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p53 tumor-suppressor gene is a master transcription factor which controls cell cycle progression and apoptosis. killin
was discovered as one of the p53 target genes implicated in S-phase control coupled to cell death. Due to its extreme
proximity to pten tumor-suppressor gene on human chromosome 10, changes in epigenetic modification of killin have
also been linked to Cowden syndrome as well as other human cancers. Previous studies revealed that Killin is a high-
affinity DNA-binding protein with preference to single-stranded DNA, and it inhibits DNA synthesis in vitro and in vivo.
Here, co-localization studies of RFP-Killin with either GFP-PCNA or endogenous single-stranded DNA binding protein
RPA during S-phase show that Killin always adopts a mutually exclusive punctuated nuclear expression pattern with the
2 accessory proteins in DNA replication. In contrast, when cells are not in S-phase, RFP-Killin largely congregates in the
nucleolus where rRNA transcription normally occurs. Both of these cell cycle specific localization patterns of RFP-Killin
are stable under high salt condition, consistent with Killin being tightly associated with nucleic acids within cell nuclei.
Together, these cell biological results provide a molecular basis for Killin in competitively inhibiting the formation of
DNA replication forks during S-phase, as well as potentially negatively regulate RNA synthesis during other cell cycle
phases.

Introduction

p53 is the most frequently mutated, disrupted, and/or alleli-
cally lost tumor suppressor gene.1-3 The loss of p53 function in
50–70% of carcinomas and 50% of all human tumors is a key
initiating or tumor-promoting event.4,5 In response to genotoxic
stress, p53 is stabilized and translocated to the nucleus where p53
transactivates target genes responsible for mediating p53-depen-
dent responses. These genes include those that induce cell cycle
arrest, DNA repair, senescence, anti-angiogenesis, and apopto-
sis.6-9 Activation of cell cycle arrest by p53 results predominantly
from the induction of p21WAF1 that mediates G1-S checkpoint
arrest and through GADD45 and 14–3–3 proteins for G2-M
checkpoint control.10-13

Studies over the last decade have implicated p53-dependent
apoptosis as being critical for suppression of tumorigenesis.4

Many p53 target genes play direct roles in p53-dependent apo-
ptosis including the death receptor, Fas; the pro-apoptotic Bcl¡2
family members, Bax, Noxa, and Puma; proteins important for
p53 hyper-activation, p53AIP1 and p53DINP1; the zinc-finger
protein, PAG608; the KH-RNA binding domain containing

protein, MCG10; PIG3, Pidd, p53RDL1, mRTVP-1, mtCLIC/
CLIC4, PAC1, and NDRG1.8,14-17 In fact majority of these
genes were discovered by Differential Display technology that we
pioneered, yet the complete network of genes responsible for
mediating p53-dependent apoptosis remains unclear.

Using comprehensive Fluorescent Differential Display (FDD)
screening strategy, we had found a number of new p53 target
genes, including a novel gene that we dubbed killin.14-17 killin is
encoded by a single exon located on human chromosome 10
within 140 bp from another major tumor suppressor gene,
pTEN.17 The 140 bp intergenic region contains a divergent pro-
moter which drives the p53-dependent expression of killin and
largely constitutive expression of pTEN.17 Epigenetic modifica-
tions of killin have also been linked to Cowden syndrome as well
as other human cancers.18,30-33

Genetic screen and biochemical analysis demonstrate that
Killin is a high-affinity DNA-binding protein, which potently
inhibits DNA synthesis in vitro and triggers S-phase arrest prior
to apoptosis in vivo.17 Based on the preference of Killin to bind
single-stranded DNA (ssDNA) and mutually exclusive nuclear
localization patterns of RFP-Killin and newly formed replication
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forks marked by BrdU labeling, we hypothesized that Killin may
inhibit DNA synthesis by competitively inhibiting single-
stranded DNA binding protein RPA and PCNA loading to the
nascent replication forks.17

In this study, we set out to test this hypothesis by co-localiza-
tion studies of RFP-Killin with either GFP-PCNA or

endogenous RPA during S-phase. We
show that indeed as expected, Killin
always adopts a mutually exclusive
punctuated nuclear expression pattern
with the 2 important accessory proteins
in DNA replication.19–23 Furthermore,
we also notice that in non-S-phase cells,
RFP-Killin congregates in the nucleolus
where rRNA transcription is known to
be most active.24 We provide evidence
that throughout the cell cycle, RFP-
Killin is tightly associated with the
nucleic acids. Together, these results
provide a molecular basis for Killin in
S-phase arrest, as well as potential nega-
tive regulation of RNA synthesis during
other cell cycle phases of the cell.

Results

Effect of RFP-Killin on RPA
binding to ssDNA during DNA
replication

Strong genetic and biochemical evi-
dence presented in our previous studies
supports that Killin functions directly as
a potent inhibitor of DNA replication,
likely through its ability to bind
ssDNA.17 The most direct evidence for
Killin-mediated S-phase arrest in vivo
comes from the visualization of rare cell
nuclei with RFP-Killin transiently
expressed in CosE5 cells during S-phase,
with active DNA replication forks
labeled with BrdU.17 CosE5 is a clon-
ally purified COS1 cells with a flatter
and more uniformed size opted for cell
imaging. The mutually exclusive pat-
terns of DNA replication foci labeled by
BrdU with RFP-Killin foci strongly sup-
port that Killin inhibits DNA replica-
tion during the S-phase. Given the fact
that the Kd of Killin to ssDNA template
is very similar to that of RPA,17,21 both
of which are in the sub mM range, it is
possible that Killin could interfere with
DNA replication by competitively
inhibit RPA binding to ssDNA tem-
plates during the onset of DNA replica-

tion. To this end, we conducted confocal fluorescent microscopy
by looking at the precise RFP-Killin expression pattern in rela-
tionship with DNA replication foci marked by immunofluores-
cent staining of endogenous RPA. RFP-Killin expression vector
was transiently transfected into exponentially growing Cos-E5
cells and the expression pattern of RFP-Killin (in Red) in S-phase

Figure 1. RFP-Killin and DNA replication accessory proteins exhibit mutually exclusive nuclear expres-
sion pattern during S-phase. (A) S-phase co-localization of RFP-Killin with RPA. The RFP-Killin in-frame
fusion protein or RFP control expression vectors were transiently transfected into Cos-E5 cells.
Twenty-four hours after the transfection, S phase cells undergoing DNA replication were visualized by
punctate staining with anti-RPA70, followed by secondary Alexa Flour488 goat anti-Rabbit IgG (green).
Representative images of the co-localization of RPA and RFP-Killin in the nucleus viewed by confocal
microscopy. The two proteins showed a mutually exclusive pattern (merge), in contrast to RPA vs RFP
control. The scale bar was at 4.93 mm. (B) S-phase co-localization of RFP-Killin with GFP-PCNA. The
RFP-Killin or RFP expression vectors were transiently co-transfected with GFP-PCNA into Cos-E5 cells.
The S-phase cells undergoing DNA replication as marked by punctate nuclear GFP-PCNA staining
were visualized by confocal microscopy. Representative images of the co-localization of GFP-PCNA
and RFP-Killin in the nucleus showed a mutually exclusive pattern (merge), in contrast to RFP control.
The scale bar was at 4.09 mm.
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nuclei marked by RPA antibody (in Green) was visualized
24 hours later by confocal fluorescent microscopy. Consistent
with our previous observation with BrdU labeling of DNA repli-
cation forks, punctate nuclear signals of RFP-Killin and RPA
always showed mutually exclusive patterns (Fig. 1A)

Effect of RFP-Killin on PCNA loading to DNA
replication forks

As DNA replication associated proteins, both PCNA and
RPA have been shown a high degree of co-location pattern
throughout the S-phase.23,25-27 To complement the analysis of
the nuclear co-localization of Killin and RPA during S phase
described above, expression vectors encoding GFP-PCNA and
RFP-Killin were transiently co-transfected into exponentially
growing Cos-E5 cells. Twenty-four hours following the transfec-
tion, confocal fluorescent microscopy revealed that, like RPA,
PCNA also exhibited a mutually exclusive nuclear localization
pattern with RFP-Killin (Fig. 1B). As key accessory proteins
involved in DNA replication, RPA and PCNA bind to replica-
tion forks at the onset of S-phase as highly overlapping punctate
nuclear foci of DNA replication forks, which was confirmed here
by double-labeling with GFP-PCNA (in Green) and endogenous
RPA visualized using red fluorescent-labeled secondary antibody
(Fig. 2). It should be noted that some discrete faint nuclear RPA
signals were also observed in non-S phase cells marked by diffu-
sive nuclear localization pattern of GFP-PCNA (Fig. 2). Some of
these loci could be related to DNA repairs reported previously.28

RFP-Killin is tightly associated with DNA throughout
the cell cycle

Although RFP-Killin has now been shown to exhibit punctate
and mutually exclusive nuclear localization pattern with BrdU,
RPA and PCNA, one would argue that RFP-Killin may have
nothing to do with DNA synthesis unless RFP-Killin is really
associated with DNA in vivo. To this end, we conducted the salt
extraction which has been shown to disrupt GFP-PCNA signal
in non-S phase nuclei, while GFP-PCNA signal associated with
DNA replication forks during S phase remained unperturbed.29

When Cos-E5 cells double transfected with GFP-PCNA and
RFP control were treated with 300 mM NaCl, we noticed that
none of the S-phase cells marked by punctate nuclear GFP-
PCNA foci (replication forks) had any RFP signal compared to
untreated cells shown in Fig. 1B (Fig. 3). In contrast, when Cos-
E5 cells double transfected with GFP-PCNA and RFP-Killin
were treated with 300 mM NaCl, we saw mutually exclusive
localization pattern of S phase nuclei of both signals (Fig. 3).
These results support that unlike RFP protein alone, RFP-Killin
is likely associated with DNA, much like GFP-PCNA localized
in DNA replication forks during S phase.

RFP-Killin is localized in cell nucleoli in non-S phase cells
Although we have been largely focusing on Killin in S phase

and its role as an inhibitor of DNA synthesis, we have also
noticed a peculiar localization pattern of RFP-Killin in non-S
phase cells. Marked by diffusive GFP-PCNA nuclear localization
pattern, we saw RFP-Killin signal congregated in the nucleoli of

the non-S phase cells doubly transfected with both expression
vectors, while RFP control was randomly distributed through-
out the cells (Fig. 4A). Upon salt extraction, the diffusive GFP-
PCNA signals from these non-S phase cells disappeared, in con-
trast to that bound to DNA replication forks during S phase
(Fig. 3), while RFP-Killin signals in the nucleoli remained intact
(Fig. 4B). As a negative control, cells transfected with RFP
expression vector completely lost the RFP signal upon salt extrac-
tion, no matter what cell cycle phases they were in (Fig. 5A). Sta-
tistical tabulations of multiple fluorescently labeled Cos-E5 cells
transfected with RFP, GFP-PCNA, RFP-Killin, respectively
before and after salt extraction, indicated that RFP-Killin was
always tightly associated with nuclei acids throughout the cell
cycle, GFP-PCNA showed S phase-specific DNA binding, while
RFP alone was never associated with nucleic acids (Fig. 5B). The
average ratio of the number of fluorescent cells over that of total
cells evaluated for RFP transfected cells was 10% before salt

Figure 2. Co-localization of GFP-PCNA with endogenous RPA during S-
phase. The GFP-PCNA expression vectors were transiently transfected
into Cos-E5 cells. Twenty-four hours after transfection, cells were
immune-stained with anti-RPA70 and visualized with Alexa Flour594
Goat Anti-Rabbit IgG (red) and GFP-PCNA (green) by confocal fluorescent
microscopy. Co-localization of the 2 proteins (merge) showed largely
overlapping signals as yellow colored replication foci. The scale bar was
at 4.09 mm.

Figure 3. GFP-Killin is tightly associated with DNA during S-phase. The
RFP-Killin or RFP expression vectors were transiently co-transfected with
GFP-PCNA into Cos-E5 cells. Twenty-four hours after transfection, the
cells were treated with 300 mM NaCl (in situ salt extractions) to remove
proteins that were not bound to DNA. Images were acquired in confocal
fluorescent microscopy. GFP-PCNA and RFP-Killin showed a mutually
exclusive localization pattern of S phase nuclei (merge) that were salt sta-
ble, whereas RFP were completely removed by salt extraction. The scale
bar was at 4.08 mm.
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treatment, and none afterwards. In contrast, GFP-PCNA trans-
fected cells had the ratio of 5% and 0.6% without and with salt
extraction, respectively; whereas RFP-Killin transfected cells had
similar number of fluorescent labeled cells whether they were
treated with salt or not.

Discussion

The elucidation of the entire network of p53 transcriptionally
regulated target genes is of great importance for the understand-
ing of the complexities underlying p53-dependent tumor sup-
pression. Through a nonbiased and systematic screen conducted

using saturation fluorescent differential
display technology, we identified Killin
as a p53 target gene involved in p53-
mediated S-phase arrest coupled to cell
apoptosis. Strong genetic, biochemical
and cell biological evidence support
that Killin functions directly as a potent
inhibitor of DNA replication.17 The
duplication of the genome is mediated
by a dynamic protein complex called
the replisome.34,35 DNA replication
starts at the origins of replication where
helicase as part of replisome unwinds
the DNA duplex, and the resulting sin-
gle-stranded DNA is stabilized through
binding of multiple copies of the heter-
otrimeric single-strand binding protein
RPA. Thereafter, a cascade of events
occur, including the loading of the
ring-shaped replication factor PCNA
that ensure processivity of DNA repli-
cation. Both RFP-labeled RPA and
GFP-PCNA have been previously co-
localized with active replication foci
(containing multiple replication forks)
visualized by BrdU labeling,22,29 as
well as their largely co-localization pat-
tern in S-phase nuclei shown in this
study.

To gain more insight into the
molecular mechanism by which Killin
inhibits DNA replication, we extended
our previous finding with BrdU label-
ing by co-localization studies of RFP-
Killin with endogenous RPA and GFP-
PCNA. As expected, we show that
when exponentially growing Cos-E5
cells where transiently transfected with
RFP-Killin, rare S-phase nuclei that
exhibit both RFP-Killin (in red fluores-
cence) and either of the important
accessory proteins for DNA replication
(in green fluorescence) adopt a mutu-

ally exclusive punctuate nuclear expression pattern. It should be
noted that although several Killin antibodies have been made17

and some of them are commercially available, none of them
seemed to be able to detect the native Killin protein specifically
in vivo (data not shown), thus we have to rely on fluorescent
tagged Killin for this study. To further support that Killin may
competitively inhibit the initiation of DNA replication fork for-
mation by competitively blocking RPA binding to ssDNA, we
show that RFP-Killin not only forms punctate nuclear foci that
never overlap with that of RPA or PCNA, these RFP-Killin foci,
like S-phase foci marked by GFP-PCNA, are also stable under
salt extraction, in contrast to RFP control which is completely
removed by 0.3 M NaCl treatment. This important finding

Figure 4. RFP-Killin is localized in cell nucleoli in non-Sphase cells. (A) The RFP-Killin or RFP expression
vectors were transiently co-transfected with GFP-PCNA into Cos-E5 cells for 24 h. Non-S-phase cells
marked by diffusive GFP-PCNA nuclear staining were visualized via confocal fluorescent microscopy.
Note that RFP-Killin resided in the nucleoli. The scale bar was at 4.09 mm. (B) The RFP-Killin and GFP-
PCNA expression vectors were transiently co-transfected into Cos-E5 cells and, treated with 300 mM
NaCl (in situ salt extractions) prior to immunostaining. Representative images of RFP-Killin in the nucle-
oli were acquired by confocal fluorescent microscopy. Note that none of RFP-Killin positive nucleoli
showed any GFP-PCNA signals. The scale bar was at 2.16 mm.
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indicates that RFP-Killin not only
resides in the nucleus, but also is tightly
associated with DNA. Conceivably,
when RFP-Killin is expressed in the cells
that happen to be in S-phase, RFP-
Killin would compete against RPA for
binding to nascent single-stranded
DNA segments, and thus prevent subse-
quent PCNA loading. Replication forks
that are already formed prior to tran-
sient expression of RFP-Killin do not
appear to be affected, thereby creating a
unique mosaic, non-overlapping Red/
Green fluorescence pattern. This result
is also consistent with our earlier studies
showing that the N-terminus of Killin is
responsible for DNA binding.17 The
tight binding of Killin to nascent DNA
replication forks is likely to prevent
DNA synthesis machinery from access-
ing or moving along the template, thus
leading to inhibition of DNA synthesis
and S phase arrest. The high affinity of
Killin to both double- and ssDNA in
vitro can now also be reconciled with
the beads-on-string distribution pattern
of RFP-Killin bound to DNA in S-
phase nuclei in vivo. In the contest of
Cowden syndrome, a familial cancer
syndrome linked to abnormality in both
pTEN and killin expression,18,30-33 it is
conceivable that the loss of killin expres-
sion due to hyper methylation in the
promoter region would partially impact
DNA damage responses via p53 path-
way, thus increasing the susceptibility to
cancer. The inability for p53 to induce
killin expression would fail to arrest a
damage genome entering S-phase due to
lack of Killin which would otherwise
compete against RPA and loading of
PCNA in replication forks. Since pTEN
functions as negative regulator of AKT while Killin in p53-medi-
ated S-phase arrest, the extreme close proximity of the 2 genes
share by a divergent promoter makes pTEN/killin locus a potent
tumor-suppressor dual, and the loss of function in either gene
seems to predispose one to increased risk of cancer, as seen in
patients with Cowden syndrome.18,30-33

Another interesting finding of our study is the revelation that
in non-S-phase cells marked by diffusive expression of GFP-
PCNA,22,29 we notice RFP-Killin signals congregate in nucleo-
lus. When these cells were treated with salt extraction prior to
fluorescence microscopy, we show that GFP-PCNA signals, in
contrast to those being at S-phase described above, are completely
lost, whereas RFP-Killin signals remain in the nucleoli of the
cells. This surprising finding seems to suggest that when cells are

not in S-phase, RFP-Killin may bind to highly abundant rRNA
transcription sites in the nucleoli where it may negatively regulate
RNA synthesis. Thus Killin may function in multiple cell cycle
phases, which is consistent with the static cell cycle profiles fol-
lowing RFP-Killin induction and termination of cell growth pre-
viously described.17 Future mechanistic studies will shed light on
the role of Killin in RNA synthesis.

Materials and Methods

Cell culture, cell transfection and plasmid
CosE5, derived from clonally purified COS1 cells with a flat-

ter and more uniformed size opted for cell imaging, were

Figure 5. RFP-Killin is tightly associated with DNA throughout the cell cycle. (A) Cos-E5 cells were
transfected with RFP or GFP-PCNA and RFP-Killin expression vectors. Changes in the number of fluo-
rescent positive cells without or with 300 mM NaCl extraction were visualized by fluorescence micros-
copy (X20). The scale bar was at 0.3 cm. (B) Quantification of fluorescence positive cells before and
after salt extraction.
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obtained from GenHunter (Nashville, TN, USA). CosE5 were
maintained in Dulbecco’s Modified Eagles Medium (DMEM)
with 10% fetal bovine serum (Hyclone) and 1% penicillin-strep-
tomycin (Invitrogen) at 378C with 10% CO2. CosE5 cells,
plated on glass coverslips, were transiently transfected for
24 hours with GFP-PCNA and either RFP or RFP-Killin using
FuGENE-6 (Promega, USA). The GFP-PCNA expression plas-
mid was a gift from Dr Cristina Cardoso. RFP-Killin expression
plasmid was previously described.17 The RFP expression plasmid
pDs-Red was obtained from Clonteh.

Antibodies
RPA70 Rabbit polyclonal antibody (Cell Signaling, USA) was

used at 1:100 dilution for immune-histochemistry (IHC). Sec-
ondary antibodies Alexa Flour488 Goat Anti-Rabbit IgG (HCL)
and Alexa Fluor� 594 Goat Anti-Rabbit IgG (HCL) were from
Life Technologies (USA) and used at 1:100 dilution for IHC.

Immunofluorescence analysis
Exponentially growing CosE5 cells were transiently trans-

fected on coverslips. After 24 hours, cells were fixed with 4%
PFA for 15 min at room temperature and subsequently permea-
bilized with 0.5% Triton X-100 for 15 min. After blocking with
3% BSA in PBS, cells were incubated with anti-RPA70 overnight
at 4�C. After washing with PBS, the secondary antibody Alexa
Flour488 Goat Anti-Rabbit IgG (HCL) or Alexa Flour594 Goat
Anti-Rabbit IgG (HCL) was added for 1 h at room temperature.
Nuclei were stained by DAPI (Bi, Yun Tian, China) for 15 min.
After mounting, the slides were visualized by digital images cap-
tured with a Leica TCS SP5 II confocal microscope. Selected
images were analyzed by Adobe Photoshop CS6.

In situ salt extractions
Salt extractions of non-DNA bound proteins in vivo were per-

formed essentially as previously desribed.29 Briefly, RFP or RFP-
Killin were transiently co-transfected and with GFP-PCNA into
Cos-E5 cells for 24 h. Cells grown were then permeabilized for

about 30 seconds with ice-cold CSK buffer (50 mM NaCl,
250 mM sucrose, 2 mM MgCl2, 2 mM EGTA, 10 mM PIPES,
pH 6.8) containing 0.1% Triton-X 100. Thereafter, the cells
were further extracted for 1 min with ice-cold phosphate buffer
containing 300 mM of NaCl. Then cells were then fixed with
4% PFA for 15 min at room temperature, and subsequently per-
meabilized with 0.5% Triton X-100 for 15 min. After washing
with PBS, cell nuclei were stained with DAPI. Fluorescent
microscopy was performed with either a Leica TCS SP5 II confo-
cal microscope or a Leica DM2500 Fluorescent microscope.
Selected digital images were analyzed by Adobe Photoshop CS6.

Statistical analysis
The number of fluorescent cells vs total cell numbers viewed

(> 100) in at least 2 fields from each experiment were calculated.
The values in percentage (fluorescent cells/total cells) were shown
as mean values § SD (shown as error bars). Statistical analysis
and comparisons were performed using 2-tailed, unpaired
Student t tests.
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