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ABSTRACT

We found that UP1, a proteolytic product of hetero-
geneous nuclear ribonucleoprotein A1 (hnRNP A1),
both enhances and represses the telomerase activ-
ity. The formation of the UP1-telomerase RNA-
telomeric DNA ternary complex was revealed by a
gel retardation experiment. The interactions in the
ternary and binary complexes were elucidated by
NMR. UP1 has two nucleic acid-binding domains,
BD1 and BDZ2. In the UP1-telomerase RNA binary
complex, both BD1 and BD2 interact with telome-
rase RNA. Interestingly, when telomeric DNA was
added to the binary complex, telomeric DNA
bound to BD1 in place of telomerase RNA. Thus,
BD1 basically binds to telomeric DNA, while BD2
mainly binds to telomerase RNA, which resulted in
the formation of the ternary complex. Here, UP1
bridges telomerase and telomeric DNA. It is sup-
posed that UP1/hnRNP A1 serves to recruit telome-
rase to telomeric DNA through the formation of the
ternary complex. A model has been proposed for
how hnRNP A1/UP1 contributes to enhancement of
the telomerase activity through recruitment and
unfolding of the quadruplex of telomeric DNA.

INTRODUCTION

Highly repetitive sequences called telomeres exist at the
ends of eukaryotic chromosomes. Human telomeric

DNA is 5- to 8-kb long and composed of repeats of the
d(TTAGGG) sequence. with a 3'-single-stranded overhang
of ~200nt (1,2). Telomeres are associated with a specific
et of proteins that serve (o protect chromosome ends from
i‘usion and degradation (3-3). In mammals. TRF2 binds to
double-stranded telomeric DNA and protects the telomere
ends (6). Another protein. POTI, is thought to modulate
telomere elongation (7-9). The T-loop structure, in which
the overhang loops back and invades the duplex telomeric
DNA. can also protect chromosome ends (10).

The telomeres of most somatic cells become shorter on
replication; whereas, those of germ cells and cancer cells
maintain their lengths through elongation by telomerase,
which is active in these cells (11). Telomerase is composed
of reverse transcriptase (TERT) and telomerase RNA.
which is used as a template for reverse transcription. It
is unknown how telomerase is recruited to telomeres. Tel-
omerase requires an accessible 3'-overhang for the elonga-
tion. DNA rich in guanosine residues tends to form a
quadruplex with guanine-tetrad planes as core structures
(12). Telomeric DNA is rich in guanosine residues and
thus its quadruplex structure is supposed to play certain
roles in the regulation of telomere length. In particular,
the finding that telomerase activity is inhibited on forma-
tion of the quadruplex (13-15) has attracted attention in
terms of the development of novel anticancer drugs.

Heterogeneous nuclear ribonucleoprotein Al (hnRNP
Al) is one of the most abundant nuclear proteins and
involved in a variety of processes such as alternative
splicing and mRNA transport (16-20). HnRNP Al is
composed of 320 residues. UP! is a proteolytic product
of hnRNP AT and encompasses the N-terminal two-thirds
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of hnRNP Al, being composed of 196 residues. HnRNP
Al and UPI possess two ribonucleoprotein (RNP)-type
DNA/RNA-binding domains (BD1: K15-A89 and BD2:
K106-A180). It has been shown that a deficiency of
hnRNP Al expression in a mouse erythroleukemic cell
line is associated with short telomeres and that restoring
hnRNP A1 expression increases the length of telomeres.
Telomere elongation was also observed upon the introduc-
tion of exogenous UP! (21). It was found that RNAi-
induced reduction in hnRNP Al1/A2 in Hela cells was
associated with a change in the distribution of the length
of G-tails (22). Then. it was reported that hnRNP Al
stimulates telomerase activity. The association of
hnRNP Al with telomeres in vivo was also reported
(23). A mechanism by which hnRNP A1/UP1 stimulates
telomerase activity and modulates telomere length bas
been proposed. We demonstrated that UPI1 can unfold
the quadruplex .structure of telomeric DNA into a
single-stranded structure (24), which was later supported
by another group (25). Here, UPl may either directly
untold the quadruplex into the single-stranded structure
or indirectly shift the equilibrium to the single-stranded
structure through binding and stabilization of the single-
stranded structure. We also revealed that DNA synthesis
is arrested at the G-rich region of the synthetic template in
a specific DNA polymerase stop assay due to the forma-
tion of the quadruplex and that UP1 can abrogate the
arrest through unfolding of the quadruplex (24). Through
the analogy, this finding led us to propose that hnRNP
A1/UPI facilitate telomerase activity through unfolding of
the quadruplex of the overhang, which results in the pro-
vision of an accessible overhang (24). A similar role and
mechanism in telomere maintenance were proposed for
another related protein, hnRNP D, on the basis of its
structure and ability to unfold the quadruplex (26).
Later, a related idea was proposed by another group (23).

Another mechanism was also proposed. Tt was found
that hnRNP Al may interact simultaneously with telo-
merase RNA and telomeric DNA. It was suggested that
hnRNP Al may help recruit telomerase to the ends of
chromosomes through the simultaneous interaction,
resulting in the enhancement of the telomerase activity
(27). Stimulated by this proposal, we started the present
study. First, we found that UPl both enhances and
represses the synthesis of telomeric DNA, depending on
the length of newly synthesized telomeric DNA. The for-
mation of the UPl-telomerase RNA-telomeric DNA
ternary complex was revealed by a gel retardation experi-
ment. Then, the interactions in the binary and ternary
complexes were elucidated for the first time at the residue
level by NMR. On the basis of the elucidated interactions,
a model accounting for the enhancement and repression of
the telomerase activity by UP1 was constructed.

MATERIALS AND METHODS
Preparation of UP1

The expression plasmid pGEX-6P-2 was described previ-
ously (24). Escherichia coli, BL2ZI{DE3), was transformed
with this plasmid. The cells were grown in LB medium and
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GST-UPI fusion protein was expressed. For the preparation
of 13C, "*N-labelled UPI, the LB medium was 1ep1aced by
M9 minimal medium containing '*NH4C! and '*C-glucose.
GST-UPL was purified with a glutathione Sepharose FF
column (GE Healthcare, Buckinghamshire, England).
Release of UPl1 from GST-UPI was performed with
PreScission Prolease (GE Healthcare). UPl was further
purified with a Q Sepharose FF column (GE Healthcare).

Assaying of the telomerase activity

A telomerase extract was prepared from HeLa cells in lysis
buffer (11). The presence of either hnRNP Al or hnRNP
D was monitored by western blotting. Telomerase activity
was examined by means of a modified TRAP method (28)
with TeloChaser (Toyobo, Osaka, Japan). Products were
run on a 10% polyacrylamide gel, stained with SYBER
Green II, and detected with a FLA 5000 (Fuji Film.
Tokyo, Japan). The intensities of bands were quantified
with Tmage J.

Gel retardation experiments

Cy5-labelled 15-mer telomerase RNA, 1(UGAGAAGGGC
GUAGG), was incubated with various amounts of UP1 at
4°C for 30min in a 20 i solution comprising 10 mM Tris
(pH 7.5), 50mM NaCl, ImM EDTA, 5% glycerol and
2ug BSA. Competitor tRNA was also added in some
case. For the examination of the formation of the ternary
complex, 12-mer telomeric DNA, d(GTCTTAGGGCAG),
was added to the solution of the UPIl:15-mer telomerase
RNA binary complex. DNA possessing one telomeric
repeat in the middle of a non-telomeric sequence was
used, because DNA with multiple telomeric repeats
sometimes could form the artificial aggregate caused by
intra- and intermolecular interactions through multiple
interactive sites. The mixtures were run on a 10% polyacryl-
amide gel, with detection with a FLA2000 (Fuji Film).

NMR spectroscopy

UPI was dissolved in a solution comprising 20 mM Na-
phosphate buffer (pH 6.5), either 0 or 150 mM NaCl,
2.7mM “H-DTT, 1mM protease inhibitors, Pefabloc
SC(AEBSF) (Roche Applied Science, Mannheim,
Germany) and 5% “H,O. The UPI concentrations were
0.5-1.0mM for the structural analysis and 0.2 mM for the
titration. NMR spectra were recorded with Bruker
(Rheinstetten, Germany) DRX600 and DRXS800 spectro-
meters equipped with a cryopxobe The following NMR

spectra were obtained to assign resonances: HSQC. "*N- .

edited NOESY-HSQC, " C edited NOESY-HSQC,
HNCA, HN(CO)CA, HNCO., HN(CA)CO, HNCACB,
CBCA (CO)NH, C(CO)NH and H(CCO)NH. For the
titration experiments as to the formation of binary com-
plexes, a concentrated solution of either 15-mer telomer-
ase RNA or 12-mer telomeric DNA was added step by
step to the UPI solution. For the titration experiment as
to the formation of the ternary complex, a concentrated
solution of 12-mer telomeric DNA was added step by step
to the solution of UP1-telomerase RNA binary complex.
An equimolar amount of telomeric DNA to telomerase
RNA was added at the-end of the titration. Spectra were
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processed and analyzed with XWIN-NMR (Bruker).
NMRPipe (29). Capp.Pipp:Stapp (30). Sparky (31)
and Kujira (32). Combined chemical shift perturbation
as to HY and N was defined and calculated as

[(ASx1™600)° + (ASN*6072)°]7*

where Adywn and Ady are the chemical shift perturbations
for HY and N resonances. respectively.

RESULTS
Effect of UP1 on the telomerase activity

The effect of UPI on the telomerase activity was exam-
ined. Before the examination. it was revealed on western
blotting that hnRNP Al and haRNP D were almost com-
pletely depleted in the course of the preparation of the
telomerase extract from HeLa cells, although the HeLa
cells originally contained these proteins (data not
shown). Tt is supposed that endogenous hnRNP Al and
hnRNP D bound to endogenous DNA/RNA and were
co-precipitated during the preparation, resulting in the
depletion. Then, Figure 1 shows the effect of UPI on the
telomerase activity of the extract prepared from HeLa
cells. as monitored with a modified TRAP method. The
intensities of all bands were summed up for each lane in
Figure 1. The total intensity in each lane was calibrated
with the intensity of the band of the internal control. The
calibrated total intensities in individual lanes were com-
pared. The relative intensities were 1.0. 1.7, 1.3 and 1.0 for
the UPI concentrations of 0 pM, | pM. 2.5uM and 5uM,
respectively. Thus. UP1 increases the total activity of tel-
omerase. The primer used in a modified TRAP method
contains three d(GGGG) sequences and one d(GQG)
sequence (28), and so potentially may form a quadruplex.
When telomeric DNA repeats are added to the primer by
telomerase. the formation of the quadruplex is more
likely. Tt is supposed that the enhancement of the activity
is brought about by UPI through recruitment of telome-
rase to telomeric DNA and also through unfolding of the
quadruplex of telomeric DNA. as discussed later. The
enhancement became the maximum with the UPI concen-
tration of ~1 pM and was counteracted with higher UPI
concentrations. UP1 is denatured and removed from a
system before a PCR step in the procedure with a
TeloChaser. Therefore. it is certain that the affect of
UP! on the TRAP assay is at the level of extension by
telomerase and not PCR amplification.

It should be noted that the intensities of bands corre-
sponding Lo relatively short DNA increase on the addition
of UPI. while those corresponding to relatively long DNA
decrease. For example. when the intensities with I pM
UP!l (lane 3) are compared with those with no UPI
(lane 2). an increase is observed for bands corresponding
to less than ~160 bp. while a decrease is observed for those
corresponding to more than ~160 bp.

Enhancement of the telomerase activity by hnRNP Al
UPI was reported by another group (23). They did not
report that the enhancement becomes maximum at a
certain. hnRNP A1, UP1 concentration and that it is

200 bp -

100bp W

control:
65 bp

50bp w

Figure 1. The effect of UPL on the telomerase activity, as monitored by
the TRAP method. The elongation of telomeric DNA was carried out with
a telomerase extract prepared from HeLa cells with increasing amounts of
UPL. Lane: I markers; 2 5pM. OpM. 1pM, 2.5pM and SuM UPIL

counteracted with higher hnRNP A1;UP1 concentrations.
Thus, our resuits are consistent with their report and pro-
vide a more comprehensive view as to the effect of hnRNP
A1/UPI on the telomerase activity. In fact, it was reported
by other group that binding of hnRNP A1/UPI to single-
stranded telomeric repeats inhibits telomerase extension
{(33). The apparent discrepancy may be rationalized to
some extent by taking inte account the hnRNP Al;UP!
concentrations applied to each experiment.

It was not reported either that the effect of hnRNP Al/
UP1 depends on the length of synthesized telomeric DNA.
because the synthesis of relatively short telomeric DNA
was examined previously (23). The interpretation of our
findings will be discussed later.

Formation of the UP1-telomerase RNA~telomeric DNA
ternary complex revealed by a gel retardation experiment

Tt was shown that UPI specifically binds to telomerase
RNA (27). Analysis with a deletion mutant of telomerase
RNA indicated that binding of UPI is detected to the
S-terminal 71nt of telomerase RNA. while binding is
not detected to the 5'-terminal 56 nt of telomerase RNA
(27). This suggests that residues 56-71 of telomerase RNA
may be the binding site for UPI. We examined if UPI
binds to [5-mer telomerase RNA, r(UGAGA
AGGGCGUAGAQG). corresponding to residues 56-71 of
telomerase RNA through a gel retardation experiment.
Figure 2A shows that UPI binds to the 15-mer. The bind-
ing is rather strong. the dissociation constant being esti-
mated o be between SxI107"M and Sx107"M from
Figure 2A. This is the first demonstration that the
short fragment of telomerase RNA is bound by UPI.
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Figure 2, The formation of the binary and ternary complexes. as
revealed by gel retardation experiments. (A) The binding of UPI to
15-mer telomerase RNA. CyS-labelled 153-mer telomerase RNA was
incubated with increasing amounts of UPL. OpM, 0.05uM, 0.5uM
and | uM for lanes 1-4. The mixtures were run on a polyacrylamide
gel. (B) The binding of UPI to 13-mer telomerase RNA in the presence
of competitor tRNA. Cy5-labelled 15-mer telomerase RNA and UP!
(5uM) were incubated in the presence of an excess amount of compet-
itor tRNA. The weight ratios of tRNA/15-mer were- 200 and 2000 for
lanes 2 and 3. respectively. The 15-mer alone was applied for lane 1.
(C) The formation of the UPl-telomerase RNA-telomeric DNA ter-
nary complex. CyS-labelled [5-mer telomerase RNA was incubated
alone (lane 1) or with UP1 (SuM) (lane 2). Then. 12-mer telomeric
DNA (5puM) was added to the solution of the UPI: 15-mer telomerase
RNA binary complex (lane 3).

The dissociation constant of the UPIl:full-length telome-
rase RNA complex was shown to be between 2.5 x 107’ M
and 5x 107" M (26). Thus, the affinity of UP1 to 15-mer
RNA is comparable to or even higher than that to the full-
length RNA (27). It was shown that the binding of UPI to
full-length telomerase RNA is specific (27). Figure 2B
shows that the addition of a 200-fold excess of tRNA as
a competitor does not disrupt the binding of UP1 to the
15-mer (lane 2). This implies that the binding of UPI to
the 15-mer may also be specific like that to full-length
telomerase RNA. which is expected from rather strong
affinity of UP! to the [5-mer.

When [2-mer DNA containing a telomeric DNA
sequence, A(GTCTTAGGGCGA). was added to the
UPt:15-mer telomerase RNA binary complex, a super-
shift of the band which may correspond to the formation
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of the ternary complex was observed in the gel retardation
experiment (lane 3 in Figure 2C). The results of western
blotting confirmed that the super-shifted band still con-
tains UP1 (data not shown). Therefore, the super shift
strongly suggests the formation of the UPI:15-mer telo-
merase RNA:12-mer telomeric DNA ternary complex.
The formation of the ternary complex was suggested on
the basis of the results of affinity chromatography. in
which longer telomerase RNA and DNA possessing mul-
tiple telomeric repeats were used (27). Our results on gel
retardation are consistent with this idea.

Resonance assignments and the deduced secondary
structure of UP1

The polypeptide produced on the cleavage of GST-UP1
with PreScission Protease is composed of the UPI
(M1-R196) protein and an N-terminal linker peptide
(GPLGSPGIRCSY), totally 208 residues. Sequential
assignments of the main chain HY, N, C*, CPland C
resonances were made for the peptide of 208 residues in
the same way as reported for a related protein, hnRNP D

(26.34,35). Resonance assignments were accomplished for

ca. 90% of the polypeptide. The polypeptide correspond-
ing to the N-terminal half of UP1 was analyzed and the
assignments were reported (36). It was confirmed that our
assignments for the whole UPI are consistent with those
reported for the N-terminal half.

The secondary structure of UP! was deduced on the
basis of the resonance assignments with the chemical
shift index method (37). It was confirmed that the deduced
secondary structure in solution is basically consistent with
the structure found in a crystal (38-40).

Interactions in the UPI-telomerase RNA and
UP1-telomeric DNA binary complexes revealed by NMR

The chemical shift perturbations of the 'H-'SN HSQC
correlation peaks of UPI on the addition of 15-mer telo-
merase RNA were observed until a 1:1 molar ratio (data
not shown). No further chemical shift perturbation was
observed when further 15-mer was added. The increase in
the line width of the correlation peak was moderate. These
results indicate that one telomerase RNA molecule binds
to one UP1 molecule. The chemical shift perturbations of
the UP! correlation peaks on the addition of telomerase
RNA are mapped on the UPl monomer structure of the
dimer observed in a crystal (38—40). Most chemical shift
perturbations are located on the two B-sheets side. and a
few chemical shift perturbations on the back side
(Figure 3A), which indicates that the two B-sheets side is
the binding surface. The binding on the B-sheet side was
observed for other RNP-type binding domains. including
those of a related protein. hnRNP D (26,34.35).

It was suggested that BD2 of hnRNP A1/UPT is respon-
sible for binding to telomerase RNA (26). However, the
chemical shift perturbations were observed not only for
BD2 but also for BD1 of UPI (Figure 3A). This indicates
that both BDs bind to telomerase RNA to form the UP1-
telomerase RNA binary complex under the conditions
used for NMR experiments (Figure 3C).
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Figure 3. Summary of the interactions and the schematic representa-
tions of the binary and ternary complexes. Mapping of chemical shilt
perturbations upon binding of I3-mer telomerase RNA (A) and 12-mer
telomeric DNA (B). respectively. The crystal structure of UPl (PDB
ID: 2upt) is used for nmejng. The residues with combined chemical
shift perturbations as o H™ and N of >75Hz, 75-45Hz and 45-0Hz
are colored red. vellow and black, respectively. and those whose 'H-'"N
correlation peak disappeared are colored blue. The residues whose che-
mical shift perturbations were not unambiguously determined due to
overlupping of peaks are colored gray. Schematic representations of the
UP1 telomerase RNA binary complex (C). the UPI telomeric DNA
binary complex (D). the UP1 telomerase RNA telomeric DNA ternary
complex (E) and the more precise UPI telomerase RNA telomeric
DNA ternary complex (F).

The chemical shift perturbations mainly on the two
B-sheets side were also observed when 12-mer telomeric
DNA was added to the UPI solution (Figure 3B). It was
suggested that BD1 of hnRNP A1 UPI is responsible tor
binding to telomeric DNA, although the possibility of the
binding of BD2 to telomeric DNA was preserved (27).
This time, the chemical shift perturbations were observed
for both BDs of UPI, indicating that both BDs bind to
telomeric DNA to form the UPI-telomeric DNA binary
complex under the present conditions (Figure 3D).

The crystal structure of UPIl bound to the single-
stranded telomeric repeat DNA was reported (40). In crys-
tal. dimeric UP! bound to two oligodeoxyribonucleotides.
Judging from the narrow line widths of 'H-"N HSQC
correlation peaks of either UPl-telomerase RNA or
UPl-telomeric DNA binary complexes, it is supposed
that UP! is monomeric in both the complexes.

Interactions in the UP1-telomerase RNA-telomeric
DNA ternary complex revealed by NMR

When 12-mer telomeric DNA was added to a solution of
the UPl-telomerase RNA binary complex. interesting
changes in the chemical shift perturbations were observed.
The position of an HSQC correlation peak of a certain
residue for the UPl-telomerase RNA binary complex
(green) is gencrally different from that for the UPi—telo-
meric DNA binary complex (black). as shown in Figure 4.
For most residues of BDI. when an equimolar amount of
telomeric DNA to telomerase RNA was added to the
UPl—telomerase RNA binary complex. the correlation
peak originally observed at the position for the UPI-
telomerase RNA binary complex appeared at the position
for the UPl-telomeric DNA binary complex (Figure
4A-C). This indicates that a portion of telomerase RNA
originally bound to BD1 dissociated and that telomeric
DNA bound to BDI1 in place of telomerase RNA
{Figure 3E). Although a weak correlation peak remains
at the position for the UPI telomerase RNA binary com-
plex for some residues of BD1. a dominant stronger cor-
relation peak nonetheless appears at the position for the
UPl-telomeric DNA binary complex (Figure 4D and E).
This once again reveals that BD1 is basically bound by
telomeric DNA in the ternary complex.

hnRNP A2 also has two DNA/RNA-binding domains.
BDI and BD2. DNA;RNA binding of hnRNP A2 was
characterized. and the possibility was raised that telomeric
DNA may compete with telomerase RNA for binding to
BD1 of hnRNP A2 (41). This is actually what we experi-
mentally found for BD1 of hnRNP Al. Thus. hknRNP Al
and hnRNP A2 may share some features on DNA/
RNA binding. although they exhibit differences in other
aspects (41).

For many residues of BD2. in contrast, a correlation
peak remains at the position for the UPl-telomerase
RNA binary complex even after the addition of telomeric
DNA (Figure 4F and G). This indicates that the portion
of telomerase RNA originally bound to BD2 remains
there (Figure 3E). In summary, analysis of chemical shift
perturbations revealed the formation of the UPI- telone-
rase RNA-telomeric DNA ternary complex in which BDI

s
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Figure 4. The formation of the ternary complex, as revealed by NMR
chemical shift perturbations. Comparison of the position of a 'H-'*N
correlation peak for the UP1-telomerase RNA-telomeric DNA ternary
complex (red) with those for either the UPl-telomerase RNA binary
complex (green) or the UPl-telomeric DNA binary complex (black).
The ternary complex was made by the titration of telomeric DNA to
the UP1 telomerase RNA binary complex. An equimolar amount of
telomeric DNA to telomerase RNA was added to the binary complex
at the end of the titration. (A-E). D42, V68, K87, A74 and H77 of
BDI1. respectively; (F-J): H119, 1162, F150, F153 and 1107 of BD2.
respectively.

and BD2 bind to telomeric DNA and telomerase RNA,
respectively (Figure 3E).

It was noticed. that for some residues of BD2, a
dominant correlation peak appears at the posilion
for the UPl-telomeric DNA binary complex, although
a weak correlation peak remains at the position for the
UPI-telomerase RNA binary complex (Figure 4H and I).
There is even a case that a correlation peak of a residue of
BD?2 appears at the position for the UPl-telomeric DNA
binary complex, exclusively (Figure 4J). These results
imply that a portion of telomerase RNA originally
bound to BD2 also dissociated to some extent and that
telomeric DNA bound to BD2 in place of telomerase
RNA in the ternary complex (Figure 3F).
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DISCUSSION

We demonstrated that UP1 enhances the synthesis of rela-
tively short telomeric DNA by telomerase. We revealed
the formation of the UPI-telomerase RNA-telomeric
DNA ternary complex through a gel retardation experi-
ment, which is consistent with the previous suggestion
derived from the experiment involving affinity chromatog-
raphy (27). NMR chemical shift perturbation analysis
provided detailed views of the interactions in the ternary
complex, together with those in the UP1-telomerase RNA
and UPl-telomeric DNA binary complexes. On the basis
of the obtained information, we propose 2 model of how
UP1 enhances the telomerase activity. First, UPI captures
telomerase through the interaction of both the BDs with
telomerase RNA (Figure 5A), as revealed by NMR che-
mical shift perturbation analysis (Figure 3A and C). It is
supposed that the presence of TERT bound to telomerase
RNA does not interfere with the UPI-telomerase RNA
interaction. In fact, it was shown that a column carrying
GST-UPI can specifically recover telomerase activity from
a cell extract (21). At least 20% of total telomerase activity
was present in the UP1-bound fraction (21). Then, telo-
merase-bound UP1 effectively searches for telomeric DNA
with its affinity to telomeric DNA, particularly with the
affinity of BDI to telomeric DNA. When telomerase-
bound UPI encounters telomeric DNA, the BDs of
UP1, particularly BDI, unfold the quadruplex structure
of telomeric DNA into a single-stranded structure. Then,
the UPI-telomerase-telomeric DNA ternary complex is
formed through the interaction of BD1 with telomeric
DNA (Figure 5B), as NMR indicated that telomeric
DNA bound to BDI in place of telomerase RNA
(Figures 3E, F and 4). UP1 bridges telomerase and telo-
meric DNA through simultaneous BD1-telomeric DNA
and BD2-telomerase RNA interactions. In this way, UP1
serves to recruit telomerase to telomeric DNA. Thus. tel-
omerase is brought to telomeric DNA where it should
function. Finally, telomerase RNA associates with telo-
meric DNA using the complementarity to telomeric
DNA, which is present at the edge of the template
region of telomerase RNA, and TERT synthesizes new
telomeric DNA, UP! being released meanwhile
{Figure 5C). In this model, the enhancement of the telo-
merase activity is brought about through the recruitment
of telomerase to telomeric DNA and the unfolding of the
quadruplex structure of telomeric DNA into a single-
stranded structure by UPI.

It was proposed that POTI protein may disrupt quad-
ruplex structures in telomeric DNA and thereby allow
proper elongation by telomerase (42). So, hnRNP Al/
UPI and POT! may share the similar role in telomere
maintenance, at least in terms of unfolding. Therefore,
the unfolding may be performed by POTI, in place of
hnRNP A1/UPI1, in some cases.

When the UPI concentration was raised to 2.5uM, the
beginning of the decrease in the total telomerase activity
was observed (Figure 1). Occupation of the 3'-overhang of
telomeric DNA by an excess amount of UPI and resultant
interference with binding of telomerase to telomeric DNA
may account for this phenomenon (Figure 5D).
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Figure 5. A mode! for how hnRNP AlUPl both eshances and
represses the telomerase activity. A model for enhancement of the tel-
omerase activity through the recruitment of telomerase to telomeric
DNA by UPI composed of BD1 and BD2 (A C). (A) UPI captures
telomerase through binding of both BDI and BD2 (o telomerase RNA.

Telomerase-bound UPI searches for telomeric DNA with the affinity of

BDs. purticularly that of BD1. 1o telomeric DNA. (B) When telome-
rase-bound UPT encounters telomeric DNA, the BDs of UPL. particu-
larly BD1. unfold the quadruplex structure of telomeric DNA into a
single-stranded form. Theno UPL brdges telomerase and telomeric
DNA through simultancous BD1 telomeric DNA and BD2 telomerase

Another thing is that the synthesis of relatively long-
telomeric DNA was repressed by UPI (Figure [). When
the elongated telomeric DNA becomes fonger, several dis-
tant parts of the elongated DNA may form a certain struc-
ture such as a loop structure with the assistance of UPI
(Figure SE). It was found in the crystal structure that two
tefomeric DNA strands are brought close to each other
through the interactions with a UPI dimer (40). This kind
of interaction could result in the formation of the loop
structure. The formed structure may sterically inhibit
further proceeding of telomerase, resulting in a decrease
in the synthesis. Reduction of the synthesis of long-
telomeric DNA caused by UPI may be rationalized n
this way. Alternative interpretation may also be possible.
Binding of UPI to single-stranded telomeric DNA might
enhance the dissociation of telomerase from the telomeric
DNA. which would result in the production of shorter
telomeric DNA.

It may be the case that the enhancement of the synthesis
of relatively short DNA is sufficient for hnRNP Al/UPI
to contribute to maintenance of the telomere in vivo.
Alternatively, a not yet identified cellular factor, which
was depleted during the course of the preparation of the
telomerase extract as hnRNP Al and hnRNP D were,
may facilitate further enhancement by hnRNP Al/UPI
in vivo. For example, a factor that promotes the dissocia-
tion of hnRNP A1;/UPI from the telomeric DNA might be
present in cells to guarantee the enhancement of the syn-
thesis of relatively long DNA.

We found for the first time that UP1 has the ability to
unfold the quadruplex structure of telomeric DNA into a
single-stranded structure (24). On the basis of this finding,
we proposed that UP1 may serve to enhance the telome-
rase activity through unfolding of the quadruplex struc-
ture of telomeric DNA and resultant provision of the
accessible overhang (24). We ulso proposed a similar
effect for a related protein. hnRNP D (26). We assume
that both unfolding and recruitment by hnRNP A1/UPI
contribute to the enhancement of the telomerase activity
and the maintenance of the proper telomeric DNA length.
Thus, hnRNP AT1;UPI. together with hnRNP D, may be
promising targets for controlling the activity of telomerase
which is linked to several cancers.

It must be a next target to determine the structures of
the UPl-telomerase RNA and UPl-telomeric DNA
binary complexes and the ternary complex. The effort is
in progress to improve the relatively poor solubility and
stability of these complexes.

RNA interactions. (C) Telomerase brought to telomeric DNA forms
the telomerase RNA telomeric DNA complex through their comple-
mentarity and begins to ¢longate the telomeric DNA. UPI is released
meanwhile. (D) An excess amount of UPI may occupy the 3-overhang
of telomeric DNA and thus interfere with access of telomerase-bound
UPI to this region, which may result in the reduction of the telomerase
activity. (E) When newly svathesized telomeric DNA becomes long, a
certain higher order structure such as a loop structure may be formed
with the assistance of UPI. The formed structure may sterically have an
inhibitory eflect on further elongation of telomeric DNA by telomerase.
This may account for the reduction of the synthesis of longer telomeric
DNA in the presence of UPL.
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B-catenin is strongly elevated in rat colonic
epithelium following short-term intermittent
treatment with 2-amino-1-methyl-6-
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Colon tumors expressing high levels of B-catenin and c-myc have
been reported in male F344 rats given three short cycles of 2-amino-
1-methyl-6-phenylimidazol4,5-b]pyridine (PhiP) alternating with a high-
fat (HF) diet. Using the same experimental protocol, rats were
euthanized 24 h after the last dose of PhiP so as to examine early
changes in colonic crypt homeostasis and B-catenin expression, before
the onset of frank tumors. PhiP/HF dosing caused a significantincrease
in the bromodeoxyuridine labeling index throughout the entire colon,
and within the colonic crypt column cleaved caspase-3 was elevated
in the basal and central zones, but reduced in the luminal region. In
vehicle/HF controls, -catenin was immunolocalized primarily at the
border between cells at the top of the crypt, whereas in rats given
PhIP/HF diet there was strong cytoplasmic staining, which appeared
as a gradient of increased B-catenin extending from the base of the
crypt column to the luminal region. Quantitative real-time PCR and
immunoblot analyses confirmed that B-catenin and c-myc were
increased significantly in the colonic mucosa of rats given PhiP/HF
diet. Collectively, these findings suggest that PhIP/HF cycling alters
B-catenin and c-myc expression in the colonic mucosa, resulting in
expansion of the proliferative zone and redistribution of apoptotic
cells from the lumen to the central and basal regions of the colonic
crypt. Thus, during the early stages of colon carcinogenesis, alternating
exposure to heterocyclic amines and a high-fat diet might facilitate
molecular changes resulting in dysregulated p-catenin and c-myc
expression. (Cancer Sci 2008; 99: 1754-1759)

igh-temperature cooking of meat and fish generates heterocyclic

amine mutagens,” including the compound 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine (PhIP).? PhIP is a multiorgan
carcinogen in the rat, inducing tumors of the colon, prostate,
mammary gland and other sites.” These tumors are characterized
by high expression levels of B-catenin and B-catenin/T-cell factor
(Tcf) target genes,“ as seen in primary human colon cancers
and human colorectal cancer cell lines.®%

Recently, it was reported that three short cycles of PhIP alternating
with a high-fat (HF) diet was as effective for the induction of colon
tumors as continuous dietary treatment with the carcinogen.'™'? It
was speculated that with continuous PhIP administration, multiple
disadvantageous mutations might interfere with the growth of
focal populations, resulting in cell death, so that only a subset of
transformed cells survive and proliferate. It was suggested that
intervals between PhIP exposure might produce ‘less chance of
lethal mutations occurring {and] high-fat diet could directly

CancerSci | September2008 | vol.99 | no.9 | 1754-1759

promote cell growth’."" This selection process might be further
influenced by postinitiation exposure to dietary phytochemicals,
so that certain oncogenic mutants progress in preference to others,
such as those affecting B-catenin stability.”'?

To provide insight into the possible selection pressures during
early stages of colon carcinogenesis, we examined the effects
of short-term intermittent PhIP/HF diet exposure on colonic
cell homeostasis in the rat, before the onset of frank colon
tumors. We report here on the induction of cell proliferation
and apoptosis within the proliferative zone of the colonic crypt,
with strongly elevated levels of cytoplasmic and nuclear B-
catenin. There was a concomitant increase in f-catenin and c-
myc mRNA and protein expression, consistent with results obtained
in colon tumors at 1 year.!?

Materials and Methods

Animals and treatment. Prior approval was obtained from the
Institutional Animal Care and Use Committee. The treatment
protocol is illustrated in Fig. 1, and full details were reported
recently by Wang et al.!® In brief, male F344 rats obtained at 4--5
weeks of age from the US National Cancer Institute were housed
two per cage and given AIN93G diet (Dyets Inc., Bethlehem, PA)
and water ad libitum. After 1 week acclimatization to the cages,
PhIP (Toronto Research Chemicals, Ontario, Canada) was
administered to each rat by daily oral gavage at a dose of 50 mg/kg
body weight, which approximates the daily exposure in rats given
400 parts per million (p.p.m.) PhIP in the diet.* Controls received
vehicle alone (0.8% dimethy! sulfoxide [DMSO] in ultra-pure
water, adjusted to pH 3.5 with'0.1 N HC1). Following 2 weeks
of PhIP or vehicle treatment, rats were placed on AIN93G diet
supplemented with Primex hydrogenated vegetable oil, comprising
23% fat-derived calories, and referred to hereafter as high-fat
(HF) diet. This diet was obtained from a commercial vendor (Dyets
Inc., Bethlehem, PA, USA), and the composition is shown in
Table 1. After 4 weeks on HF diet, animals were returned to
standard AIN93G diet and treated again with PhIP or vehicle
for 2 weeks, followed by an additional 4 weeks on HF diet. A
third cycle of PhIP or vehicle then was completed, and 24 h later
the rats were euthanized by CO, inhalation. Colons from four

5To whom correspondence should be addressed.
E-mail: Rod.Dashwood@oregonstate.edu

doi: 10.1111/j.1343-7006.2008.00887.x
© 2008 Japanese Cancer Association
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Fig. 1. Experimental protocol for short-term intermittent 2-amino-1-
methyl-6-phenylimidazol4,5-b]pyridine (PhiP) treatment alternating
with high-fat diet. This figure was modified from a recent report by
Wang et al., which provided full details of the treatment protocol.!? [n
brief, male F344 rats were given PhIP by daily oral gavage at a dose of
50 mg/kg body weight, whereas controls received vehicle alone
(0.8% dimethyl sulfoxide [DMSO] in uitra-pure water, adjusted to pH 3.5
with 0.1 N HCI). Following 2 weeks of PhIP or vehicle treatment, rats were
placed on AIN93G diet supplemented with Primex hydrogenated
vegetable oil, comprising 23% fat-derived calories (high-fat [HF] diet).
After 4 weeks on HF diet, animals were returned to standard AIN93G
diet and treated again with PhIP or vehicle for 2 weeks, followed by an
additional 4 weeks on HF diet. A third cycle of PhIP or vehicle then was
completed, and 24 h later the rats were euthanized by CO, inhalation.
Note: in our prior study, which lasted 1 year,"? rats were switched as
recommended from AIN93G (growth) diet to AIN94M (maintenance)
diet at week 18.

PhIP-treated rats and three vehicle-treated rats were Swiss-rolled
and fixed in 10% formalin for immunohistochemical analyses.
Colons from five additional PhiP-treated rats and six vehicle-
treated rats were opened longitudinally, and the mucosa was
scraped and frozen in liquid nitrogen, then stored at —80°C for
subsequent molecular work.,

Scoring of cell proliferation and apoptosis indices. Details of the
methods used for tissue isolation and immunohistochemistry
were reported elsewhere."? In brief, 5-6 rats in each group were
selected at random and injected ip. with bromodeoxyuridine
(BrdU, 200 pmol/kg body wt), 1 h before sacrifice. Colons were
removed and processed for immunostaining using the BrdU in
situ detection kit (BDBiosciences, San Jose, CA, USA). In addition,
- cleaved caspase-3 was immunolocalized using the EnVision*System-
HRP Kit (Dako, Carpinteria, CA, USA) in conjunction with a
polyclonal rabbit anticleaved caspase-3 antibody, which detects
the endogenous large fragment of cleaved caspase-3 resulting
from cleavage adjacent to Asp175 (Cell Signaling Inc., Danvers,
MA, USA). Labeling indices were calculated as the number of
positive cells divided by the total number of cells in the basal,
central and apical regions of the colonic crypt column, for a
minimum of 15 crypts in each of the distal, middle and proximal
regions of the colon (=45 crypts scored per colon). Only complete,
well-oriented, longitudinally sectioned crypts were evaluated.

Table 1. Composition of AIN93G and high-fat (HF) AIN93G diets

Immunohistochemical detection of p-catenin. The basic method
was identical to that used for cleaved caspase-3, but with polyclonal
rabbit antif-catenin (Abcam, ab2982, Cambridge, MA, USA) at
500-fold dilution in phosphate-buffered saline.

Quantitative real-time PCR (qPCR). Ctnnbl (B-catenin), cyclin
D1, ¢-myc and c-jun mRNA levels were determined by quantitative
(@)PCR and normalized to glyceraldehyde-3-phosphate dehydro-
genase (Gapdh), exactly as reported.®1? In brief, frozen samples
of colonic mucosa (5-6 rats per group) were thawed and the mRNA
was extracted using the RNeasy kit (Qiagen, Valencia, CA, USA).
RNA was reverse-transcribed using Omniscript Reverse Trans-
criptase (Qiagen) and random hexamers (Invitrogen). PCR was
conducted on an Opticon Monitor 2 system (Finnzymes, Finland),
in 20 UL total reaction volume containing cDNAs, SYBR Green
I dye (DyNAmo master solution, Finnzymes) and gene-specific
primers. The amount of specific mRNA was quantified by
determining the point at which the fluorescence accumulation
entered the exponential phase (C,), and the C, ratio of the target
gene to Gapdh was calculated for each sample. Three separate
experiments were performed for each sample, and the corresponding
results were expressed as mean + SE.

Immunoblotting. B-Catenin, c-myc, c-jun and cyclin D1 were
examined using the immunoblotting methodology reported
elsewhere, with B-actin as loading control.®”

Statistics. Data were plotted as mean + SE and compared using
Students t-test. In the figures, significant P-values are shown as
follows: *P < 0.05, **P < 0.01, ***P < 0.001.

Results

Cycling of PhiP/HF diet strongly induces cell proliferation throughout
the colon. Immunohistochemical staining for BrdU incorporation
revealed a marked difference between vehicle- and PhIP-treated
rats (Fig. 2). When quantified for the entire crypt column
(Fig. 2a), the BrdU labeling index showed a highly significant
increase in rats given PhIP in the proximal, middle and distal
regions of the colon. Specifically, 6-9% of the cells were BrdU-
positive in vehicle controls, compared with 14-19% in rats given
PhIP. BrdU-positive cells also were quantified for different
regions within the crypt column (Fig. 2b—d); increased labeling
was seen in the central and basal regions, with little or no
change in the luminal zone (upper-third).

Cycling of PhIP/HF diet alters the distribution of apoptotic cells
within the colonic crypt. Immunohistochemical staining for cleaved
caspase-3, a marker of apoptosis, identified positive cells along
the uppermost region of the crypt in vehicle controls, and more
generalized staining throughout the crypt column in rats given
PhIP (Fig. 3). Quantification of the labeling index for the entire
crypt column showed no significant differences in the proximal,
middle or distal regions of the colon (Fig. 3a). However, when

Ingredient AINS3G (Dyets #110700) g/kg HF AIN93G (Dyets #181059) grkg
Casein 200 200

L-Cystine 3 3

Sucrose 100 63.5

Cornstarch 397.486 252.186

Dyetrose 132 83.8

Soybean oil 70 70
t-Butylhydroquinone 0.014 0.014

Primex (hydrogenated vegetable.oil) 0 230

Cellulose 50 50

Mineral mix #210025 35 35

Vitamin mix #310025 10 10

Choline bitartrate 2.5 25

Total 1000 1000
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Fig. 2. Cycling of 2-amino-1-methyl-6-
phenylimidazol4,5-bjpyridine (PhIP)/high-fat diet
induces cell proliferation in the colon. Rats were
treated with PhIP and a high-fat diet (see Fig. 1}
and the bromodeoxyuridine (BrdU) labeling index
was determined as described in Materials and
Methods. Data bars, mean * SE; ***P < 0.001, by
Students t-test, PhiP (n = 4) versus corresponding
vehicle controls (n = 3).

Fig. 3. Cycling of 2-amino-1-methyl-6-
phenylimidazo(4,5-b]pyridine (PhiP)/high-fat diet
increases cleaved caspase-3 labeling in the central
and basal regions of the colonic crypt column
and reduces it in the luminal region. The cleaved
caspase-3 labeling index was determined as
described in Materials and Methods. Data bars,
mean + SE; ***P < 0.001, by Students t-test, PhiP
(n=4) versus corresponding vehicle controls
(n=3).
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Fig. 4. Cycling of 2-amino-1-methyl-6-
phenylimidazo{4,5-blpyridine (PhiP)/high-fat diet
increases PB-catenin expression in the colon.
Immunohistochemistry revealed low overall
expression levels of B-catenin in vehicle controls,
but high. levels in PhiP-treated rats. In vehicle
controls, B-catenin was restricted to the borders
between cells (arrows), with little or no
cytoplasmic and nuclear staining, whereas in
PhiP-treated rats there was strong cytoplasmic B-
catenin expression (arrow heads).

the cleaved caspase-3 labeling index was quantified for regions
within the crypt column (Fig. 3b-d), a highly significant difference
was seen between vehicle controls and PhIP-treated rats. In the
latter case, cleaved caspase-3-positive cells were more-or-less
evenly distributed throughout the luminal, central and basal crypt
regions, whereas in vehicle controls the labeling was almost
exclusively in the luminal region of the crypt. We interpret these
data as evidence that PhIP/HF cycling increased cell proliferation
in the lower two-thirds of the crypt (Fig. 2), giving rise to more
apoptotic cells in the same region and a concomitant reduction
in cell death at the top of the crypt.

Cycling of PhiIP/HF diet increases B-catenin staining in the colonic
crypt. An important regulator of cell proliferation and apoptosis
in the colon is P-catenin and immunohistochemical staining
revealed a marked difference in B-catenin expression within the
crypt column of rats given PhIP compared with vehicle (Fig. 4).
Thus, in vehicle controls, histological studies showed there was
a generalized low level of B-catenin expression that was restricted
to the borders between cells in the upper region of the crypt
column (arrows), with no cytoplasmic or nuclear staining detected.
In marked contrast, colons from rats given PhIP had widespread
labeling throughout the lower half to two-thirds of the crypt
column and B-catenin was strongly expressed in the cytoplasm
and sometimes also in the nucleus (Fig. 4, open arrowheads).

Quantification of B-catenin-positive cells revealed significant
differences between vehicle- and PhIP-treated rats. Specifically,
in vehicle controls, <0.2% of the cells stained positive for nuclear
and/or cytoplasmic B-catenin (grey bars, Fig. 5a), but ~78% of
the cells were positive for membrane-associated B-catenin (grey
bars, Fig. 5b), and this was seen in the proximal, middle and
distal regions of the colon. In the proximal colon of PhIP-treated
rats, 4% of the cells stained positive for nuclear/cytoplasmic [3-
catenin (solid bar, Fig. 5a) and ~25% for membrane-associated
B-catenin (solid bar, Fig. 5b). In the middle colon, the corre-
sponding data were 8-9% for nuclear/cytoplasmic B-catenin
and 18.5% for membrane-associated B-catenin. In the distal
colon of both PhIP- and vehicle-treated rats, ~75% of the cells
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stained positive for membrane-associated B-catenin (Fig. 5b),
but few cells had nuclear/cytoplasmic staining.

Nuclear/cytoplasmic B-catenin labeling was further examined
according to region within the colonic crypt column (Fig. 5¢).
There was evidence for a gradient of increased B-catenin expres-
sion in the colonic crypt of PhIP-treated rats compared with
vehicle controls, with higher -catenin levels in the basal zone
than in the central or luminal zones. The data presented in
Fig. 5(c) for PhiP-treated rats (solid bars) revealed 2%, 5.6%
and 17.2% of the cells stained positive for nuclear/cytoplasmic
B-catenin in the luminal, central and basal regions of the crypt,
respectively (P < 0.001, each region versus the corresponding
vehicle control). ’ k

Cycling of PhIP/HF diet elevates B-catenin and c-myc mRNA and
protein expression. We next examined Ctmnbl (B-catenin) and three
B-catenin/Tcf target genes, c-miyc, c-jun and cyclin D1, for changes
in mRNA expression (Fig. 6). Colonic mucosa from PhIP-treated
rats had 30% higher levels of Ctnnbl and 65% higher levels of
c-myc mRNA compared with vehicle controls (P<0.05). No
difference in c-jun or cyclin DI expression was observed after
normalizing to Gapdh.

Immunoblotting revealed higher expression levels of B-catenin
and c-myc proteins in colonic mucosa of PhIP-treated rats, compared
with vehicle controls (Fig. 7). No differences were seen among
the treatment groups for cyclin D1 and c-jun, after normalizing
to B-actin (data not shown).

Discussion

Ubagai et al. studied the combined effects of PhIP and a HF diet
on colon carcinogenesis in the F344 rat."? Animals were given
400 p.p.m. PhIP in the basal diet for 2 weeks, followed by HF
diet for up to 110 weeks, and this resulted in 3 of 19 rats with
large intestinal tumors (19% incidence). Alternatively, 400 p.p.m.
dietary PhIP was given for 2 weeks, followed by 4 weeks on
HF diet, and the PhIP/HF cycling was repeated three times,
ending with continuous HF diet for up to 60 weeks. Large
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Fig. 5. Cycling of 2-amino-1-methyl-6-phenylimidazo(4,5-b]pyridine
(PhIP)/high-fat diet increases cytoplasmic B-catenin expression in the
colon. The B-catenin labeling index was scored as the number of cells
stained positively for cytoplasmic (and/or nuclear) versus membrane-
associated expression, divided by the total number of cells in that
region of the colon. Data bars, mean £ SE; PhiP n =4, vehicle controls
n=3. **P<0.01; ***P <0.001, PhiP group significantly different from
the corresponding vehicle controls.

intestinal tumors were seen in 9 out of 20 rats (45% incidence).
The latter result compares favorably with the 43% incidence
observed in rats treated continuously with 100 p.p.m. dietary
PhIP for 104 weeks,” in which a ~10-fold greater total amount
of PhIP was administered per animal. Thus, PhIP/HF cycling
represents an efficient means of inducing colon tumors, using a
fraction of the amount of total carcinogen. We further modified
the experimental protocol by giving PhIP via oral gavage, at a
dose (50 mg/kg body wt per day) that was matched to the daily
carcinogen intake from 400 p.p.m. PhIP in the diet,® and after
three cycles of PhIP/HF treatment, standard AIN93M diet
rather than HF diet was administered. Using this modified
protocol, the colon tumor incidence after 1 year was 41.6%.*2
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Fig. 6. Cycling of 2-amino-1-methyl-6-phenylimidazof4,5-bipyridine
(PhIP)/HF diet increases B-catenin and c-myc mRNA expression in the rat
colon. Quantitative real-time PCR was performed as described in
Materials and Methods, for B-catenin (Ctnnb1) and three B-catenin/Tcf
target genes, namely ¢-myc, ¢jun and cyclin D1, normalized to Gapdh,
Data bars, mean £ SE, PhiP n =5, vehicle controls n =6. *P < 0.05, PhIP
group significantly different from corresponding vehicle controls.
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Fig. 7. Immunodetection of increased B-catenin and ¢-myc in the rat
colon before the onset of frank tumors. Representative immunoblots of
B-catenin and ¢-myc in colonic mucosa from rats treated with three
cycles of 2-amino-1-methyl-6-phenylimidazo{4,5-b]pyridine (PhiP) (or
vehicle) alternating with "high-fat diet. A PhIP-induced colon tumor
from the corresponding 1-year carcinogenicity study,? is shown in the
furthest right lane as a positive control. B-Actin, loading control.

In the current investigation, rats were euthanized immediately
after completing the third and final cycle of PhIP dosing, so as
to examine changes in colonic crypt homeostasis before the
onset of frank tumors. Under these conditions, there was a striking
increase in BrdU-positive cells throughout the entire length of
the colon, with particularly high staining in the lower two-thirds
of the crypt column. Moreover, there was an increase in cleaved
caspase-3-positive cells in the proliferative zone of each crypt
(central and basal regions), coupled with a reduction of apoptotic
cells in the luminal region. The present study was not designed
to specifically compare intermittent PhIP/HF dosing with con-
tinuous dietary PhIP treatment, but this might be interesting in a
follow up investigation. Previously, a modest 1.5-fold increase
in colonic BrdU labeling was seen at 8 weeks in male (but not
female) rats fed continuously with 400 p.p.m. PhIP in the diet,
and no significant changes were seen in cell proliferation rates
for male or female rats at 4 or 12 weeks."¥ However, the latter
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study did not assess changes in apoptosis or B-catenin expression.
In general, we observed that cleaved caspase-3 did not show as
good a concordance as did BrdU labeling for the corresponding
B-catenin positive cells.

The high cytoplasmic B-catenin expression seen in the present
study is noteworthy, because Ubagai ef al.*" reported that all of
the large intestinal tumors obtained following PhIP/HF treatment
also had high accumulation of cytoplasmic and nuclear B-catenin.
Interestingly, only 55% of the tumors harbored a mutation in
the Apc or Ctanbl (B-catenin) genes, and it was suggested that
PhIP/HF cycling produced ‘unknown genetic alterations’ in the
Wnt-Apc—B-catenin signaling pathway."V Using the identical
exposure protocol described here, colon tumors obtained at 1
year had a 36% frequency of B-catenin mutations, although this
was increased to 79% when rats were subjected to postinitiation
treatment with caffeine, which resulted in tumor promotion.®?
This clearly supports the notion that cells harboring specific
genetic changes within a population can be influenced to progress
(or not to progress) to neoplasia by external factors, such as
phytochemicals and a HF diet. As discussed before, "V intermittent
exposure to PhIP might allow populations of cells to survive
and progress to tumors, when continuous carcinogen treatment
* might otherwise lead to removal of those cells via apoptosis. In
the present study, there was increased apoptosis in the lower
half of the colonic crypt following PhIP cycling, but this appeared
to be a compensatory mechanism triggered by the greatly enhanced
rate of cell proliferation, resulting in expansion of the crypt-wide
proliferative zone (Fig. 2).

Despite the high levels of B-catenin detected in the present
study following PhIP/HF treatment (Fig. 4), no B-catenin mutations
were observed in the colonic mucosa scrapings, using PCR-based
single strand conformation polymorphism (PCR-SSCP) screening
(data not presented). One interpretation is that -catenin mutations
were indeed present in the colonic scrapings, but below the
limit of detection of the PCR-SSCP methodology, and that only
after clonal expansion and tumor formation were the mutations
readily detected owing to their enrichment relative to the wild
type allele. Interestingly, among the three reported B-catenin/
Tcf target genes examined, only c-myc was increased in the
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colonic mucosa of rats given PhIP/HF diet, as noted in the
colon tumors obtained at 1 year.!? Interestingly, Ctnnb] mRNA
also was elevated in the colonic mucosa of rats given PhIP/HF
diet (Fig. 6). Although this increase was modest, it is consistent
with prior reports showing elevated levels of Ctnnbl mRNA
expression in PhIP- and 1,2-dimethylhydrazine-induced rat
colon tumors,®'? as well as in primary human colon carcinomas
and their liver metastases.’¥ In some of the vehicle controls,
low or undetectable levels of B-catenin were seen via immuno-
blotting (Fig. 7), despite the presence of Ctnnb]l mRNA in most
samples (Fig. 6) and membrane-associated B-catenin being
detected in immunohistochemical analyses (Fig. 4). It is unclear
whether this reflects the efficiency of the membrane extraction
and/or immunoblot procedures used here, and further work is
needed to clarify this question, perhaps on a larger subset of
tissue samples from vehicle and PhIP-treated animals. However,
for the vehicle control samples shown here (Fig. 7), repeated
immunoblotting confirmed the low or undetectable expression
of B-catenin, suggesting the data in this case were reproducible.

In summary, we have shown that in rats given three cycles of PhIP
alternating with exposure to HF diet, there was an increase in colonic
cell proliferation, elevated apoptosis in the proliferative zone of the -
colonic crypt and augmented expression of cytoplasmic B-catenin.
These results from the early stages of colon carcinogenesis suggested
a possible independent dysregulation of B-catenin and c-myc
expression, separate from the classical B-catenin/Tcf pathway,!®
in accordance with data obtained from the corresponding colon
tumors at 1 year.!® Thus, early changes affecting colonic crypt
homeostasis at the time of exposure to PhIP and HF diet may
have persisted into much later stages of colon tumor formation.
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Polyethylene glycol (PEG) has been reported to inhibit the
development of colonic lesions in carcinogen-treated rats when
administered orally. However, the precise mechanism for the
chemopreventive activity of PEG remains largely elusive. Based on
a characteristic feature of PEG as a 'fusogen’, we investigated its
potential as a chemotherapeutic agent through the induction
of multinucleated cell formation and apoptosis induction in PC-3
prostate cancer cells. When PC-3 cells were treated with 0.5 and
1.0% PEG 1000, multinucleated cells were induced at a frequency of
8.4 and 13%, respectively, 36 h after PEG treatment under high cell
density (1x10° cells in 100 uL PEG solution) in vitro. Although
abnormality of cell cycle progression was not evident in PEG-treated
PC-3 cells, multinucleated cells substantially disappeared at around
38 h due to apoptosis. In contrast, no apparent growth suppression
was observed when PC-3 cells were exposed to up to 1.0% PEG ata
much lower cell density, namely under ordinary culture conditions.
Furthermore, injection of 0.5% PEG solution invivo into PC-3
xenografts implanted in BALB/c-nu/nu male mice significantly
suppressed tumor growth compared to phosphate-buffered saline
injection. Multinucleated TdT-mediated dUTP-biotin nick end-
labeling (TUNEL)-positive cells were observed inside the PEG-
injected tumors. PEG was here demonstrated to have anticell
proliferation and antitumor effects via induction of apoptosis,
possibly by cell fusion. PEG injection therapy could therefore be
adopted as an alternative chemotherapeutic strategy for localized
prostate cancers, including those that become refractory to
androgen-deprivation therapy. (Cancer Sci 2008; 99: 1055-1062)

P olyethylene glycol (PEG) has the chemical structure
H-(O-CH,-CH,),-OH, and is known to be a nonabsorbed,
non-toxic, and non-fermentable polymer.!? Because PEG is
non-toxic, it is used widely as a base material in, for example,
skin creams and laxatives.®* When PEG is bound to a hydro-
phobic molecule, a non-ionic detergent surfactant is obtained
and can be used as an emulsion agent in cosmetics.” PEG is also
used to encapsulate and solubilize hydrophobic compounds. It
has recently been utilized in drug delivery systems, and
PEGylation of interferon o (peginterferon o) and granulocyte
colony-stimulating factor (pegfilgrastim) are ‘now used for
clinical applications.®” The stability and hydrosolubility of
various drugs is thereby markedly improved even under in vivo
conditions. In the research field of biotechnology, PEG is also
used for cell fusion as a ‘fusogen’.®®

In addition to these features, chemopreventive effects of PEG
have been reported in rodent models of colon cancer.!®!" When
rats were treated with PEG 8000 after the administration of
azoxymethane, a widely utilized colon carcinogen, a substantial
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decrease was observed in the number of aberrant crypt foci,
putative precancerous lesions of the colon, and colon tumors.!'?
Although the mechanistic interpretation for the chemopreventive
effect of PEG is still controversial, several possibilities have
been proposed. First, an increase in the gut content because of
the high osmotic pressure in the digestive tract caused by the
non-absorbed high molecular weight PEG could be a possibility,
similar to dietary fiber."®"*!® Another possibility is that PEG
may act directly on colon epithelial cells and exert some biolo-
gical effects, such as induction of apoptosis, through osmotic
pressure. !

In the present study, we examined whether PEG induces
apoptosis in cancer cells using an androgen-independent human
prostate cancer cell line, PC-3,1® and could be used as an alter-
native therapeutic agent for human prostate cancers. Prostate
cancer is a common cancer in men all over the world, and its
incidence in Japan is currently increasing.!™® As for prostate
cancer therapies, androgen-deprivation therapy (hormone ther-
apy) now prevails all over the world, as it is non-invasive and
relatively effective in many cases.!®?" Radiation therapy, such
as ‘brachytherapy’, is also used for localized prostate cancer.®?
However, these therapies have some drawbacks. For example,
brachytherapy requires specific and well-guarded facilities for
radiation. Hormone therapy is still quite costly, and androgen-
independent prostate cancers arise frequently after continuous
application of hormone therapy for a long period of time.®
Establishment of safe and affordable therapies is therefore
awaited.

Polyethylene glycol (PEG) has long been utilized to fuse dif-
ferent types of cells, as described above. Various cancer cells
have been demonstrated to become fused by high concentrations
(30-50%) of PEG.*» We investigated whether the induction of
apoptosis in cancer cells could result from such multinucleated
cell formation as multinucleated cells induced by various cell-
damaging agents, such as irradiation, doxorubicin, and doce-
taxel, have been shown to cause cell death by apoptosis.®>-27 We
treated PC-3 cells under various conditions in vitro with PEG
1000 (refered to hereafter as ‘PEG’). Interestingly, a concen-
tration of PEG as low as 0.5-1.0% efficiently induced multi-
nucleated cells under conditions of high cell density, and induced
apoptosis after 34-38 h in vitro. PEG treatment at a low cell
density (‘ordinary culture conditions’) was not similarly effec-
tive. When 0.5% PEG in phosphate-buffered saline (PBS) was
injected directly into PC-3 xenografts in nude mice, tumor
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growth was suppressed substantially compared to the PBS-
injected control group. The potential molecular mechanisms
underlying the suppressive effects of PEG on cell proliferation
both in vitro and in vivo are discussed,

Materials and Methods

Chemicals. PEG and dimethylsulfoxide were obtained from
Merck (Darmstadt, Germany), propidium iodide (PI), and etoposide
were from Sigma (St Louis, MO, USA) and RNase A was from
Qiagen (Valencia, CA, USA). DNA ladders of 100 bp (New
England Biolabs, Beverly, MA, USA) and 1kb (Promega,
Madison, WI, USA) were used as molecular weight markers.

Cell culture. PC-3 cells were purchased from the American
Type Culture Collection (ATCC; Manassas, VA, USA) and cul-
tured at 37°C in Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen Life Technologies, Carlsbad, CA, USA) supple-
mented with 10% heat-inactivated fetal bovine serum
(FBS; Invitrogen Life Technologies), penicillin (100 U/mL), and
streptomycin (50 U/mL) (Invitrogen Life Technologies) under a
humidified atmosphere with 5% CO,. DMEM (without FBS)
was also used to make serial dllutlons of PEG before addition
into cell culture media.

Polyethylene glycol treatment protocol. PC-3 cells (1 x 109
were suspended in 100 pL of 0.5 and 1.0% PEG in DMEM
(without FBS), incubated at room temperature for 1, 5, 15, or
30 min, then diluted 1:10 with DMEM and incubated at room
temperature for 10 min. The cells were collected by centrifu-
gation, gently washed twice with PBS, suspended in 10 mL of
culture medium with FBS, seeded into 100-mm culture dishes
with cover glasses at the bottom, and propagated for 34, 36, and
38 h. Cover glasses were then removed, the adherent cells on the
cover glasses were fixed with 100% ethanol for 15 min, stained
with PI solution (50 jtg PI and 100 pig RNase A in 1.0 mL PBS),
and then counted using a microscope. We adopted the criterion
that cells having two or more nuclei were multinucleated. More
than 500 cells within a randomly selected area on cover glasses
were counted, and the cell counting was repeated three times
for each experimental group.

Cell-growth assay. The effect of PEG on PC-3 cell growth was
then evaluated under two different conditions. In the first
condition, PC-3 cells (5x 10% were plated in 100-mm culture
dishes and incubated overnight (‘ordinary culture conditions’).
Aliquots of PEG in DMEM (1.0 mL) were added directly to cell
culture dishes to give a final concentration of 0.5 or 1.0%, and
the cells were propagated on the plates. As a reference control,
1.0 mL. DMEM alone was added to the culture plates. The cells
were harvested at 24, 36, 48, and 72 h after the addition of PEG,
stained with trypan blue, and viable cell numbers were counted
at each time point. Alternatively, 5x 10° cells were treated
following the PEG treatment protocol with 0, 0.5, or 1.0% PEG,
seeded and propagated as above. In this case, cells were exposed
to PEG for 1, 5, 15, and 30 min. Cells were then seeded in
culture plates, propagated and harvested at 24, 36, 48, and 72 h
after PEG treatment, including the nonadherent cells.

Detection of nuclear condensation. PC-3 cells were treated with
1.0% PEG for 30 min following the PEG treatment protocol,
and seeded in 100-mm plates. Cells were collected after 34 h,
fixed with 1.0% glutaraldehyde in PBS, incubated at 4°C
overnight, collected by centrifugation, and resuspended in
50 uL PBS. After mixing thoroughly, 2 uL. Hoechst 33258
(Dojindo, Kumamoto, Japan) was added to visualize nuclear
condensation,

Poly(ADP-ribose) polymerase-1 cleavage. PC-3 cells were
exposed to 0, 0.5, 1.0, or 2.0 PEG for 30 min, as described
above. Cells were collected after 34 h and suspended in lysis
buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1.0% Triton
X-100) containing a protease inhibitor cocktail (Complete Mini;
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Roche, Indianapolis, IN, USA). Whole-cell lysates were
electrophoresed on 5-20% linear gradient Tris-HCl-ready gels
(Bio-Rad, Hercules, CA, USA) and fractionated proteins were
transferred to polyvinylidene fluoride membranes (Immobilon-
P; Millipore, Billerica, MA, USA). Western blot analysis was
then carried out, as described elsewhere,?® with mouse mono-
clonal antibody (mAb) against poly(ADP-ribose) polymerase
(PARP)-1 (C2-10, 1:1000; Oncogene Research Products, San
Diego, CA, USA) and mouse mAb against glyceraldehyde 3-
phosphatase dehydrogenase (1:5000; Chemicon International,
Temecula, CA, USA) as primary antibodies. For the secondary
antibodies, horseradish peroxidase-conjugated antibodies against
mouse 1gG (NA9310V, 1:5000; Amersham Biosciences, Piscat-
away, NJ, USA) were used. Immunoreactive bands on the blots
were visualized with chemiluminescence substrates (Immobilon
Western; Millipore, Billerica, MA, USA). As a positive control,
lysates were used from cells treated with a topoisomerase II
inhibitor etoposide, which is known to induce apoptosis. Etoposide
was dissolved in dimethylsulfoxide (25 mg/mL) and added to
culture media to give a final concentration of 25 pg/mL.®30
Quantification of the cleaved PARP-1 protein was carried out
using MultiGauge software (Fujifilm, Tokyo, Japan). Western
blot analysis was carried out at least in triplicate.

Detection of DNA fragmentation. Following the PEG treatment
protocol, PC-3 cells were exposed to 0, 0.5, 1.0, or 2.0% PEG
for 30 min, seeded in 100-mm culture plates, and propagated for
up to 38 h. Cells were collected, and DNA was extracted using
a DNeasy Blood & Tissue Kit (Qiagen) following the manu-
facturer’s instructions. Aliquots of extracted DNA samples were
fractionated on a 1.5% SeaKem GTG agarose gel (Cambrex,
Bio Science Rockland, Rockland, ME, USA). A DNA sample
extracted from PC-3 cells treated with etoposide (25 pg/mL) for
48 h was used as a positive control.

Quantification of apoptosis by flow cytometry. PC-3 cells were
treated with 0.5 or 1.0% PEG for 1 min following the PEG treat-
ment protocol, seeded in 100-mm culture dishes and propagated
in DMEM media without PEG for 36 h. Cells were harvested,
washed gently with PBS, collected by centrifugation, and
then stained using a MEBCYTO Apoptosis Kit (MBL, Nagoya,
Japan) following the manufacturer’s instructions. Cells were
doubly stained with Annexin-V and PI, and the fluorescence
intensities were measured by flow cytometry (FCM) (FACScan;
BD Bioscience, San Jose, CA, USA) using the CellQuest analysis
program.®Y We also conducted FCM analyses as above to
evaluate the populations of apoptotic cells specifically among
the large cells. Briefly, fluorescence intensities of the PI signal
in DMEM-treated PC-3 cells were extracted from FCM data
sets, expressed using FL-2A (representing DNA content) and
FL-2W (representing cell size), and gated by the R1 region
(representing the large-cell population), the cut-off value for
which was set arbitrarily. The same scale was applied to the
0.5% PEG-treated cells, Cells extracted by the R1 region were
replotted by PI signals against Annexin-V.

Cell cycle analyses by FCM. Following the PEG treatment
protocol, PC-3 cells were exposed to 0, 0.5, 1.0, 2.0, or 10% PEG
for 1 min, seeded in 100-mm culture plates, and propagated for
24, 34, 36, and 38 h. Cells were collected, fixed with 100% cold
ethanol, and kept at —20°C overnight. After centrifugation, cells
were resuspended in P1 solution, incubated at room temperature
for 15 min, and passed through nylon mesh (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA). The fluorescence
intensities of PI were measured by FCM using a total of 20 000
PC-3 cells, and the number of cells in the sub-G,, G,, S, G,/M,
and >G,/M (the population of cells with DNA contents beyond
the G,/M peak) fractions was counted at 24-38 h after PEG
treatment. We further examined the number of PC-3 cells in
large-cell populations and aneuploid populations using the same
FCM data sets above at 34 and 36 h after PEG treatment.
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Fig. 1. Polyethylene glycol (PEG) induces
multinucleated cells. (a) Following the PEG
treatment protocol, PC-3 cells were treated
with 0.5% PEG for 30 min. Cells were stained
with propidium iodide (Pl) (red). The left b
panel indicates the morphological features (b)
of the PEG-treated cells under microscopic

*
*
*
o~

observation with a green filter. The right panel
indicates the nuclear staining of cells with Pl
Both panels are the same magnification.
The arrows indicate typical multinucleated
cells. Scale bars= 50 pm. (b,c) incidences of
multinucleated cells in a total of 500 cells
treated with PEG for (b) 1 min and (c) 30 min
are shown. Values are the mean of fold + SD.
***Differences of cell number between PEG
treatment (0.5 and 1.0%) and the Dulbecco’s
modified Eagle’s medium (DMEM)-treated
control (P < 0.001).

Incidence of
muitinuckeated cells (%)

34hr

Effects of PEG on in vivo tumor growth. The effect of PEG on
PC-3 xenograft tumor growth was evaluated under two different
conditions in vivo. With one of these, following the PEG treat-
ment protocol, PC-3 cells (5 x 10° cells) were pretreated with
DMEM or 0.5% PEG for 30 min, and then treated cells were
implanted subcutaneously into the backs of BALB/c-nu/nu male
mice (CLEA, Tokyo, Japan). Alternatively, PC-3 cells (5 x 10% were
first implanted subcutaneously into the back of each mouse, and
then at day 7 after implantation, 200-pL aliquots of PBS alone
or 0.5% PEG solution in PBS were injected directly into the
tumors using a 25-gauge injection needle (Terumo Corporation,
Tokyo, Japan). Thereafter, tumors were measured twice a
week throughout the experimental period of 19 days, and tumor
volume was calculated using the following formula: (length
[mm]) x (width [mm])?x 0.52. In these experiments, a total of
16 nude mice was randomly separated into four groups (4 x 4)
receiving: DMEM treatment; 0.5% PEG treatment; intratumor
PBS injection; and intratumor 0.5% PEG injection. PC-3 cells
were implanted at two sites for each mouse. Animal experi-
mental protocols were approved by the Committee for Ethics in
Animal Experimentation, and the experiments were conducted
in accordance with the gnidelines for Animal Experiments of the
National Cancer Center (Tokyo, Japan).

Histopathological analysis and detection of apoptosis in PC-3
xenografts. PC-3 xenografts were extirpated at 36-38 h after the
last injection of PBS or 0.5% PEG for fixation in 10% neutralized
formalin and embedding in paraffin blocks. Serial sections were
prepared at 3.5-um thickness, stained with hematoxylin and eosin
(H&E), and subjected to histopathological analysis by a trained
pathologist (M. W.). Apoptotic cells were detected using the TdT-
mediated dUTP-biotin nick end-labeling (TUNEL) method,*?
which was carried out in sifu using the DeadEnd Colorimetric
TUNEL System (Promega) following the manufacturer’s protocol.

Statistical andlysis. All statistical analyses were carried out
with Wilcoxon signed-ranks test using KaleidaGraph soft-
ware (Synergy Software, Reading, PA, USA). Differences were
considered significant when the P-value was less than 0.05.

Results

induction of multinucleated PC-3 cells by PEG treatment in vitro.
With the PEG treatment protocol, higher numbers of multi-
nucleated cells were observed after PEG treatment, using 0.5—
1.0% PEG (Fig. la). The incidence of multinucleated cells
peaked at 36 h, being 8.4 and 13% with 0.5 and 1.0% PEG,
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respectively (Fig. 1b). The incidence only slightly increased with
a longer exposure to PEG for 30 min (Fig. Ic).

Effects of PEG on PC-3 cell growth in vitro. In order to exclude
possible toxic effects of PEG on PC-3 cells, we cultured PC-3
cells under two different culture conditions. When PC-3 cells
were propagated under ordinary culture plates, and PEG was
added into the media, no significant effect on cell growth was
observed up to 72 h in the presence of 0.5 and 1.0% PEG,
compared with the non-PEG treated control (Fig. 2a). However,
significant differences were observed in cell growth between
PEG-treated and DMEM-treated control cells when PC-3 cells
were treated with 0.5% PEG (Fig. 2b) and 1.0% PEG (Fig. 2¢)
at a high cell density for 5-30 min, as in the PEG treatment
protocol. A decrease in cell numbers became most prominent
at around 36 h after PEG treatment (Fig. 2b,c).

Biochemical analyses for apoptosis. We observed nuclear con-
densation in multinucleated PC-3 cells on staining with Hoechst
33258 (Fig. 3a), suggesting induction of apoptosis.®® Although
DNA ladder formation was not observed in PEG-treated PC-3
cells, DNA samples extracted from the cells treated with PEG
were substantially degraded compared to the DMEM-treated con-
trol (data not shown). Furthermore, PARP-1 cleavage, another
characteristic feature of apoptosis,*” was demonstrated in a PEG
dose-dependent marnner (Fig. 3b). The ratio of cleaved PARP-1
was increased by 14-52% in PEG-treated PC-3 cells when
compared to the DMEM-treated control cells, although the
increase was not so drastic (Fig. 3¢).

Quantification of apoptosis by FCM. FCM analysis by double
staining with Annexin-V (horizontal axis) and PI (vertical axis)
demonstrated substantial induction of apoptosis, as depicted in
Figure 4a. The incidence of cells in the early apoptotic phase
(Annexin-V*, PI") was 16.3%, and that in late apoptotic phase
(Annexin-V*, PI*) was 9.2% after treatment with 0.5% PEG
(Fig. 4a right). An approximate 10-fold increase was observed
in the percentage of Annexin-V-positive cells (25.5%) with PEG
treatment compared to 2.8% for the DMEM-treated control
(Fig. 4a left). Furthermore, multinucleated cells demonstrated
positive staining for Annexin-V (arrows in Fig. 4b).

In order to clarify whether apoptosis was induced mainly in
multinucleated cells, we extracted FCM data sets of only large
cells (Fig. 5a), and then replotted the PI signals of each cell
against the Annexin-V signals using the above data (Fig. 5b). In
Figure 5a, the number of cells in the large-cell fraction (R1), the
cut-off value for which was set arbitrarily, increased almost
three-fold (8.52 vs 24.26% among 10 000 cells analyzed) after
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Fig. 2. Polyethylene glycol (PEG) suppresses cell growth at a high cell density. (a) After PEG solution was added into culture media, viable PC-3
cells were counted. (b,¢) Following the PEG treatment protocol, PC-3 cells were treated with (b} 0.5% or (c) 1.0% PEG for 1, 5, 15, and 30 min, and
viable cells were counted. Values are the mean of fold + SD. (b) Differences of cell number between 0.5% PEG (30 min) and the Dulbecco’s

modified Eagle’s medium (DMEM)-treated control, and (c) those between 1.0% PEG (30 min) and DMEM-treated control were significant.
*P < 0.05.
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x400
Fig. 3. DNA condensation and poly(ADP-ribose)
T PARPTAI6 Kb reated with 0% pelyetacne gyeal (L) o
| 4— Cleaved PARP-1 (85 kDa) o ooy VN 0% Polyethylene glyco '

30 min following the PEG treatment protocol.
Cells were stained with Hoechst 33258 (blue),

4— GAPDH (37 kDa) as detailed in Materials and Methods. The left
| panel indicates the typical morphological feature
of multinucleated cell {arrows). The right panel
indicates the nuclear condensation of muiti-

) 20 : nucleated cells. Both panels are the same magni-
{c) b " T fication, Scale bars =50 um. (b) PARP-cleavage.
Whole-cell lysates after treatment with Dulbecco’s
]- modified Eagle’s medium (DMEM), PEG, or
s 1.5 1~ . e etoposide were prepared, and full-length (un-
= o A cleaved) PARP-1 (116 kDa), cleaved PARP-1 (85 kDa),
g% r = and glyceraldehyde-3-phosphate dehydrogenase
g2 P e > VAR (GAPDH) (37 kDa) were immunoblotted. Lane 1,
i3 WUF puwm A A o DMEM; lane 2, 0.5% PEG; lane 3, 1.0% PEG; lane
23 . o
Z 2 s NAaAn AN AN 4, 2.0% PEG; lane 5, etoposide (positive control).
% 8 o] RV Lo Gaa N s
TS s Lo AT N () Quantification of the cleaved PARP-1 protein
= 03 | [ AN A VN by western blot analysis. The density of both non-
] A AN AR cleaved and cleaved PARP-1 and of the back-
v N P e .
A Ny A A ground levels were measured, and the ratios of
] o s oA cleaved PARP-1 against the total PARP-1 were
0 v P . 2.0% calculated as follows: (density of cleaved PARP-1)
e A% e e —(background level)/(density of total PARP-1)-
PEG concentration (background level).

0.5% PEG treatment. In Figure 5b, among the cells in the R1  cells in the G,, S, G,/M, and > G,/M fractions were not changed
fraction, 292 and 1571 cells in DMEM-treated control and 0.5% significantly (Fig. 6b). We also noted that the number of cells in
PEG-treated group respectively, showed positive for Annexin V, > G,/M fractions decreased substantially between 34 and 36 h
Namely, an approximate five-fold increase in apoptotic cells was  after PEG treatment, as depicted in Supplemental Fig. 1.
observed within the large-cell fraction of PEG-treated cells com- We then extracted aneuploid-cell and large-cell populations
pared to DMEM-treated cells. In particular, a more than 20-fold  from the > G,/M fraction using the FCM data set, as detailed in
increase was observed in the number of cells in early apoptotic Supplemental Fig. 24, and the corresponding number of cells in
phase (25 vs 656 cells). Similar results were obtained with various Supplemental Fig. 2A was counted between 34 and 36 h (Sup-
cut-off values for R1 to include 3.0% and 5.5% of total popula-  plemental Fig. 2B). The number of aneuploid cells in the > G,/M
tions in DMEM-treated cells (data not shown). fraction did not show a significant change between 34 and 36 h
No evidence of mitotic catastrophe in PEG-treated cells. By FCM  after 0.5 and 1.0% PEG treatment. However, an approximate
analysis, no marked changes in cell cycle profile were apparent  20% increase in the numbers of large cells in the > G,/M fraction
after PEG treatment (Fig. 6a). Although the number of cells in  was observed 34 h after PEG treatment, which substantially
the sub-G, fraction was slightly increased by PEG treatment, decreased at 36 h (Supplemental Fig. 2B). These results further
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Fig. 4. Quantification of apoptosis using
flow cytometry (FCM). (a) PC-3 cells were
treated with Dulbecco’s modified Eagle's
medium (DMEM) alone (left) or 0.5%
polyethylene glycol (PEG) (right) for 1 min
following the PEG treatment protocol. After
double-staining  with  Annexin-V  and
propidium iodide (Pl), apoptotic cells were
analyzed by FCM. (b) Multinucleated giant
cells (arrow) visualized by staining with
Annexin-V (green) and P! (red). Scale
bar =50 um.
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Fig. 5. induction of apoptosis in large
cells induced by polyethylene glycol (PEG)
treatment. (a) From the data sets presented
in Figure 4a, large cell populations were
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support the view that reduction of cell numbers by PEG treatment
occurs in large-cell fractions, possibly by apoptosis, but not by
mitotic catastrophe in aneuploid cells.

Induction of apoptosis by PEG in PC-3 xenografts. Following
the PEG treatment protocol, PC-3 cells were pretreated with
DMEM or 0.5% PEG and then implanted into mice. At day 7,
the tumor volume of the PEG-treated group was significantly
reduced compared to the DMEM-treated group. An approximate
50% reduction in tumor volume was observed with PEG
treatment (Fig. 7a). To further confirm the growth-suppressive
effect of PEG in an in vivo setting, we conducted the following
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experiment. Non-treated PC-3 cells were implanted into mice,
and PBS or 0.5% PEG solution was injected into palpable
tumors from day 7, twice a week (Fig. 7b top). The volumes
of PC-3 xenografts increased approximately eight-fold from
day 7 to day 25 in the PBS-injected group (Fig. 7b bottom). In
contrast, substantial suppression of tumor growth was detected
after injecting 0.5% PEG solution directly into tumors. The
average sizes of tumors in PBS- and 0.5% PEG-injected groups
at day 25 were 1344 £292 and 812 +215 mm®, respectively.
Namely, tumor volumes were reduced approximately 30% in the
PEG-injected group compared with those in the PBS group at
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