CYTOKINES AND COLITIC CANCER
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Material and methods
Mice

Wild type (W’D IFN-vy gene knockout (IFN-y™/7), -4 gene
disrupted (IL- 477y mice, all on the BALB/c buackground were
originally obtained from Jackson Laboratory (Bar Harbor, ME).
The colony was mainiained under pathogen-free conditions in the
Immunocomprontized Mouse Facility of the Research Institute,
Internations! Medical Center of Japan (IMCI). All experiments
were performed according to the Institutional Guidelines for the
Care and Use of Laboratory Animals in Research and according to
the approval of the local ethics committee in the IMCJ.

Induction of colitis and colon tumors

Treatment of mice was initiated when mice were 8 weeks of
age. Trinitrobenzene xuiiomc acid (TNBS) colifis was induced, as
described previously.””™® A 2% solution of TNBS (Research
Organics, Cleveland, OH) in PBS:ethano! (111 by volume)} was
administered intrarectally o mice. anesthetized with ketamine
{(Sankyo Co. Lid., Tokyo, Japan) and xylazine (Sigma, St. Louis,
MG). A dose of TNBS of 36 pgfg of body weight was given. The
colon carcinogen AOM was purchased from Sigma, and a dose of
10 pg/g of body weight in saline was injecte ed intraperitoneally.
THNES and AOM were given. as indicated (Fig. 1). In some experi-
mental groups, beatment with either TNBS or AOM was per-
formed. In protocol 1, six doses of AOM or 4 doses of TNBS were
given during the first 5 weeks, and then TNES was given every 4
weeks on 6 occasions, to mimic recurrence of inflammation. In
protocol 2, three doses of TNBS and AOM were given together in
the first 2 weeks, and colonic tissues were examined after 33
weeks. To examine the spontancous development of tumors, some
cytokine knockout mice were kept unireated, until they were 40
weeks of age.

Macroscopic and histological examination

Caolonic tissucs were opened longitudinally, fixed in 10% for-
walin overmight at 4°C, washed in PBS, stained with 2% methyl-
ene blue for contrast, and then the numbers of macroscopically
visible tumors were assessed. Some spechuens were sxamined
with a zoomn stercomicroscope. Tumors were removed along with
the swrrounding notnal colonic Hssues and embedded in paraffin
blocks; then, 4-pm sections were prepaved and stained with hema-
toxylin and eosin (H&E). For immunohistochemical analysis, 3-
pm-thick paraffin sections were deparaffinated in xylene, rehy-
drated and heated at 95°C in 10 mM citrated buffer (pH 6.0) for
10 min. After treatment with 3% Hy0,, followed by 0.25% goat
serwm. in PBS for blocking, sections were incubated with mono-
clonal antibodies to pS3 (DO-1, 1:200) or B-catenin (1:800, both
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Ficure 2 - Pathological features of colonic tumaors. (a) Macro-

scopic appearance of typical tumors. Colons from IFN-y rice
treated with AOM plus TNBS are shown. (h) Zovm stereomicroscopic
appearance of tumors in panel A after staining with methylene blue.
Polypoid cancer seen in WT (¢) and TL-4™"" (d) mice treated with

AOM p}us TNES, stained by H&E. (¢) Flat-elevated cancer seen in
FN-y ™" mice (H&B staining). Immunostaining for B—catemn of
well-differentiated adenocarcinomas from WT (H and IL-4™ (g}
mice showing a cell mcmbram pattern and moderately ditferentiated
adenocarcinorna from IFN-y™'™ mice () showing a nuclear patter.

from BD Transduction Laboratories, CA) overnight at 4°C. Mouse
128G was used as a negative control. Bound antibody was detected
using Vectastain ABD-Kit (Vector Laboratories, Burlingame, CA)
according to vendor's protocol, and deaminobenzidine was used
as substrate for peroxidase.

Staristics

The results were compared by the Mann—-Whitney test or
test, using the Statview II statistical program (Abacus Concepts.
Berkeley, CA) adapted for the Macintosh computer.

Results
Effects of inflarmration and cytokine deficiency
on the formation of colon tumors

In our study, polypoid or sessile slevated lesions were macro-
scopically visible in the middle to distal colon, and these were
enwmerated (Figs. 2 and 2b). The results of protocol 1 are sum-
maurized in Table I When WT mice were trealed with only AQM
in prctocol 1, 3.3 tumearsfmouse were seen affer 33 weeks, In IFN-
'y_/ mice, the mcidence of tumors induced with AOM was not
>1gmﬁc&nt]v different from that of WT mice. IL-4™" mice,
treated with ACM only, did not develop tumors, except for 1
mouse with a single tumor, although aberrant crypt foct (ACF)
were frequently seen by following zoom stereomicroscopy. Induc-
tion of TNBS colitis, In addition to AOM treatment, did not
change the numbers of tumors in WT mice. In contrast, induction
of colitis mduced enhanced formation of tumors in both JEN- -y e
and TL-47' mice. Of note, the number of fumors in IFN-y ™/
souse reached o § tumors/mouse, which was w}g,mimmtlv h};,her
when compared with those in IL-4™/" or WT rmce The incidence
of tumor hearing mice was 100% in the IFN-v™/™ group. There
were no significant differences in the size of the fumors, which
developed in each expetimental group. In protocol 1, most of the
deaths occurred mo%iy in the first § weeks. The exceptxcns were
that some 1L-47'" mice treated with TNBS d]ed in later period,
coinciding with our pre\/lous report that 1L-4"/" mice are more
susceptible to TNBS colitis.® Further, we did not see any tumors
in the mice which died before 33 weeks. including IL-47/" mice.
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TABLE I-NUMBER OF TUMORS IN CYTOKINE DEFICIENT MICE (PROTOCOL 1)

Mice Treamment No. of mice survivedftoral Incidence of tamor No. of mmors/mouse Size of rumors (mm”) Total pumber of rumors
WT AOM 7/12 (58 5/1(71) 33229 22%13 23
WT AOM + TNBS L0O/17 (59) 6/10 (60} 20%25 20+13 20
WT TNBS 5/5 (100) O/5(0) 0x0 0
IFN-y ™/ AOM 7/16 (43) 2/7(28) 14223 2719 10
EN-y™~  AOM + TNBS 7/11 (64) 7/7 (100)° 83 % 18 2818 38
IFN-y ™/~ TNBS 8/10 (80) 0/8 (0) 00 0
[FN-WI'"/ Untreated 8/8 (100) 0/8 (0) 0x0 0
o4 AOM 15/17 (88) H15(7) _ 0.1 +0.3* 1.6 1
-4 AOM+TNBS T/11 (64) 57(71y° 3.1 %£34 17212 22
M4/~ TNBS 2/7 (29) 072 () 00 0
L4777 Untreated 4/4 (100) 0/4 () 0*0 0

"Walues jn parentheses indicate percentages.~*Difference from IFN-y™

......

or IL-47"" mice treated AOM was statistically significant

{p<0.02).~"Differences from all other experimental groups wese statistically significant (p < 0.02).~"Differences from WT mice with AOM or
AOM+TNBS were statistically significant (p<<0.02).—"Difference from IL-4""" mice treated AOM was statistically significant (p < 0.02).

TABLE T[ - NUMBERS OF TUMORS IN CYTOKINE DEFICIENT MICE (PROTOCOL 2)

Mice Treaiment No. of mice survived/iotal Incidence of rumor formation No. of timors/mouse Total number of tmors
TFN-y ™ AOM + TNBS 19/24 (79) 10/19° (53) 0.8+ 092 15
147" AOM + TNBS 12/24 (50) 0712 (0) 0 0

"Walues in parentheses indicate percentages. ~~Differences from [L-4"/"

It indicated that mortality was not associated with cancer, but
more with susceptibility to TNBS colitis or toxicity of AOM in
each mouse strain.

Next. to conform the difference between IL-4™/ and IFN-y ™/~
mice treated with both AOM and TNBS, we have chosen protocol
2 (Fig. 1). reducing the dose of AOM and TNBS. A change in the
dose of AOM improved the survival of IFN-y™" iice: however,
this dose change did not affect the survival of IL-4™'~ mice, prob-
ably because of their higher sensitivity to TNBS colitis than IFN-
~v'" mice (Table II). In this protocol. death occurred within the
first 3 weeks, and no twmor-caused death was observed in both
groups. Although the numbers of tumor/mouse decreased in this
protocol, we saw similar differences between the IFN-y ™/~ and
IL-»4“'/' “ mice groups (Table II). No visible tumors were seen in
IL-477 mice. In contrast, 10 of 19 IFNA,"" ~ mice formed more
than 1 tumor in the colon.

Microscopic findings

Tumors formed in protocol 1 were subjected to microscopic
examination. The majority of these were polypoid lesions (Figs.
2¢ and 2d), and some of them were flat, elevated Tesions (Fig. 2¢).
Tumors histologically examined were all diagnosed as well-differ-
entiated or moderately differentiated adenocarcinoma. There was
also colonic dysplasia involving 1-2 crypts, in mouse groups that
had treatment with AOM. In each groups of mice, there were no
differences in the severity of cell infiltration into tumors. In JEN-
Y~ mice with TNBS colitis, deformity of crypts was the most
evident, as previously reported™; however, there were no clear
relations to tumor location. In WT mice, the ratio of moderately
differentiated adenccarcinoma from mice treated with both AOM
and TNBS tended to be higher than those treated only with AOM,
in which well-differentiated adenocarcinoma was the major type
(Fig. 3). The majority of tumors from IFN-y™'™ mice were moder-
ately differeniiated adenocarcinomas in both AOM or AOM plus
TNBS wreated groups (Fig. 3). In protocol 2, fourteen out of 15
tumors from IFN-y /" mice treated with AOM plus TNBS were
also diagnosed as moderately differentiated adenccarcinomas.
One tumor was a well-differentiated adenocarcinoma.

Inununohistochemistry

Immunostaining for p53 and B-catenin was performed. Staining
with anti-p53 monoclonal antibody was generally weak, and obvi-
ously enhanced nuclear staining was seen in only 2 tumors in IFN-
v7'7 mice treated with AOM plus TNBS, 2 from [L-47'7 mice

mice were statistically significant (p < 0.02).
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Figure 3 - Percentage of histological diagnosis and B-catenin
staining pattern of colon tumors. Tumors (6-10) from cach mouse
group in protocol 1 were evaluated for their histological grading and
expression of B-catenin. A. treated with AOM: T, treated with TNBS.

treated with AOM plus TNBS and 2 tumors from WT mice treated
with AOM (data not shown). In contrast, a differential siaining
pattern with B-catenin was seen. Well-differentiated adenocarci-
nomas in WT and IL-4"/" mice showed typical staining of cell
membrane, which was much stronger than that in normal epithelial
cells (Figs. 2f and 2g). In contrast, nuclear staining was frequently
observed in tumors from TFN-y™/~ mice treated with AOM plus
TNBS (Fig. 24). All umors from L4777 mice showed a cell
mermbrane pattemn, including the one from mice freated with only
AOM. There was no tumor with a membrane-staining pattern from
IEN-y™"" mice treated with AOM plus TNBS (Fig. 3). Thus,
nuclear and membrane localization of B-catenin was the character-
istics of moderately differentiated adenocarcinomas in IFN-y ™/~
mice and well-differentiated adenocarcinoma in IL-4™'" mice.
respectively (Fig. 3).
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Discussion

In the present study comparing WT, IFN ™" and TL-4™/" mice,
several new findings in colitis-related colon cancer were revealed.
First, in the absence of IFN-y, induction of TNBS colitis and AOM
strongly enhanced tumor formation in the colon. Importantly, colitis
also affected the histological degree of differentiation, and fre-
quently induced nuclear translocation of -catenin.

Although the precise mechanism of enhancement of tumeor for-
mation is not yet clear, one possibility is that a defect of tumor
immunosurveillance occurs in IFN-y '~ mice. Previous studies
showed that IFN-y ™/~ mice develop chemical carcinogen methyl-
chofanthrene-induced sarcoma,”” spontancous lymphomas and lung
adenocarcinomas™ more frequently than do WT mice. In our stud-
jes, there were no significant differences in the frequency of turnor
formation between WT and IFN—'y‘/ ~ mice, when inflammation
was not induced. In contrast, in the presence of colitis, the number
of tumors in JFN-y™'™ mice was markedly increased, while tumor
frequency in WT mice was not increased. This result in WT mice is
distinct from studies reporting (he development of AOM-induced
tumors within a short term in WT mice when DSS colitis was
induced,””"** although there has been no report testing IEN-y~ /"
nuice. In DSS colitis, diffuse loss of epithelium is the primary patho-
logical finding, which might increasc the chance of carcinogenesis
and promotion during vigorous epithelial cell regeneration. On the
other hand, since TNBS colitis is characterized by a focal ulcer and
a strong hapten (trmitrophenyl residue)-specific inunune response
of T and B cells, IFN-y produced as a part of adoptive immunity in
the inflamunation seems to be important for protection from the
colonic tumor. In other words, IFN-y production may not be
required for tumor surveillance in non-inflamed, steady state colons
of BALB/c mice. A significant incidence of lung carcinoma, but no
report of colon carcinoma during the life span of more than 600
days in BALB/c IEN-y “I mice, also supports this notion.?® The
importance of IFN-y in tumor surveillance produced by T cells as a
purt of adoptive immunity was also shown in the previous study that
RAG2™"™ x STAT1™'~ double knockout mice showed increased
susceptibly to methylcholanthrene-induced carcinogenesis, but did
not display a significantly greater tumor incidence, when compared
with mice that lacked either RAG2 or STATI gcnes.23 Thus, it is
feasible that the colonic mucosa of UC, which fails to induce pre-
vailing upregulation of IFN-y but produces Th2-type cytokines, can
tiequently develop colonic carcinoma. On the other hand, our
results also showed that addition of TNBS colitis to AOM increased
the incidence of tumor in [L-4""" mice, although the number was
much less than in IFN-y™'" mice. This result suggested that aber-
rant Thl-dominant inflammatory responses might also increase the
tumnor risk. although it was not comparable to that in Th2 dominant
condition.

Since there is an interaction between Thl and Th2 cytokines
that they suppress the effect of each other, the presence of an ex-
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cess amount of Th2 cytokines in IFN-y™" would have a signifi-
cant effect. We have previously analyzed the cytokine /production
by colonic CD4" cells in WT, IL-4™/" and IFN-y™"" mice in
naive colon, as well as in acute (day 1) and chromic (day 10) phase
of TNBS colitis. Colonic CD4" T cells from IEN-y /" mice pro-
duced very large amounts of IL-4 and IL-5. In contrast, secretion
of IFN-y by colonic CD4™ T cells from IL-4""" mice was higher
than in colonic CD4™ T cells from WT mice.””*” In protocol 1 of
current study, the number of tumors in IL-47/" mice was much
lower than those of WT or IEN-y™/~ mice. In protocol 2, none of
the IL-4™'" mice developed tumors, in contrast to the 53% inci-
dence in IFN-y ™/~ mice. These results suggest that IL.-4 may have
a direct effect on promoting tumor formation. In fact. many malig-
nant tumors express the IL-4 receptor, which is able to bind to
both I1.-4 and 1L-13 and also the high affinity decoy receptor of
I1.-13, IL.-13 receptor 2.2 However. the function of IL-4 and II-
13 in tumor cells, especially in colonic cancer is not yet clear, and
the output effect via these receptors still remains to be investi-
gated. Early studies showed that I.-4 and IL-13 had antitumor
activity in mice by growth inhibition™® through IL-4 receptor.”
However, subversion of host antitumnor defenses has also been
demonstrated for TL-13. Recent studies using turnor cell lines
demonstrated that STAT6, IL-4 and 11.-13 were capable of inhibit-
ing tumor rejection.?** Thus, Th2 type cytokines appear to
antagonize tumor immunosurveillance.

In our study, IL-4"/" mice and IFN-y™/" mice showed distinct
expression patterns for B-catenin, cell membrane and nuclear
staining in IL-47/" and IFN-y ™" mice, respectively, while WT
mice had tumors of both patterns. This again suggests that Th2-
cytokine predominance directly influences the mutation of DNA,
in epithelial cells. Indeed, exogenous IL-4 and IL-13 decreased
the levels of membrane staining of B-catenin in keratinocytes,
without changes of total protein levels of B-catenin, while IFN-y
enhanced membrane staining.” In our model, gene mutation
induced by AOM might facilitate nuclear translocation of B-cate-
nin, which had localized in cytoplasm, but not in cell membrane
by the action of TL-4 and TL-13, secreted as inflarnmatory
responses of JFN-y ™'~ mice. Thus, we propose that enhancement
of tumor formation in IFN-y™/" mice is due both to a lack of
immunosurveillance by IFN-y and promotion of carcinogenesis
by excess Th2 type cytokines. In this context, epithelial cells in
the process of tissue repair in the inflamed colon are susceptible to
the absence of IFN-y and the presence of excess amount of 1L.-4
and W-13.

In summary, our results show that a predominance of Th2 type
cytokines in the inflamed colon, which mimics mucosal immunity
in UC, promotes aberrant B-catenin expression and tumor forma-
tion. This model will be useful to further clarify the mechanism of
colitic-cancer and for our search for targets or new agents for pre-
vention of colon cancer.
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Abstract

The susceptibility of poly(ADP-ribose) polymerase-1 (Parp-1) knockout mice to 2-amino-3-methylimidazo[4,5-f]quinoline
(IQ)-induced liver carcinogenesis was analyzed. Twelve-week-old male Parp-1"'", Parp-1"'~ and Parp-1~'" mice of the
C57BL/6 congenic strain were fed a diet containing IQ at a concentration of 300 ppm or a control diet for 60 weeks.
Hepatocellular carcinomas were observed only in 1/19, 2/18 and 1/17 of the Parp-1~'", Parp-1"'~ and Parp-1*"" mice,
respectively. Parp-1 deficiency did not affect the susceptibility of mice to carcinogenicity of IQ, which produces bulky DNA
adducts that are repaired mainly through the nucleotide excision repair pathway. This result is in sharp contrast to the increased
susceptibility of Parp-1 '~ mice to carcinogenesis induced by alkylating agents that produce DNA damage repaired mainly
through base excision repair and DNA strand break repair pathways.
© 2005 Elsevier Ireland Ltd. All rights reserved.

Kevwords: PARP; 1Q; Knockout mice; Liver; Carcinogenesis

1. Introduction as well as many chemicals in foods, and various
systems of DNA repair have evolved which prevent

Cellular DNA damage is constantly generated by mutations and thus tumor induction.
physical and chemical stimuli from the environment, Poly(ADP-ribose) polymerase-1 (Parp-1) has mul-
such as ultraviolet (UV) radiation, exhaust fumes, tiple functions in DNA repair/recombination [1],

maintenance of genomic stability {2,3], and induction

i e . hor. Tel: +81 52 853 8156: fax: +81 52 842 of cell death accompanying nicotinamide adenine
0817"““""“ ing author. Tel.: 81 el dinucleotide (NAD) depletion [4,5]. Parp-1 is also
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differentiation [6-8] and thus may play important roles
in preventing carcinogenesis [9]. Among the five major
DNA repair pathways [10], accumulating evidence
suggests that Parp-1 contributes mainly to base
excision repair (BER) [2,11] as well as single- and
double-strand break repair [12,13]. In Parp-1 knockout
mice disrupted in Parp-1 exon 1 [14], increased
sensitivity regarding N-nitrosobis(2-hydroxypropyl)a-
mine (BHP)-induction of liver hemangiomas and
hemangiosarcomas [15] and azoxymethane-induced
colon and liver tumors [16) has been demonstrated.
Although spontaneous tumors were not observed at 7
and 9 months of age in mice having an ICR:129/Sv
mixed genetic background [15,16], the incidences of
hepatocellular carcinomas were increased at 18-24
months of age with a 129/Sv: 129/Ev:C57BL/6: albino
mixed genetic background [17], and in the ICR:129/Sv
case [18]

In the present study, to clarify the impact of Parp-1
deficiency on carcinogenesis induced by a different
type of chemical, the susceptibility of Parp-I knock-
out mice to the carcinogenic activity of 2-amino-3-
methylimidazo[4,5-flquinoline (IQ), & mutagenic and
carcinogenic heterocyclic amine [19] produced during
cooking of meat and fish [20], was analyzed. After
enzymatic activation, IQ produces bulky adducts in
DNA which have been suggested to be repaired
mainly through nucleotide excision repair (NER)
[21], in contrast to the case of alkylating agents,
especially methylating agents, in which the induced
lesions are repaired mostly through BER [22] and
DNA strand break repair. Comparison of the results of
tumorigenesis induced by IQ and alkylating agents
may provide useful information to elucidate the
impact of Parp-1 deficiency on DNA repair in relation
1o carcinogenesis.

2. Materials and methods
2.1. Animals and chemicals

Parp-1 knockout mice were generated by disrupt-
ing the Parp-1 exon 1 through insertion of a neomycin
resistance gene cassette [14] and then serial back-
cross mating was carried out to establish a C57BL/6
congenic strain [23]. Eleven-week-old male wild
type (Parp-1 1+, hetero (Parp-1 */=y and null

— 543 —

(Parp-17"7) littermate male mice were produced by
in vitro fertilization and housed, five to a cage on
wood-chip bedding, in an air-conditioned animal
room targeted to 2342 °C and 50% humidity. Food
and water were available ad libitum throughout the
experiment. Body weights were measured weekly.
Use of the animals in carcinogenesis experiments was
conducted according to the Guidelines for the Care
and Use of Laboratory Animals of Nagoya City
University Graduate School of Medical Sciences, and
was approved by the Institutional Animal Care and
Use Committee. The animals were also treated in
accordance with the Guiding Principles for the Care
and Use of Laboratory Animals of other participating
institutions. IQ was dissolved in ethanol and added at
300 ppm to powdered CE2 diet (CLEA JAPAN,
Tokyo, Japan), which was then pelleted at 100 °C for a
few seconds and dried at 70 °C for 2 h. The presence
of approximately 100% of the initial dose of IQ in the
IQ-containing diet one year after its preparation was
confirmed by HPLC after extraction with methanol, as
described elsewhere [19].

2.2. Treatment and analysis

After a one-week initial observation period with
the control diet, starting from the 12 weeks of age, the
IQ-containing diet was given to mice of groups 1-3
(20 mice each for Parp-1"'*, Parp-1*'~ and
Parp-1 Y Groups 4-6 (6, 10, 8 mice each for
Parp-11"%F, Parp-1""~ and Parp-1~"7) received the
control diet. All surviving mice were killed under
ether anesthesia at the end of experimental week 60.
Most of the animals killed upon becoming moribund
were also analyzed. After a careful and gross
examination, liver, kidneys and spleen were removed
and weighed. Macroscopic lesions, and liver, kidneys,
spleen, langs, stomach and brain were fixed in
buffered 10% formalin, trimmed and routinely
embedded in paraffin. Sections cut at 3 um thickness
were stained with hematoxylin and eosin for
histological examination.

2.3. Statistical analysis
Kruskal-Wallis and Bonferroni/Dunn analysis was

used for statistical analysis of the quantitative data
and x2 analysis was performed for the incidence data.
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3. Results

Initial mean body weights of the Parp-1~'~ mice
(24.7+ 1.8 g) were significantly lower than those of
their Parp-1T'7(27.142.4g) and Parp-1t'~
(27.3£2.2 g) counterparts, at P <0.001. Body weight
gain and relative kidney weights were apparently
suppressed by IQ in all genotypes (Table 1). Food
consumption of the mice per body weight on the 1Q-
containing diet was lower than with the control diet,
but no variation was observed among the different
genotypes (data not shown). All of the control diet and
85, 80, and 85% of Parp-]+/+, Parp-]+/_, and
Parp-17"" mice, respectively, given IQ survived
until the termination of the experiment. Final body
weights and relative kidney and spleen weights in the
Parp-1""" mice receiving IQ were significantly
lower than those of Parp-I T+ mice (P<0.01,
0.001 and 0.01, respectively). Final body weights
and relative kidney weights were also lower in Parp-
177 than Parp-1*'" controls, although the differ-
ence was not significant. Relative liver weights in
Parp-1*"" mice given 1Q were significantly higher
than those in Parp-17'" mice given the control diet
(P<0.01).

Liver nodules were observed macroscopically in
two Parp-]“ ~ and one Parp-1-'" mice treated
with IQ that became moribund before the termin-
ation of the experiment. Data for incidences and
multiplicities of pre- and neoplastic liver lesions
are summarized in Table 2. Hepatocellular adeno-
mas were observed in 3 Parp-17'" mice given IQ

Table |
Final body and relative organ weights

and one each of the Parp-1"'" and Parp-1='~
mice given IQ, as well as one Parp-I1*'" mouse
maintained on the control diet, and hepatocellular
carcinomas (HCC) were seen in one Parp-]+’+, 2
Parp-17"" and one Parp-1~'" mice given 1Q,
indicating that 300 ppm was not a saturating
concentration for tumor induction in the liver. No
significant differences were observed in the inci-
dences of these lesions among the Paip-1 geno-
types. Most hepatocellular lesions in Parp-11'"
mice were found as single adenomas or adeno-
carcinomas, but some Parp-17'" and Parp-1~""
mice demonstrated more than one tumor. In the
lungs, alveolar cell hyperplasias and adenomas
were occasionally noted, regardless of the treatment
and genotype. Squamous cell hyperplasias of the
forestomach ranging from 0.2 to 2.0mm in
diameter were observed more frequently in IQ-
treated than in control mice, with no apparent link
with the genotype (Table 3).

The relative spleen weights were also significantly
higher in Parp-1"'* mice given IQ (P <0.01) than in
their Parp-1*'" and Parp-17'~ counterparts. This
was associated with a higher incidence of splenome-
galy in Parp-1""*(5/17 (29%)) than in Parp-1~'~
mice (0/19 (0%)), although the difference was not
statistically significant (Table 3). Three Parp-1*'"
mice (18%) and one Parp—l_/_ mouse (6%)
developed malignant lymphomas in the spleen, but
the inter-group variation was not significant. In these
cases, small foci of atypical lymphocytes were also
observed in other organs, such as the liver and kidney.

Group Genotype 1Q No. of mice Body weight (g) Relative organ weights (%)
Liver Kidneys Spleen

1 +/+ + 17 29.2+4.1° 6.3841.59" 123+0.16° 0.65+0.59
2 +/— + 16 29.4+24° 5.53+£0.68 1.134+0.12° 0.32+0.12¢
3 —/= + 17 26.5+ 1.4%%¢ 5.9340.55 1064008 0284007
4 +/+ - 6 348422 4.85+0.59 1.50+0.25 0.31+0.05
5 +/- - 10 334432 5.15+0.85 1.3740.18 0.43+0.29
6 -/ - 8 318422 5.684+043 1.30+0.13 039+0.25

* Significantly different from control diet group of the same genotype at P <0.001.

b

Significantly different from control diet group of the same genotype at P<0.01.

© Significantly different from +/+ group of the same treatment at P <0.001.
9 Significantly different from +/+ group of the same treatment at P<0.01.

Significantly different from +/— group of the same treatment at P <0.01.
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Table 2
Incidence and multiplicity of liver lesions

Group  Genotype 1Q No. of mice  Clear cell foci Hepatocellular carcinoma Hepatocellular adenoma
Incidence  Muitiplicity Incidence  Multiplicity Incidence  Multiplicity
(%) (No./tumor (%) (No./tumor (%) (No./tamor

bearing mice) bearing mice) bearing mice)

i +/+ + 17 1(6) 2 3 1 1(6) 1

2 -+ /- + 18 1 (6) 1 16 3 2 25%2.1

3 - + 19 0 15 5 1(5) 1

4 +/+ - 6 0 1 ##4# 1 0

5 +/— - 10 0 0 0

6 —f— — 8 0 0 0

No brain tumors were noted in our present exper-
iment, unlike the case with Parp-1"'" p53™/ mice,
which have been reported to show a high incidence of
brain tumors at week 24 [24].

4. Discussion

The present study demonstrated no increase with
Parp-1 deficiency in the incidences of tumors induced
by IQ in the liver, lung and forestomach, which are the
main targets for IQ-induced carcinogenesis in mice
with the CDF1 genetic background [19]. Although
Ohgaki et al. [19] and we used the same dose of IQ
(300 ppm in the diet), we observed lower incidences
of tumors in the target organs with the present C57BL/
6 genetic background. However, the difference could
be at least partly explained by the shorter experimen-
tal period we applied (60 versus 96 weeks) or a lower
susceptibility of C57BL/6 mice to IQ carcinogenicity
than with CDF1 mice.

IQ is metabolically activated, mainly in the liver, to
form a mutagenic metabolite, N-hydroxy-IQ [25],

which can be further activated by O-acetyl transferase
to N-acetoxy-IQ [26]. Both N-hydroxy-IQ and
N-acetoxy-1Q covalently bind to DNA, producing
N-(deoxyguanosin-8-y1)-IQ adducts [27]. Another
direct acting mutagen, N-nitro-I1Q, is also reported to
be generated by extrahepatic peroxidases such as
prostaglandin H synthase [28]. IQ adducts produced
by N-hydroxy-1Q, N-acetoxy-IQ and N-nitro-IQ are
suggested to be repaired through nucleotide excision
repair (NER) [21], in which Parp-1 is not involved [3].
Therefore, the absence of any difference in suscepti-
bility to IQ-induced carcinogenesis between Parp-
177 and Parp-1T'" mice is explainable and
provides a sharp contrast to the much elevated
susceptibility of Parp-1~'" mice on an ICR/129 Sv
mixed genetic background to azoxymethane-induced
colon and liver tumorigenesis [16], as well as
N-nitrosobis(2-hydroxypropyl)amine (BHP)-induc-
tion of liver hemangiomas and hemangiosarcomas
[15]. In BHP-treated mice, we observed a higher
frequency of mutations, such as deletions, insertions/
rearrangement in Parp-1""" than in Parp-1"'" mice
[29], providing direct evidence of decreased

Table 3
Incidences of the lesions and abnormality in the lungs, forestomach and spleen (%)
Group Genotype  1Q No. of Lungs Forestomach Spleen
mice Alveolar cell  Adenoma Hyperplasia  Papilloma Splenomegaly ~ Malignant
hyperplasia lymphoma
1 +/+ + 17 2(12) 0 7 (41) 0 5(29) 3(18)
2 +1— + 18 0 2(11) 4(22) 1(6) 1 (6) 0
3 -/ + 19 0 0 8 (42) 0 0 1 (6)
4 +/+ - 6 0 0 1a7n 0 0 0
5 +/- - 10 0 1(10) 0 0 3 (30) 2 (20)
6 —f= - 8 0 0 1 (13) 0 225 2 (25)
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efficiency either in BER or DNA strand break repair.
The evidence that Parp-2 is also activated by DNA
damages and functions in base excision repair [30]
implies the possibility that Parp-2 may complement
the activity of Parp-1 in carcinogenesis by IQ.
Although it has been suggested that main function
of Parp-1 in suppressing the carcinogenesis induced
by alkylating agents could not be complemented by
Parp-2 or other members of Parp family [15,16], we
could not completely exclude this possibility. This
point might be further elucidated by studying
carcinogenesis induced by IQ in animals with
combined Parp-1 and other Parp family member
deficiencies.

In line with our results, administration of
4-pitroquinoline 1-oxide (4NQO), which mimics
UV induced-DNA damage mainly repaired by NER
[31], did not result in a higher incidence of tumors
in Parp-17'" than in Parp-1"'* mice on an
ICR:129/Sv mixed genetic background (Gunji et
al., unpublished). Therefore, although the genetic
background sometimes affects the outcome of
carcinogenesis experiments, in both C57BL/6 and
ICR:129/Sv cases, Parp-1 deficiency did not
elevate susceptibility to carcinogenesis induced by
carcinogens that generate bulky DNA adducts.
Taking all available data together, among the
multiple functions of Parp-1, its role in BER and
DNA strand break repair is suggested to be most
important in the prevention of carcinogenesis. In
contrast, XPA™'~ mice, which lack an important
enzyme, XPA, for NER, were found to demonstrate
elevated susceptibility to the carcinogenic activity
of 2-amino-1-methyl-6-phenylimidazo [4,5-b]pyr-
idine (PhIP) [32], another mutagenic and carcino-
genic heterocyclic amine, as well as 4NQO-induced
oral tumorigenicity [33].

IQ is also reported to induce sister chromatid
exchange [34], presumably through non-enzymatic
reduction of N-nitro-1Q in the presence of NADH
and Cu (II) and generation of H,O,, which results
in oxidative DNA damage [35] in vitro. Free
radical generation in the presence of IQ and
NADH by recombinant human cytochrome b5
reductase has also been reported [36]. Analysis of
mutation frequencies and patterns using Big
Blue® rats indicated IQ-DNA adducts rather
than IQ-induced oxidative DNA damage to be

the major DNA lesions induced by IQ in vivo
[37]. The notion that 1Q-induced DNA adducts but
not IQ-induced oxidative DNA damages are
primarily responsible for the IQ-induced carcino-
genesis is supported by the present findings. If IQ
produces a significant amount of DNA strand
breakage or oxidative DNA damage, which is
mostly repaired through BER pathway [38], Parp-
1 deficiency would be expected to result in greater
tumorigenesis in Parp-1"'" than in Parp-17'"
mice. The results also provide further evidence
that susceptibility to tumorigenesis induced by
carcinogens is primarily determined by the
efficiency of DNA-repair capacity.

We here noted that, relative liver weights were
increased in Parp-1"'" mice by IQ treatment (P <
0.01), whereas no increase was observed in their
Parp-1""" counterparts. Relative spleen weights
were also increased in Parp-I1"'t mice receiving
the carcinogen (P < 0.01). A defect of S-phase entry in
Parp-1~"" splenocytes on the C57BL/6 congenic
background [39] might be connected with the smaller
spleen in Parp-1""" than other genotypes. However,
the average relative weight data excluding animals
harboring either liver nodules or splenic malignant
lymphomas did not show significant differences
among the genotypes. Thus, the differences in relative
weights might have simply been due to the presence
of tumors.

It would be of interest to examine the effect of
Parp-1-deficiency on IQ-induced carcinogenesis at
advanced age after a lower-dose and longer-term
treatment with IQ because accumulating studies have
indicated that Parp-1 is involved in cell death
induction through NAD depletion [4,5]. A role in
genome stability could be envisaged through regu-
lIation of centrosome function and also cell
differentiation.

In conclusion, Parp-1 deficiency in the present
study did not alter the susceptibility to carcinogen-
esis induced by IQ, which produces bulky DNA
adducts that may repaired through NER. This result
is in sharp contrast to the elevated susceptibility of
Parp-1""" mice to carcinogenesis induced by
alkylating agents that produce DNA damage repaired
mainly through BER and DNA strand break repair
pathways.
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Abstract

Mammalian genomes contain several types of repetitive sequences. Some of these sequences are implicated in various specific
cellular events, including meiotic recombination, chromosomal breaks and transcriptional regulation, and also in several human
disorders. In this review, we document the formation of DNA secondary structures by the G-rich repetitive sequences that have
been found in several minisatellites, telomeres and in various triplet repeats, and report their effects on in vitro DNA synthesis.
d(GGCAG) repeats in the mouse minisatellite Pc-1 were demonstrated to form an intra-molecular folded-back quadruplex structure
(also called a G4’ structure) by NMR and CD spectrum analyses. d(TTAGGG) telomere repeats and d(CGG) triplet repeats were
also shown to form G4’ and other unspecified higher order structures, respectively. In vitro DNA synthesis was substantially arrested
within the repeats, and this could be responsible for the preferential mutability of the G-rich repetitive sequences. Electrophoretic
mobility shift assays using NIH3T3 cell extracts revealed heterogeneous nuclear ribonucleoprotein (hnRNP) Al and A3, which
were tightly and specifically bound to d(GGCAG) and d(TTAGGG) repeats with K values in the order of nM. HnRNP A1 unfolded
the G4’ structure formed in the d(GGCAG), and d(TTAGGG), repeat regions, and also resolved the higher order structure formed
by d(CGG) triplet repeats. Furthermore, DNA synthesis arrest at the secondary structures of d(GGCAG) repeats, telomeres and
d(CGG) triplet repeats was efficiently repressed by the addition of hnRNP A1. High expression of hnRNPs may contribute to the
maintenance of G-rich repetitive sequences, including telomere repeats, and may also participate in ensuring the stability of the
genome in cells with enhanced proliferation. Transcriptional regulation of genes, such as c-myc and insulin, by G4 sequences found
in the promoter regions could be an intriguing field of research and help further elucidate the biological functions of the hnRNP
family of proteins in human diseases.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Molecular mechanism; G4 DNA structure; G-rich repetitive sequence; hnRNPs

1. Introduction SINE and LTR sequences are also frequently found
in the genome of vertebrates [2]. Although there is

Mammalian genomes are known to contain various some variation in the size definition for repeat fami-
types of repetitive sequences, including microsatellites, lies, microsatellite repeats are generally composed of
triplet repeats, minisatellites, and telomeres [1]. LINE, short repetitive units of less than 6 nucleotides [1]. It

is estimated that more than 100,000 microsatellite loci

occur in the mammalian genome. Microsatellites are typ-

— ically less than 1 e pai i .
* Corresponding author. Tel.: +81 3 3547 5239; 1catly les .ha 00 bas pairs (bp ) in .tOtal length 3]
fax: +81 3 3542 2530, Although triplet repeats are also categorized as members
E-mail address: hnakagam@ gan2.res.nce.go.jp (H. Nakagama). of the microsatellite family, some triplet repeat loci can
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expand to hundreds or even thousands of repeats in cer-
tain human disorders (e.g., fragile X syndrome, myotonic
dystrophy, Huntington disease) by un-clarified mecha-
nisms {4,5]. In contrast, minisatellite repeats (also known
as variable number of tandem repeats; VNTR) are com-
posed of longer repetitive units of 5 or 6100 nucleotides
and are found in arrays expanded up to 10-20kbp. As
opposed to microsatellites, only a few 1000 such loci
are present in the genome [6]. Although the biologi-
cal significance of minisatellite repeats remains largely
unknown, some repeat regions are known to be hotspots
for meiotic recombination [7,8]. They are also occasion-
ally found in fragile chromosomal sites and could serve
as targets for genomic recombination or chromosomal
breakage [9,10].

Genetic alteration at a few specific microsatellite and
minisatellite repeats results in several human disorders.
Alterations in microsatellite repeats are frequently found
in cancer cells, and are caused by both genetic and func-
tional alterations of genes encoding mismatch repair
proteins, including MLH1, MSH2, MSH6, PMS1, PMS2
and MLH3 [11,12]. Mutations in mismatch repair genes,
as occurs in hereditary non-polyposis colorectal cancers,
lead to microsatellite instabililty (MSI). MSI can, in turn,
cause frame-shift mutations in long tracts of mononu-
cleotides; examples of this have been observed in the
transforming growth factor-§ type II, BAX and insulin-
like growth factor II receptor genes [11,12]. Under mis-
match repair-deficient conditions, microsatellite repeats
are altered by the insertion or deletion of small numbers
of mono- or di-nucleotide repeat units [11,12].

Alteration at certain minisatelllite loci are also impli-
cated in genetic predisposition to some human disor-
ders, such as insulin-dependent diabetes mellitus type
2 (IDDM-2) [13]. A rare allele of the Ha-ras-VNTR,
which is located in the 3’ region of the Ha-ras gene,
appears to be associated with various cancers includ-
ing breast, colon, urinary bladder and acute leukemia
[14].

In this review article, characteristic structural fea-
tures of G-rich short tandem repeats are summarized, and
molecular mechanisms involved in maintaining genomic
stability at these G-rich repetitive sequences are dis-
cussed.

2. Minisatellite Pc-1 and Pc-1-like repeats

The mouse Pc-1 minisatellite (also known as the
expanded simple tandem repeat Ms6-hm) consists of a
tandem array of G-rich repeats d(GGCAG),, flanked
with locus specific sequence [15]. The length of the
repeat arrays vary widely among mouse strains [16,17].

Pc-1 was observed to be a recombination hotspot at
meiosis, with a germ-line mutation rate as high as 10%
per gamete [18,19]. In normal somatic cells, however,
the repeats are relatively stable and the mutation rate
has been estimated to be around 2 x 10~° per cell divi-
sion [17]. To date, many hypervariable minisatellites,
consisting of G-rich repeat units similar to Pc-1, have
been identified in the mouse and other mammalian
genomes. Mouse loci Pc-2 and mo-1 are composed
of dGGCAGG) and d(CTGGGCAGGGAGGA)
repeats [16], and human 33.6 and 33.15 min-
isatellites consist of d(AGGGCTGGAGG) and
d(AGAGGTGGGCAGGTGG) repeats, respectively
[20]. Since the core sequences of G-rich minisatellites
share high similarity among the repeats, more than
20-30 bands are easily detected in mouse and human
genomes by a low-stringent DNA fingerprint analysis
using Pc-1 as a probe [21,22]. These Pc-1-like repeats
are also stable in normal somatic cells, although there
are several conditions that can induce mutational
instability at this locus [19,21-23].

3. Size alteration of G-rich minisatellite repeats
in the genome

Minisatellite repeats are generally stable in somatic
cells compared to germ cells as described above [24-26],
but alterations at minisatellite regions can be induced
both in cell cultures and in vivo [21,27-31]. When cul-
ture cells are exposed to a variety of chemical carcino-
gens, ultraviolet irradiation or ionizing radiation, DNA
fingerprint analysis reveals alterations of the banding
pattern of genomic regions containing tandem repeats.
We hereafter refer to these genetic alterations in min-
isatellite regions as ‘minisatellite mutations’, which
may include, for example, changes in non-repeat flank-
ing regions and restriction endonuclease sites, dele-
tions/insertions within the repeat regions, and recom-
bination events. Additionally, these types of mutations
are frequently observed in sporadic human colorectal
and gastric cancers, the incidence being 56% and 25%,
respectively [22].

Minisatellite instability is an interesting phenomenon
that is suggestive of a novel type of genomic insta-
bility [9,23]. As we reported previously, minisatellite
instability was observed in a Scid fibroblast cell line
transformed by simian virus 40 (SV40) large tumor anti-
gen, SC3VA2, and an embryonal Scid fibroblast cell
line, SCIK [23]. Both of these cell lines are deficient
in DNA-dependent protein kinase (DNA-PK) activity. A
considerable number of size alterations in minisatellites
were observed in subclones of both the SC3VA2 and
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SCIK cells (45 + 6% and 37 & 3%, respectively). These
findings were corroborated in several sets of clones.
In contrast, cells derived from the RDI3B2 cell line,
which was established from SC3VAZ by introducing a
fragment of the human chromosome 8q, which includes
the DNA-PK catalytic subunit, showed a very low fie-
quency of minisatellite mutation (3 & 3%). Although the
undertying molecular mechanisms for this instability
have not yet been fully elucidated, a lack of correla-
tion between the presence of minisatellite mutations and
microsatellite mutation/instability [21-23] suggests that
the mismatch repair system is not involved. Therefore,
it appears that another, as yet undiscovered mechanism
specific to minisatellite instability, is at play in this
case.

4. Formation of G4’ structure by d{GGCAG), in
vitro

We used structural analyses 1o investigate whether
higher order structures occur in Gerich repetitive
sequences to gain further insight into the molecular
mechanisms operating in induced instability at these
sites. The formation of secondary structures is likely
due to the G-rich nature of the repeats. For example, a
triple-stranded DNA between d(GGATCC) repeats and
d(GGA) repeat oligonucleotides forms a D-loop-like
higher order structure [32]. The d(CTG:CAQG) repeats
from the myotonic dystrophy locus form slipped-strand
DNA (S-DNA) [33]. A polymorphic G-rich min-
isatellite, AACAGGGGTGTGGGG),, located in the
promoter region of the human insulin gene [34], the
G-rich immunoglobulin switch repeats [35], and the
Gerich seguence HGsCGGGTRGEG) in the promoter
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region of the chicken B-globin gene are also known to
form unusual DNA structures, such as four-stranded
quadruplexes [36].

Based on these observations, genomic instability at
G-rich minisatellites may also be caused as a conse-
quence of the formation of higher order structures of
DNA. To investigate this hypothesis, we used the Pe-1
minisatellite repeat, dGGCAQG), as a representative G-
rich minisatellite locus of the mouse genome. As shown
in Fig. 1A, NMR analysis demonstrated that a synthetic
oligonucleotide containing eight repeats of d(GGCAG)
{H{GGCAQG)g) has the characteristic features necessary
to form a quadruplex structure [37]. Circular dichroism
(CD) specirum analysis showed a specific positive CD
band at 290295 nm (Fig. 1B). A positive peak at 260 nm,
which is characteristic of the guadruplex with a four-
stranded (inter-strand) paralle! quadruplex as detailed
previcusly [34,38], was not observed. Furthermore,
melting temperatures of oligonucieotides A(GGCAG)y
and d(GGCAQG)s determined by thermal CD melting
curves under physiological conditions (100 mM KCI)
were independent of DINA concentration. As areference,
a 10-fold dilution of DNA concentration for duplexed
DA causes a 6~-8°C drop of the melting temperature
[39]. Taken together, the data indicate that (GGCAG)g
and d{GGCAG)s form intra-strand folded-back quadru-
plex suuctures (also called a G4/ -siructure) as opposed to
four-stranded guadruplex structures (G4-structure) [37].
The CD spectrum of d(GGCAG); was different from
those of d{GGCAG)s and H{GGCAG)y, and gave abroad
positive band around 280 nm, but not the typical posi-
tive band of the G4’ structure at 290-295 nm (data not
shown). Taken together, intra-molecular G:G:G:G tetrad
formation with four d(GGG) seguences in d(GGCAG),

o
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o

o
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Fig. 1. NMR and CD analysis of d(GGCAG)g (A) Imino proton NMR spectrum of d(GGCAG); in ?H,0. The appearance of signals around
at 11-12ppm even in 24,0 at 5°C is characteristic of a quadruplex structure with guanine-guartets. (B) A positive CD band at 290-295 nm is
characteristic of a quadruplex with a folded-back structure. A four-siranded parallel quadruplex does not give a positive band at 290-295 nm,
but gives one at 260nm. (C) Schematic diagram illustrating how the d(GGCAG) repeats form a G4’ structure is depicted, although we have not
determined yet whether the G4’ structure formed by d(GGCAG) repeats is a “chair” or “basket” type quadruplex [79]. In this model, one G-stretch
is aligned anti-parallel to the next G-stretch, and four guanine residues are arranged in a square-planar aray.
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repeals (n > 5) could explain the formation of 2 G4’ struc-
tare, as depicted in Fig. 1C.

Although wehave not yet proven the in vivo formation
of a G4’ structure by A(GGCAG) minisatellite repeats,
recent studies by Duquette et al. [40] and Paeschke et
al. [41] strongly support the formation of G-guadruplex
DNA structures in vivo. Duguette et al. demonstrated
the formation of G-loops, novel structures containing
G4 DNA, in E. coli using plasmid harboring the G-
rich regions derived from the mammalian immunoglob-
ulin § (switch) regions and GQNI, an endonuclease
that specifically cleaves G4 DINA in the single stranded
region §' of the stacked G-quartet [42]. Paeschke et al.
beauntifully demonstrated G-quadruplex formation in the
macronucieus of the ciliated Stylonychia [41] by the use
of antibodies specific for telomeric G-quadruplex DNA
[43]. These findings support the hypothesis that G4’
DNA structures form at Pe-1 and Pe-1-like minisatel-
lite repeats in vivo as well. However, further studies are
required to validate this hypothesis.

5, DNA synthesis arrest at the d{GGG) sites in
viiro

Several studies have demonstrated the ability of
A{GGG; sites to cause DNA synthesis arrest. For exam-
ple, the in vitro DNA synthesis assay showed DNA
synthesis arrest at the first d(GGQG) site of a single-
stranded phagemid (pYA-3) carrying 12 repeats of
HGGCAG), with additional weaker stops at the sec-
ond, third and fourth d(GGG) sequences (Fig. 2). A
primer extension reaction using a synthetic oligonu-
cleotide containing d{GGCAQG) 5 gave similar results
(further described below). Inhibitdon of in vitro
DNA synthesis by the formation of G-quadruplex
was also reporied previously using synthetic oligonu-
cleotides of human [d(TTAGGG),), the Tetrahymena
[(TTGGGG),] telomeric sequences [44] and the G-rich
sequence found in the promoiter region of the chicken B~
globin gene, AG1sCG(GGETHEE) [36,45].

Recently, we found that DNA replication of plasmid
in F. coli was substantially affected by the presence of
HGGCAG) repeats (unpublished observations). Consid-
ering both in vitro and in vivo data, it appears that the
presence of the G-rich repeats in the template may inhibit
normal DNA synthesis (zeplication). If this is the case,
the lack of repeat instability in somatic cells suggests that
somatic cells may have specialized machinery to com-
pensate for the formation of unfavourable higher order
DNA structures and to allow replication through the G-
rich repeats.

12 3 4 5 6

wop

12 reppats of HEGEAG:

DA synihesis

start

Fig. 2. Invitro DNA synthesis assay using a single-stranded phagemid
carrying a d(GGCAG); repeat. Primer exiension reaction was per-
formed as follows using the single-stranded phagemid pYA-3 carry-
ing d(GGCAG), [37]. The pUC/M 13-M4 forward primer (Takara)
labeled with 3P at the ¥'-end (600 fmol) was annealed with single-
stranded pYA-3 (250 fimol) in 5 pl of buffer (40 oM Tris-HCIpH 7.3,
20 mié MgCly, 50 mbi KCL, 5 pM dNTPs) at 72 °C for § min, followed
by slow cooling to 37 °C. The reaction was started by the addition of
0.5 ul of Sequenase (0.8 U) or the Klenow Fragment (1.0U), and the
mixfure was further incubated at 37°C for 10 min. The reaction was
stopped by adding 3.5 14! of the stop solution (10 mM NaOH, 95% for-
mamide, 0.05% bromophenol blue, 0.05% xylene cyanole) and after
incubation at 93°C for 2 min, 3 ! aliquots of the sample DNA were
electrophoresed in an 8% polyacrylamide gel containing 7M urea.
Polyacrylamide gel electrophoresis (PAGE) analysis of primer exten-
sion reaction with Sequenase (lane 1) or Klenow (lane 2) clearly shows
the arTest of in vitro DNA synthesis at the first to fowrth d(GGG) sites
{arrow heads). Lanes 3-6 show the sequencing reactions with Seque-
nase in the presence of ddATP, ddTTP, ddCTP and ddG TP, respectively,
using 200 fmol of single-stranded pYA-3 plasmids for each reaction.
An arrow at the left indicates the direction of DNA synthesis.

6. Isolation of G-rich minisatellite binding
proteins

To elucidate the onderlying molecular mechanisms
for maintenance of genomic stability at genomic G-
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Table 1
Isolation of minisatellite binding proteins from NIH3T3 cell extract
[48]

Table 2
ICsg values for formation of d(GGCAG)s—protein complexes with
hoRNP Al hnRNF A3 and UP| [48,52]

D MW (kDa) Common name Competitor hnRNP A1 hoRNP A3 UP1
MNBP-A 30 hnRNP A3 GS5teL ((GTTAGG)s) 3nM 5nM 3nM
MNBP-B 24 hnRNP Al/UPI G5, ((GTCAGG)s) 1nM 7nM 4nM
MNBP-D 29 ND* GSpe2 ((GGCAGG)s) 9nM 20nM 40nM
MNBP-E 98 LRP130° G5 ((GGCAG)s) 6 1M 300nM 20 nM
MNBP-F 130 LRP130 Poly(dG) ((dG)»s) 9nM 1 uM 100 oM
MNBP-G 110 Tudor-SN/SND1 G5.c ((GCCAGG)s) >1 pM >1 uM >l uM

* ND: not determined.
® Probably a proteolytic product of MNBP-F, LRP130.

rich minisatellite sequences, we carried out an elec-
trophoretic mobility shift assay (EMSA) to identify
minisatellite binding proteins (MNBPs) using cell-free
extracts from NIH3T3 cells treated with okadaic acid
(Table 1). Okadaic acid (OA) is a known tamor pro-
moter [46] and a specific inhibitor of the mammalian ser-
ine/threonine protein phosphatases [47]. OA is capable
of inducing minisatellite mutations in NIH3T3 cells [21].
Two proteins, hnRNP A3 (MNBP-A) and hnRNP Al
(MNBP-B), were identified from OA-treated NIH3T3
cells as MNBPs for the G-rich strand of the Pc-l
minisatellite [48]). In addition, three proteins, MNBP-
D, LRP130 (MNBP-E and -F) and Tudor-SN/SND1
(MNBP-G), were identified as C-rich strand binding pro-
teins [48], whose functions and biological consequences
will be briefly discussed later.

Binding of hnRNP Al in cell-free extracts to the
G-rich repeat was enhanced from cultures treated with
5nM of OA. In contrast, hnRNP A3 did not show any
such enhancement after OA treatment, suggesting some
mechanistic differences in DNA recognition and binding
between the two hnRNPs. Sequence requirements for
the high-binding affinity of hnRNP Al and hnRNP A3
were evaluated by an oligonucleotide competition assay
using EMSA, and are summarized in Table 2. hnRNP
Al binds more widely to d(GGCAG)s and d(GGCAG)-
like repeats, including G57gL,, G547 and poly(dG), with
a K4 value of 1M magnitudes. Interestingly, the affinity
of hnRNA3 with d(GGCAG)s was about 50-fold weaker
than that of hnRNP A1, with ICsq values for the forma-
tion of d(GGCAG)g-protein complexes being 300 and
6 nM, respectively (see footnote for Table 2). This sug-
gests that tandem arrays (n>5units) are required for
sufficient binding of hnRNP A3 with Pc-1 d(GGCAG),
repeats. In contrast, competition with telomere repeats
(G571gL) and telomere-like repeats (G5..1) showed much
stronger inhibitory activity for hnRNP A3 binding to
d(GGCAQG)g, the value of which was almost comparable
to that observed for hnRNP Al. G5p..2, which contains a
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ICso values were estimated from the inhibition curves generated by
plotting the relative amount of complex against the concentration of a
competitor, and expressed as the concentrations of individual unlabeled
competitor oligonucletides at which the labeled d(GGCAG)g-protein
complex yield was halved. The concentration of labeled d(GGCAG)g
used in the competition reaction is 2nM in all experiments.

G-insertion in the d(GGCAGQG) repeat of Pc-1, and is simi-
lar to minisatellite Pc-2, showed a slightly lower binding
activity than the d(GGCAG) repeats. GS,¢ did not bind
toeither hnRNP A1 orhnRNP A3. A large difference was
also observed between hnRNP Al and hnRNP A3 with
poly (dG) probes. Binding of hnRNP A3 to poly(dG)
was 100-fold weaker than hnRNP Al.

Based on our data, minisatellite Pc- 1 binding proteins
are able to bind not only to Pc-1 but also to other min-
isatellites having Pc- 1-like sequences. Sequence require-
ments for DNA binding of hnRNP A3 seem to be stricter
than those for hnRNP A1, and this suggests that hnRNP
A3 may serve a different function from hnRNP Al by
binding to separate regions of the genome. Both hnRNP
Al and hnRNP A3 may be telomere binding proteins,
and elucidation of the biological functions of hnRNP
A3 is currently ongoing in our laboratory.

7. hnRNP A1 and UP1 bind to G-rich repetitive
sequences and unfold G4’ structures

To clarify the consequence of hnRNP A1 binding to
G-rich repetitive sequences, we investigated its effect on
the stability of the G4’ structure. Recombinant hnRNP
Al and unwinding protein | (UP1), a proteolytic product
of hnRNP Al lacking the C-terminal portion of hnRNP
Al [49-51], were expressed in E. coli as GST fusion
proteins and purified, by releasing a GST tag, for use in
G4’ binding assays. DNA binding affinity and sequence
specificity of UP1 is almost equivalent to those of GST-
UP1 and GST-hnRNP Al, but is slightly lower than that
of hnRNP Al (Table 2).

By EMSA, the intramolecular quadruplex (G4’ form)
of d(GGCAG)g shows faster mobility than the single-
stranded form on polyacrylamide gel electrophoresis
(PAGE). Both UP1 and GST-hnRNP Al bind to both
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Fig. 3. CD spectra indicate UP] unfolds the G4’ structure of d(GGCAG) repeats. CD spectra of d(GGCAG)s with GST-UP1 (A) and GST (B). For
each CD spectrum, the spectrum of the corresponding protein was subtracted. Solid, the DNA:protein molar ratio of 1:0; dotted, 1:0.5; dashed, 1:1;
centered, 1:2. The CD band at 250295 nm was decreased by addition of GST-UP1 in a dose-dependent manner. GST alone did not induce any

change in the levels of the peak.

(G4’ and single-stranded forms of d(GGCAG)s {52}, and
decrease, in a dose dependent manner, the amount of
the G4’ form (unpublished data). The characteristic CD
band at 290-295 nm of the G4’ structure was decreased
by addition of GST-UP! in a concentration-dependent
manner (Fig. 3A), while the addition of GST did not
induce any change (Fig. 3B). These data clearly indicate
that hnRNP A1 and UP} unfold the G4’ structure at the
d(GGCAQ) repeats.

Another member of the hnRNP family proteins,
hnRNP D, also binds and destabilizes the quadruplex
structure formed by telomeric d(TTAGGG), repeats,
and is suggested to be involved in maintenance of the
telomere 3’-overhang {53]. LR 1, a heterodimer of nucle-
olin and hnRNP D, binds to duplex DNA sites in the
immunoglobulin heavy chain switch (S) regions, which
are G-rich DNA regions conforming to the consensus
sequence, dGGNCNAG(G/CYCTG(G/A) [54]. Dempsey
et al. demonstrated LR 1 binding to G4 DNA formed by
G-G pairing in S region sequences, and suggested that
LR1 may juxtapose donor and acceptor switch regions
for recombination during S region transcription [54].
Two hnRNP-related telomeric DNA-binding proteins,
uqTBP25 and gTBP42, which show close sequence sim-
ilarity to hnRNP Al, haRNP A2/B1 and/or hnRNP C,
also bind to quadruplex telomeric DNA and increase
the heat stability and resistance of the telomeric repeats
to micrococcal nuclease digestion [55,56]. Weisman-
Shomer et al. recently demonstrated that both uqTBP25
and qTBP42 destabilize the quadruplex (tetraplex) struc-
tures of d(CGG),, but quadruplex structures of telomeric
and IgG sequences are resistant to destabilization by
these two proteins, suggesting the presence of some
structural differences among the quadruplexes [57].

8. Abrogation of DNA synthesis arrest at the G4’
structure by UP1

When template carrying d(GGCAG)1; was used for
an in vitro DNA synthesis assay, a primer extension reac-
tion with BcaBEST DNA polymerase was obstructed
mainly at the first d(GGG) site (Fig. 4A). A primer exten-
sion reaction with a synthetic oligonucleotide containing
a d(CAGGG);s repeat also demonstrated that progres-
sion of DNA polymerase was obstructed mainly at the
first d(GGG) site followed by additional weaker stops
at the second, third, fourth, fifth and sixth d(GGG) sites
(Fig. 4B). When UP1 was added to the reaction with an
excess molar amount over the template, DNA synthe-
sis arrest at the d(GGG) sites was reduced in a dose-
dependent manner and the synthesis of the complete
length of template DNA was considerably enhanced
(Fig. 4A and B). Other DNA polymerases, such as Taq,
Klenow fragment and human DNA polymerase o (pol
o) also gave similar results [52]. The data suggest that
UP1/hnRNP Al may abrogate DNA synthesis arrests at
d(GGQG) sites by destabilizing the G4’ structure. UP1
does not require NTP hydrolysis energy to unfold the
quadruplex as, for example, BLM and WRN helicases
do to unwind tetra- or bi-molecular quadruplex DNA
[58,59].

9. Destruction of the telomere G4’ structure by
binding of UP1

UP1 also binds to G5, and TRM4
[d(TTAGGG)4], both of which contain four telomeric
repeats [52,60]. Under physiological-like condi-
tions, d(TTAGGG),4 also gave a positive CD band at
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Fig. 4. Effect of UP1 on the arrest of DNA synthesis at d(GGCAG) repeats. (A) Denaturing PAGE analysis of primer extension reactions was
carried out with or without UP1 using the single-stranded phagemid pYA-3 carrying d(GGCAG) o as described above (see legend of Fig. 2.) with
some modifications [52]. BraBEST DNA polymerase was used for the reaction. Single-stranded pYA-3 with d(GGCAG); repeat (final 1000M) in
TE buffer containing 100 mM KCI was stored at 7°C overnight to allow sufficient formation of the quadruplex structure, after heat denaturation
at 95 °C for 3 min. Five pl of DNA samples was mixed with 7.5 pl of Milli-Q water and 5 pl of the pUC/M13 (—40) forward primer (Promega)
labeled with 2P at the 5'-end (0.5 uM) in TE buffer. The mixture was heated at 60 °C for 7 min and incubated at 37°C for more than 30 min to allow
sufficient quadruplex formation. An aliquot of 1.75 ul of this primer-annealed template (final 23 nM) was mixed with 0.75 pl of 10x BeaBEST
buffer (200 mM Tris-HCI, pH 8.5/100 mM MgCl,) and 0.5 pd of dNTPs mixture (50 uM each). After addition of 4l GST-UP! suspended in
a reaction buffer (20 mM sodium phophate, pH 7.0/0.3 mM DTT), the mixture was incubated at 37°C for 5 min, and then the primer extension
reaction was carried out at 37 °C for 8 min in the presence of BeaBEST DNA polymerase (final 66 units/mi). Final concentrations of UP1 added in
the reaction are 0 M (lane 1), 6.0 uM (lane 2) and 48 wM (lane 3}, respectively. Horizontal arrows indicate the direction of the DNA synthesis, and an
asterisk (*) indicates the pausing of the primer extension at d(GGG) present in the multiple cloning sites of the vector plasmid. (B) and (C) A primer
extension reaction using a synthetic oligonucleotide pSubl5 as a template was performed in the presence and absence of GST-UP! as described
above with some modification. A schematic representation of a 105-mer template pSubl5 with d(CAGGG);5 repeats used for the primer extension
reaction is depicted (B). A mixture of the pSubl5 and 32p.jabeled M13-20 (Takara) primer (final 100 nM each) was heated in TE buffer containing
150 mM KCI at 95°C for Smin and then at 72°C for 3 min, followed by gradual cooling to room temperature, and stored at 7°C overnight. The
concentrations of BraBEST DNA polymerase. the primer-anneated template, and dNTPs were 18units/ml, 10 nM, and 1.7 uM, respectively. The
concenirations of GS8T-UP! were O M (lane ! in (C)) and 750 oM (lane 2 in (C)). Fragment sizes are indicated in nucleotides (nt).

2950295 i, similar to dGGCAG) repeats, indicating
the formation of a G4’ structure [52]. In contrast, fous-
stranded parallel gquadruplex DNA was not observed
except at a much higher DNA concentration (data
not shown). In vitro DNA synthesis using synthetic
oligonucleotides and several DNA polymerases, includ-
ing human pol «, was also strongly inhibited at the
(GGG sites of the telomeric repeats {(our unpublished
observation). The CD band at 290-295 nm, which is
specific for the G4’ structure, was also decreased by
addition of GST-UPL in a dose-dependent manner as
in the case of the d(GGCAQG) repeats. GST alone did
not induce any change in the levels of the band peak
[52].

In hoRNP Al-deficient cells, telomere repeats
become significantly shorter than in cells with normal
levels of nRINP Al expression [61]. Restoration of
hnRNP Al expression dramatically increased the aver-
age size of the terminal repeat fragment length of the

— 5bb —

telomere. Iinteraction of telomerase with hnRNP A1 was
also demonstrated by LaBranche et al. [61]. Physical
interaction of hnRNP Al, telomeric DNA and human
telomerase RNA was also demonstrated by Fiset and
Chabot in vitro [62]. These results suggest that hnRINP
Al and its shortened derivative UP1 possibly play a key
role in telomere maintenance by destroying the quadra-
plex structore of the telomere end in vivo. After destruc-
tion of the G4 structure of telomere repeats, telomeric
regions may become accessible for telomerase binding,
enabling the proper maintenance of telomeres in cells
[63].

18. UP1 unfolds the higher order DNA
structures of d(CGG) triplet repeats

Another important functional aspect of UP} is its
role in the unfolding the higher order DNA struc-
tures of A(CGG) uwiplet repeats [64]. The d(CGG), tract
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forms hairpin, quadruplex, and homoduplex structures in
vitro under physiological-like conditions [64-66]. In our
study, the CD band analysis of d(CGG)ie in either the
presence or absence of 150 mM KCl showed a large neg-
ative peak at 255 nm and a weak positive peak at 280 nm,
suggesting the formation of a non-B-type higher order
DNA structure (Fig. SA). The CD spectrum of oligonu-
cleotide CGG1omut, having C to A substitutions at two
sites in CGGIG, represented a typical pattern of the B
structure with comparable negative and positive peaks
at 255 and 280 nm, respectively (Fig. 5B). Fragile X
syndrome, the most common form of inherited men-
tal retardation in humans, is caused by expansion of &
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d(CGQG) triplet repeat in the 5 -untranslated region of
the first exon of the FMR1 gene [67-69]. Although the
molecular mechanisms underlying the unstable expan-
sion of the repeats are yet to be elucidated, formation
of higher order DNA structures by d{CGG) repeats as
described above could be responsible for the induction of
genomic instability and the expansion mutation at these
fepeats.

Several proteins have been identified and reported
to unfold or destabilize the higher order structure
of d(CGG),, including WRN helicase [59,70] and
two telomeric DNA binding proteins, qTBP42 and
ugTBP25 [537]. Here, we demonstrate that UP1 also
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Fig. 5. CD spectra showing the effect of UP1 on higher order DNA structures of the d{CGG) repeat. (A) CD spectrum of d{CGG) ¢ [CGGI6] in the
presence of 150 mM KCl. A large negative peak af 255 mm and a weak positive peak at 280 nm, which is suggestive of the formation of & non-B-type
DNA structure, was observed. CGG16 also gave a similar CD pattern in the absence of KCI (data not shown). (B) CD spectrum of oligonucleotide
CGGl6mut in the presence of 150 mM KCL CGG16mut, the sequence being d(CGG)s(AGGUCGG)4(AGGYHCGG)s, has C to A substitutions at
two sites in CGG16. The spectrum represents a typical pattern of the B-structure with comparable negative and positive peaks at 255 and 280 nm,
respectively. COG16mui also showed the B-structure pattern in the absence of KCl. (C) CD spectra of CGG16 titrated with GST-UP1 in the presence
of 15mM KCI, the concentration at which the primer extension reaction was carried out with a synthetic 92-mer oligonucleotide pSubCGG16,
containing a d(CGG) repeat, as a template. From each spectrum, the spectrum of the corresponding protein is subtracted, and CGG16:GST-UPL
molar ratios are indicated at the right bottom. Arrows indicate the changes of positive peaks of CD spectra in accordance with increased amounts

of added GST-UP1 protein.
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binds and unfolds the non-B structure of d(CGG) repeats
(Fig. 5C). DNA synthesis is severely obstructed in
vitro within the repetitive sequence, similar to the
d(GGCAG), repeats (data not shown). Addition of molar
excess (compared to the template) of GST-UPI reduces
the arrest of DNA synthesis for several DNA poly-
merases in vitro, including human DNA polymerase o
[64].

11. Expression of hnRNP Al and hnRNP A3 in
sporadic human colorectal cancers

Both hnRINP Al and A3 are over-expressed in human
colorectal cancers [71]. In the case of huRINP A 1, quanti-
tative gene expression analysis revealed that 60% (18/30)
of sporadic human colorectal cancers showed over-
expression of hnRNP Al in cancer tissues by at least
two-fold compared to their normal counterparts. Inter-
estingly, 78% of cases at clinicopathological stage 11
showed increased expression of two-fold or greater; this
is two-fold higher than that seen in the more advanced
stage IV {71]. This may imply that the biological impact
of hnRNP Al over-expression is in the relatively early
stages of colon carcinogenesis. The over-expression of
hnRNP A1l could contribute to the maintenance of telom-
ere repeats in cancer cells and allow enhanced cell pro-
liferation.

12. C-rich strands of minisatellite binding
proteins

C-rich binding proteins, LRP130 and Tudor-
SN/SND, were also isolated from OA-treated NIH3T3
cells using oligonucleotide d(CTGCC)g as a probe,
as described earlier [48]. It has been demonstrated
that LRP130 and Tudor-SN/SND1 have some sequence
specificity for DNA binding [72,73]. Interestingly, both
LRP130 and Tudor-SN/SNDI bind to C-rich RNA
sequences in a sequence specific manner, and are
mainly localized at perinuclear regions and in the
cytoplasm [74]. This may suggest the involvement of
LRP130 and Tudor-SN/SNDI in RNA metabolism,
mRNA transportation and/or specific mRNA transcrip-
tion of sequences harboring a portion of C-rich residues.
At present, we do not have a clear idea of the biological
functions of these C-rich DNA/RNA binding proteins.
It is possible that these proteins cooperate with hnRNP
Al and A3 (that bind to the G-rich DNA sequences) and
exert some novel control of, for example, transcriptional
regulation, mRNA metabolism or some other biological
pathways.
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13. Implication of G4 DNA structures in
promoter regions in gene transcription

Although the biological roles of G-rich repeat
sequences capable of adopting G4 DNA structures are
still largely elusive, one of the intriguing fields of G4
DNA structure research is in its possible involvement
in regulation of gene transcription. The G4'-quadruplex
structure of the promoter region of the ¢-myc oncogene
has been found to function as a transcriptional repres-
sor {75] and the expression of ¢-myc can be inhibited
by ligand-mediated G4-quadruplex stabilization [76]. In
the case of the human insulin gene, unusual DNA struc-
tures of 14 bp G-rich tandem repeats are also thought to
affect transcriptional activity, possibly through forma-
tion of G-quartets [34,77]. The presence of a guanine-
quadruplex forming region within a polypurine tract of
the hypoxia inducible factor la (HIFla) promoter was
also recently demonstrated; this unusual DNA structure
may be involved in regulation of basal HIF-1a expres-
sion [78].

14. Future perspectives

G-richrepetitive sequences are frequently observed in
the genome and are a subset of triplet repeats and of min-

isatellite DNA. Because of the peculiar and specific DNA

structures adopted by G-rich repetitive sequences, these
genomic regions might induce DNA replication fork
arrest, leading to size alterations of the repeats in vivo.
Various cellular components, such as WRN, TBPs, UP!
and hnRNP Al, may work as guardians against G-rich -
repeat length instability. In addition, C-rich sequence
binding proteins, LRP130 and Tudor-SN/SNDI, may
cooperate with G-rich binding proteins, and facilitate the
resolution of G4’ structures. A fascinating and intriguing
scenario for the biological function of these MNBPs is
their involvement in transcription of either the G- or C-
rich repeat strands. Indeed, most MNBPs isolated from
NIH3T3 cells in our own studies as well as by others,
bind to mRNA transcripts (data not shown). Binding of
hnRNP Al and hnRNP A3 to G- or C-rich transcripts
may affect the transcriptional efficiency and/or the fate
of the transcripts of the G-rich region in the genome [40].
Further studies should be conducted to gain more insight
into the biological impact of G-rich repetitive sequences,
which are widely spread throughout the genome.
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