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Transcription factor Kruppel-like factor 4 (KIf4) is essential
for somatic cell reprogramming. In addition, K1f4 seems to play
aredundant role along with other Kif family proteins in embry-
onic stem (ES) cell self-renewal. However, how KIf4 regulates ES
cell self-renewal and somatic cell reprogramming is still poorly
understood. Here we report that KIf4 is required for both ES cell
self-renewal and maintenance of pluripotency and that the
expression of KIf4 prevents ES cell differentiation in response to
withdrawal of leukemia inhibitory factor (LIF) or bone morpho-
genetic protein 4 (BMP4). In addition, KIf4 directly binds to the
promoter region of Nanog and regulates its expression. Expres-
sion of Nanog prevents ES cell differentiation even when Kif4
gene expression is knocked down. On the other hand, knock-
down of Nanog expression induces differentiation of ES cells
that overexpress Klf4. Taken together, these results demon-
strate that Klf4 functions upstream of Nanog in ES cell self-
renewal and in preventing ES cell differentiation.

Self-renewal and pluripotency are two defining elements of
embryonic stem (ES)? cells. Self-renewal is the capability of ES
cells to be maintained in a proliferative state for prolonged peri-
ods of time, whereas pluripotency is the ability of ES cells to
differentiate into any cell type (1, 2). Understanding the mech-
anisms that maintain the self-renewal and pluripotency of ES
cells is critical to the field of regenerative medicine.

Many transcription factors are involved in ES cell self-re-
newal and pluripotency regulation. Among them, Oct4, Sox2,
and Nanog are thought to be the master regulators of ES cell
pluripotency. All three factors have been well studied. Oct4 is a
POU homeodomain transcription factor that has been estab-
lished to be essential in vivo and in vitro for regulation of early
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embryonic differentiation and maintenance of pluripotency (3,
4). A certain amount of Oct4 is crucial for preventing differen-
tiation and for sustaining ES cell self-renewal (4). Sox2 is a
member of the Sox (SRY-related HMG box) gene family and is
recognized as a transcriptional partner that works in collabora-
tion with Oct4 to regulate gene expression (5-7). Nanog has
been identified as a key factor in maintaining ES cell pluripo-
tency (8, 9). Overexpression of Nanog in ES cells promotes self-
renewal in the absence of leukemia inhibitory factor (LIF) (8,9),
a key cytokine for maintenance of ES cell pluripotency. If the
Nanog gene is deleted, ES cells are prone to undergo differen-
tiation (9). Nanog is thought to function in concert with other
factors such as Oct4 and Sox2 in establishing ES cell identity
(10).

Kruppel-like factor 4 (KIf4) belongs to the Kriippel-like fac-
tor (KIf) family of conserved zinc finger transcription factors
(11). Klf4 is expressed in a variety of tissues and plays an impor-
tant role in many physiological processes, including prolifera-
tion, terminal differentiation, and apoptosis (12, 13). Depend-
ing on the gene targeted, KIf4 can either activate or repress
transcription and, in certain cellular contexts, it can function as
either an oncogene or a tumor suppressor (14-16). The func-
tion of Klf4 has been thoroughly investigated in normal homeo-
stasis, cell differentiation, and cancer formation. However, the
role of KIf4 in ES cell self-renewal and pluripotency had been
neglected until recent studies investigating reprogramming of
somatic cells into pluripotent cells highlighted the critical role
of KIf4 in remodeling cell fate (17-20). Controlled expression of
Klf4, together with Oct4, Sox2, and c-Myc, is able to reprogram
adult human fibroblasts to become induced pluripotent stem
(iPS) cells that are similar to ES cells. Of the four factors, c-Myc
function has been reported as an enhancer of reprogramming
and can be removed (21, 22). The importance of Oct4 and Sox2
in ES cell self-renewal is well known but the function of K1f4 has
not been as well investigated in previous studies. In fact, KIf4
has been found to be highly expressed in undifferentiated ES
cells, with its expression decreasing dramatically during differ-
entiation (23). Re-expression of Klf4 revert EpiSCs to pluripo-
tent ES cell ground state (24). KIf4 and KIf2 have been found to
co-localize with Oct4 in a subnuclear compartment of ES cells
(23). These results suggest that Klf4 is very likely an important
regulator of ES cell self-renewal and pluripotency.

Through both loss-of-function and gain-of-function assays,
we report here that Klf4 is a critical factor for ES cell self-re-
newal and pluripotency. In response to extracellular signaling
of LIF, Klf4 expression rapidly changes prior to a change in
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Nanog expression. At the same time, expression of Oct4 and
Sox2 changes very little, apparently having no direct correlation
with the change in Nanog expression. Knockdown of Klf4
expression in ES cells induces ES cell differentiation whereas
overexpression of KIf4 maintains ES cells in a self-renewal state
and negates the requirement for LIF. This indicates that Klf4
may be a direct downstream target of LIF and that Klf4 expres-
sion is sufficient for ES cell maintenance in the absence of LIF.
The effect of KIf4 on ES cell self-renewal can be interrupted by
Nanog shRNA, whereas overexpression of Nanog can rescue ES
cell differentiation induced by Klf4 knockdown. This suggests
that KIf4 is an upstream regulator of Nanog. Indeed, we show
that KIf4 is able to bind to the Nanog promoter in the distal and
proximal elements to regulate Nanog expression. Our results
support a mechanism in which Klf4 acts as a mediator connect-
ing LIF-Stat3 with Nanog to regulate ES cell self-renewal and
pluripotency.

EXPERIMENTAL PROCEDURES

Cell Culture of ES Cells and 293T Cells—ES cell line E14 was
cultured on plates coated with 0.1% gelatin and in Glasgow
Minimum Essential Medium (GMEM, Sigma) supplemented
with 15% fetal bovine serum (FBS), 100 nm nonessential amino
acids, 1% sodium pyruvate, 200 mMm glutamate, 1% penicillin
streptomycin, 50 uM B-mercaptoethanol plus 10 ng/ml LIF
(Chemicon). Medium was changed everyday and 10 ng/ml LIF
(Chemicon) was added. 293T cells were cultured in DMEM
supplemented with 10% FBS and 1% penicillin streptomycin.

Alkaline Phosphatase (AP) Staining and Immunostaining—
Alkaline phosphatase staining was performed using an alkaline
phosphatase detection kit (Sigma/Chemicon) in accordance
with the manufacturer’s instructions.

For SSEA1l immunostaining, cultures were fixed in 4%
paraformaldehyde (PFA) then washed with phosphate-buft-
ered saline (PBS). After blocking nonspecific binding sites with
10% normal goat serum, ES cells were stained with anti-SSEA-1
mouse monoclonal IgM antibodies (mc-480, University of
Iowa, Developmental Studies Hybridoma Bank, 1:500) at room
temperature for 1 h. After a PBS wash, the cells were incubated
with Cy3-conjugated goat anti-mouse IgM (Jackson Labora-
tory) or Alexa Fluor 488 (Molecular Probes, Eugene, OR; 1:250)
for 45 min. Cells were incubated in DAPI solution (Sigma, 0.05
pg/ml) for 20 min at room temperature for nuclear marking. A
Zeiss Axiovert 200 microscope with a DVC-1310C digital cam-
era (DVC, Austin, TX) was used, and images were processed
with Photoshop and analyzed with Image-ProPlus software
(Media Cybernetics, Silver Spring, MD) to measure Integrated
Optical Density (IOD) of color-specific pixels. Statistical anal-
yses were performed by using a two-tailed Student’s ¢ test and
ANOVA with Instat software (GraphPad Software Inc., San
Diego, CA).

Lentivirus Production and Transduction into ES Cells—Len-
tivirus was produced by using the polyethylenimine (PEI) trans-
fection protocol. Briefly, 5 X 10° 293T cells were seeded into a
10-cm plate and left overnight. Cells reached about 80% conflu-
ency and were ready to be transfected. Medium was changed 30
min prior to transfection. For a 10-cm plate, 1000 wl of DMEM,
10 mg of DNA (5:3:2, psPAX:vector:;pMD2G), and 30 ul of PEI
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solution (1 mg/ml) were used. Virus was harvested over 48 —72
h and concentrated by ultracentrifugation. Virus titer was
tested before transduction into ES cells.

For virus transduction, ES cells were trypsinized, counted,
and 2 X 10° cells were resuspended into 200 ul of ES culture
medium in an Eppendorf tube and concentrated virus particles
(1-10 wl) were added to the ES cells. After 1 h of incubation at
37 °C, the remaining medium was added, and the ES cells were
plated into 0.1% gelatin-coated 6-well plates. Drug selection
with puromycin (1 pg/ml) or neomycin (300 pg/ml) was started
48 h after the ES cells were transduced by viruses, and the cul-
ture was then maintained under drug selection conditions.

RT-PCR or gPCR—Total RNA was isolated using an RNeasy
kit (Qiagen) according to the manufacturer’s instructions and
reverse-transcribed to generate cDNA with a SuperScript III
First-Strand synthesis system (Invitrogen) using Random Hex-
amers. The PCRs were performed with Super Therm Taq po-
lymerase. The cDNA pool was subjected to real-time PCR
(qPCR) by using iQ SYBR Green Supermix (BioRad) on an AB
7300 Real-time PCR System (Applied Biosystems). The follow-
ing conditions were used in qRT-PCR: 5 min at 95 °C, and 50
cycles of 15 sat 95 °C and 30 s at 60 °C. B-Actin or GAPDH was
tested as an endogenous control to calculate the relative expres-
sion levels of target genes according to the manufacturer’s
instructions. Reactions were carried out in triplicate with the
delta Ct method. Primer sequences are given in supple-
mental Table S1.

Immunoprecipitation and Immunoblotting—Cultures were
washed three times with PBS then lysed with KLB buffer (1%
Triton X-100, 0.05% SDS, 100 mm Na,HPO4, and 150 mm
NaCl) and a protease inhibitor mixture for 30 min at 4 °C. Cells
were then scraped and transferred to Eppendorf tubes and cen-
trifuged for 15 min at 14,000 rpm at 4 °C. Protein lysate concen-
trations were determined by using a Spectramax M5, molecular
devices, microplate readers, and bovine serum albumin protein
quantification assay. A protein standard curve was made using
a bovine serum albumin protein standard from Pierce.

Immunoprecipitation was performed on protein lysates from
overexpression studies and endogenous level studies. For
endogenous protein interactions, 1000—1500 mg of protein
lysates were incubated with primary antibody at 4 °C on a rota-
tor for 4 h, then 10 ml of Pierce immobilized protein A/G beads
were added and incubated at 4 °C on a rotator overnight. For
overexpression studies some constructs cloned into vectors
were attached to an experimentally introduced tag, which fur-
ther facilitated protein isolation via commercially available tag-
conjugated beads. For FLAG-tagged constructs, mouse derived
aFLAG M2-agarose beads (Sigma) were used. Once these beads
were activated via washing several times with KLB, 10 ml of
protein lysate containing 500 mg of protein was added to each
Eppendorf tube and put on a rotator overnight at 4 °C. The next
day, the beads were washed eight times with KLB, then resus-
pended with 1X SDS and put in a 95 °C heat block for 5 min.
The supernatant was promptly used for Western blotting.

For immunoblotting, 10% acrylamide gels were used for
Western blots, including analysis of immunoprecipitates of
protein lysates. Separated proteins were transferred to Immo-
bilon-P transfer membrane at 4 °C for 3 h at 250 A, and the
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membranes were blocked for 1 h in
5% milk/TBST, incubated with pri-
mary antibody overnight, washed
three times for 10 min, incubated in
secondary antibody for 1 h, washed
five times for 10 min, incubated in
Santa Cruz Biotechnology Western
blot Luminescent Reagent for 2
min, exposed to film, and devel-
oped by a Kodak X-Omat 2000A
Processor.

After primary and secondary
antibody incubation followed by
film development to view prelimi-
nary results, blots were rehydrated
in PBS and washed in TBST. Restore
Western blot Stripping Solution
from Pierce was applied to the blot
for 20 min in a 37 °C incubator and
then left for an additional 10 min on
a shaker at 20°C. Stripped blots
were then re-assayed to confirm
that the beads used were indeed
pulling down the proper protein.
Appropriate antibodies were used
to examine the blot for the presence
of the corresponding proteins.

Chromatin Immunoprecipitation—
Mouse ES cells were chemically
crosslinked by the addition of one-
tenth volume of fresh 11% formal-
dehyde solution for 15 min at room
temperature. Cells were rinsed
twice with 1 X PBS and harvested
using a silicone scraper and then
flash-frozen in liquid nitrogen and
stored at —80 °C. Upon thawing, the
cells were lysed by using lysis buffer
and the cell contents sonicated to
solubilize and shear the cross-linked
DNA by using a Sonicator 3000
(Misonix, Farmingdale, NY) in cold
room. The resulting whole-cell ex-
tract was incubated at room tem-
perature for 1 h with 100 ul of
protein G magnetic beads that had
been preincubated with the appro-
priate antibodies against Klf4 or
IgG at 4 °C overnight. Beads were
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FIGURE 1. Knockdown of KIf4 expression induces differentiation of ES cells. A, quantitative RT-PCR results
indicate KIf4 expression was inhibited by KIf4 shRNA by 77.8%. Data are presented as the mean * S.D. of
triplicates. B, AP staining was significantly reduced in KIf4 knockdown cells. Upper panel, whole-well view. Lower
panel, higher magnification. C, SSEA1 staining of ES cells was strongly reduced by shKIf4 knockdown. The
nuclear signal is shown by DAPI staining. Scale bar: 100 um. D, quantitative analysis of SSEA1 staining in shKIf4
cells shown in C.SSEAT1 signal was quantified by Integral Optic Density (/OD). Data are presented as the mean *
S.D. of triplicates. E, expression of human KIf4 can rescue the knockdown effect of mouse shKIf4 in ES cells.
Upper panel, SSEA1 staining was significantly reduced in ES cells infected with shKIf4 and transfected with a
control vector plus a GFP expression vector. GFP-positive cells are SSEA1-negative. Lower panel, compared with
upper panel, SSEA1 staining increased significantly in ES cells infected with mouse shKIf4 and transfected with
human KIf4 plus a GFP expression vector. GFP-positive cells, which expressed human Kif4, are also SSEA1-
positive. Scale bar: 50 um. F, (a) With KIf4 knockdown, expression levels of pluripotency-related genes Nanog,
Oct4, and Sox2 decreased. b and ¢, genes associated with the undifferentiated state and stemness were down-
regulated. d, genes associated with the differentiated state were up-regulated. Data are presented as the
mean = S.D. of triplicates.

m

washed five times with KLB buffer and one time with TE
buffer containing 50 mm sodium chloride. Bound complexes
were eluted from the beads by heating at 65 °C with occasional
vortexing, and cross-linking was reversed by overnight incuba-
tion at 65 °C. Whole-cell extract DNA (reserved from the son-
ication step) was also treated for cross-link reversal. Immuno-
precipitated DNA and whole-cell extract DNA were then
purified by treatment with RNase A, proteinase K, and mul-
tiple extractions with phenol:chloroform:isoamyl alcohol.
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Purified DNA was used as a template for PCR to amplify the
proximal promoter and distal enhancer regions of Nanog.
The primer sequences and locations are listed in sup-
plemental Table S1.

Luciferase Reporter Assay—293T cells were transfected by
using CaCl,, along with the reporter plasmid and various
expression vectors. Plasmid DNA pcDNA3 was added to the
transfections to make the total concentration of DNA the same
for each reaction. Six hours after transfection, the cells were fed

VOLUME 285-NUMBER 12+-MARCH 19, 2010


http://www.jbc.org/cgi/content/full/M109.077958/DC1
http://www.jbc.org/cgi/content/full/M109.077958/DC1

KIf4 Prevents ES Cell Differentiation

pluripotency, we knocked down
the expression of KIf4 in ES cells.
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To confirm the effects of the KIf4-
specific ShRNA, we performed a res-

cue experiment using human Klf4.

ES cells were transduced by mouse
KIf4 shRNA lentivirus and then cul-

tured for 2 days. Then, human KIf4

expression constructs or a control
vector were co-transfected with

GEFP expression vector by electro-
poration into the Klf4 knockdown
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ES cells that already contained
mouse KIf4 shRNA. The culture was
allowed to grow for 5-7 days with
puromycin addition before being

FIGURE 1—continued

with fresh medium (DMEM with 10% fetal bovine serum) and
incubated overnight. The cells were then serum-starved for
24 h in DMEM containing 0.5% FBS. Cell extracts were then
prepared and luciferase assays were done by using a Luciferase
Assay System (Promega) according to the manufacturer’s
instructions. The Spectra Max M5, Molecular Devices, Micro-
plate Reader was used for sequential assay of firefly and Renilla
luciferases. Duplicate wells were analyzed.

RESULTS

Kif4 Is Required for ES Cell Self-renewal and Pluripotency—
To understand the function of KIf4 in ES cell self-renewal and
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fixed for staining. In contrast to KIf4
knockdown ES cells transfected
with control vector, SSEA1 staining
of the cells transfected with human
KIf4 was increased significantly (Fig. 1E). This result demon-
strated that the sequence of mouse shKIf4 specifically knocked
down the mKIif4 gene in ES cells and could be rescued by over-
expression of human Klf4.

Gene expression profiling by TLDA card array analysis
showed that when Klf4 expression was knocked down most
genes associated with pluripotency such as Sox2, Oct4, and
Nanog (Fig. 1F, a), genes related to an undifferentiated state,
such as TDGFI1, GDF3 (Fig. 1F, b), and other stemness genes
such as FGF4, FoxD3, LIFR (Fig. 1F, c¢), were all down-regulated.
However, genes related to differentiation such as T, FLTI,
CDX2, COL1AI were up-regulated (Fig. 1F, d). These results
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FIGURE 2. Overexpression of KIf4 prevents differentiation of ES cells in serum and serum-free culture
conditions. ES cells were infected with lentivirus expressing human KIf4 or control vector, and then cultured in
differentiation conditions for 4 days. A, Human Kif4 (hKIf4) was stably expressed in ES cells. The mouse KIf4 gene
(upper panel) and human Kif4 gene (middle panel) were detected by RT-PCR. The human KIf4 protein was
detected by immunobilot (/B) with anti-FLAG tag of KIf4 extracts from ES cells infected with hKIf4 lentivirus
(lower panel). B, AP staining of ES cells and ES cells expressing human Kif4 cultured in medium containing serum
with or without LIF. C, SSEA1 staining of ES cells overexpressing KIf4 or control ES cells under serum-containing
conditions with and without LIF addition. Without LIF, SSEA1 staining in control ES cells strongly decreased.
However, SSEA1 staining in KIf4-expressing ES cells did not change despite LIF removal. The scale bar repre-
sents a distance of 100 um. D, quantification of IOD of SSEA1staining. Data are presented as the mean = S.D. of
triplications. E, AP staining of ES cells and ES cells expressing human KIf4 cultured in serum-free (N2/B27)
medium with either BMP4 or LIF addition. F, pluripotency gene expression analysis in KIf4-expressing ES cells
and control ES cells described in B and E. These cells were cultured in the serum-containing condition with or
without LIF supplement, or in serum-free conditions with or without BMP4 or LIF or both. The expression of
Nanog, Oct4, Sox2, KIf4, and Nat1 was determined by RT-PCR.

can also be cultured under serum-
free conditions with LIF and BMP4
(27). In serum-free cultures, LIF
alone is unable to sustain ES cell
self-renewal whereas BMP4 has
been shown to aid in maintaining ES
cell self-renewal (27). We hypothe-
sized that KIf4 is also downstream of
LIF and is able to prevent ES cell dif-
ferentiation and maintain self-re-
newal and pluripotency of ES cells.
To test this hypothesis, we gener-
ated mouse ES cell lines stably over-
expressing human Klf4 and cultured
the cells in the presence or absence
of serum. The overexpression of
Klf4 mRNA and protein was con-
firmed by RT-PCR and Western
blot (Fig. 2A), and then the cell line
was cultured in medium containing
serum with or without LIF. As
shown in Fig. 2, B-D, both AP and
SSEA1 staining decreased signifi-
cantly in control ES cells upon LIF
withdrawal, and statistical analysis
showed that the reduction of SSEA1
staining was about 80%. AP and
SSEA1 staining were normal in the
Klf4-overexpressing ES cells cul-
tured without LIF (Fig. 2, B and C).
These results support that that
overexpressed Klf4 was able to
maintain mouse ES cells in the plu-
ripotent undifferentiated stage in
the absence of LIF.

Next we cultured the Klf4-over-
expressing ES cells and control ES
cells for 5 days in serum-free me-
dium containing N2/B27 supple-
mented with LIF or BMP4 or both.
As expected, AP staining was re-
duced in the control ES cell culture
under either LIF-alone or BMP4-
alone conditions (Fig. 2E), indicat-
ing that ES cells differentiated only
when supplemented with BMP4 or
LIF alone. However, AP staining
was still normal in ES cells overex-
pressing KIf4 when cultured under
similar conditions, supportingarole
for KIf4 in preventing ES cell differ-
entiation. These results were fur-

suggest that K1f4 prevents ES cell differentiation and is required
for ES cell self-renewal and pluripotency.

Klf4 Functions to Prevent ES Cell Differentiation—Mouse ES
cells are generally cultured in serum supplemented with LIF.
LIF is an IL6 family cytokine that activates Stat3 to maintain
stem cells in an undifferentiated state (25, 26). Mouse ES cells
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ther confirmed by RT-PCR of pluripotency genes in serum or
serum-free ES cell cultures with or without addition of LIF or
BMP (Fig. 2F). Under serum-free N2/B27 culture conditions,
mouse endogenous Klf4 was strongly expressed in ES cells
transduced by Klf4, regardless of whether LIF or BMP was
added. In addition to KIf4, other genes associated with undif-
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ferentiated states of ES cells, specifically Oct4, Sox2, and Nanog,
were also strongly expressed. However, in control ES cells, KIf4
was greatly reduced, and Oct4, Sox2, and Nanog were very low
in LIF-only and BMP4-only cultures (Fig. 2F). Taken together,
these results indicate that KIf4 functions downstream of LIF or
BMP4 in regulating self-renewal and pluripotency of ES cells.
Overexpression of Klf4 enhances self-renewal and mainte-
nance of the undifferentiated state of ES cells.

Klf4 Expression Dramatically Changes Prior to Nanog
Expression in Response to LIF Signaling in ES Cells—Among
many essential pluripotency factors like Oct4 and Sox2, Nanog
is another protein that can prevent ES cell differentiation. To
address whether KIf4 may function through Nanog to maintain
ES cell pluripotency and prevent ES cell differentiation, we
sought to determine the expression pattern of KIf4 and Nanog
in response to LIF stimulation and withdrawal. ES cells were
starved of LIF for 16 h, and then gene expression of pluripo-
tency factors were harvested 0.5, 1, 2, 4, 6, 12, 24, 48, and 72 h
after LIF addition. qPCR results showed that expression of Klf4
was quickly induced, producing a small peak at 1 h and maximal
expression beginning around 24 h (Fig. 34). Following Klf4
induction, the expression of Nanog gradually increased to a
small peak at around 2 h, subsiding by 6 h, and then increasing
again between 12 and 72 h during the first 72 h of LIF induction
(Fig. 3A). This experiment suggests that expression of Nanog
follows expression of Klf4 in response to LIF stimulation.

When LIF was withdrawn from the medium, the expression
of Klf4 declined to its lowest point 2 h after LIF withdrawal,
whereas the decline in Nanog expression followed that of KIf4
and reached its lowest level 6-h post-LIF withdrawal (Fig. 3B). It
is of interest to note that the expression of Oct4 and Sox2 exhib-
ited no significant decrease during our observation period after
LIF was removed from the medium (Fig. 3C). The down-regu-
lation of Nanog expression after LIF removal seemed to have no
direct correlation with Oct4 and Sox2 expression.

Taken together, these results show that the expression of
Klf4 quick and dramatically changed upon the LIF removal
or addition assay. The onset and peak increase of Klf4
expression preceded that of Nanog. The rapid response (shift
in expression) of Klf4, the delayed response of Nanog, and
the lack of response of Oct4 and Sox2 suggest that KIf4 might
be a direct target of LIF signaling and that Nanog might be
regulated by Klf4. KIf4 may function as a bridge, connecting
LIF signaling with Nanog in regulating ES cell self-renewal
and pluripotency.

Kilf4 Is Upstream of Nanog in Regulating Self-renewal and
Pluripotency and Preventing ES Cell Differentiation—To deter-
mine if KIf4 can regulate Nanog gene expression, a luciferase
reporter assay was performed on a luciferase gene driven by the
Nanog promoter. When this luciferase reporter construct was
co-transfected into 293T cells with a construct expressing Klf4,
the Nanog promoter was activated by Klf4 in a dosage-depen-
dent manner (Fig. 44). Furthermore, chromatin immunopre-
cipitation using Klf4 antibody demonstrated that KIf4 binds to
two different sites on the Nanog promoter in ES cells (Fig. 4B).
These results support the notion that Nanog is a direct down-
stream target gene of Klf4 in ES cells.
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FIGURE 3. Changes in KIf4 expression precede the change in Nanog
expression during ES cell differentiation. The expression of KIf4 and Nanog
in ES cells and embryoid bodies was determined by quantitative RT-PCR. A, ES
cells were cultured under starvation conditions without LIF for overnight.
Then LIF was added, followed by a time course analysis of KIf4 and Nanog
expression. B, time course analysis of KIf4 and Nanog expression upon LIF
withdrawal. C, expression of Sox2 and Oct4 levels did not change upon LIF
withdrawal.

To further validate that Klf4 is upstream of Nanog and
functions through Nanog to prevent ES cell differentiation,
we performed experiments whether Nanog can rescue the
differentiation induced by Klf4 knockdown, and whether
Nanog knockdown can induce differentiation in Klf4-over-
expressing ES cells. Two days after infection of the Klf4
shRNA lentivirus, a Nanog expression vector was co-trans-
fected with a GFP expression construct into the ES cells. The
same as in Fig. 1, SSEAl expression was dramatically
reduced by Klf4 knockdown (Fig. 4C, upper panels). How-
ever, SSEA1 expression was strongly increased in the Klf4
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knockdown cells by transfection of Nanog expression vec-
tors, and most of the GFP-positive transfected cells were also
SSEA1-positive (Fig. 4C, lower panels). SSEA1 intensities in

A

O

these cells were quantified (Fig. 4D). These results suggest
that Nanog can rescue ES cell differentiation induced by Klf4
knockdown and that Nanog functions downstream of Klf4.
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To further confirm the correlation of KiIf4 with Nanog in ES
cells, we performed a parallel experiment in which Nanog
expression was knocked down in ES cells overexpressing
human KIf4. Two Nanog shRNAs that target two different
sequence of Nanog gene were used. Real-time RT-PCR analysis
suggested that both shRNAs inhibited Nanog gene expression
by 75—80% (Fig. 4E). Each of these Nanog shRNAs were then
co-transfected with a GFP expression construct into Klf4-ex-
pressing ES cells. Five days after transfection, the ES cells were
fixed, and SSEA1 expression was examined. Both Nanog
shRNAs significantly reduced the SSEA1 signal in the Klf4-ex-
pressing ES cells compared with the control (Fig. 4, F and G).
Because both shRNA gave the same phenotype, the phenotype
could not be due to the off-target effect of sShRNA. This result
suggests that reduction of Nanog blocks the effect of Klf4 over-
expression on preventing ES cell differentiation. Together,
these data further suggest that Klf4 functions upstream of
Nanog in preventing ES cell differentiation and in maintaining
ES cell pluripotency.

DISCUSSION

In this study, we have demonstrated the important roles of
KIf4 in preventing ES cell differentiation and in maintaining ES
cell self-renewal and pluripotency. We also demonstrated that
KlIf4 functions through regulating Nanog gene expression in
preventing ES cell differentiation.

Self-renewal and maintenance of pluripotency in mouse ES
cells requires LIF (25, 26). LIF is a member of the IL6 cytokine
family and is used to maintain ES cell cultures in an undifferen-
tiated state through activation of the Stat3 gene (28, 29). Oct4
and Sox2 have been established as two essential transcription
factors that form a heterodimer that binds to the Nanog pro-
moter to regulate the expression of downstream genes that con-
tribute to the maintenance of self-renewal (30). Oct4 and Sox2,
however, are not direct targets of Stat3 (31), and experiments
showed that Oct4 expression cannot prevent ES cell differenti-
ation in the absence of LIF (4).

Our experiments indicate that KIf4 might be a direct down-
stream target of LIF-Stat3 signaling, as we observed the rapid
response of extracellular LIF signaling in KIf4 expression. This
observation is also confirmed by recent publications that Klf4 is
a direct downstream target of LIF/Stat3 (32—34). When acti-
vated by Stat3 signaling, KIf4 leads to activation of Sox2 expres-
sion for the maintenance of ES cells (33).

KlIf4 is upstream of Nanog because Klf4 expression alteration
was followed by a corresponding change in Nanog expression.
Klf4 is also able to bind to the Nanog promoter in the proximal
and distal regions thereby regulating the activity of the Nanog

KIf4 Prevents ES Cell Differentiation

promoter. The differentiation of the ES cell induced by Klf4
knockdown is able to rescue by Nanog overexpression, whereas
knockdown of Nanog induces differentiation even in Klf4-ex-
pressing cells. Taken together, KIf4 play an important role in
linking extracellular LIF signaling to the transcription of Nanog
to regulate ES cell pluripotency.

We recently reported that KIf4 forms a protein complex
with Oct4 and Sox2 by direct protein binding (35). In that
report, our sequential ChIP results show that KIf4 may co-
localize or may form a complex with Oct4 and Sox2 to reg-
ulate Nanog gene expression. KIf4 may help regulate Nanog
expression through action on Oct4 and Sox2. Because LIF
activates Klf4 expression rapidly, Oct4d and Sox2 may be
recruited or assembled to form a complex with KIf4 that co-
localizes on the Nanog promoter to regulate downstream
stemness gene expression in the presence of LIF. When LIF is
removed, Klf4 levels rapidly decrease, the Oct4-Sox2 het-
erodimer may not bind to the Nanog promoter without
assembly factor KIf4, and it may cause Nanog down-regula-
tion. In an alternate explanation, KIf4 may act as an enhancer
of the effect of Oct4 and Sox2 on the Nanog promoter. In the
absence of KIf4, Oct4 and Sox 2 can still bind to the Nanog
promoter to regulate Nanog expression, though the effect is
insufficient for maintaining pluripotency.

Oct4, Sox2, and Nanog have been identified as central
regulators in the transcriptional hierarchy specifying ES cell
identity (10, 36). These factors act in ES cell regulatory cir-
cuitry and display a high degree of autoregulation, feed-for-
ward regulation, and overall interconnectivity (10, 37, 38).
Whereas previous studies showed that Klf4 also displays
autoregulatory loops, KIf4 appears to be exempt from the
circuitry dictating the behavior of other central transcrip-
tion factors (39). KIf4 serves as a master regulator for ES cell
core transcription factors by occupying numerous promot-
ers regulating expansive feed-forward loops that include
Oct4, Sox2, Nanog, and other common downstream targets.
Our results in this and previous reports strongly support this
reasoning based on the following three observations. First,
Klf4 is much more sensitive to extracellular signaling than
are Oct4, Sox2, and Nanog. Second, KlIf4 is required for
maintaining pluripotency, and overexpression of KIf4 main-
tains an undifferentiated state independent of LIF. Third,
KIf4 interacts with Oct4 and Sox2 to form a complex that
binds to the Nanog promoter and positively regulates Nanog
expression. Furthermore, no binding sites for Oct4, Sox2,
and Nanog are found in the KIf4 promoter region. From this,
Klf4 seems exempt from ES cell regulatory circuitry but also

FIGURE 4. KIf4 functions upstream of Nanog to prevent ES cell differentiation. A, expression of KIf4 activates the Py,,.4-luciferase reporter in a dose-de-
pendent manner. B, ChIP analysis indicates that KIf4 binds to both the proximal and distal regions of the Nanog promoter. The location of primers (C) Nanog
expression inhibited ES cell differentiation induced by KIf4 shRNA expression. Upper panel, SSEA1 staining was strongly reduced in ES cells infected with shKIf4
and then transfected with control vector. GFP (control vector)-positive cells are not SSEAT1-positive. Lower panel, SSEA1 staining increased significantly in KIf4
shRNA-expressing ES cells transfected with a Nanog expression construct. GFP-positive (Nanog-expressing) cells are also SSEA1-positive. Scale bar: 50 um.
D, quantitative analysis of IOD of SSEA1 staining shown in C. Data are presented as the mean = S.D. of triplicates. E, Nanog shRNA1 and shRNA2 inhibit Nanog
expression by 74 and 80%, respectively. Expression of Nanog was determined by real-time RT-PCR. Data are presented as the mean *+ S.D. of triplicates.
F,Nanog shRNA expression induces differentiation in KIf4-expressing ES cells. ANanog shRNA expression construct or a control vector was co-transfected with
a GFP construct into KIf4-expressing ES cells. SSEA1 staining was performed 4 days after transfection. shNanog-positive cells (middle and lower panels) were
SSEA1-negative, whereas control cells (upper panel) were SSEA1-positive. Scale bar: 50 um. G, quantitation of SSEA1 staining shown in F. Data are presented as
the mean = S.D. of triplicates.
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plays an important role in ES cell self-renewal and pluripo-
tency through recruiting ES cell regulatory factors respond-
ing to extracellular signals.

A previous study by Jiang et al. (40) shows that members of
the KIf family (KIf2, KIf4, and KIf5) exhibit a great degree of
redundancy and that individual Klfs are therefore not necessary
for ES self-renewal. Our results indicate that knockdown of K1f4
alone is enough to induce ES cell differentiation. Discrepancy in
RNAi may explain the difference. Through lentiviral infection
methods, KIf4 shRNA is stably expressed, resulting in a lasting
knockdown of KIf4 function. Insufficient or short term window
of KlIf4 knockdown may be compensated by KIf2 and KIf5. If
KlIf4 is sufficiently knocked down, the redundancy effects of
KIf2 and KIf5 may be insufficient to maintain ES cell identity. In
fact, although KIf5 has been reported to be required for ES cell
growth in the inner cell mass of early embryos, KIf5 cannot
prevent ES cell differentiation with extended culture, and ES
cells still maintain a typical morphology and Nanog expression
when KIf5 is disrupted (41).

Despite the fact that KIf2 and KIf5 share 46 and 24% similar-
ity with Klf4, respectively, and although all of them are
expressed in ES cells and are down-regulated during ES cell
differentiation (42), their regulation behavior on the ES cell is
different. For example, KIf4 is a direct LIF/Stat3 downstream
target but KIf5 responds to LIF in a Stat3-independent pattern
and KIf2 does not respond to LIF (33). Unlike KIf4 regulating
cell self-renewal and pluripotency by acting on Nanog, Klf5
functions for ES cell maintenance through suppression of
expression of genes related to differentiation. KIf2 and Klf4 can
activate the Leftyl promoter to regulate ES cell identity but KIf5
has no such activity (43). This dissimilarity helps to illustrate
the varying roles of independent Klfs and the unique character-
istics within the family. Different Klfs may exhibit some level of
redundancy and cooperation, but regarding specific cell-regu-
latory functions, each KIf member may have a discrete role. Put
simply, the role of KIf4 on ES cell self-renewal and pluripotency
is essential and may not be replaced by another member of the
KIf family under natural conditions.

In summary, this study has elucidated the role of KIf4 in ES
cell identity, reinforcing and aiding in the confirmation of its
importance in the maintenance of pluripotency as well as self-
renewal. KIf4 may carry out this function by acting as a fast
responding mediator to LIF-Stat3 signal changes, eventually
affecting the expression of Nanog, which is well established as a
key factor in maintenance of ES cell stemness.
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