concentrations
increase while HDL cholesterol (HDL-C) concentra-
tions decline, and there is a progressive accumulation
of the more atherogenic, small dense low-density
LDL particles, in spite of low-to-normal TC and
LDL-C levels (11). In addition, in dialysis CKD
patients, dyslipidemia is typified by a marked
increase in triglyceride-rich apo B-containing par-
ticles, a decreased HDL concentration and a pre-
dominance of small dense LDL particles, with a
normal LDL-C level but an increased lipoprotein(a)
(Lp[a]) concentration. Also, there is reportedly a per-
sistent disturbance in the apolipoprotein profile, with
reduced apo AI and apo AII concentrations and
significant increases in the apoB, apoCIII and apoE
concentrations (11,16).

LDL APHERESIS FOR THE TREATMENT
OF PAD

There are presently several systems of LDL apher-
esisin use, including cascade and lipid filtration, immu-
noadsorption, heparin-induced LDL precipitation,
dextran sulfate LDL adsorption,and the LDL hemop-
erfusion (17,18). In Japan, LDL apheresis therapy
using the strategy of LDL absorption with dextran
sulfate (Liposorber LA-15, Kaneka, Japan) is
most commonly performed (19,20). Low-molecular
dextran sulfate (MW 4500) selectively absorbs all sub-
stances containing apoB. The binding mechanism is
the direct interaction between the dextran sulfate and
the positively charged surface of apoB-containing
lipoproteins (LDL-C, very low density lipoprotein-
cholesterol [VLDL-C], and Lp[a]). Dextran sulfate
has a structure similar to that of the LDL receptor
and seems to act as a type of pseudoreceptor. Appro-
ximately 2.5g LDL-C can be bound per column.
After primary separation, the plasma is perfundated
through the columns, where all material containing
apoB such as cholesterol, LDL-C, VLDL-C, and trig-
lycerides is absorbed, but without any absorption of
HDL-C, which does not contain apoB (18).

© 2012 The Authors
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In our hospital, LDL apheresis is performed using
hollow polysulfone fibers (Sulflux, Kaneka, Osaka,
Japan) as the plasma separator and a dextran sulfate
cellulose column (Liposorber LA-15, Kaneka) as the
LDL absorber. Blood flow from the A-V fistula
access in the case of dialysis CKD patients is typically
in the range of 80-100 mL/min, the plasma flow
is 25-30 mL/min, and 30004000 mL of the plasma
volume is treated per session. Heparin or nafamostat
mesilate is given as an anticoagulant for extracorpo-
real circulation. To maintain good adsorption effi-
ciency with an increasing quantity of plasma treated,
two columns arranged in a row are used in turn auto-
matically, so that one column can be washed with the
specific liquid and regenerated after the treatment of
the plasma while the other is in operation (MA-03
system, Kaneka) (21,22). LDL apheresis is carried
out once or twice a week on non-HD days in the case
of dialysis CKD patients, and 10 sessions of apheresis
are performed in each patient.

THERAPEUTIC EFFECTS OF LDL
APHERESIS IN DIALYSIS CKD
PATIENTS WITH PAD

Although dialysis CKD patients with PAD often
exhibit low-to-normal TC and LDL-C levels along
with increased triglycerides and reduced HDL-C
levels, previous studies showed that LDL apheresis
by the dextran sulfate cellulose column (Liposorber
LA-15, Kaneka) is clinically effective even in PAD
patients undergoing HD (23-28). Since PAD patients
undergoing HD tend to be resistant to any treatment
and are at high risk for lower-extremity amputation,

1) Medical therapy:

Cardiologist, nephrologist,
diabetologist

2) Bypass surgery:
Surgeon
3) PTA:
Cardiologist
4) Wound healing therapy:

Dermatologist, orthopedist,
plastic surgeon

5) Regeneration therapy:
Cardiologist, nephrologist

6) Rehabilitation:
Rehabilitation doctor

7) LDL apheresis:
Nephrologist
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LDL apheresis is suggested to be a useful strategy in
the multidisciplinary approach for therapy of PAD
(Fig. 1).

In a recent clinical study we conducted, 25 dialysis
CKD patients with PAD were enrolled, and the
therapeutic effects of LDL apheresis in 19 patients
were ultimately analyzed (22). Blood samples were
collected before and after the first session, at the start
of the 10th session, and at 3 months after the end of
treatment (before regular HD). The absolute walking
distance and ankle-brachial pressure index (ABI)
were principally estimated on non-HD days prior to
the 1st and 10th sessions and at 3 months after the
end of treatment, and the long-term periods in this
study were defined as the time from the 1st session to
the 10th session and the time from the Ist session up
to the third month after the end of the 10th sessions.

Because most of these patients were unable to
perform treadmill exercise because of conditions
such as a previous heart attack or paralysis, the abso-
lute walking distance was evaluated by medical staff
on a flat floor in the hospital. Of the 25 patients
enrolled, five patients could not complete the study
because of death (N =3), amputation (N =1) or PTA
(N=1) during the study period, and they were
excluded from the analysis. On the whole, the abso-
Iute walking distance improved significantly by the
10th session of LDL apheresis compared with base-
line and was still improved even at 3 months after the
end of the treatment (Table 1) (22). Similarly, the
ABI was improved by the 10th session compared
with baseline (Table 1). Subsequently, the patients
were classified into two groups according to the
changes in the ABI at 3 months after the end of

FIG.1. Multidisciplinary therapeutic
approach to peripheral arterial disease
(PAD) in Japan.
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TABLE 1.
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patients with peripheral arterial disease (PAD)

Therapeutic effects of low density lipoprotein (LDL) apheresis in dialysis chronic kidney disease (CKD)

After 1st At 10th 3 months after
Clinical parameters Baseline apheresis apheresis 10th apheresis Pl P2 P3
Total patients (N = 19):
Walking distance (m) 171 =33 N/A 294 x 34 270 £ 42 N/A <0.05 <0.05
ABI 0.59 = 0.04 N/A 0.67 + 0.04 0.64 = 0.04 N/A <0.05 NS
ABT responders (N =10):
Walking distance (m) 118 = 26 N/A 333 x 45 297 * 63 N/A <0.05 <0.05
ABI 0.53 £ 0.06 N/A 0.69 = 0.06 0.69 = 0.05 N/A <0.005 <0.005
LDL cholesterol (mg/dL) 88 =7 32+3 789 98 £ 11 <0.01 NS NS
Oxidized LDL (U/L) 38*3 202 32+3 38+ 4 <0.01 <0.05 NS
Fibrinogen (mg/dL) 400 = 14 308 18 337+ 32 394+ 35 <0.01 0.07 NS
CRP (mg/dL) 0.87 £ 0.40 0.49 = 0.20 0.39 = 0.23 0.75 = 047 <0.05 0.07 NS
ABI non-responders (N =9):
Walking distance (m) 232 = 58 N/A 254 + 49 238 £ 59 N/A NS NS
ABI 0.65 = 0.05 N/A 0.63 = 0.05 0.59 = 0.06 N/A NS NS
LDL cholesterol (mg/dL) 838 262 7510 104 = 16 <0.05 NS NS
Oxidized LDL (U/L) 38x5 182 32x4 466 <0.05 NS <0.05
Fibrinogen (mg/dL) 388 = 38 264 + 28 340 = 45 427 + 35 <0.05 NS NS
CRP (mg/dL) 0.81 £ 047 0.34 £ 0.21 112 = 1.02 0.61 * 0.35 <0.05 NS NS

Parameters are shown as the mean * standard error. PJ indicates the baseline vs. after the 1st apheresis; P2, the baseline vs. at the 10th
apheresis; P3, the baseline vs. 3 months after the 10th apheresis (Modified from Tsurumi-Ikeya Y et al. Arterioscler Thromb Vasc Biol
2010;30:1058-1065). ABI, ankle-brachial pressure index; CRP, C-reactive protein; N/A, not applicable; NS, not significant.

“treatment. The two groups were patients with an
improved ABI (ABI responders, N = 10) and patients
with a worsened ABI (ABI non-responders, N =9).
The serum levels of LDL-C and oxidized LDL, along
with the C-reactive protein (CRP) and fibrinogen
concentrations were significantly reduced after a
single session in both groups. However, in the
responders, LDL apheresis showed a trend toward a
long-term reduction of the circulating levels of oxi-
dized LDL, CRP, and fibrinogen (Table 1), in addi-
tion to a short-term dramatic decrease in the TC and
LDL-C levels after each LDL apheresis session
(Table 1).

When the baseline parameters of the ABI respond-
ers and non-responders were compared in order to
analyze factors involved in the therapeutic effects of
LDL apheresis, the walking distance as well as ABI
tended to be lower in the ABI responders than in the
ABI non-responders (walking distance, 118 * 26 vs.
232 = 58 m, P =0.08; ABI,0.53 = 0.06 vs.0.65 = 0.05,
P=0.12), thereby suggesting that dialysis CKD
patients with severe symptoms of PAD may be
afforded a long-term therapeutic benefit by LDL
apheresis. However, although the absolute walking
distance and ABI still remained significantly
improved in the responders 3 months after the tenth
apheresis compared to these parameters at baseline,
the LDL apheresis-mediated decrease in the oxi-
dized LDL, CRP and fibrinogen concentrations
lasted until just after the tenth apheresis, but not at 3
months after the tenth apheresis. Thus, there is a dis-
crepancy between the long-term therapeutic effects
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of LDL apheresis on the clinical parameters of the
walking distance and ABI, and the improvements in
the laboratory parameters, including oxidized LDL,
CRP and fibrinogen.

Thus, in order to examine the mechanism by which
the absolute walking distance and ABI improved,
even though the LDL apheresis did not result in a
decrease in either oxidized LDL or inflammation at 3
months after the tenth apheresis, additional statistical
correlation analyses were performed (Fig. 2) (22). As
a result, there were statistically significant correla-
tions between the walking distance and the plasma
oxidized LDL (R=-0.448, P<0.05, Fig.2A) and
fibrinogen (R =-0.779, P < 0.05, Fig. 2B) levels in the
responders. In the non-responders, there was only a
marginal correlation between the walking distance
and the plasma oxidized LDL (R =-0.329, P=0.07,
Fig. 2C). Therefore, the therapeutic effects of LDL
apheresis appear to be related to a chronic reduc-
tion of oxidized LDL and fibrinogen, as revealed by
the significant negative relationships between the
walking distance and the laboratory parameters.

Nevertheless, one of the obvious limitations of this
study is the small number of enrolled patients. In
addition, most of the patients were unable to perform
treadmill exercise because of conditions such as pre-
vious heart attack or paralysis, but these are two dis-
tinctly different pathologies. Thus, although there
should be at least four groups, that is, responders and
non-responders in patients with heart attack and
those with paralysis, respectively, to be strictly correct
for the purposes of analysis, this was not possible due

© 2012 The Authors
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FIG. 2. Relationships between the walking distance (relative
walking distance) and plasma oxidized low density lipoprotein
(LDL) (relative oxidized LDL) (A), fibrinogen (relative fibrino-
gen) levels (B) in the responders, and between the walking dis-
tance (relative walking distance) and plasma oxidized LDL
(relative oxidized LDL) (C) in the non-responders. The respective
values were calculated relative to those achieved at baseline in
either the responder group or the non-responder group (Modified
from Tsurumi-Tkeya Y et al. Arterioscler Thromb Vasc Biol 2010;
30: 1058-65).

to the limited number and type of patients available.
Furthermore, there is a possibility that other
factor(s), which have not been identified in these
studies, play a critical role in mediating the long-term
therapeutic effects of LDL apheresis in CKD
patients with PAD. Also, the components of the non-
responders’ serum responsible for the insufficient
clinical improvement remain to be determined.
Therefore, further studies, such as investigations
using mass spectrometry, are needed (29).

© 2012 The Authors
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MECHANISMS INVOLVED IN THE
THERAPEUTIC EFFECTS OF LDL
APHERESIS IN DIALYSIS CKD
PATIENTS WITH PAD

Low density lipoprotein apheresis not only
improves clinical symptoms rapidly, but also results in
sustained improvement, although the mechanism has
not been fully elucidated. Recently, LDL-C crystals
in the phagosome of vascular macrophages were
shown to directly activate Nod-like receptor family,
pyrin domain—containing 3 (NLRP3) inflammasomes
and thus to trigger atherogenesis in the early phase
(30,31), and previous studies demonstrated that a
single LDL apheresis decreased not only the TC and
LDL-C concentrations, but also the oxidized LDL-C,
CRP and fibrinogen concentrations in the short term
(18). Dialysis CKD patients are reportedly character-
ized by higher levels of oxidative and inflammation
than healthy subjects (11,32-34). Oxidative stress and
inflammation are correlated strongly with tryglycer-
ides, VLDL-C, apoC-III and apoC-III bound to
apoB-containing lipoproteins, but not with either TC
or LDL-C (35).

With respect to the long-term effects of LDL aph-
eresis on lipid-related oxidative stress, a previous
study has shown both acute and chronic effects of
LDL apheresis in lowering the susceptibility of LDL
to oxidation in non-CKD patients with severe, geneti-
cally determined hypercholesterolemia (36). In our
previous study, the therapeutic effects of LDL apher-
esis were related to the relatively sustained decrease
in oxidized LDL and fibrinogen, which are markers
of lipid peroxidation and blood coagulation, respec-
tively (Table 1, Fig. 2) (22). Other studies also showed
LDL apheresis-mediated reduction of thiobarbituric
acid-reactive substances, thiobarbituric acid being a
marker of lipid peroxidation, and also a production
of reactive oxygen species via the suppression
of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase expression in leukocytes in HD
patients (28). Therefore, these results suggest that
LDL apheresis-mediated suppression of lipid pero-
xidation is one of the contributing factors to its
therapeutic effect on the peripheral circulation in
end-stage renal disease patients with PAD. Other
potential mechanisms have also been proposed to
play a role in the therapeutic effects of LDL apher-
esis on atherosclerotic vascular lesions (Table 2).

The therapeutic effects of LDL apheresis on the
inflammatory profile have also been reported. Stefa-
nutti et al. showed that LLDL apheresis resulted in
an anti-inflammatory and anti-atherogenic cytokine
profile in the plasma of non-CKD patients with
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TABLE 2. Proposed effects of low density lipoprotein
(LDL) apheresis

¢ Reduction of whole blood and plasma viscosity

e Improvement of red blood cells (deformability)

* Increase of vasodilation factors (bradykinin, NO, PGI,)

¢ Reduction of coagulation factors (fibrinogen etc.)

¢ Reduction of cell adhesion factors (ICAM-1, ELAM-1etc.)
¢ Reduction of CRP and MMP-9

« Inhibition of platelet activation

e Increase of HGF and endothelial progenitor cells

CRP, C-reactive protein; ELAM-1, endothelial leukocyte adhe-
sion molecule-1 (E-selectin); HGF, hepatocyte growth factor;
ICAM-1, intercellular adhesion molecule-1; MMP-9, matrix
metalloproteinase-9; NO, nitric oxide; PGI, prostacyclin.

severe dyslipidemia and pre-existing angiographi-
cally demonstrated atherosclerotic lesions, that is,
those patients at the highest level of individual car-
diovascular risk (37). In another previous study,
several cytokines and complement activation prod-
ucts, which are important for the progression of vas-
cular atherosclerosis as well as plaque instability,
were differently affected by the three apheresis
columns DL-75 (whole blood adsorption), LA-15
(plasma adsorption), and EC-50W (plasma filtration)
(38). This was true even in cases in which the LDL-C
was reduced equally by all of them, and the adsorp-
tion columns displayed an apparently more beneficial
inflammatory profile than the filtration device (38).
Vascular endothelial cells play important pre-
ventive roles against the development of atheroscle-
rotic vascular disease (39). Previous studies showed

Oxi a‘ veand
inflapehatory
respo IYSMCs

Angiogenic cytokines
(VEGF, HGF)

that a single LDL apheresis session enhanced the
peripheral microcirculation, probably by increasing
the production of nitric oxide (NO) and bradykinin
(40), reducing blood viscosity and adhesion mol-
ecules (41), and inducing endothelium-dependent
vasodilatation (42). Another study demonstrated
that endothelium-dependent vasodilation was signifi-
cantly increased even 4 weeks after the final LDL
apheresis in dialysis CKD patients with PAD (26).
Thus, to investigate the molecular mechanism
involved in the long-term therapeutic effects of LDL
apheresis on endothelial cells, we examined the
effects of LDL apheresis on vascular endothelial cell
functions in vitro by analyzing the expression of the
activated form of endothelial nitric oxide synthase
(eNOS), which is phosphorylated at Ser-1177 (43),
and cellular proliferative activity (22). The expression
of the activated eNOS protein in human umbilical
vein endothelial cells (HUVECs) was significantly
increased by incubation with the serum from the
responders at the 10th session compared with the
serum collected after the first apheresis (22). Further-
more, the proliferative activity of HUVECs was
increased by the serum collected from the responders
at 3 months after the end of treatment (22). Collec-
tively, these results suggest that the therapeutic
effects of LDL apheresis on CKD patients with
PAD are at least partly dependent on the sustained
reduction of oxidized LDL-C and fibrinogen, along
with the activated eNOS-mediated improvement
of endothelial cell function (Fig.3). Because the

Endothelial progenitor

CiﬂS/

Human vascular
endothelial cells

FIG.3. Low density lipoprotein (LDL) apheresis exerts long-term therapeutic effects on peripheral arterial disease (PAD) in chronic
kidney disease (CKD) patients, at least partly via a sustained reduction of oxidized LDL and fibrinogen, along with an activated endothelial
nitric oxide synthase (eNOS)-mediated improvement of endothelial cell function. There is a possibility that other factor(s), which have not
been identified yet, may play a critical role in mediating the therapeutic effects of LDL apheresis on endothelial cellular function. Further
efforts, such as microarray analysis, are needed to identify the precise molecular mechanism of the LDL apheresis-mediated effects on
endothelial cells and to improve the therapeutic efficacy of LDL apheresis. HGF, hepatocyte growth factor; PAD, peripheral arterial disease;
VEGFE, vascular endothelial growth factor; VSMCs, vascular smooth muscle cells.
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activation of endothelial cells is an importarit strategy
for the amelioration of the atherosclerotic vascular
process (39) and there is a possibility that other
factor(s), which have not been identified yet, play a
critical role in mediating the therapeutic effects of
LDL apheresis on endothelial cellular function,
further investigative efforts, such as microarray
analysis, should be used to identify the precise
molecular mechanism of the LDL apheresis-
mediated effects on endothelial cells and to improve
the therapeutic efficacy of LDL apheresis (44).
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