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Abstract Krueppel-like factor 4 (K1f4) belongs to the Sp/
KIf family of zinc-finger transcription factors and is
indispensable for terminal maturation of epithelial tissues.
Furthermore, it is part of a small set of proteins that are
used to generate pluripotent embryonic stem cells from
differentiated tissues. Herein, we describe that a KIf4 zinc-
finger domain mutant induces self-renewal and block of
maturation, while wild-type Klf4 induces terminal macro-
phage differentiation. Moreover, we present the crystal
structure of the zinc-finger domain of Klf4 bound to its
target DNA, revealing that primarily the two C-terminal
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zinc-finger motifs are required for site specificity. Lack of
those two zinc fingers leads to deficiency of KlIf4 to induce
macrophage differentiation. The first zinc finger, on the
other hand, inhibits the otherwise cryptic self-renewal and
block of differentiation activity of Kif4. Our data show that
impairing the DNA binding could potentially contribute to
a monocytic leukemia.
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Macrophage differentiation

Abbreviation
Kif4  Krueppel-like factor 4

Introduction

Klf4 (Gklf, gut-enriched Krueppel-like factor) is a
transcription factor belonging to the specificity protein/
Krueppel-like factor (Sp/KIf) superfamily of gene regulatory
proteins [1]. Sp/KIf proteins are characterized by three
highly conserved zinc-finger motifs, which bind to GC/GT-
rich regions of DNA to mediate activation and/or repres-
sion of transcription [2, 3]. Proteins of the KIf subfamily
are implicated in many biological processes, including cell
proliferation, apoptosis, differentiation, and development
[2] and are also potential targets for cancer therapy [4].
To date, 17 members of the KIf family have been iden-
tified in mammals. They are referred to as Kifl to KIf17
[3, 5]. The founding member of this group in mammals,
KIf1 (EKkIf, erythroid Krueppel-like factor), was shown to be
critical for red blood cell maturation [6, 7]. KIf2 (LKIf,
lung Krueppel-like factor) is involved in maintaining
quiescence of individual positive T-lymphocytes [8] and in
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T-lymphocyte trafficking [9]. Ectopic expression of Klf4
has recently been shown to induce macrophage maturation,
and bone marrow chimera lacking Kif4 showed reduced
numbers of Ly-6C™&" monocytes in the peripheral blood
[10, 11]. In a somewhat surprising contrast to the induction
of terminal differentiation, Klf4 is part of a group of
proteins (together with Oct4, Sox2, and c-Myc) that permit
reprogramming of terminally differentiated cells into
pluripotent stem cells [12].

Next to its C-terminal zinc-finger domain, Klf4 com-
prises an N-terminal poly proline and acidic amino acid
stretch, an inhibitory region, and a conserved nuclear
localization signal sequence adjacent to the zinc finger
[13]. Little is known about the cellular function of the
different protein domains of Klf4. Moreover, no structural
information about the DNA-binding properties of the zinc-
finger domain of KIf proteins is available. To date, only
crystal structures of related C,H,-type zinc-finger proteins
such as Zif268 [14], Wilms tumor suppressor protein [15],
GLI oncogene product [16], and TFIIA [17] are known. In
addition, solution structures of isolated zinc-finger domains
of Spl [18], KIf3 [19], KIf10 (PDB-ID 2epa, unpublished),
KIf15 (PDB-ID 2ent, unpublished), and uncomplexed KIf5
(PDB-ID 2ebt, unpublished) have been reported (http:/
www.pdb.org). To investigate the function of the different
protein domains of KIf4, we determined the crystal struc-
ture of the zinc-finger domain in complex with target DNA
and furthermore investigated the function of Kif4 in pri-
mary hematopoietic cells. Herein, we present for the first
time the structural basis for DNA recognition of a protein
from the KIf subfamily. We demonstrate that individual
structural contribution of the different zinc fingers to
DNA-binding links to the function of the protein to induce
terminal differentiation. We further report that KIf4 lacking
the DNA-binding domain induces block of differentiation
and self-renewal in hematopoietic cells.

Materials and methods
Cloning, expression, and purification

DNA encoding the zinc-finger domain of murine Klf4
(amino acids 396-483) was subcloned into the pQLinkH
vector [20]. The gene encoding the N-terminal His;-
tagged protein was over-expressed at 20°C in E. coli
Rosetta (DE3). The purification procedure comprises an
affinity chromatography on a 5 ml HisTrap FF crude
column (GE Healthcare), charged with Zn2+, and a
size-exclusion chromatography on a Superdex 75 prep
grade column (26 x 60, GE Healthcare). The His;-tag
was cleaved with tobacco etch virus protease prior to the
gel-filtration step.
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Protein crystallization

The purified protein (in 20 mM HEPES-NaOH pH 7.5,
0.2 M NaCl, 5 mM DTT, 10 uM ZnSO,) was complexed
with 1.5-fold molar excess of DNA (7mer: 5’ GAG GCG C
3’; 10mer: 5 GAG GCG TGG C 3/, [1]) and co-concen-
trated to 4-7 mg/ml. The Klf4 zinc-finger domain was
crystallized using the vapor diffusion method at 20°C by
mixing equal volumes of protein and reservoir solution.
The complex of KlIf4 with heptameric DNA was crystal-
lized using 10% (w/v) PEG 6000 and 0.1 M HEPES-NaOH
pH 7.0 as reservoir buffer. The reservoir buffer for the
crystallization of the Klf4-decamer DNA complex con-
tained 27% (w/v) PEG 3350, 0.2 M sodium acetate, and
0.1 M Tris-HC1 pH 8.5. Before flash-freezing in liquid
nitrogen, the crystal was transformed in a cryoprotectant
consisting of reservoir solution supplemented with 24%
glycerol.

Data collection, structure determination, and refinement

X-ray diffraction data were collected at beamlines BL14.1
and BL14.2 [21] of the Helmholtz-Zentrum Berlin fiir
Materialien und Energie and Freie Universitidt Berlin at
BESSY. Data reduction was performed using Xps and XSCALE.
Data collection statistics are reported in Table 1 and Sup-
plementary Table 1. For the KIf4-heptamer DNA complex,
the zinc substructure was solved using SHELXD [22], and the
identified three zinc positions were used for phasing and
density modification as implemented in SHARP/autoSHARP
[23]. The resulting experimental electron density map was
used for automatic chain tracing using ARP/WARP [24]. The
heptameric DNA fragment was placed manually into density
using Coot [25]. This model was transferred to the high-
resolution native data by using rigid-body refinement with
RermAc [26] and refined (Supplementary Table 2). The
structure of the Klf4-decamer DNA complex was solved by
molecular replacement using the program PHASER [27] and
the Klf4-heptamer DNA complex structure as search model.
The structure was refined using simulated annealing in
PHENIX followed by multiple rounds of refinement in REFMAC
[26]. The graphics program Coor was used for model
building and visualization [25]. Statistics on structure
refinement are summarized in Table 1. Figures were created
with PymoL [28]. The coordinates and structure factors have
been deposited in the Protein Data Bank, http://www.pdb.org
(PDB ID codes 2wbs, 2wbu).

Mice
Mice (129/sv x C57BL/6 or pure C57BL/6 background)

were bred under pathogen-free conditions in accordance
with the German animal protection law.
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Table 1 Data collection and refinement statistics for the KIf4:DNA-

10 complex
K1f4:DNA-10
Data collection
Wavelength (A) 0.91841

Resolution (A)
Space group
Unit-cell parameters (A)

Measured reflections

46.93-2.50 (2.565-2.50)
P43212

a=5028, c=131.03
51,838 (3,731)

Unique reflections 6,277 (446)
Rieas (%) 8.2 (64.1)
Completeness (%) 99.5 (100.0)
<I>/<a(l)> 20.4 (4.2)
Wilson B-factor (A%) 47.8
Refinement
Resolution range (A) 46.93-2.50
Reryst 0.215
Riree (test set of 8%) 0.278
No. of non-protein molecules
DNA 1
Zinc 3
Water 21
Average isotropic B-factor (10%2)
Overall 23.1
DNA 34.1
Zinc 359
Water 25.1
RMSD for bond lengths (A) 0.016
RMSD for bond angles (°) 1.355
Ramachandran regions
Most favored (%) 92.8
Allowed (%) 7.2

Outliers (%)

Numbers in parentheses are for the highest resolution shell

The retroviral constructs

The pMIEG3 plasmid (provided by D.A. Williams,
Children’s Hospital Medical Center, Cincinnati, OH,
USA) is a bicistronic murine stem cell virus (MSCV)-
based retroviral vector, enabling co-expression of the
marker eGFP along with the gene of interest. The ER™
fragment (estrogen-receptor ligand-binding domain) was
obtained from the Cre-ER™? plasmid (provided by Daniel
Metzger, INSERM, Strasbourg, France) [29]. The Kif4
(NM_010637.3) fragments were obtained by PCR
amplification using bone-marrow macrophage-derived
cDNA as template and sequence specific primers
(available upon request) and included amino acids
63-400 (AN62KIf4AC), 117-400 (AN116KIf4AC), 1-400
(K1f4AC), and KIf4AZf2/3 (1-425, the two C-terminal

zinc fingers deleted). Amplified sequences were verified
by sequencing.

Retroviral transfection of progenitor-enriched
bone-marrow cells and stimulation

The progenitor-enriched bone-marrow cells were obtained
72 h after injection of 150 mg/ml 5-FU into the peritoneal
cavity and plated in the stimulation medium (IMDM,
supplemented with 10% FCS, 2 mM glutamine, 0.1 mM
2-mercaptoethanol, 2% pen/strep, and recombinant cyto-
kines: rrSCF, rhu G-CSF (a kind gift from AMGEN,
Thousand Oaks, CA, USA), and rhTPO (a kind gift from
Kirin Brewery, Tokyo, Japan). After 48 h of stimulation,
cells were loaded on fibronectin-coated plates (Retronec-
tin™, Takara, Japan) and infected by sequentially adding
2 ml of undiluted virus supernatant (30 min at 37°C), 2 ml
of fresh supernatant diluted with 2 ml of stimulation
medium (incubated over night), and virus-free stimulation
medium (incubated for 6 h). The infection procedure was
repeated twice. After the second infection, cells were
incubated for another 48 h in the stimulation medium,
detached from the Retronectin™ by using cold Cell Dis-
sociation buffer (PAA Laboratories, Pasching, Germany),
and sorted for eGFP expression on a MoFlo High Speed
cell sorter (DakoCytomation, Hamburg, Germany). After
sorting, cells were cultivated for another 3-8 days using
the same cytokines and stimulated with either 1 uM
tamoxifen (4-OHT; Sigma, Deisenhofen, Germany) or
control diluent (ethanol). For determination of RNA
expression, RNA was extracted using the peqGOLD
MicroSpin Total RNA Kit (peqLab, Erlangen, Germany).

Fluorescence-assisted cell sorting (FACS)

Cell samples of 1-5 x 10° cells were resuspended (2%
FCS, 2 mM EDTA, 0.1% NaN; in PBS) and labeled with
fluorochrome-coupled antibodies: CD11b, Grl(Ly-6G/C;
clone RB6-8C5), (BD Biosciences PharMingen, San
Diego, CA, USA), and F4/80 (Serotec, Diisseldorf,
Germany). Analysis was performed on the flow cytometer
FACSCalibur, with CellQuest software (BD).

CFU assay

After FACS sorting, 1 x 10° cells were plated into
methylcellulose medium (MethoCult M3134, Stem Cell
Technologies, Vancouver, Canada) supplemented with
30% FCS, 2 mM glutamine, 2% P/S, and 0.1 mM
f-mercaptoethanol in replica (first culture). The methylcel-
lulose medium was supplemented with cytokines as follows:
100 ng/ml rhuG-CSF, 100 ng/ml thuTPO, 100 ng/ml rmSCF,
and 1 uM 4-OHT. In some instances, rmGM-CSF (5 U/ml)
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Fig. 1 Crystal structure of the zinc-finger domain of K1f4 in complex
with DNA. The zinc-finger motifs are highlighted in blue (motif 1),
yellow (motif 2), and green (motif 3), respectively. a The overall fold
of the KIf4 monomer in complex with a decameric double-stranded
DNA molecule is presented as a cartoon model. The right model
corresponds to a 90° rotation of the complex around the x-axis. The
N- and C-termini are marked with N or C. Zinc ions are shown as
gray spheres. b Consensus sequences for the zinc-finger domains of
Sp and KIf factors and the entire Sp/KIf family (modified after [3]).
Bold capital letters indicate residues that are 100% conserved
between all family members (black), between all KIf proteins (green),
or between all Sp factors (red). Capitalized residues indicate >90%
conservation, lower-case letters >75% conservation. The cysteine and
histidines residues involved in zinc coordination are highlighted in
gray. The secondary structure elements shown above the alignment
correspond to murine Klf4 (this work). Kif4 residues involved in
specific base contacts are marked with filled inverted triangle,
additional base interactions with inverted triangle, and unspecific
DNA-phosphate-backbone interactions with open circle. Direct DNA
interactions of Zif268 (taken from [31]) are indicated below the
alignment of murine Kl1f4 and Zif268. ¢ Schematic representation of
protein-DNA interactions. DNA bases that are specifically recognized
by hydrogen bonding to KIf4 side chains are highlighted in red, other
base interactions in gray. Residues marked with an asterisk originate
from a symmetry-related molecule. d Stereo representation of the
interaction of KIf4 with its target DNA. Residues involved in direct
DNA-base contacts are shown as sticks. A stacking interaction
between His416 and the T7 base is observed, altering the stacking
geometry between T7-A4’ and G8-C3’ and the interbase hydrogen
bonds between T7 and A4’. Blue dashed lines indicate hydrogen
bonds

or thu M-CSF (100 ng/ml) was used. The CFU colonies
(composed of a minimum of 50 single cells) were counted
on day 7 post-plating. After counting, the cells were rinsed
from the plates by washing several times with PBS. These
cells were used for replating experiments. Again 1 x 10°
cells were plated per methylcellulose plate in replica. The
same cytokine stimulation was maintained as for the primary
culture; one half of the secondary culture was stimulated
with tamoxifen, the other half with diluent (ethanol) only.
The colony number was determined again on day 10. These
cells were again washed from the plates and replated as
stated above. Remaining cells from the first and the sec-
ondary culture were investigated by flow-cytometric
analysis. Cytospins were prepared, May-Gruenwald-Giemsa
stained and the cell morphology was analyzed.

Results
Crystal structure of the zinc-finger domain of Klf4

KlIf4 contains three C,H,-type zinc-finger motifs at its
C-terminus, representing the DNA-binding site of the
transcription factor. By base-specific mutagenesis, a dou-
ble-stranded DNA with the sequence 5'-G/A G/A GG C/T
G C/T-3' was found to contain the minimal essential
binding site for KIf4 [1]. To investigate the structural basis

for these preferences, we aimed to analyze the structure of
Klf4 in complex with DNA. We first determined the crystal
structure of Kif4 bound to this heptameric target DNA at
1.7 A resolution by using intrinsic zinc for MAD phasing,
revealing that the first zinc finger was not involved in
oligonucleotide binding (Supplementary Fig. 1). We
therefore chose a 3’-extended decameric DNA fragment for
further co-crystallization experiments, resembling a DNA
sequence that is present in the basic transcription element
of the CYPIAI gene, which interacts with Spl and several
Spl-like transcription factors [1]. The overall structure of
the Klf4-decamer DNA complex is represented in Fig. la.
The final model includes amino-acid residues 399-483 of
KlIf4 and a 10-bp DNA duplex (statistics in Table 1). Each
zinc finger has a conserved ffo structure and binds one
zinc ion that is sandwiched between the two-stranded
antiparallel f-sheet and the o-helix (Fig. 1a). Each zinc ion
tetrahedrally coordinates to the side chains of two cysteines
at the end of the second f-sheet and two histidines in the
C-terminal span of the o-helix (Fig. 1a), residues that are
highly conserved within the entire Sp/KIf family (Fig. 1b).

The related C,H,-zinc-finger protein Zif268 is the
closest structural homolog of Klf4 as revealed by the SSM
program [30]. The Cua atoms in the structures of Klf4 and
Zif268 (laay, [31]) superimpose with a root-mean-square
deviation (RMSD) of 1.2 A (over 83 Cua-atoms). Other
structural homologs are the Wilms tumor suppressor
protein (2prt, [15]), the Ying-Yang 1 protein (YY1, lubd,
[32]), the GLI oncogene product (2gli, [16]), and the
transcription factor TFIIIA (1tf6, [17]) that superimpose
onto KlIf4 with RMSD values of 1.7, 2.0, 2.7, and 2.2 A
respectively (over 82, 80, 85, and 85 Co atoms). While
secondary structure elements superimpose well, structural
changes are observed in the loop regions connecting the
first and second f-sheet of each zinc finger (Supplementary
Fig. 2), regions that are least conserved within the Sp/KIf
superfamily (Fig. 1b).

In KIf4, binding of the identified minimal essential
binding site [1] is exclusively mediated by the second and
third zinc-finger motifs (Supplementary Fig. 1). Residues
that determine DNA-binding specificity are highly con-
served within the entire Sp/KIf superfamily (Fig. 1b),
accounting for the recognition of related DNA promoter
sequences by the family members. The recognition pattern
between KIf4 and DNA is displayed in Fig. lc. Three
arginine residues of the two C-terminal zinc fingers form
bidentate hydrogen bonding interactions involving the
guanidinium group of the arginine side chain and the N7
and O6 atoms of the guanine base in positions G3, G4, and
G6, in this way conferring most of the DNA-binding
specificity. Two of the arginine residues (R443 and R471,
helix position —1) are stabilized by a salt bridge with a
neighboring aspartate side chain (D445 and D473, helix
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position 2). The third arginine residue (R449, helix position
6) forms a salt bridge to a conserved glutamate residue
(E446, helix position 3). Interestingly, in KIfl, a critical
erythroid regulatory transcription factor, this conserved
glutamate residue within the second zinc finger (Fig. 1b) is
mutated in the semi-dominant mouse mutation Nan (neo-
natal anemia) (E339D in KIfl), altering the DNA-binding
specificity of KIfl so that it no longer binds promoters of a
subset of its DNA targets [33]. Although this glutamate
(E446, KIf4 numbering) does not make any direct DNA
interactions, it forms two water-mediated contacts to the
DNA and most importantly is salt-bridged to the side chain
of R449, which it orients for proper DNA binding,
explaining the profound pathological changes in the Nan
mouse mutation of KIfl.

Whilst the arginine and aspartate residues that confer
sequence specificity are conserved within the entire Sp/KIf
superfamily, sequence conservation is not observed for
most of the residues that are involved in DNA-phosphate
contacts (Fig. 1b). These residues are likely to be important
in the energetics but not the specificity of zinc finger-DNA
recognition [34].

In the Klf4-decamer DNA complex structure, adjacent
symmetry-related segments form a pseudo-continuous
double helix throughout the crystal with the «-helix of each
zinc finger contacting the major groove. CURVEs 5.3 anal-
ysis [35] shows that the DNA in the crystal is bent by 8°
and resembles B-form DNA with a mean twist of 32.9° and
rise of 3.26 A per base-pair step. Major deviations from
B-DNA parameters occur in the vicinity of the first zinc
finger. Base-pair T7-A4’ is characterized by a 14° opening,
accompanied by a loosened hydrogen contact between T7
04 and A4’ N6 and a shear of —0.6 A. These perturbations
are linked to the stacking interaction of T7 with the side
chain of His416, which is hydrogen bonded to and in plane
with the G8-C3’ base pair, forming a super base pair
(Fig. 1c, d). Notably, this histidine residue is strictly con-
served only within the Kifs of the Sp/KIf super-family
(Fig. 1b).

The perturbation of DNA conformation induced by
His416 occurs at a CpA/TpG base-pair step. These steps
have been known for their deformability for some time
[36]. In crystal structures of B-DNA fragments, they were
frequently found to adopt a usual geometry with greatly
increased helix twist and slide [37, 38]. Recently, this slide
displacement at CpA/TpG steps was implicated in nucle-
osome positioning [39]. While the formation of the His416-
G8-C3' base triple in the KIf4-DNA complex induces a
different conformational perturbation into the DNA, it
agrees well with the previously described structural
malleability of the CpA/TpG step.

In Zif268-type C,H, zinc-finger proteins, each zinc-
finger motif partakes in specific recognition of three
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adjacent base pairs in one strand, and a single fourth base
in the complementary strand of the DNA. The binding
specificity is conferred by the amino-acid residues within
the o-helix at positions —1, 2, 3, and 6 relative to the start
of the o-helix, with the position 2 contacting the base in the
opposite strand [34]. Generally, this canonical recognition
mode is also seen in KIf4. However, due to changes in the
amino acid sequence, fewer interactions conferring binding
specificity are observed (Fig. 1b). In Klf4 the amino-acid
residues within the a-helix at positions —1 and 3 of the first
zinc finger, in the second zinc-finger residues at positions
—1 and 6 of the recognition helix, and in the third zinc-
finger residues at the helical positions —1, 2, and 3 partake
in DNA-base interactions. Moreover, the contribution of
the first zinc finger to DNA binding of Klf4 is smaller than
that of the two C-terminal zinc fingers (Fig. 1b, c). This
reduced DNA binding of the first zinc finger of KIf4 has
also been reported in the solution structure of the isolated
first zinc-finger motif of the specificity protein Spl [18],
indicating that this might be a common property within the
entire Sp/KIf superfamily of transcription factors.

KIf4 induces macrophage differentiation
in hematopoietic cells

To investigate the cellular function of the various Kif4
domains, we expressed different mutants of Kif4 via ret-
roviral gene transfer in primary murine hematopoietic
cells. We fused the modified estrogen receptor ER™> [29,
40] at the C-terminus of wild-type Klf4 and KIf4 mutants,
allowing temporal control of activation. The following
mutants were analyzed: KIf4AC (lacking the entire zinc-
finger domain), KIf4AZf2/3 (lacking the second and third
zinc fingers), AN62KIf4AC (lacking the three zinc fingers
and the poly proline region [41], and AN116KIf4AC
(additionally lacking the acidic region; Fig. 2a). Primary
murine cells from wild-type mice were infected with the
retrovirus carrying the cDNAs for the different KIf4-ER™?
fusion proteins, co-expressing the green fluorescent protein
(eGFP). GFP-positive cells were isolated via high-speed
flow cytometry. Isolated cells were cultivated in CFU
assays with cytokines instructive for development into the
granulocytic lineage, and the expression of the fusion
protein was induced by tamoxifen. Full-length Klf4 fused
to ER™ induced macrophage differentiation (see below).
Our structural analysis demonstrated that specific DNA
binding is mediated primarily by the second and third zinc-
finger motifs. To test the functional relevance of this finding,
we compared the expression of a variant lacking the two
C-terminal zinc fingers (KIf4AZf2/3) with the expression of
the wild-type protein. As a functional readout, we tested for
the induction of macrophage differentiation, measured by
the expression of the cell surface protein F4/80 [42]. As
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Fig. 2 KIf4 induces
macrophage differentiation.

a Klf4 mutants: full-length Kl1f4
(Kl1f4; NM_010637.3), fused in
frame to the ER™ fragment,
was cloned into a retroviral
vector co-expressing eGFP from
an internal ribosomal entry site.
The mutants lacking the entire
zinc-finger domain (KIf4AC) or
the last two zinc fingers
(K1f4AZ£2/3), a mutant lacking
the first 62 amino acids and the
zinc-finger domain
(AN62KIf4AC), and a mutant
lacking the first 116 amino acids
(including both the poly proline
stretch [40] and the acidic
transactivation region [42]) and
the zinc-finger domain

domain

v, = = P —— coo
w,— = - —— - oo
w,— - B—— coor

B— - oo

384 404 427 456

NH, l_ '_ .—l— '. '. '_._ COOH  KIf4 fulllength

proline-rich acidic  PEST
domain domain

NLS  2Zf1 Zf2 Zf3

KIf4AC

KIf4AZf2/3

ANG2KIf4AC

AN116KIf4AC

(AN116KIf4AC) were also B 2
fused to the ER™ fragment. o
Numbers indicate the position of A .
the respective amino acid. ek
b FACS histograms indicate

differentiation as surface 10° 10'
expression of the macrophage
differentiation marker F4/80 on
primary myeloid cells, stably
transduced with either full-
length KIf4, KIf4AC, KIf4AZf2/
3, or empty control vector
(Mieg 3). Percentages of cells
expressing F4/80 are indicated.
Cells were grown in a cytokine
cocktail promoting granulocyte
differentiation. While
expression of full-length Kl1f4
induced macrophage
differentiation, expression of a
KIf4 mutant lacking at least the
two C-terminal zinc-finger
motifs failed to do so

Counts

921 %

KIf4 full length

4.8 %
KIf4AC
10° 10*
7.4%
KIf4AZf2/3
10° 10*
1.9%
Control
10° 10

shown in Fig. 2b, full-length KIf4 showed strong induction
of F4/80 expression in comparison to control vector.
Expression of the KIf4AZf2/3 mutant, in contrast, did not
significantly alter the differentiation of transduced cells.
Thus, the variant retaining only the N-terminal zinc finger is
functionally inactive with respect to the capacity of full-
length KlIf4 to induce macrophage differentiation. These
functional data are in line with the structural findings, since
specific DNA binding was shown to be mainly accomplished

by the second and third zinc fingers. Moreover, expression of
a variant lacking the entire zinc-finger domain did not
significantly induce F4/80 expression compared to wild-type
Klf4 (Fig. 2b). Thus, the KIf4 variant lacking the entire
zinc-finger domain behaved similarly to the variant where
only the two C-terminal zinc fingers have been deleted.
Taken together, our data indicate that macrophage differ-
entiation is linked with the specific DNA-binding capacity of
the zinc-finger domain of Klf4.
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Fig. 3 KIif4 induces block of terminal macrophage differentiation in
hematopoietic cells. Cytospins of myeloid cells from cultures grown
in CFU assays supplemented with either rhuSCF, thuTPO, rhuG-CSF
(STG), or rmGM-CSF were stained with May-Gruenwald-Giemsa.
Photographs were taken at 400x magnification. a Morphology of
cells expressing KIf4AC. A majority of cells expressing the KIf4AC
mutant are of blast-like morphology with the appearance of mono-
cytic differentiation (monoblasts) and show cytoplasmic granules.
b Morphology of cells in control cultures. KIfAAC was either not
induced (w/o 4-OHT, without tamoxifen) or transduced with a control
vector (Mieg3) in the presence of tamoxifen. As shown, a significant
proportion of cells differentiate into the neutrophil granulocytic
lineage. Abnormal granulocytic morphology is typical for the
unphysiologically high cytokine concentrations in culture

Deletion of the zinc-finger domain of Klf4 results
in block of monocytic differentiation and induces self-
renewal

We next studied the function of the KIf4 variant with a
deletion of the entire DNA-binding zinc-finger domain
(K1f4AC) in more detail. We observed that expression of
this mutant in hematopoietic cells resulted in colony
formation with a very distinctive morphology. Numbers of
colonies were higher, and colonies showed a dense accu-
mulation of small cells (not shown). Morphological
analysis of individual cells from cytospins of those colo-
nies showed cells with a high nucleus-to-cytoplasm ratio.
Cells tended to form clusters and had a blast-like appear-
ance. Nuclei were convoluted, and in several instances
prominent cytoplasmic granules were present (Fig. 3a).
Morphological analysis of cells washed off from whole
plates and cytospun showed little granulocytic differentia-
tion in comparison to control cultures (Fig. 3b). Mitotic
figures were frequently found, and cells appeared like
monoblasts. Thus, expression of KIf4AC blocks monocytic
differentiation with cells arresting at a blast-like stage.

@ Springer

Since the cells resembled leukemic monoblastic cells
and unlimited self-renewal is an inherent property of can-
cer cells, we next investigated whether those cells were
capable of self-renewal. For this purpose, a defined number
of cells were serially replated in the same cytokine cocktail
in the presence or absence of tamoxifen. As shown in
Fig. 4a, colonies formed in both secondary cultures. In
CFU assays induced with tamoxifen, colonies with similar
morphology developed as in the primary cultures, while
colonies were large and spread in the absence of tamoxifen
(not shown). Nevertheless, the number of observed colo-
nies was lower in CFU assays without tamoxifen, i.e., when
KIf4AC was not induced, and the resulting morphology
was significantly different. Cytomorphological analysis
identified the cells from those colonies as macrophages
(not shown). In contrast, cells from the colonies induced
with tamoxifen again showed blast-like appearance (not
shown), indicating that KIf4AC indeed was able to induce
self-renewal.

We also determined whether KIf4AC could induce
cytokine-independent growth and whether other cytokines
would allow for self-renewal. As a result, without addition
of cytokines, no colonies were produced, while colonies
with self-renewal activity grew in the presence of GM-CSF
and M-CSF (Fig. 4b).

Other Klf4 domains required for blockade
of differentiation and self-renewal

The N-terminal part of KIf4 bears two polypeptide regions
with distinct proposed functions. A polypeptide comprising
the poly proline stretch has been proposed to mediate
binding to SH3 domains [41]. Another region containing
acidic amino acids has been shown to repress transcription
of a Klf4-Gal4 fusion protein [43]. Indeed, this is the only
part N-terminal of the zinc-finger domain and the nuclear
localization sequence for which a specific function has
been demonstrated. Furthermore, for human KLF4, it has
been shown that this acidic amino-acid region binds to
p300/CREB proteins and that this binding can be inhibited
by competition with the adenovirus protein E1A [43].
Therefore, this domain is potentially of functional impor-
tance for transactivation of genes regulated by Klf4. To test
whether these regions mediate part of the observed
induction of self-renewal and differentiation block, we
expressed mutants lacking (1) both the zinc-finger and the
poly proline region (AN62KIf4AC), (2) additionally lack-
ing the acidic amino acid stretch (AN116KIf4AC), and (3)
the KIf4AZf2/3 mutant lacking the two C-terminal zinc
fingers. Cells expressing the Klf4 mutant lacking both the
zinc-finger domain and the poly proline region
(AN62KIf4AC) induced self-renewal similarly compared to
cells expressing KIf4AC lacking the zinc-finger domain
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Fig. 4 KlIf4 induces self-renewal in hematopoietic cells. Myeloid
cells stably expressing either specific KIf4 mutants or control vector
were grown in CFU assays. After 1 week of culturing, colonies were
counted and replated in the same cytokine condition. Colonies
forming after 2 weeks were again counted and replated to test for self-
renewal activity. Colonies were again counted on week 3. a CFU
assays were supplemented with tamoxifen, rthuSCF, rhuTPO, and
rhuG-CSF (STG). While cells expressing KIf4AC showed continuous
self-renewal, cells expressing control vector did not. Cells expressing
AN116KIf4AC (lacking the N-terminal poly proline and acidic
transactivation regions and the zinc-finger domain) still showed
continuous self-renewal, while cells expressing KIf4AZf2/3 (lacking
the two C-terminal zinc fingers) did not. b CFU assays were
supplemented with tamoxifen and rmGM-CSF, rhu M-CSF, or no
cytokines, respectively. While cells expressing KIf4AC showed
continuous self-renewal independent of the cytokine used to promote
culture, cells expressing KIf4AC not stimulated with cytokines did not
grow

only (not shown). In contrast, cells expressing the Klf4
mutant where the acidic domain is additionally deleted
(AN116KIf4AC) showed a largely reduced capacity to
produce colonies in the primary (week 1) CFU assay
(Fig. 4a). Nevertheless, those cells were capable of self-
renewal (Fig. 4a). In contrast, cells expressing Kilf4
retaining only the first zinc finger (KIf4AZf2/3) failed to
show continuous self-renewal (Fig. 4a). From those
experiments we conclude that the proline-rich stretch of
amino acids influences neither transactivation nor repres-
sion. Unexpectedly, self-renewal and block of
differentiation also occured in the absence of the acidic
transactivation region, indicating that this region is

dispensable for this function. Furthermore, induction of
self-renewal seems to require loss of specific DNA binding.
In the presence of the first zinc finger only, neither
induction of self-renewal nor terminal macrophage differ-
entiation was observed.

Discussion

In this work we investigated the structure of the zinc-finger
domain of Klif4 and aimed to resolve the function of this
and other Klf4 protein domains. The crystal structure
obtained from the zinc-finger domain of Klf4 is the first
DNA complex structure of a KIf protein. We demonstrate
that primarily the two C-terminal zinc fingers contact K1f4-
specific sequences within the promoters of target genes,
while the first zinc finger binds outside the consensus
sequence and contributes less to specific DNA binding.
Nevertheless, the first zinc finger is of functional relevance.
Complete lack of all three zinc fingers, resulting in a Klif4
protein completely lacking DNA binding, induces a mat-
uration arrest and self-renewal in hematopoietic cells. This is
prevented when the first zinc finger is present. In particular,
this mutant (KIf4AZf2/3) neither induces macrophage dif-
ferentiation such as full-length KIf4 nor self-renewal as does
Kif4 lacking the entire zinc-finger domain (KIf4AC).
Formally, we cannot distinguish whether the function of the
first zinc finger is mediated by protein-protein interactions
and/or by weak DNA binding.

A similar structure-function analysis of Klf4 has been
reported in iPS cell induction [44], where mutants lacking
the entire zinc-finger domain or parts thereof did not show
an autonomous function with respect to induction of
pluripotency. Indeed, all analyzed mutants comprising part
of the zinc-finger domain inhibited the intrinsic function
of wild-type Klf4. To our knowledge, induction of
self-renewal and pluripotency has always been attributed to
full-length Kl1f4. In this respect, the function of the mutants
lacking the zinc-finger domain described here is entirely
novel as they induce self-renewal in hematopoietic cells
under circumstances where full-length KIf4 induces
terminal differentiation. Furthermore, a mutant lacking the
two C-terminal zinc fingers is the only functionally inactive
mutant with respect to pluripotency induction we describe
in our study.

How oncogenes block differentiation and induce self-
renewal during the process of oncogenesis is only partially
understood today. Furthermore, for most myeloid leuke-
mias, it is largely unclear how partial differentiation into a
particular myeloid lineage is achieved as reflected by the
current WHO classification of myeloid neoplasms [45].
Our data show that impairing of the DNA binding, either
by a mutation within the KIf4 gene or via an interacting
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protein, could potentially induce a monocytic leukemia.
We furthermore observed that Kif4 is expressed in murine
GMP as well as in several cells of the monocytic lineage
(M.M., J.K,, D.C.; unpublished observations and NCBI
GEO accession number: GSM27216). The function of K1f4
for monocytic development is currently under investigation
in our laboratory.

Sequence analyses of the Klf4 protein predict the
N-terminus to be unfolded. One-dimensional 'H-NMR
data showed that the N-terminal acidic polypeptide stretch
(amino acids 63-116) of Klf4 is indeed unstructured
(A.S., Peter Schmieder, FMP Berlin, D.C.; unpublished).
Deletion of this region, however, does not impair the
observed block of differentiation and induction of self-
renewal. It therefore remains unclear which N-terminal
part of the remaining KIf4 protein is responsible for
the observed induction of self-renewal and block of
differentiation.

In conclusion, we analyzed the structural basis for spe-
cific DNA binding of Klf4 and relate the structural findings
to the cellular function of Kif4. Specific DNA binding
mediated by the two C-terminal zinc fingers is required for
the induction of terminal macrophage differentiation, while
the first zinc finger inhibits an otherwise cryptic self-
renewal and block of differentiation activity of Kif4. Our
findings (1) significantly advance the understanding of the
molecular basis of DNA binding of proteins of the Sp/KIf
family in general and its member KIf4 in particular. They
(2) advance our understanding of how Klf4 induces pluri-
potency in differentiating cells, and the described Klf4
mutants may be suitable tools in this respect. Furthermore,
they (3) yield important insights into the functional anat-
omy of the Klf4 protein and into the development of
myeloid malignancies and are of significant interest to
stem-cell research, as the technology to induce pluripo-
tency through expression of defined factors, one of which is
Klf4 [12], is rapidly advancing.
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