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Kriippel-like zinc-finger transcription factor KLF5/BTEB2 is a

target for angiotensin II signaling and an essential
regulator of cardiovascular remodeling
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We recently isolated a Kriippel-like zinc-finger transcription factor 5 (KLFS; also known as BTEB2
and IKLF), which is markedly induced in activated vascular smooth-muscle cells and fibroblasts.
Here we describe our analysis of the in vivo function of KLF5 using heterozygous KLF5-knockout -
mice (KIf5*). In response to external stress, KIfs*- mice showed diminished levels of arterial-wall
thickening, angiogenesis, cardiac hypertrophy and interstitial fibrosis. Also, angiotensin 11 in-
duced expression of KLF5, which in turn activated platelet-derived growth factor-A (PDGE-A)
and transforming growth factor-p (TGF-B) expression. In addition, we determined that KLE5 in-
teracted with the retinoic-acid receptor (RAR), that synthetic RAR ligands modulated KLF5 tran-
scriptional activity, and that in vivo administration of RAR ligands affected stress responses in

© 2002 Nature Publishing Group hitp:/f'www.nature.com/naturemedicine
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the cardiovascular system In a KLF5-dependent manner. KLF5 thus seems to be a key element
linking external stress and cardiovascular remodeling.

In response to metabolic and/or mechanical stress such as hyper-
tension and hyperlipidemia, the heart and vasculature undergo
structural remodeling involving cellular hypertrophy and hyper-
plasia, interstitial fibrosis and angiogenesis, all of which underlie
the pathogenesis of heart failure and atherosclerosis'2, Locally ex-
pressed growth factors have key roles in these processes; however,
little is known about the transcriptional regulatory mechanisms
underlying them.

We recently identified Krippel-like zinc-finger transcription
factor 5 (KLF3; also known as BTEBZ and IKLF) as a transcription
factor for SMemb/non-muscle myosin heavy chain-B (NMHC-B),
which is a molecular marker of phenotypically modulated
smooth-muscle cells*®, KLF5 s a2 member of the Kriippel-like
transcription factor family, which has diverse functions during
cell differentiation and embryonic development’™®. Normally,
KLF5 is abundantly expressed in developing blood vessels, but is
downregulated in adult vessels®. However, its expression is
strongly upregulated in activated smooth-muscle cells and fi-
broblasts (myofibroblasts) within vascular
lesions®™°. In addition, we have shown that phorbol-12-myris-
tate-13-acetate (PMA) induces KIfS expression through the mito-
gen-activated protein-kinase pathway'". To better understand the
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involvement of KLF5 in cardiovascular disease, we generated het-
erozygous KLF-knockout (Kif5*) mice, which were then used to
analyze the i vivo function of KLFS,

Homozygote lethality in KLF5-knockout mice

Targeting strategy and analysis of homologous recombination are
shown in Fig. 1a and b. The number of live births was signifi-
cantly reduced when KIf5* mice were intercrossed, Analysis of
the embryos from timed KIf5*" intercrosses showed that KIf5+
homozygotes died before embryonic day (E) 8.5.

Reduced responses to injury and angiogenesis in KI5~ mice
Unlike their homozygous Kif5-" littermates, KIf5* mice survived
until adulthood and were apparently normal and fertile, though
expression of KLF5 was reduced to about half that in wild-type
mice (Fig. 1c and d). Closer observation revealed abnormal thin-
ning of the medial and adventitial layers of the aortic wall in
Kif5* mice (media: wild-type, 39.3 £ 1.3 pm; KIf5*-, 34.0 + 4.1
pm; P < 0.05; adventitia: wild-type, 17.0 £ 1.0 pm; KI5, 13.0 £
1.3 um; P < 0.05; n = 6) (Fig. le-h).

KLF5 is upregulated in the neointima within vascular le-
sions*", so we compared the structural changes in the walls of

NATURE MEDICINE » VOLUME 8 » NUMBER & » AUGUST 2002
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femoral arteries between wild-type and KIf5*- mice injured using
a polyethylene tube cuff. In wild-type mice, a thick layer of gran-
ulation tissue, containing numerous microvessels and inflam-
matory cells and a large amount of extracellular matrix,
developed around the cuff (Fig. 2a and c). In contrast, the KIf5*-
mice developed markedly less granulation tissue and showed less
angiogenesis (Fig. 2b and d). Moreover, within the cuifs, the ar-
teries of the heterozygotes were thin-walled and dilated (Fig. 2f),
which was in contrast to the wild-type animals, which showed
thickened medial and intimal layers and high proliferation of
smooth-muscle cells (Fig. 2¢). Areas of the neointima (wild-type,
11650 £ 1426 pm?; KI5, 1020 £ 160 pm?% P < 0.01; = 6 in each)
and the granulation tissue around the cuff (wild-type, 1.052 +
0.100 mm? KIf5*, 0.209 £ 0.038 mm?% P < 0.01; n = 5 in each)
were both smaller in KIf5*" mice (Fig. 2g and k). Responses were
similarly attenuated in KIf$* mice in the wire-injured femoral
artery model (data not shown). Apparently, activation and pro-
liferation of smooth-muscle cells and fibroblasts in response to
vascular injury was impaired in Kif5*" mice, as were inflamma-
tory responses and angiogenesis,

Next, we found that KIf5*~ mice showed impaired angiogenic
activity in a hind-limb ischemia model, in which the femoral ar-
teries were ablated (data not shown), and that angiogenic re-

ARTICLES:

sponses to implanted tumors were markedly attenuated (Fig, 2i
and j). Thus, KLES seems to be involved in several facets of vascu-
lar remodeling, including mesenchymal-cell activation, develop-
ment of interstitial fibrosis and angiogenesis.

Reduced cardiac hypertrophy and fibrosis in KIf5*~ mice

The reduced vascular remodeling observed in KIf3*- mice
prompted us to examine the role of KLF5S in responses elicited by
angiotensin II, a potent growth factor known to affect both cardiac
hypertrophy and vascular remodeling'*%, Following a continuous,
14-day infusion of angiotensin II, the hearts of wild-type mice were
significantly heavier than those of KIf5* mice (Fig.3a,b).
Interstitial and perivascular fibrosis was much reduced in KIf5*
mice (Fig.3¢,4).The ratios of heart weight (left ventricle + right ven-
tricle) to body weight and perivascular fibrosis area to lumen area
wete both significantly lower in KIf3*- mice (heart weight: body
weight: wild-type, 5.54 £ 0.36 mg/g; KIf5™", 452+ 0.16 mg/g; P <
0.05; n =35 in each; perivascular fibrosis area:lumen area ratio: wild-
type, 1.36 + 0.29; KIifs*, 043 + 007, P < 0.01;
n= 6 in each} (Fig. 3e and f}. Echocardiographic analysis of ventric-
ular-wall thickness (intraventricular septal (IVS) and posterior-wall
(PW) thickness) following angiotensin II infusion revealed that
hearts of KIf5*~ mice had comparatively thin ventricular walls (1V$:

a b c
Wild-type locus
€ il e & Ffn - WT 4/ 4fe 4= WT WT WT 4
Targeting vector - : KLF5 wa
PNCItk | 5onTe?
T ting | 28S |
arge jocus & !
¥ E 9 1 5’“"_"? £ 4 Probe 1 Probe 2
- e - Ecofl
probe 1 probe 2
-1 kb
d WT 4t ¢
© U i-224kD
KLFS o -

Fig. 1 Targeted disruption of mouse KIf5. a-d,
Targeted disruption of mouse KI5, g, Genomic locus,
targeting vector and predicted targeted locus. The
probes for Southern-blot analysis are indicated; loca-
tions labeled E correspond to £coRl restriction sites. b,
Southern-blot analysis of mouse genomic DNA. The
9.9-kb EcoRl fragments denote the homologous re-
combinant allele in probes 1 and 2. WT, wild-type;
+/~, heterozygote. ¢, Northern-blot analysis of total
RNA extracted from the small intestine of each geno-
type. d, Western-blot analysis of protein extracted
from the small intestine of each genotype, showing
decreased levels of KLFS protein in the heterozygote.
e-h, Vascular structure of wild-type {e and g} and Kif5*- (fand h) mice.
¢ and f, H&E staining of cross-sections of thoracic aorta. g and h,
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Transmission electron micregraphs of the aortic wall, Ad: adventitia.
Scale bars, 100 pm (e and £); 10 um (g and h).
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Fig. 2 Reduced vascular remodeling and angiogenesis in KIf5+/— mice. a—h,
Vascular injury model entailing placement of a cuff around the femeral artery in
wild-type (g, c and €) and Kif5*- (b, d and f} mice. Asterisks in ¢f indicate the
lumen of the femoral artery. In wild-type mice, a thick layer of highly vascular
granulation tissue surrounded the polyethylene cuff, making it barely visible,
whereas Kif5* mice exhibited markedly less granulation tissue, less angiogenesis
and less severe fibrosis. Cuff placement also caused intimal hyperplasia in wild-
type mice (). ¢ and d, Masson-trichrome staining. e and £, Elastica van Gieson
staining, Scale bars, 100 um (¢ and d); 50 pm (e and 5. gand h, Comparison of
neointima (g) and granulation tissue ¢h) formation in the cuff-injured femoral
artery model, Areas of the necintima and the granulation tissue around the cuff
were both smaller in KiS*~ (M) versus wild-type (C) mice. Data are mean + s.e.m.,
Fand J, Views of a transplanted tumor in wild-type () and KIf5* () mice.
Angiogenic responses to implanted tumors were markedly attenuated in K5+

wild-type, 0.147 £ 0.003 cm; Kif5*-, 0.119 £ 0.004 cm; P < 0.01; n=
8; PW: wild-type, 0.162 + 0.012 ¢my; KIf5*-, 0.102 + 0.006 cm; P <
0.01; n = 6) (Fig. 3gand k). The reduced cardiac hypertrophy and fi-
brosis further indicates that KLFS is one of the transcription factors
mediating angiotensin Il-induced cardiovascular remodeling.

Angiotensin ll-induced expression of Kif5 and Pdgfa

To test whether KLF5 acts by regulating the expression of various
growth factors, we next examined the molecular mechanisms by
which KLF5 controls cardiovascular remodeling, Because platelet-
derived growth factor-A (PDGF-A) is a well-known growth factor
involved in mesenchymal-cell activation, angiogenesis and tissue
remodeling'*', we analyzed angiotensin H-stimulated upregula-
tion of KLF5 and PDGF-A in cultured cardiac fibroblasts.
Upregulation of KLF5 was detected within two hours after the
start of angiotensin II stimulation, was sustained for more than
four hours, and was followed by upregulation of PDGF-A
(Fig. 4a). Similar induction of PDGF-A expression by angiotensin
II also occurred in cultured smooth-muscle cells (data not
shown), Immunchistochemical analysis revealed that levels of
PDGF-A expression were significantly greater in angiotensin II-
treated hearts and cuff-injured arteries of wild-type mice (Fig. 4b
and d) than those of KIf5"- mice (Fig. 4c and ¢). Furthermore,
overexpression of KLF5 markedly increased PDGF-A promoter ac-
tivity in transiently transfected cells (Fig. 4f}.
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To further confirm that KLF$ controls the Pdgfa gene pro-
moter in response to angiotensin II, we carried out a series of
chromatin immunoprecipitation (ChlP} assays using anti-KLF5
antibody. This enabled us to directly assess KLFS binding to tar-
get sites on endogenous genes within ¢chromatin in living cells.
When cultured cardiac fibroblasts treated with 1 pmol/L an-
giotensin Il for 3.5 hours and untreated cells were formaldehyde-
fixed and subjected to ChIP analysis, angiotensin II increased
the binding of KLF5 to the promoter region of Pdgfa (Fig. 4g).
However, KLF5 did not bind to either the last exon of Pdgfa,
which does not contatn KLF5-binding sites, or to the B-globin
gene promoter, which is silent in fibroblasts. It thus seems that
KLFS induced by angiotensin II directly controls PDGF-A tran-
scription in vivo.

Gastrointestinal abnormalities in Kif5*~ mice

KLFS is also abundantly expressed in the gastrointestinal tract,
and we observed misshapen villi and reductions in the number of
mesenchymal cells and the amount of extracellular matrix in the
gastrointestinal tracts of KIf5*" mice (Fig. 52 and ). Notably, the
gastrointestinal phenotypes of Kif5"- mice were very similar to
those of Pdgfa’~ mice', confirming that KLF5 and PDGF-A occur
in the same signaling pathway. In fact, PDGF-A expression was
significantly diminished in the gastrointestinal tract of Kifs*
mice at both the mRNA (Fig. 5¢) and protein levels (Fig. 5¢c and ).

NATURE MEDICINE = VOLUME & » NUMBERS *« AUGUST 2002
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Diminished type IV collagen expression in KIf5* mice

By regulating production of extracellular matrix components, in-
cluding various collagen forms, transforming growth factor B
(TGF-§) also has a role in tissue remodeling. Following an-
giotensin Il infusion, the level of TGF-B expression was signifi-
cantly lower in hearts of Kif5*~ mice than in those of wild-type
mice (data not shown}, suggesting that TGF-B also lies down-
streamn of KLFS. Indeed, immunostaining of collagen type 1V, a
TGE-B target”, showed that its expression is very much dimin-
ished in the subendothelial basal membrane of aortas from KIfS™-
mice (Fig. 5fand g). Thus, attenuation of cardiovascular remodel-
ing in KIf5* mice likely reflects reduced expression of both
PDGF-A and TGF-$.

Effects of retinoids on KLF-5 dependent transcription

Given the results above, we reasoned that it should be possible to
control cardiovascular remodeling by modulating the activity of
KLE5. We therefore screened a number of compounds for their
ability to modulate KLF5 activity using a PDGF-A promoter re-
porter construct cotransfected with the KLES expression vector.
We found that LE135, a synthetic retinoic-acid receptor (RAR) an-
tagonist’®", enhanced PDGF-A promoter activity in cells overex-
pressing KLE5 (Fig. 6a), but had no effect in the absence of KLF5
overexpression (data not shown). Conversely, Am80, a synthetic
RAR agonist™", reduced PDGF-A promoter activity in cells over-
expressing KLFS and RAR-w (Fig. 6B), but did not significantly af-
fect PDGF-A promoter activity if either KLF5 or RAR-o was not
overexpressed (data not shown). These results suggest that RAR
ligands affect KLF5 transcriptional activity, an idea substantiated
by our subsequent finding that KLF5 coimmunoprecipitates with
RAR (Fig. 6c), and indicating direct physical interaction between
KLF5 and RAR,

a b
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Fig. 3 Reduced angiotensin ll-induced cardiac hypertrophy and fibro-
sis in KIf5** mice. a-d, Masson-trichrome staining of cross-sections of
heart after 14 d of angiotensin I infusion. Substantial perivascular and
interstitial fibrosis were observed in wild-type mice (a and ¢), but such
changes were less severe or almost undetectable in KIf5¥- mice (b and d).
Scale bars, 50 pm (c and d). e and £, Comparison of heart weights {¢) and
the areas of perivascular fibrosis around the coronary artery (f) after 14 d
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To test whether the synthetic RAR ligands have effects on car-
diovascular remodeling in vivo, we administered LE135 or Am80
to wild-type and KIf5*- mice. When administered to KI/f5*~ mice
with cuffed femoral arteries, LE135 enhanced development of
granulation tissue and the neointima (Fig. 6e, g vs. d,f) to a point
where they approximated those seen in wild-type mice. In addi-
tion, LE135 increased the mesenchymal components and the
thickness of villi in the gastrointestinal tracts of KIf5*~ mice, mak-
ing the structure of the gastrointestinal mucosa similar to that in
wild-type mice. PDGF-A expression was also increased in LE135-
treated mice (data not shown), Conversely, Am80 reduced devel-
opment of granulation tissue and the neointima in wild-type
mice (Fig. 6i, k vs. b} until they approximated those seen in
KI5 mice and suppressed angiotensin 1l-induced cardiac hyper-
trophy (Fig. 61 and m). LE135 and Am80 thus appear to modulate
KLF5 function both in vitre and in vivo

Discussion

Cardiovascular remodeling is a complex process involving acti-
vation of mesenchymal cells, production of extracellular ma-
trix, and angiogenesis, all of which contribute to the
pathogenesis of atherosclerosis and heart failure. Following ini-
tial activation of cells of mesenchymal origin {for example,
smooth-muscle cells and fibroblasts) by an external stress, sev-
eral immediate early-response genes are activated during the
acute phase of the stress response'?; remodeling processes are
then sustained over longer periods of time by an

autocrine/paracrine loop involving a number of humoral fac-
tors™,

We cloned KLF5S from a smooth-muscle cell ¢cDNA library as a
transcription factor for SMemb/NMHC-B (ref, 6), Therefore, KLF5
is thought to have a role in the phenotypic modulation and pro-

a0 0.20
T
— 015 T a5
E - 5 .
L oo ~— o
0 2
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0,05 0.05
0 0
wT H= WT +=

of angiotensin Il infusion, Heart-weight {left ventricle + right ventri-
cle):body-weight and perivascular fibrosis-area:lumen-area ratios were
both significantly lower in K5~ mice. g and b, Echocardiographic
analysis comparing intraventricular septal (1VS) and posterior (PW) wall
thickness after angiotensin Il infusion. The hearts of Kif5*" mice pos-
sessed a comparatively thin ventricular wall, 0J, Wild type; B, Kif5*-.*, P
< 0.05; **, P< 0.01. g n=5: £n; n=6; data are mean + s.e.m
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Fig. 4 Transcriptional control of pdgfa by KLFS &, RT-
PCR analyses of KLF5, Egr-1 and PDCF-A expression in
angiotensin ll-stimufated cardiac fibrablasts. Upregula-
tion of Egr-1 and KLF5 was respectively detected begin-
ning 0.5 and 2 h after angiotensin It application; expres-
sion of Egr-1 persisted for only 2 h, whereas that of KLF5
was sustained for more than 4 h and was followed
by upregulation of PDGF-A expression, b-e, Immuno-
histochemical staining for PDGF-A in a section of heart
after angiotensin Il infusion (b and ¢} and femoral artery
cuff placement (¢ and &) in wild-type (b and d) and
Kifs* {c and €) mice. Asterisks in d and e indicate the
lumen of the femoral artery. Intense staining was de-

tected in the perivascular region of the heart and in

granulation tissue surrounding the cuff in wild-type mice; staining was far
weaker in KIf5*- mice, Scale bars, 50 pr (b and ¢); 100 pm {dand &). £, Effect of
Kif5 overexpression on PDGF-A promater activity. The PDGF-A chain promoter-
luciferase reporter plasmid, which contained the 5-flanking sequence of the
Pdgfa up to the -900 bp, was cotransfected into Hela cells with either a human
Kif5 expression plasmid (pCAG-KLF5) (W) or the parental expression plasmid
containing no insert {O0). Cotransfection of the Ki$ expression plasmid signifi-
cantly increased PDGF-A promoter activity. g, Chromatin immunoprecipitation
assay of KLFS binding to the endogenous PDGF-A promaoter. KLF5 binding to
the promoter was markedly increased by angiotensin If stimulation in rat car-
diac fibroblasts.
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liferation of dedifferentiated smooth-muscle cells. As we ex-
pected, neointimal formation was markedly attenuated in KIfs"-
mice, which also showed attenuated interstitial and perivascular
fibrosis in cardiac hypertrophy and reduced adventitial thicken-
ing in cuff-injured arteries, where activated fibroblasts have a crit-
ical 1ole. In addition, KIf5* mice showed impaired angiogenic
activity, which is consistent with our observation that KLFS5 is ex-
pressed in activated endothelial cells. It is apparent from these
data that KLF5 functions not only in vascular smooth-muscle
cells, but also in activated fibroblasts and endothelial cells, affect-
ing several facets of cardiovascular remodeling.

Given that KLFS is induced following activation of immedi-
ate early response genes (for example, Egr-1)" and that, in turn,
it controls expression of various growth factors (for example,
PDGF-A and TGF-B), KLF5 may be in a position to mediate be-
tween the acute response to an external stress and tissue remod-
eling. Notably, other transcription factors activated during the
immediate early phase of stress responses, including Egr-1, nu-
clear factor-xB (NF-xB) and signal transducer and activator of
transctiption 3 (Stat3), have not been clearly shown to be in-
volved in the structural remodeling of the blood vessels and
heart in vivo? 2, By contrast, heterozygous knockout of KLF5 re-
sults in marked attenuation of stress responses in vive,

Sixteen members of the Krippel-like transcription factor
family have now been identified; moreover, KLF1, KLF2 and
KLF4 have critical roles in development and pathogenesis in
vivo, All KLFs recognize similar GC-rich elements, which are
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found in the regulatory regions of various mammalian genes,
including a number of growth factor genes®. Many of these GC-
rich elements were thought to be target sites for Spl as both
KLFs and Spl bind to identical GC-rich elements in vitro, the
so-called Sp1 sites’. We showed, for example, that the KLF5-
binding element in the Smemb gene also binds Spl in vitro®.
Unfortunately, this apparent lack of strict selectivity in in vitro
binding has hindered identification of in vivo targets of KLEs.
Here we used ChIP assays to identify the endogenous PDGF-A
promoter as the target of KLFS. Given the lack of in vitro bind-
ing selectivity, it will be important to examine target genes of
KLFs and Sp1 family factors using methods such as ChIP assays,
which allow direct identification of transcription factors
bound to target elements within intact chromatin, It will also
be important to clarify how KLFs and Sp1 family members dis-
criminate similar binding sites. One possible mechanism is
that the interactions between KLFs and other factors, including
coactivators involved in chromatin modification, may differ-
entiate target sequences’.

In surnmary, our results provide strong evidence that KLF5 is
a crucial determinant of the cellular response to cardiovascular
injury, playing a key role in mediating tissue remodeling. The
finding that KLFS interacts with the RAR suggests that RAR lig-
ands may exert protective effects against cardiovascular remod-
eling via transrepression of KLF5 (ref, 24), and provides a clear
basis for the development of drugs modulating KLF5 function
to control cardiovascular remodeling and angiogenesis.
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Fig.5 Reduced growth factor expression in KIf5*- mice @and b, Masson-
trichrome staining of sections from jejunum in wild-type (g) and KI5 (b)
mice, The submucosal mesenchyme (asterisks) was sparser with less con-
nective tissue in KIf5*~ mice. e and d, Immunohistochemical staining using
anti-mouse PDGF-A antibody in sections of jejunum from wild-type (¢) and
KIf5*- {dy mice. Intense staining was detected in epithelial and mesenchy-
mal cells in the intestinal villi of wild-type mice, but was much weaker in
KIf5* mice. Scale bars, 50 pm (o-d). e, Real-time PCR analysis of KIS,
PDGF-A and -B, and PDGFR-o. and -, in the small intestine of wild-type
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and KIf5*= mice. The level of expression of each gene was normalized to
that of the 18s ribosomal RNA. Error bars show means + s.em. O, wild
type; B, KIf5*~ , fand g, Immunostaining for type IV collagen in thoracic
aorta from wild-type () and KIf5*"~ (g) mice: green, immunohistochemical
staining using anti-mouse type IV collagen antibody; red, phalloidin {used
for labeling of actin); blue, TO-PROR-3 iodide {used for labeling of nuctei).
Asterisks in fand g indicate the luminal side of the aorta. Staining for type
IV collagen is apparently reduced in the subendothelial basement structure
and in the adventitia of KIf5* mice,

Methods

Generation of K/f5*- mice. Knockout mice were generated as de-
scribed™ ¥, Briefly, a plasmid-targeting vector was constructed to re-
place the 3.3-kb fragment encompassing exons 2 and 3 of KIf§ with the
neomycin-resistance gene (Fig. 1a), after which it was linearized and in-
troduced into 129/5v-derived embryonic stem cells by electroporation.
Homologous recombinants were identified and 2 independently tar-
geted clones were injected into C57BL/6 blastocysts to generate
chimeric mice, Male chimeras were crossbred with C578L/6 females,
and germline transmission was verified by Southern-blot analysis (Fig.
1b). All experiments were performed in accordance with the Declaration
of Helsinki and were approved by the University of Tokyo Ethics
Committee for Animal Experiments,

Vascular injury by cuff placement, Cuff-placement surgery was carried
out on 10-12-wk-old male mice as described™?, with some modification.
After isolating the right femoral artery from the surrounding tissues, a
polyethylene tube (2-mm PE-50; inner diameter, 0.56 mm; outer diame-
ter, 0.965 mm; Becton-Dickinson, San |ose, California) was opened longi-
tudinally, loosely placed around the artery and then closed with sutures.
After the experimental period, the mice were killed with an overdose of
anesthetic and perfused first with PBS and then with 10% neutral
buffered formalin at 100 mmHg. Thereafter, the cuffed artery was re-
moved. The tissue was fixed in 10% neutral buffered formalin overnight,
dehydrated and embedded in paraffin. The middle segment of the artery
was cut into subserial 5-pm ¢ross sections with an interval of 200 pm be-
tween, The sections were stained with Elastica van Gieson or Masson-
trichrome stain,

Tumor transplantation, A sarcoma 180 (5180) murine transplantable
tumor cells were transplanted subcutaneously into the bilateral axillae of
the mice at a dose of 2 x 10° cells at 0.2 ml per mouse.

Angiotensin Il infusion. An incision was made in the midscapular region

under sterile conditions, and osmatic minipumps (Alzet model 2002, Alza
Corp, Mountain View, California) containing angiotensin Il (Wako, Osaka,
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Japan} dissolved in 0.15 mol/L NaCl and 1 mmol/L acetic acid were im-
planted. Thereafter, angiotensin |l was delivered for 14 d at a rate of 3.2
mg/kg/d. The loading dose was determined from an eartier study®.
Sham-treated mice underwent an identical surgical procedure, except
that an osmotic minipump containing 0.15 mol/L NaCl and 1 mmol/L
acetic acid was implanted.

Cel! culture. Primary rat cardiac fibroblasts were obtained from newborn
rats as described® and grown to confluence in DMEM supplemented with
10% FBS. To reversibly growth-arrest the cells, they were placed in
serum-free, defined medium for 4 d before angiotensin It stimulation®2.

Quantitative reverse transcriptase PCR. Total RNA was purified from
the cells using an RNeasy kit (Qiagen). Total RNA was extracted from
mouse tissues using Trizol (Nippengene, Toyama, Japan) and then further
purified using RNeasy columns. The methods for reverse transcription of
RNA and quantitative relative PCR have been described®. For quantifica-
tion of transcript levels within tissues, real-time PCR was performed using
LightCycler (Roche} and QuantiTect SYBR green PCR kits {Qiagen). The
sequences of the PCR primers were: Kif5, 5’-GGTTGCACAAAAGTTTATAC-
3 and 5-GGCTTGOCOGCCCGTGTGCTTCC-3'; PDGF-A, 5-CAGCATC-
CGGGACCTCCAGCGACTC-3" and 5'-TCGTAAATGACCGTCCTGGTCTT
GC-3; PDGF-B, 5-TGAGTGAGAGTCACCCTGCCAATGG-3' and 5%-AC-
CACGGTCACCTCCTGCGAATCTC-3; PDGFR-0,, 5-TGTGCCGTCTTTAA-
CAACGAGGTC-3"and 5-TTGTCCTTCAGCCACGATATCCTG-3%; PDGFR-B,

CCGAGGACCTGTTCATTTTTCTCAC-3' and 5°- CATTGGAAGTTCACCA-
CATCATTGC-3".

Chromatin immunoprecipitation assays. Quiescent cardiac fibroblasts
were treated with or without 1 pmol/L angiotensin Il and then fixed in 1%
formaldehyde. The fixed chromatin samples were subjected to immuno-
precipitation as described®, with minor modifications. Anti-KLF5 anti-
body was raised against recornbinant KLFS protein, and its specificity was
thoroughly examined by western-blot analyses (Supplementary Fig. A on-
line). Protein G {Roche) was used to preclear samples and for immuno-
precipitation instead of the protein A used in the criginal protocol®.
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Fig. 6 Effects of retinoids on KLFS activity a, Effect of LE135 on
PDGF-A promoter activity. LE135 increased luciferase reporter activ-
ity in COS1 cells co-transfected with the PDGF-A chain promoter-ly-
ciferase reporter plasmid and KLFS expression plasmid in a
concentration-dependent manner. b, Effect of Am80 on PDGF-A
promoter activity. In a concentration-dependent manner, Am80
suppressed PDGF-A promoter activation when both KLFS and RARa
were overexpressed. ¢, Co-immunoprecipitation of RARe and KLF5,
Note presence of KLF5 in the RATa immunoprecipitate. d-g, Effect of
LE135 administration on formation of granulation tissue and neoin-
tima in cuffed femoral arteries in KIf5+/- mice. d and f, KIf5+/- mice.
e and g, LE135 administration incrementally increased formation of
granulation tissue and necintima in KIfS+/- mice. b-k, Effect of Am80
administration on formation of granulation tissue and neointima in
cuffed femoral arteries of wild-type mice. b and j, wild-type mice, /
and k, Am80 reduced formation of granulation tissue and necintima
in wild-type mice until it approximated that seen in KIf5+/- mice. £, g,
Jand &, Elastica van Gieson staining; asterisks represent the lumen of
the femoral artery. Scale bars, 50 pm (f g, { and k). I and m,
Echocardiographic analysis comparing ratios of heart weight (left
ventricle + right ventricle)/body weight (1) and VS thickness in wild-
type mice after 14 d of angiotensin Il infusion with or without Am80
administration. Am80 suppressed angiotensin l-induced cardiac hy-
pertrophy. *, P < 0.05. n=6 means * s.e.m,

Samples of purified reverse-crosslinked immuncprecipitated DNA were
subjected to PCR analyses, The sequences of the PCR primers were:
PDGF-A promoter, 5°- GCACTCAAGCGGTCGGGCAAGCTCCAGGGAGG-3
and 5-CGGGCCGGGCACCCGCACCTCGGAAGCGCT-37; PDGF-A 3.end
(the region in the last exon of the Pdgfa near the 3™-end of the coding se-
quence), 5-GTGACATTCCTGAACATACTATGTATGGTG-3' and 5
GTCTCTCCGAGTGCTACAGTACTIGCTTTG-3,

Co-Immunoprecipitation assay. To prepare extracts for immunoprecipita-
tion, HeLa $3 cells were first lysed by senication. The lysates were cen-
trifuged at 18,000g for 10 min, and the protein concentration in the
extracts was adjusted to 1 mg/ml. One mg of anti-RAR antibody (Santa
Cruz Biotechnology, Santa Cruz, California) or 1 mg of ¢ontrol rat 1gG was
bound to 10 ml of protein G sepharose (Amersham Pharmacia
Biotechnology, Piscataway, New Jersey), after which the antibody-bound
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protein G sepharose was stirred with 1 ml of Hela $3 extract for & h. The re-
sultant immunoprecipitate was washed 10 times with RIPA buffer (50 M
Tris-HCI, pH 7.9, 150 mM NaCl, 1% NP-40, 0.5% sedium deoxycholate,
0.1% 3DS, 1 mM phenylmethylsulfony! fluoride, 0.5 mg/ml leupeptin and
1 mg/m! pepstatin A) and then subjected to SDS-PAGE and immunoblot-
ted with anti-KLFS antibody.
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Note: Supplementary information is available on the Nature Medicine website.
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Summary

The Spl- and Kriippel-like zinc finger transcription factor family is a rapidly expanding and highlighted group of
factors given important biological roles. Understanding specific regulation is important to dissect individual
functions. In this collective review, the regulation of this family of transcription factors with a particular focus on
post-transcriptional modification and protein-protein interaction in the context of chromatin will be discussed.
Studies by ourselves and others show that the zinc finger DNA-binding domain region of these factors mediates
important regulatory interactions and modifications which may explain at least in part their specific regulation.
Their possible implications in gene therapy are discussed.

Dang et al, 2000, Bieker, 2001; Black et al, 2001;

L Introduction Bouwman and Philipsen, 2002; Kaczynski et al, 2003).
The zinc finger motif (paired cysteine and histidine DNA-binding

type) was discovered approximately two decades ago
(Diakun et al, 1986). Since then, we have learnt that this is
one of the major motifs for proteins in the cell ranging
from enzymes to transcription factors. Recent analysis of
the human genome showed that transcription factors with
this zinc finger motif have evolved in cascading
magnitude as shown by their increased genomic
complexity in eukaryotes (Tupler et al, 2001). At present,
the paired-cysteine and histidine-type (C,H,-type) zinc
finger transcription factors are thought to be one of the
most important type of regulatory transcription factor in - .
the eukaryotic' 'cell. Amon g these fact?rs, the SpIKLF (_for ;Efg;nﬁfulggg?‘zgg ;:g t;;;g:;elzrgc,)r?géesr).gene (Ptashne
Spl- and Kriippel-like factor) family of transcription Lo L )

factors has received recent attention due to important roles _The DNA-binding transcription factor is regulated at
in development, differentiation, and oncogenic processes multiple steps. Presence as dictated by spatial expression

(Philipsen and Suske, 1999; Tumer and Crossley, 1999; (e.g. ubiquitous versus restricted expression) in addition to
temporal regulation {e.g. constitutive versus inducible

expression) plays a primary regulatory role. Sequence-

activators/repressors  bind in a
sequence-specific manner to their cognate binding sites in
enhancers/silencers and core promoter regions and
activate/repress  transcription  of  genes through
combinatorial effects with the general transcription
machinery (Horikoshi et al. 1988a, b; Zawel and Reinberg
1995). The DNA-binding transcription factor has been
classically shown to possess modular functional regions
consisting of an activation/regulatory domain which
regulates transcription through interactions with basal
transcription machinery and the DNA-binding domain
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specific DNA-binding is further critically important for
dictating gene-specific actions. DNA-binding transcription
factors with common DNA-binding domains often bind
similar DNA sequences (e.g. basic helix-loop-helix
proteins bind E-boxes, homeoproteins bind A/T-rich sites)
but additional regulatory steps must: be present as the
complexity of these factors in undertaking specific
functions cannot be readily explained by their expression
patterns and sequence-specific DNA binding properties
alone. Regulation through differential protein-protein
interactions  and/or chemical modifications (e.g.
phosphorylation, acetylation) further contribute to their
differential functions. In the present review, the regulation
of the Sp/KLF-family of transcription factors with a
particular focus on post-transcriptional modification and
protein-protein interactions in the context of chromatin
will be discussed,

IL. Basic classification of Sp/KLF
factors

factors

The Sp/KLF family of zinc-finger transcription
factors are comprised of over 20 mammalian family
members which have in common three contiguous C.H,-
type zinc fingers at the carboxyl-terminus which
comprises the DNA-binding domain (Philipsen and Suske,
1999; Turner and Crossley, 1999; Dang et al, 2000;
Bieker, 2001; Black et al, 2001; Bouwman and Philipsen,
2002; Kaczynski et al, 2003). Sp/KLF family members
can be classified into Sp- and KLF-subsets based on their
similarities. The Sp-subtype is based on the founding
ubiquitous factor Sp! (Dynan and Tjian, 1983), and the
KLF-subtype is based on the Drosophila Kriippel gene
(Preiss et al, 1985). The first systematic classification used
to distinguish mammalian Kriippel-like factors was
demonstrated in a distinction with the GLI subgroup,
which defined the consensus amino acid finger sequence
for the Kritppel subgroup to be
[Y/FIXCX2CX3FX5LX2HXRXHTGEKP (Ruppert et al,
1988). The Sp subgroup is based on similarity to the
founding factor Spl. Among the KLFs are erythroid
differentiation factor EKLE/KLFI {Miller and Bieker,
1693) and the tumor suppressor gene
KLF6/GBF/Zf9/COPEB which we and others identified as
a cellular factor possibiy involved in HIV-1 transcription
(Koritschoner et al, 1997; Suzuki et al, 1998: Narla et al,
2001). We have recently shown by gene knockout studies
that the protooncogene KLF5/BTEB2/IKLF (Sogawa et al,
1993; Shi et al, 1999) is important for cardiovascular
remodeling in response to stress (Shindo et al, 2002).

At present, the annotation of this family of factors
uses a numbering system in order of identification in
accordance with an international collaboration to unify the
nomenclature. Factors of the Sp-subset have six to eight
members, whereas the KLF-subset have approximately 15
members, and are still increasing in numbers. Contrary to
initial expectations that this family of factors would likely
have redundant functions, they in fact have important
individual biological functions as shown by gene knockout
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studies {e.g. EKLF/KLF1, LKLF/KLF2, KLF5). However,
the underlying mechanisms govemning their specific
functions and regulation are poorly understood.

IIl. Differential regulation of Sp/KLF
factors

The mechanisms underlying specificity of this family
of factors have been the topic of great interest among
concerned researchers to understand the basis for their
individual functions. As the paired cysteine-histidine type
zinc finger is a DNA-binding motif, initial studies began
by investigations of DNA-binding characteristics. One of
the hallmark features of the Sp/KLF factors is that they
bind to similar GC-rich sites and/or CACC-boxes. Well
studied crystal structure analyses of DNA-binding zinc
finger transcription factors have allowed the prediction of
the cognate DNA-binding sequence from the primary
amino acid structure (Klevit, 1991; Suzuki et al, 1994),
Amino acids which contact DNA reside in the ¢-helical
region of the zinc finger. As these critical amino acids are
highly conserved in Sp/KLF zinc finger transcription
factors, it is tempting to assume that they likely share
similar DNA binding properties.

Closer examination of this zinc finger region,
however, shows discrete yet distinct differences. For
instance, the third amino acid critical for DNA binding of
the third 2inc finger, and in the amino acids N-terminal
adjacent to the first amino acid critical for DNA binding
and the third amino acid critical for DNA binding in each
of the zinc fingers differ (Suzuki et al, 1998). The
relevance of these differences in the context of DNA-
binding specificity or affinity remains to be clarified. The
optimal cognate binding sequence of selected factors have
been shown experimentally which showed that Spl binds
the sequence 5-GGGGCGGGGT-3' (Thiesen et al, 1990)
and  KLF4/GKLF  binds the  sequence 5
G/AG/AGGC/TGC/T-3' (Shields and Yang, 1998) which
is a derivative of the CACC-box and BTE-element (which
is a GC-rich site which binds BTEBI). Collectively, it is
generally thought that this family of factors bind similar
GC-rich sequences in a sequence-specific manner with a
binding selectivity which does not allow individual factors
to be clearly discriminated based on their DNA-binding
characteristics alone.

It is important to note here, however, that DNA-
binding characteristics likely differ in the context of
chromatin DNA as separate from the naked DNA-state
often used for biochemical experiments. One important
example using transgenic mice showed that EKLF/KLFI
preferentially binds the beta-globin locus site in vivo
which had been shown to bind both EKLF and Spl in
biochemical studies (Gillemans et al, 1998).

We too had been interested in understanding whether
there is specific binding of factors to GC-rich sites in vivo
which are not reflected in biochemical studies in vitro. For
this, we used a yeast one-hybrid assay using the GC-rich
sites of the HIV-1 core promoter which have been shown
to bind Spl to investigate what factors actually bind this
site. The binding site probe used for the assay was



