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Abstract

Spl/Krippel-like factor (KLF) family of transcription factors regulates diverse biological processes
including cell growth, differentiation, and development through modulation of gene expression. This
family of factors regulates transcription positively and negatively by binding to the GC and GT/
CACCC boxes in the promoter through their highly conserved three zinc finger domains. Although
the molecular mechanism of gene regulation by this family of proteins has been well studied, their
exact role in growth and development in vivo remains largely unknown. KLF11 has been implicated
in the regulation of cell growth and gene expression. To determine the physiological function of
KLF11, we generated KLF11-null mice by gene-targeting technology. Homologous KLF11~~ mice
were bred normally and were fertile. Hematopoiesis at all stages of development was normal in the
KLF117~ mice. There was no effect on globin gene expression. These mice lived as long as the wild-
type mice without evident pathological defects. Thus, despite its cell growth inhibition and
transcriptional regulation functions observed when transiently or stably expressed in cultured cells
in vitro, the results from genetic knockout suggest that KLF11 is not absolutely required for
hematopoiesis, growth, and development.
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Introduction

The Sp1/Sp1/Kriippel-like factor (KLF) proteins are a family of highly conserved transcription
factors that are characterized by the presence of three highly homologous Cys2/His2-type zinc
fingers near the C-terminus that bind GC/CACCC box, which is one of the most common
regulatory elements in promoters of many cellular and viral genes. Amino acid sequences in
the transcription activation/repression domains are less conserved among family members. So
far, six members in the Sp subgroup and 16 members in the KLF subgroup have been identified
in mammalian cells [17]. This family of proteins possesses transcriptional activation,
repression, or both functions in a cell context- and gene-specific manner. By regulating gene
expression through binding to the GC/CACCC boxes in a target gene promoter, this family of
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factors regulates diverse cellular processes including cell growth and differentiation and is
essential for early embryonic development [3,4,17,27]. Studies on the molecular mechanisms
by which they regulate transcription have demonstrated that members of this family form
transcriptional activation or repression complexes via direct interactions with coactivators such
as CBP/p300, PCAF, and SWI/SNF, as well as corepressors such as CtBP and mSin3A [3,4,
17,27]. Currently, however, for most of them, their exact function in vivo and their target
specificity remain unknown. This is mainly because they all have similar DNA binding
specificity and affinity to the GC, GT, or CACCC boxes at least under in vitro conditions and
many of them are ubiquitously expressed.

KLF11 is a member of the Sp1/KLF family of transcription factors and is expressed in many
tissues [2,8]. KLF11 was also named FKLF (fetal Kriippel-like factor) and was isolated during
a search for factors that may play a role in human y-globin expression via the CACCC box in
its promoter [2]. KLF11 was able to activate &- and y-promoter-driven reporter expression, and
its overexpression induced endogenous - and y-gene expression in K562 cells [2]. KLF11 is
also named TIEG2 [transforming growth factor (TGF) B-inducible early gene-2] on the basis
of its homology to KLF10 (also termed TIEG1) and its inducible expression by TGFf [8,30].
KLF11 was also shown to inhibit transcription through the N-terminal domain [7]. KLF11
interacted with mSin3A through a conserved a-helical repression motif (aHRM) located within
the repression domain (R1) of KLF11, and this interaction is disrupted by the epidermal growth
factor (EGF)-Ras-MEK1-ERK?2 signaling pathway [35]. Therefore, it is possible that KLF11
may have different activity under different conditions.

KLF11 has the highest homology with KLF10 within this family of transcription factors [3],
indicating a functional similarity between these two factors. Both proteins are early TGFp-
inducible genes [2,8] and inhibit cell growth by acting as the potential effectors of the TGF
signaling pathway [9]. Recently, it has been shown that KLF10 enhanced TGFf stimulation
of gene expression by repression of the inhibitory Smad7 expression [15,16]. Overexpression
of KLF10 in epithelial cells induced apoptosis [6,28,33]. KLF11 transgenic pancreas also
showed an increased rate of apoptosis [9]. KLF10 is highly expressed in normal breast
epithelium and completely silenced in invasive carcinoma [31]. These data together suggest
that KLF10 and KLF11 may play important roles in the regulation of cell growth and cancer
development by functioning as direct downstream factors of growth regulatory signaling
pathways.

To understand the in vivo role of KLF11 in growth and development and gene regulation, we
have inactivated the mouse KLF11 gene by gene knockout technology. KLF11~/~ mice were
normal in growth, bred according to the normal mendelian genetics, and lived as long as the
KLF11*"* mice. Hematological analyses also revealed no abnormalities in the KLF~~ mice.
The finding that KLF11 is not absolutely essential for the normal development of mice suggests
that there is functional redundancy among this highly conserved family of transcription factors.

Materials and methods

Construction of targeting vector

We have isolated a genomic clone that contains the full mouse KLF11 gene from a mouse
129SV genome library (Stratagene). Sequence analysis revealed that KLF11 is encoded by
four exons with three introns (Fig. 1a). We intended to make gene-targeting construct that
replace the zinc finger-coding region with the Neo" gene. The 4.2-kb Notl (from phage vector)-
Kpnl (intron 3) 5" homologous fragment and the 4.7-kb Hindlll (intron 3 to downstream of
exon 4) 3" homologous fragment were subcloned into pBluescript SK—vector at the Notl and
Kpnl, and Hindlll sites, respectively. An EcoRV fragment was removed from the 3’ HindlIlI
fragment, and a PGK-Neo' cassette (blunted EcoRI-Sall fragment) was inserted into the
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cleaved p3’ H3. Subsequently, the plasmid was digested with Hindlll (blunted) and Pmll, and
self-ligated to generate pNeo-3'. The Notl-Xmnl fragment of p5’ NK was inserted into the
Notl/EcoRI (blunted) sites of pNeo-3’ to produce the p5'Neo-3'. The 5’-Neo-3' sequence was
cut by Notl (blunted) and Xhol (blunted), and inserted into diphtheria toxin A gene (DTA)-
containing vector at the Smal site to generate the gene-targeting vector p5’-Neo-3'-DTA.
KLF11 targeting vectors were illustrated in Fig. 1a. Homologous recombination of KLF11 will
result in the deletion of the C-terminal portion of the protein including the entire DNA-binding
zinc finger domain. The DTA gene is cloned outside the region of homologous recombination,
thus allowing a negative selection against cells derived from nonhomologous recombination
events.

Isolation of KLF11*~ ES cell clones

Mouse R1 ES cells were cultured as described [1]. R1 ES cells were transfected with Notl-
digested targeting vectors of KLF11 by electroporation using a BioRad Gene Pulser 11 at 250
KV, 500 uF. One day following electroporation, cells were selected with 200 ug/ml G418 for
10 days. Colonies were picked into medium without G418 and were split into duplicate plates,
one with gamma-irradiated primary mouse embryonic fibroblast feeder for freeze storage and
the other without a feeder layer for analysis. G418-resistant clones were first screened for
homologous recombination by PCR using two pairs of primers flanking the 5" and 3’ integration
sites and producing distinct bands of the wild-type and targeted alleles homologous
recombination sites (Fig. 1a). Positive clones were further analyzed by Southern blotting using
a probe outside the region of the homologous recombination.

Generation of FKLE™~ mice

All mice were housed in a University of Washington, Seattle, SPF facility, were fed standard
diet and treated according to IAAAC standards. Targeted clones were injected into blastocysts
from C57BL/6 mice and transferred to embryonic day (E)2.5 recipients to produce chimeric
mice. Chimeric male offspring were mated to C57BL/6 females to test for germ-line
transmission of the KLF11 knockout allele. The KLF11*/~ mice were then interbred to produce
homozygous mutant mice (KLF117).

Analysis of KLF11 expression in wild-type and KLF11™~ mice

To examine the expression of KLF11 in mouse tissues and further confirm that there is no
KLF11 expression in KLF11~~ mice, reverse transcription (RT)-PCR was carried out using
RNA isolated from different tissues from KLF11*/* and KLF11 ™~ mice. Total RNA was
isolated from brain, heart, kidney, liver, lung, muscle, spleen, testes, and thymus using TR1ZOL
reagent (Invitrogen). RT-CR was carried out using the primers that are specific for KLF11 and
KLF13.

Expression of potential target genes of KLF11

Total RNA was isolated from yolk sac of day 10 embryos and fetal liver from day 16 embryos.
Expression of mouse &Y and BH1-globin in the yolk sac and BM&0T in the fetal liver was analyzed
using RNase protection assay as described [21].

Hematological analysis KLF11™/~ mice

Peripheral blood was obtained through retroorbital sinus bleeding. Red blood cells (RBCs),
white blood cells (WBCs), platelets (PLTs), hemoglobin (Hb), mean corpuscular volume
(MCV), and mean corpuscular hemoglobin (MCH) were analyzed by complete blood counts
(CBC) using a Cell-DYN 3500 hematology analyzer (Abbott Diagnostics, Santa Clara, CA).
Reticulocytes were counted on a blood smear after staining with brilliant cresyl blue. Peripheral
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blood and reticulocyte smears were studied under a Zeiss optical microscope, with 10x, 40x,
and100} optical lenses.

Bone marrow was collected from KLF11*/*, KLF11*/~, and KLF~/~ mice. Cytospin smears
were made by centrifugation at 7000 rpm for 10" and 0.5 } 10 E4 cells were plated in
methylcellulose medium containing rhEpo 3 U/ml, rmIL-3 10 ng/ml, rh1L-6 10 ng/ml, and 50
ng/ml rmSCF (MethoCult™, StemCell Technologies, Vancouver, BC).

Mice were exposed to three weekly doses of 2.5 Gy (7.5 Gy total) of total body irradiation in
a137Cs dual source animal irradiator (Gammacell 40, Nordion, Inc., Ottawa, Canada) and were
followed up for 12 months.

Results and discussion

Targeted disruption of KLF11 gene

KLF11 sequences including the three zinc finger DNA-binding domains, the sequences N-
terminal of the zinc fingers, and some residues N-terminal of the zinc fingers were replaced
with the PGK-Neo cassette (Figs. 1a and b). R1 ES cells were transfected with Pacl-digested
targeting vector. G418-resistant clones were screened for homologous recombination by PCR
using primers franking the 5" and 3’ integration sites and producing distinct bands of the wild-
type and targeted alleles PCR (Figs. 1a, ¢). Homologous recombination was further confirmed
by Southern blot analysis using DNA from the targeted ES cells (Fig. 1d). A total of three
correctly targeted clones were identified after screening more than 100 ES cell clones
transfected with the KLF11 targeting vector.

KLF11*~ ES cell clones were injected into C57BL/6 blastocysts to produce chimeric mice.
High percentage chimeras were obtained as judged from coat color. However, only one of the
KLF11*~ ES cell clones resulted in germ-line transmission of the KLF11 knockout allele after
mating of chimeric males with C57BL/6 female mice. The KLF11*/~ mice were interbred to
produce KLF11~~ mice (Fig. 1e). Genotyping the tail DNA of 72 offspring from KLF11*/~
interbred revealed that the ratio of KLF11*/*—KLF11*/—KLF11~~ mice is 17:38:17 which is
the normal mendelian ratio of 1:2:1.

Characterization of KLF11 knockout mice

We next determined the expression of KLF11 in different mouse tissues and their absence in
the KLF~~ mice. Analysis of total RNA by RT-PCR showed that KLF11 is expressed in all
the tissues examined in the KLF11*/* mouse (Fig. 2). This is in agreement with the reports that
KLF11 is expressed ubiquitously in human tissues [2,8]. As expected, KLF11 mRNA is absent
in all the tissues in the KLF11~/~ mouse. The expression of KLF13 (another member of the
KLF family that is ubiquitously expressed) was detected in these tissues of the KLF11 7/~ mice
indicating a specific absence of KLF11 expression in the KLF11~~ mice. These results
demonstrated that KLF11 is expressed ubiquitously, and KLF11 is completely disrupted in the
KLF117~ mice.

Homozygous mutant KLF11~~ mice appeared to grow normally and were fertile without any
evident defect. We next determined whether KLF11 has an effect on the overall growth of mice
since KLF11 has been reported to be able to negatively regulate cell growth in vitro [2,8]. We
weighed the knockout offspring at two time points of their development. The average weight
at 4 weeks for male knockouts was 17 + 3.6 g (n = 4) vs. 18.2 = 1.8 g in the controls (n = 8)

and at 6 weeks 22.3 £ 1.3 g (n=5) vs. 23.5 + 2.25 g (n = 6), while females were 15.75+6 g
(n=4)and20.3+0.5g(n=3)vs.146+£0.9g (h=4)and 19.3+1.15¢g (n = 3) (Fig. 3). The
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differences were not statistically significant. These results, as is the case in hematopoietic
tissue, indicate that KLF11 is not indispensable for the normal growth and development of
mice.

KLF11 has been reported to have a suppressive role in tumorigenesis. Mice (three KLF11*/*,
three KLF11*/~, and four KLF117/") were followed to term. No abnormalities were noted
during this long follow-up, and their overall survival was not significantly affected by the lack
of KLF11 (Fig. 4).

In addition, eight mice (two KLF11*/*, two KLF11*/~, and four KLF117/") were exposed to
fractionated sublethal total body g irradiation (7.5 Gy) and were followed up for 12 months.
Similar doses of y irradiation have been shown to induce tumor formation or marrow aplasia
in susceptible knockout mouse strains [12-14,19,23]. However, all KLF117~ mice survived
that period showing no evidence of tumor formation, anemia, bleeding diathesis, or
susceptibility to infections (data not shown) as did their wild-type and heterozygous littermates.
This result indicates that KLF11 is not necessary for radioprotection and suppression of tumor
formation under oncogenic stimuli.

The Sp/KLF family of transcription factors contains a highly conserved three C2H2 types of
zinc finger DNA binding domain and is capable of binding the GC/CACCC boxes. However,
studies have shown that they have distinct functions. For example, SP1, Sp3, and Sp4 knockout
mice have different phenotypes. Sp1~/~ mice are retarded in development, show a broad range
of abnormalities, and die around day 11 of gestation [22]. Sp3 knockout mice showed defects
in tooth formation and die at birth due to respiratory failure [5]. Sp4 gene targeting showed
that Sp4 is required for normal growth, viability, and male fertility [10,32]. Mice null for KLF1/
EKLF, an erythroid-specific KLF family member, die of a lethal anemia due to a specific and
substantial decrease in expression of the fetal/adult stage-specific B-globin gene [25,26].
Inactivation of KLF2/LKLF is embryonic-lethal, and developing embryos are growth-retarded
[20,34]. KLF4/GKLF knockout mice are normal at birth but die soon thereafter from defects
in skin barrier function [29]. KLF4 has also been shown to play a crucial role in colonic
epithelial cell differentiation [18]. On the other hand, some functional redundancy among the
highly conserved members of this family may exist. For example, mice null of Sp5 [11] and
KLF9 [24] showed no overt phenotype. In this study, we also showed that KLF11 is not
absolutely essential for normal growth and development.

Hematological analysis KLF11™~ mice

We next examined whether KLF11 plays a role in hematopoiesis. Blood was collected from
the retroorbital sinus and analyzed for red blood cells (RBCs), white blood cells (WBCs),
platelets (PLTs), hemoglobin (Hb), mean corpuscular volume (MCV), and mean corpuscular
hemoglobin (MCH). Hemoglobin of KLF117~ and KLF11** mice is 16.6 + 0.7 and 16.4 +
0.7 g/dI respectively (Fig. 5a). RBCs of KLF117/~ and KLF11** mice are 10 + 0.5 and 10 +
0.7 M/pl, respectively (Fig. 5b). WBCs of KLF11~/~ and KLF11*/* mice are 4.97 + 1.6 and
4.87 + 2.07 K/p/l, respectively (Fig. 5c). Platelets of KLF117/~ and KLF11*/* mice are 1.014
+0.102 and 1.11 + 0.15 M/pl, respectively (Fig. 5d). MCV of KLF11~/~ and KLF11*/* mice
is52.7 + 1.7 vs. 52.2 + 2.2, respectively (Fig. 5e). MCH of KLF11 7~ and KLF11*/* mice is
16.5 + 0.6 vs. 16.15 £ 0.6, respectively (Fig. 5f. Therefore, there is no difference among the
KLF117- offspring, their wild-type, and heterozygous littermates in RBC, WBC, Hb, MCV,
and MCH. In accordance with these results, similar numbers of hematopoietic progenitor
colonies were noted on marrow cultures on methylcellulose (Fig. 6) (per 10E4 cells
KLF117/~: 111.5 + 12 CFU-granulocytic-macrophage (GM), 8.5 + 07 CFU-erythroid (E), and
2.5+ 0.7 CFU-megakaryocytic (Meg); KLF11*/*: 115 + 5.6 CFU-GM, 10.5 + 2.6 CFU-E, and
1.5+ 0.7 CFU-Meg). Moreover, no difference was noted on peripheral blood and bone marrow
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smears (data not shown and Fig. 5). These results indicate that KLF11 is either not required
for or functionally redundant in hematopoietic tissue homeostasis.

Expression of globin genes in KLF11™~ mice

KLF11 has been shown to positively and negatively regulate transcription via the CACCC or
GC box using either artificial promoter or human hemoglobin promoter-driven reporter
expression in transient assays [2,8]. Currently, however, the in vivo target genes of KLF11 are
unknown. KLF11 has been shown to activate endogenous human ¢- and y-globin expression
when stably overexpressed in K562 cells [2]. Therefore, we first analyzed the effect of KLF11
inactivation on the expression of mouse globin genes. These analyses showed no difference in
the expression of all the mouse globin genes between the KLF*/* and KLF~/~ mice (data not
shown). It is possible that KLF11 plays a role in globin gene expression, but other members
of this family are capable of substituting KLF11 function when it is knocked out. To further
test the role of KLF11 in human g-globin expression, we crossed the KLF~/~ mice with mice
that express the human y-globin gene. The KLF~/~¥-910bin mice expressed the same level of
y-globin as the KLF */*1-9lobin mice indicating that KLF11 is not required for expression of
v-globin transgene in mice (data not shown).
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Fig. 1.

Targeted disruption of the KLF11 gene. (a) Schematic representations of the wild-type KLF11
locus, targeting vector, and the targeted allele. (b) Sequences that are deleted from the KLF11
gene. (c) PCR analysis of KLF11 targeted ES cells. The primer set 1F and 1R detects a 5.3-kb
band for the targeted allele and no band for the wild-type allele. The primer set 2F and 2R
detects a 3.7-kb band for the targeted allele and a 7.1-kb band for the wild-type allele. (d)
Southern blot analysis of targeted ES cells. DNA isolated from ES cells was digested with
Kpnl. The wild-type allele is detected as a 7-kb fragment. The targeted allele is detected as an
11-kb fragment. (e) Southern blot analysis of mice generated from a KLF11*/~ cross. DNA
isolated from mice tail was digested with Kpnl. The wild-type allele is detected as a 7-kb
fragment. The targeted allele is detected as an 11-kb fragment.
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Fig. 2.

Expression of KLF11 in mouse tissues. RT-PCR analysis for KLF11 expression in tissues
from wild-type and KLF11 knockout mice. The PCR primers for KLF11 anneal to the exon 4
region of KLF11, thus they will not be able to amplify the targeted allele.
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Fig. 3.

Weight of KLF11 knockout mice. KLF11 knockout mice have similar weight to their
heterozygous and wild-type controls (male KLF11**n=6, KLF11*~"n=7,KLF11 7 n=5;
female KLF11*/* n =3, KLF11*~n=8, KLF117/ n=3).
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Fig. 4.

Long-term follow-up of KLF11 knockout mice. Ten littermates were followed to term (3
KLF11**, 3 KLF11*/~, and 4 KLF117/"). No abnormal disease traits were noted and no
tumorigenesis as reflected in the similar overall survival.
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Fig. 5.

Hematological analysis of KLF11 knockout offspring and their heterozygous and wild-type
littermates. Males and females compared separately and as a total. (Male KLF11*/*n =7,
KLF11*~n=6, KLF117/ n =6, female KLF11**n =4, KLF11* " n=5, KLF11 7/ n=5).
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Fig. 6.

Bone marrow progenitor assay. Progenitor colony numbers were assessed in semisolid media.
As expected from the peripheral blood counts and smears, no difference was noted in erythroid
(BFU-E, CFU-E), granulocytic-macrophage (CFU-GM), and megakaryocytic progenitors
(CFU-Meg). E: erythroid, GM: granulocytic-macrophage, Meg: megakaryocytic.
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