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FIGURE 3 — Variation in N-linked glycan structures in tryptic glycopeptides from haptoglobin $-chain. MALDI-TOF spectra of “tryptic glyco-
peptide-1” (including N-linked glycans present at N207 and N211), “tryptic glycopeptide-2” (including N-linked glycans present at N241), and
“tryptic glycopeptide-3” (including N-linked glycans present at N184) are shown in a, b and c, respectively. Upper panels: haptoglobin -chain
of sera from prostate cancer patients. Lower panels: haptoglobin B-chain of sera from benign prostate disease. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.}

paring the signal intensities upon mixing equivalent volumes from
each successive fraction containing the same peptide backbone.

Elucidation of the microheterogeneity of peptide that contains
N207 and N211 (glycopeptide-1) revealed that structures of N-
linked glycans and their quantity from B-chain of prostate cancer

" vs. benign prostate disease differed substantially. Prostate cancer
(Fig. 3a, upper panel) exhibited notable increase in abundance of
glycopeptides containing at least 1 tri-antennary glycan with fuco-
sylated species. In benign prostate disease (Fig. 3a, lower panel),
signals consistent with glycopeptides carrying triantennary gly-
cans are significantly reduced in abundance compared with the
prostate cancer sample.

The microheterogeneity of tryptic glycopeptide-2 and -3 (which
contains N241 and N184, respectively) was elucidated in a similar
fashion. Unfortunately, it was not possible to determine the glyco-
sylation profiles of glycopeptides of normal subjects, due to lim-
ited sample availability. Differences in structure and quantity of
prostate cancer vs. benign prostate disease are shown in Fig. 3b.
Tri-antennary structure was found in prostate cancer, but not in be-
nign prostate disease, at N241 in “tryptic glycopeptide-2.” No tri-
antennary structure was found in either prostate cancer or benign
prostate disease at N184 in “tryptic glycopeptide-3” (Table I).
From these analyses, it was found that only tryptic glycopeptide-1
gave signals consistent with fucosylated tri-antennary structures.
Such marked differences in glycosylation at each N-glycosylation
site were revealed for the first time.

Glycan structures attributable to each of the molecular ions are
summarized in Table II. Sequences were assigned taking into
account ni/z values and the glycomics information arising from the
MALDI profiling described earlier. The fucosylated components
at m/z 6,638 and 7,328 are barely visible, indicating that glycopep-
tides carrying fucosylated glycans are also reduced as compared
with the prostate cancer sample. The normal sample shows no
convincing signals for fucosylated tri-antennary structures (data

not shown). These findings are all consistent with the glycomics
profile shown in Figure 2.

MSIMS analysis of permethylated derivatives reveals the location
of fucosylation in prostate cancer N-glycans and the absence of
disialylated epitopes

As described above, the analysis of the glycopeptides from con-
trol, benign and prostate cancer haptoglobin showed clear differ-
ences in the N-glycan repertoire, notably the presence of signifi-
cant quantities of sialylated and fucosylated tri-antennary struc-
tures. However, the methods used provided no information on the
location of the fucose, and were not optimal for detection of very
minor components which might carry RM2-related structures.™
To explore these issues, further study was performed by permethy-
lation analysis, a powerful technique often used for structural elu-
cidation of oligosaccharides. The major signals in the MALDI-
TOF profile of a permethylated prostate cancer sample (Fig. 4)
correspond to those observed in the initial glycomics analysis
(Fig. 2). However, due to the analytical methods employed, many
more minor components are observed, including a fucosylated bi-
antennary structure (m/z 2,967), a difucosylated tri-antennary
structure (m/z 3,952), and tetra-antennary structures (m/fz 3,691;
3,865; 4,053; 4,226; 4,414; 4,587 and 4,762). The sequences
shown in the annotations on Figure 4 were assigned using compo-
sitional information derived from m/z values and, where available,
MS/MS data from MALDI-TOF/TOF analyses. Key data from the
latter experiments are shown in Figure 5. To establish whether
fucose is found on the core or the antenna of mono-fucosylated
glycans, the molecular ions at m/z 2,967 and 3,778 were subjected
to collisional activation in MS/MS experiments. The resulting data
(Figs. 5a and 5b) show unequivocally that the majority of the
fucosylation is on the antenna. Thus a good quality signal is
observed at m/z 1,021 in both spectra corresponding to a SLe* or
SLe" epitope (see inserts in Figs. 5a and 5b). In addition, abundant
ions are present at high mass, corresponding to loss of this struc-
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TABLE 1l - PUTATIVE GLYCAN STRUCTURES FROM HAPTOGLOBIN B-CHAIN, n/z VALUES, AND RELATIVE ABUNDANCE
[COLOR TABLE CAN BE VIEWED IN THE ONLINE ISSUE, WHICH IS AVAILABLE AT WWW.INTERSCIENCE.WILEY.COM.}
Relative abundance
Peak No m/z Glycan structure Prostatc  Benign  Normal
cancer  prostate  subject
A: NLFLNHSENATAK(203-215)"
1 52868 =9.0  [NeuAclHex2HexNAc2+Man3GlcNAc2] 0300 oE8%mn ND 96 178
+ [NeuAc1Hex2HexNAc2+Man3GIcNAc2)] ‘a0 a
2 55769 = 150 [NeuAclHex2HexNAc2+Man3GlcNAc2)] 0Fgoon  @umoLL. 105 223 311
+ [NeuAc2Hex2HexNAc2+Man3GlcNAc2] o=ao
3 58705+ 17.0 [NeuAc2Hex2HexNAc2+Man3GIcNAc2) $980%0e  §i8%an 128 143 125
+ [NeuAc2Hex2HexNAc2+Man3GIcNAc2)] = on
4 5941.7 = 180 [NeuAclHex2HexNAc2+Man3GlcNAc2) efft’ggoum 27%00ns 43 73 110
+ [NeuAc2Hex3HexNAc3+Man3GIcNAc?] i eﬁgg
5 62351 = 18.0 [NeuAclHex2HexNAc2+Man3GlcNAc2] 0/52%mma  ¢480%"® 170 170 92
+ [NeuAc3Hex3HexNAc3+Man3GlcNAc?) i e
- s
[NeuAc2Hex2HexNAc2 +Man3GlcNAc2)] gf’ ggona 9’%200 oo
+ [NeuAc2Hex3HexNAc3+Man3GlcNAc2] - of{‘ao
BO A
6 6381.5= 18.0 [NeuAcliHex2HexNAc2+Man3GlcNAc2] ©28%a0n gi;ao"“‘ 67 82 58
+ [NeuAc3Hex3HexNAc3+Man3GlcNAc2 +Fuc) il q‘:B
7 65254180 [NeuAc2Hex2HexNAc2+Man3GlcNAc2] $i00ms  $0800%° 147 64 60
+ [NeuAc3Hex3HexNAc3+Man3GlcNAc2)) oo
o ,
8 6597.3%17.0 [NeuAc2Hex3HexNAc3+Man3GIcNAC2] 0880,0n 390005, 44 33 66
+ [NeuAc2Hex3HexNAc3+Man3GlcNAc2) a0 180
, L)
9 66682+ 180 [NeuAc2Hex3HexNAc3+Man3GlcNAc2) 85a%con 8080°" 73 4l ND
+ [NeuAc2Hex3HexNAc3+Man3GIcNAc2 + Fuc] g
10 6891.6 % 18.0 [NeuAc2Hex3HexNAc3+Man3GIcNAC2)] €80 .n 6080990 73 34 ND
+ [NeuAc3Hex3HexNAc3+Man3GIcNAc2] ®ad Soa
=0 izao,
1l 70346 +17.0 [NeuAc2Hex3HexNAc3+Man3GlcNAc2] o-goons $00°"® 45 41 ND
+ [NeuAc3Hex3HexNAc3+Man3GlcNAc2 + Fuc] ! q-"
12 71824 £200 [NeuAc3Hex3HexNAc3+Man3GlcNAc2) $haconn $29%mm 63 ND ND
+ [NeuAc3Hex3HexNAc3+Man3GlcNAc2] <o ;{?ﬂ
1o 80
13 73289 =200 [NeuAc3Hex3HexNAc3+Man3GIcNAc2j Soamgoan $00®™® 42 ND ND
: + [NeuAc3Hex3HexNAc3+Man3GlcNAc2 + Fucl 90O qi-®
. 100.0 100.0 100.0
B. VVLHPNYSQVDIGLIK (236-251)2
1’ 3611.7 9.0 [NeuActHex2HexNAc2+Man3GlcNAc2] orgggoa 88 112 ND
- 98 (N-terminal Val residue?) :
1 37114 9.0 [NeuAc1Hex2HexNAc2+Man3GlcNAc2] 'gggeaa 10.6 80 ND
2’ 39062+ 9.0  [NeuAc2Hex2HexNAc2+Man3GlcNAc2] gfiggoan 284 259 ND
- 98 (N-tenminal Val residue?) -
2 4004.6 = 9.0 [NeuAc2Hex2HexNAc2+Man3GlcNAc2) g';:fgomm 355 300 ND
2% 41325+ 150 [NeuAc2Hex2HexNAc2+Man3GlcNAc2] +128 - 45 11.6 ND
2%% 42789 + 15.0 [NeuAc2Hex2HexNAc2+Man3GIcNAc2] 2.1 8.6 ND
+128 + 146 (Fuc?) 500
3’ 45548 +=18.0  [NeuAc3Hex3HexNAc3+Man3GIcNAc2) gcaOOBa 55 47 ND
- 102 (N-terminal Val residue?) v
3 4657.1 = 18.0 [NeuAc3Hex3HexNAc3+Man3GIcNAc2] Qéggo‘m 46 ND ND
. oo 1000 100.0
C: MVSHHNLTTGATLINEQWLLTTAK(179-202)°
1 46418 =90  [NeuAclHex2HexNAc2+Man3GlcNAc2)] g{gggom 142 165 ND
2  4783.1 =150 [NeuAclHex2HexNAc2+Man3GlcNAc2 + Fuc] ;f:‘:{ggona 211 275 ND
3 49319 * 170 [NeuAc2Hex2HexNAc2+Man3GIcNAc?] gg’_ggomn 647 560 ND
100 100

ND: not detenmined, due to limited sample availability.

IN-HI7 & 211, MW1458.735.-IN-241, MW1795.0112. >N~ 1%-4, MW2679.3923.

ture from the respective molecular ions (m/z 1,969 and m/z 2,780
in Figs. Sa and 5b, respectively). Similar analysis of the difucosy-
lated tri-antennary glycan at m/z 3,952 showed that this glycan
predominantly carries 2 SLe* or SLe” antennae (Fig. 5¢). No sig-
nals were observed consistent with alternative fucosylation of any

of these glycans, although we cannot rule out minor core fucosyla-
tion because there are relatively high levels of background noise
in the vicinity of the m/z values corresponding to loss of the reduc-
ing end sugar (for example, m/z 2,690 and 3,501 in Figs. 5a and
5b, respectively).
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FIGURE 4 - MALDI-TOF spectra of prostate cancer haptoglobin N-glycans. Glycans were released by PNGase-F, permethylated, and sub-
Jected to Sep-Pak cleanup (“Material and methods™). Data from one of the fractions collected upon SepPak cleanup are shown. Cartoon assign-
ments are based on the precise fit between composition calculations and the m/z (z = 1) ratio of the molecular ions detected. These cartoons rep-
resent the most likely structures taking into account the biosynthetic pathways and, when available, MALDI TOF/TOF MS/MS data. Each of the
major peaks presents a minor peak distant by 14 mass units that corresponds to an under-methylated species. [ons labeled with a cross corre-
spond to permethylation artifacts. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.)

To search for the possible presence of glycans containing RM2-
related epitopes,”’ we calculated m/z values for bi- and tri-antenn-
ary glycans carrying 1 or more RM2 sequences and/or its disialy-
lated sub-structure (Table IIT). None of these m/: values was found
to be more abundant than the background noise. We know from
other studies in our laboratory that minor molecular ions which
are hidden in the background are frequently observed in MS/MS
experiments because of lower background noise. Therefore, we
selected each of the calculated m/- values in Table Il for MS/MS
analysis, together with observed molecular ions at similar masses,
which served as controls for sensitivity of detection of fragment
ions. Excellent MS/MS data were obtained on all the visible mo-
lecular ions in the vicinity of the calculated m/: values, i.e., from
mjfz 3,100 up to m/z 4,200, and these components are annotated in
Figure 4. In contrast, no fragment ions consistent with sialylated
glycans were obtained when any of the calculated m/z values
given in Table III were selected.

Reductive elimination experiments reveal some O-glycosylation
in prostate cancer haptoglobin _
Having failed to detect the RM2 structure on the N-glycans of
haptoglobin, we investigated the possibility that haptoglobin
might be O-glycosylated, and that the RM2 epitope might be asso-
ciated with this class of glycans. Although O-glycans have not
previously been found in haptoglobin, NetOGlyc (http://
www.cbs.etu.dk/services/NetOGlyc/) analysis of the haptoglobin
sequence indicates that some sites in both the - and a-chains are
favorable for O-glycosylation. To search for putative O-glycans,
the gel-purified - and a2-chains of prostate cancer haptoglobin
(Fig. Ic) were subjected to reductive elimination followed by
permethylation and MS analysis. Reductive elimination is known
to efficiently release O-glycans from glycoproteins, and this treat-
ment also partially releases N-glycans. Thus, the presence and the

abundance of N-glycans in the resulting mass spectra serve as a
control for the efficiency of the reaction.

Figuer 6 shows the MALDI-MS profile obtained for the purified
B-chain. In the total spectrum (Fig. 6a), the 2 major N-glycan
structures are annotated. The m/z region corresponding to molecu-
lar ions consistent with O-glycan structures have been magnified
(Fig. 6b). Two molecular jons corresponding to sialylated core Type
I O-glycans have been assigned (n1/z 895 and 1,256). However, the
high background in the vicinity of these 2 ions, and their low abun-
dance, prevent their unequivocal identification. Therefore, these ions
were subjected to MS/MS analysis. For both ions, characteristic
fragment ions consistent with the loss of sialic acid residues (mn/z
520, and m/z 881 and 472) confirmed the presence of mono- and dis-
ialylated core Type 1 O-glycans (Figs. 7a and 7b, respectively).
Very similar results were obtained from analysis of the purified o:2-
chain of prostate cancer haptoglobin (data not shown).

Having discovered that O-glycans are indeed present on pros-
tate cancer haptoglobin, albeit at very low levels, we searched for
RM2-related epitopes on this family of glycans. Following the
same strategy as the 1 used for N-glycans, m/z values correspond-
ing to predicted core Type | and core Type 2 O-glycan sequences
carrying RM2 and di-sialylated epitopes were subjected to MS/
MS analysis. No evidence for such structures was found using this
methodology, despite excellent data being acquired for several
very minor N-glycans of similar m/z values (data not shown).

Discussion

This study has addressed the following aspects of serum hapto-
globin of patients with prostate cancer vs. benign prostate disease,
and normal subjects: (/) changes of haptoglobin level; (ii) differen-
ces in N-glycosylation level and N-glycan structures; (fii) hapto-
globin as a possible carrier of the RM2 epitope which was previ-

121



46 FUJIMURA ET AL.

a O
8] x.‘:‘ﬁ v *
O3 o
OO0
(o RO u o]
Pouan .t 3 e ad 241
;: A ou;’ * - °
:_:"" # W . _o:n
v
.« - . owo
°
SO dite
' W s
i i A S Y T Al
bl
1123 Pases s B E i x]
" b ) o ron ;
el v .
&1 B0
Goa

il

MRV S hscd i A NS e

© wamemz i o
s
P v B
U oo 2 b
k]
,:k':! T PN
N e e - _%ea
v
. oo

[

FiGure 5 - MALDI-TOF/TOF MS/MS spectra of m/fz 2,967 (a), m/z
3,778 (b) and m/z 3,952 (c) N-glycans from prostate cancer haptoglobin.
In each of the 3 panels, the major component is shown in the sche-
matic. Fucose residue(s) are located on the antennae as demonstrated
by the presence of fragment ion at m/z 1,021 (a and b) and/or by the
presence of an ion corresponding to the loss of this structure (m/z
2,954, c). For keys, see Figure 2 [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.)

ously suggested to be enhanced specifically in prostate cancer; (iv)
the possible presence of O-glycans.

The expression of haptoglobin was found to be significantly ele-
vated in the sera of prostate cancer patients compared to benign
prostate disease patients and normal subjects. This is consistent
with many previous observations on increased levels of acute

phase proteins such as haptoglobin in the sera of patients with
inflammatory diseases and cancer.'®***' This may be due to the
epithelial-mesenchymal transition phenomenon. Furthermore,
actively-growing tumor cells show many similar grpyenies to
inflammatory cells, particularly activated fibroblasts.”**

Based on our structural studies of haptoglobin, we conclude the
following: (/) Bi-antennary mono- and disialylated glycans are
common to all samples and were the major structures observed at
all N-glycosylation sites. Significantly, tri-antennary structures to-
gether with a few tetra-antennary structures were also found, par-
ticularly at N207 and N211, and their levels were higher in pros-
tate cancer samples than in benign prostate disease or normal sam-
Ples. (ii) Fucosylated glycans were most abundant in the prostate
cancer sample. (iii) The fucoses were found to be mainly on the
antenna(e) rather than the cores of the N-glycans. This was rigor-
ously established by MALDI-TOF-TOF MS/MS analysis of per-
methylated glycans. (iv) No N-glycans carrying the RM2 epitope
or its analogue were detected, despite careful searches using
highly sensitive mass spectrometric methodologies available. (v)
In an attempt to explain the RM2 cross-reactivity of prostate can-
cer haptoglobin, we investigated the possible presence of O-gly-
cans, since the Cad epitope was proposed as O-linked,* and both
Cad and disialyl-Le® (FH9) epitope® have close homology with
RM2. High sensitivity MS/MS analysis provided unambiguous
evidence for low levels of O-glycosylation. This is the first obser-
vation that O-linked structures are present in haptoglobin. How-
ever, the glycans detected were mono- and disialylated core Type
1 structures, and no evidence was found for RM2 or analogous
sequences such as Cad. In summary, despite extensive searches
for the presence of RM2 and Cad sequences in the N- and O-gly-
cans in haptoglobin, none was detected. Thus, the possible pres-
ence of RM2 epitopes in prostate cancer haptoglobin, as suggested
through antibody staining studies (Saito et al., unpublished data),
has not been confirmed by rigorous structural analysis, i.e., glyco-
syl epitope originally assigned as GalNAcp4-disialyl-Lc4 or its
analogue is not detectable in haptoglobin. The specific structural
attributes of prostate cancer haptoglobin that result in cross-reac-
tivity with RM2 antibodies remain to be determined. It should be
noted that mAbs (often IgM, less frequently IgG3) directed to dis-
ialyl glycosyl epitopes display “polyreactivity” with related or
unrelated structures, surprisingly including actin, thyroglobulin,
tubulin, DNA (particularly single-stranded).35 mAb RM2 may
react with unknown, non-carbohydrate structures associated with
haptoglobin.

Over the past 20 years, many laboratories have investigated the
levels and glycosylation patterns of serum haptoglobin from a
range of cancers, including ovarian, breast, small cell lung, pan-
creatic and liver cancers, hoping to identiﬂff’y_islpeciﬁc markers that
might be suitable for diagnostic assays.30>%* Over-expression of
haptoglobin, and changes in the level of fucose and/or sialic acid
residues, are common themes emerging from all these studies, but
no cancer-specific glycoform of haptoglobin has been found to
date. Our studies of prostate cancer haptoglobin have opened up 2
new avenues for investigation. First, the detection of O-glycans in
haptoglobin is potentially an important observation because O-
glycans have been identified as the major in vivo ligands for selec-
tins. Moreover, there is evidence pointing to physiological regula-

tion of O-glycosylation, notably in pregnancy.*’ It will be interest-

ing, therefore, to characterize O-glycosylation of haptoglobin in
ovarian and breast cancers. Second, our experiments have pro-
vided the first rigorous discrimination of core and antenna fucosy-
lation in haptoglobin. Most of the previous studies employed lec-
1ins to probe changes in fucosylation, with consequent uncertainty
in the precise fucosylation pattern. In those instances where more
rigorous mass spectrometric methods were used, for example in
the pancreatic cancer srudy,40 the authors were unable to unambig-
uously establish the fucosylation sites in many of the glycans, par-
ticularly the multi-antennary components. Interestingly, in all pre-
vious studies where sites of fucosylation have been reported,
increases in core fucosylation were observed, whereas antenna
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TABLE 11} - POTENTIAL STRUCTURES FOR RM2 AND CAD EPITOPES
[COLOR TABLE CAN BE VIEWED IN THE ONLINE ISSUE, WHICH IS AVAILABLE AT WWW.INTERSCIENCE.WILEY.COM.]

Potential structures with RM2 cpitope

Potential structures with Cad epitope
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FiGure 6 — MALDI-TOF spectrum of B-chain # i e i Tios 74
haptoglobin glycans released by reductive elimi- . tass (miz; ’
nation. Purified B-chain from cancer prostate hap-
toglobin was subjected to reductive elimination. . =~ 4
Glycans were subsequently permethylated, and Y 22
subjected to Sep-Pak cleanup. See Figure S T
legend. (a) spectrum acquired from m/z 510 tomfz (4 .~ .7 @
3,000. () Magnified region comprised between 2447.2
mfz 879 to m/z 1,274, which has been expanded H a4
for clarity. For keys, see Figure 2. [Color figure L .
can be viewed in the online issue, which is avail- L i
able at www.interscience.wiley.com.] 90 g gmigy 7 %0 anen

fucosylation was not always reported. In contrast, we observed
significant levels of antenna fucosylation in prostate cancer hapto-
globin, but core fucosylation was not detected. We suggest that
quantitative comparisons of core versus antenna fucosylation of
haptoglobin from different cancers might yield useful information
for diagnostic purposes.

The presence of multi-antennary N-glycans (tri-antennary or
more) is common not only in hagtoglobin in prostate cancer (pres-
ent study) and pancreas cancer,* but also in many other glycopro-
teins expressed in transformed cells. Compared to normal cells,
transformed cells were found to express glycans with higher mo-
lecular mass.*? Moreover, multi-antennary glycans were observed
to be closely associated with oncogenic transformation**** and
have been suggested to be potential prognoses for cancer develop-
ment and metastasis.*”

Haptoglobin N-glycans from prostate cancer may be qualita-
tively different from those of benign prostate disease or normal
subjects, if expression of multi-antennary N-linked structures with
SLe* / SLe® at a defined site of haptoglobin f-chain is characteris-
tic of prostate cancer. Therefore, combinations of antibodies

directed to haptoglobin f-chain, Phaseolus vulgaris-L lectin
(which reacts specifically with the $1-6GIcNAc branch common
to tri- or tetra-antennary but not bi-antennary structure),***7 and
antibodies directed to SLe*/SLe", may provide diagnostic tools for
prostate cancer.

Conversion of bi-antennary to multi-antennary structures, due
to enhanced GlcNAc transferase-V, is generally accepted as a
common Bhenolype, directly or indirectly controlled by onco-
genes. ™Y Expression of multi-antennary N-linked structures
with modified fucosylation may be a common denominator in ba-
sic cancer-associated changes in haptoglobin. Further extensive
glycomic studies will help clarify the relationship between glyco-
sylation changes and disease progression in general.
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Epigenetic Modifications of RASSFIA Gene through Chromatin
Remodeling in Prostate Cancer
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Abstract

Purpose: The RAS-association domain family 1, isoform A (RASSFIA) gene is shown to be
inactivated in prostate cancers. However, the molecular mechanism of silencing of the RASSFIA .
gene is not fully understood. The present study was designed to investigate the mechanisms of
inactivation of the RASSFIA gene through the analysis of CpG methylation and histone acetyla-
tion and H3 methylation associated with the RASSFIA promoter region.

Experimental Design: Methylation status of the RASSFIA gene was analyzed in 131 samples of
prostate cancer, 65 samples of benign prostate hypertrophy (BPH), and human prostate cell lines
using methylation-specific PCR. Histone acetylation (acetyl-H3, acetyi- -H4) and H3 methylation
(dimethyl-H3-K4, dimethyl-H3-K9) status associated with the promoter region in prostate cells
were analyzed by chromatin immunoprecipitation (ChlIP) assay.

Results: Aberrant methylation was detected in 97 (74.0%) prostate cancer samples and 12
(18.5%) BPH samples. The methylation frequency of RASSF14 showed a significant increase
with high Gleason sum and hlgh stage. The ChIP assays showed enhancement of histone
acetylation and dimethyl-H3-K4 methylatlon on the unmethylated RASSF7A promoter. TSA alone
was unable to alter key components of the histone code. However, after 5-aza-2’- -deoxy-cytidine
treatment, there was a complete reversal of the histone components in the hypermethylated

promoter. Levels of acetyl-H3, acetyl-H4, and dimethyl-H3-K4 became more ennched whereas

H3K9me2 levels were severely depleted. .
Conclusions: This is the first report suggesting that reduced histone acetylatlon or H3K4me2
methylation and increased dimethyl-H3-K9 methylation play a critical role in the malntenance of

promoter DNA methylatlon associated RASSFIA gene sﬂencmg in prostate cancer

Prostate cancer is the most commonly diagnosed malignancy
and the second leading cause of cancer-related deaths among
men in the United States and Europe (1). The incidence of
prostate cancer increases with aging (2). Once a tumor has
metastasized, the long-term prognosis is poor because
no curative therapy is available. Cancer development
and metastasis are multistep processes that, among others,
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involve the inactivation of tumor suppressor genes. When
normal expression levels of these growth-inhibitory proteins
are suppressed, uncontrolled cell cycling and growth can
result. Identifying such specific molecular changes may
contribute to improved diagnosis, clinical management,
and outcome prediction of newly diagnosed prostate
cancers (3).

Silencing of cancer-associated genes by hypermethylation of
CpG islands within the promoter andfor 5 regions is a
common feature of human cancer and is often associated with
partial or complete transcriptional block (4). This epigenetic
alteration provides an alternative pathway to gene silencing in
addition to gene mutation or deletion. Moreover, the finding of
promoter methylation of several genes in small biopsies and
bodily fluids of cancer patients has proven to be useful as a
molecular tool for cancer detection (5, 6).

The RAS-association domain family 1 has seven different
isoforms that are produced by alternative splicing and
transcription from two different promoters with CpG islands
(7, 8). The RAS-association domain family 1, isoform
A (RASSF1A) gene is a tumor suppressor gene in the RAS
pathway that can regulate proliferation, induce apoptosis, and
bind to and stabilize microtubules (9). Inactivation of
RASSF1A is frequently observed in a number of solid tumors
and epithelial cancers, including prostate cancer (3, 10-17).
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In the present study, we investigated the chromatin changes
involved in the inactivation of the RASSFIA gene in prostate
cancer samples through the analysis of CpG methylation
in the promoter regions, histone acetylation (acetyl-H3,
acetyl-H4), dimethyl-H3-K4 (H3K4me2), and dimethyl-H3-
K9 (H3K9me2) methylation associated with the RASSF1A
promoter region.

Materials and Methods

Clinical samples. A total of 131 newly diagnosed prostate cancer
tissues from radical prostatectomy and 65 pathologically proven
benign prostate hypertrophy (BPH) samples from transurethral
resection (TUR-P). The pathologic background of the prostate
cancer patients included Gleason sum (GS) <7 (75 cases) and GS
27 (56 cases); pT2 (85 cases), pT3 (44 cases), and pT4 (2 cases); and
preoperative serum PSA <4.0 (18 cases), PSA 4.0-10.0 (63 cases), and
PSA >10.0 (50 cases). The median follow-up time was 35.5 months,
with a range from 0.7 to 91.4 months. Serum PSA levels after radical
prostatectomy was used as a surrogate end point, with a level >0.2
ng/mL designadted as PSA failure. The median age of prostate cancer
and BPH patients was 70 years (49-80 years) and 75 years (54-87
years), respectively. The pathologic findings of prostate cancer
samples were decided by the general rule for Clinical and
Pathological Studies on Prostate Cancer by the Japanese Urological
Association and the Japanese Society of Pathology (18). The routine
strategy to diagnose prostate cancer included serum PSA level,
transrectal ultrasonography, color Doppler ultrasonography, and
MRI, which allowed accurate localization of prostate cancer before
radical prostatectomy (19). Each tissue sample was fixed in 10%
buffered formalin (pH 7.0) and embedded in paraffin wax. For
histologic evaluation, S5-pm-thick sections were used for H&E
staining. All of the samples were microscopically dissected and
analyzed for methylation (20). In BPH samples, high-grade prostate
intraepithelial neoplasia and cancer were ruled out by microscopic
analysis.

Cell lines. RWPE-1 and PWR-1E, a nontumorigenic human
prostatic epithelial cell line, and the human prostate cancer cell lines
LNCaP and PC3 were obtained from the American Type Culture
Collection. RWPE-1 and PWR-1E cells were maintained in keratinocyte
serum-free medium (Life Technologies) supplemented with 50 pg/mL
bovine pituitary extract, 5% L-glutamine, and 5 ng/mL epidermal
growth factor. Both prostate cancer cell lines were maintained in RPMI
1640 with L-glutamine and sodium pyruvate. The cells were
maintained in a humidified incubator (5% CO,) at 37°C.

Nucleic acid extraction. Genomic DNA was extracted from cell lines,
prostate cancer, and control prostate samples using a QlAamp DNA
Mini Kit (Qiagen) after microdissection (20). The concentrations of
DNA and RNA were determined spectrophotometrically, and their
integrity was assessed by gel electrophoresis.

Methylation analysis. Genomic DNA from all prostate samples
(100 ng) was subjected to sodium bisulfite modification using a
CpGenome DNA Modification Kit (Intergen Co.). The methylation
status of the promoter region of RASSF1A was analyzed by methylation-
specific PCR (MSP) as described previously (21). The first universal
primer set (PAN) covers no CpG sites in either the forward or reverse
primer and amplifies a DNA fragment of the promoter region containing
a number of CpG sites. Then, a second round of nested MSP or
unmethylation-specific PCR (USP) was done using the universal PCR
products as templates. Referring to a previous repornt (22), primer
sequences were designed for MSP and USP. The primer sequences and
PCR conditions are shown in Table 1. For semiquantitative analysis, a
preliminary suitable number of PCR cycles for each MSP and USP were
carried out to determine the linear range of the reaction. In each assay,
the absence of DNA template served as negative control. CpGenome
Universal Methylated DNA (Intergen) was used as a positive control for
methylated alleles. The obtained MSP and USP products were analyzed
by electrophoresis in 3% agarose gels and stained with ethidium
bromide.

Bisulfite DNA sequencing. Bisulfite-modified DNA was amplified
using a pair of universal primers. Direct bisulfite DNA sequencing of the
PCR products using either forward universal primer or reverse primer was
done according to the manufacturer’s instructions (Applied Biosystems).

5-aza-2-deoxycytidine and TSA treatment. Cells were treated with
the DNA methyltransferase inhibitor 5-aza-2'-deoxy-cytidine (5-aza-dC;
Sigma-Aldrich) at 5 pmol/L for 48 h and/or the histone deacetylase
(HDAC) inhibitor trichostatin A (TSA, Upstate Biotechnology) at
300 nmol/L for 24 h. The genomic DNA and total RNA were extracted
from the cell lines before and after drug treatment and were used for
MSP and reverse transcription-PCR (RT-PCR; TITANIUM One-Step
RT-PCR kit, BD Biosciences). The primer sequences (22) and PCR
conditions are shown in Table 1.

Chromatin immunoprecipitation assay. Chromatin immunoprecipi-
tation {ChIP) assays were done on cell line DNA using a EZ ChIP
(Upstate Biotechnology) and followed the manufacturer’s protocols
with some modifications. Formaldehyde was added to the cells in a
culture dish to a final concentration of 1% and incubated at 37°C for
10 min. The cells were washed in 1 mL of ice-cold PBS with
proteinase inhibitors, scraped, and resuspended in 400 pL of SDS lysis
buffer. Lysates were sonicated for 10 s nine times on ice and
centrifuged at 15,000 rpm for 10 min at 4°C. Supernatants were

Table 1. Primer sequences and PCR conditions
Sense primer Antisense primer Annealing temperature (°C), Product
(5-3) (5—-3) PCR cycles size (bp)
MSP primers .
PAN GGAGGGAAGGAAGGGTAAG CAACTCAATAAACTCAAACTCCC 54, 40 260
MsSP GGGTTTTGCGAGAGCGCG GCTAACAAACGCGAACCG 64, 35 169
usp GGTTTTGTGAGAGTGTGTTTAG CACTAACAAACACAAACCAAAC 60, 35 169
RT-PCR primers
RASSF1A CAGATTGCAAGTTCACCTGCCACTA GATGAAGCCTGTGTAAGAACCGTCCT 60, 33 242
GAPDH GAGTCAACGGATTTGGTCGT TGGAATCATATTGGAACATGTAAA 60, 32 135
ChIP primers
1 GATCACGGTCCAGCCTCTGC CTCGAGCCTTCACTTGGGGT 60, 32 109
2 GCTTCAGCAAACCGGACCAGG CCGGACGGCCACAACGA 60, 32 134
3 TGGGGTGTGAGGAGGGGACGA AGAGCCGCGCAATGGA 60, 32 124
4 GTTTCCATTGCGCGGCTCT CTGGCTTTGGGCGCTAGCAAG 60, 32 124
GAPDH TACTAGCGGTTTTACGGGCG TCGAACAGGAGGAGCAGAGAGCGA 60, 32 166
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Fig. 1. A, schematic representation of the
promoter region of the human RASSFIA
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loaded on 1% agarose gels and determined to have reduced DNA
lengths between 200 and 1,000 bp. The sonicated samples were
precleaned with salmon sperm DNA/protein A agarose beads (Upstate
Biotechnology). The soluble chromatin fraction was collected, and 8 pL
of antibody for acetyl-H3, acetyl-H4, dimethyl-H3-K4 (H3K4me2), or
12 L of antibody for dimethyl-H3-K9 (H3K9me2), or no antibody,
was added and incubated overnight with rotation (23). All antibodies
were purchased from Upstate Biotechnology. After rotation, chroma-
tin-antibody complexes were collected using salmon sperm DNA/
protein A agarose beads and washed according to the manufacturer’s
protocol. Immunoprecipitated DNA was recovered using a QJAquick
PCR Purification Kit (Qiagen) and analyzed by PCR. We used
previously reported (23, 24) primers designed to separately amplify
four regions in the RASSF1A promoter area (Fig. 1A). The primer pairs
used for ChIP assays are shown in Table 1. One additional primer set
was used to amplify a 166-bp fragment of the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene as an internal control. Each
PCR reaction was initially set up using different amounts of ChIP
sample with varying PCR cycle numbers, and we selected the final
PCR conditions accordingly. PCR products were analyzed on 3.0%
agarose gels and visualized by UV illumination. Densitometric analysis

www.aacrjournals.org
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of the observed bands was done using Image] software* Relative
enrichment was calculated by taking the ratio between the net
intensity of the RASSF1A PCR product from each primer set and the
net intensity of the GAPDH PCR product for the bound sample and
dividing this by the same ratio calculated for the input sample (25).
The value of each point was calculated as the average from two
independent ChIP experiments and a total of four independent PCR
analyses.

Statistical analysis. The relationship between clinicopathologic
findings and methylation status of the RASSF1A gene was done using
the %2 test and Fisher's exact test. For each clinicopathologic finding,
the association with PSA failure-free probability was determined using
Kaplan-Meier curves, and a logrank test was used to determine
significance. P values of <0.05 were regarded as statistically significant.
All statistical analyses were done using StatView version 5.0 for
Windows.

* http://rsb.info.nih.gov/ij
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Results

Methylation status of RASSF1A gene. Typical examples
of MSP and USP bands obtained during methylation analysis
of the RASSF1A promoter are shown in Fig. 1B. To confirm
the methylation status of the RASSFIA promoter, bisulfite-
modified DNA was amplified and sequenced. Typical bisulfite-

Fig. 2. Correlation of clinicopathologic
features with methylation frequency of the
RASSFIA promoter. A, the difference in
the frequency of RASSFIA promoter
methylation was significant between
prostate cancer and BPH samples. 8, there
was significant correlation between
methylation frequency of RASSFIA and
high GS or clinical stage. Methylation
frequency of RASSFIA increased with
higher GS and high stage. The total number
of patients was 131, but some patients were
tacking clinicopathologic findings, and then
data were not included. Cap, capsular
invasion; SV, seminal vesicle involvement;
pN, lymph node invasion; ly, lymphatic
vessel invasion. N and P, negative and
pasitive, respectively.

modified DNA sequencing of prostate cancer and BPH samples
are shown in Fig. 1C. In BPH samples, most CpG sites were
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not methylated, whereas in prostate cancer samples, most
CpG sites were methylated in the promoter region. In the total
group of prostate cancer and BPH, there was no correlation
between age and methylation. In the 131 prostate cancer
samples, positive RASSFIA methylation was detected in 97

Fig. 3. Kaplan-Meier PSA failure-free
survival curves of prostate cancer patients
after radical prostatectomy, grouped
according to the evaluated variables.

A, methylation frequency of RASSFIA ;

B, GS; C, preoperative PSA; D, pT category.
Follow-up ranged from 0.7 to 91.4 mo, with
a median of 35.5 mo.
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Fig. 4. A, RT-PCR analysis of RASSFIA
expression in a normal prostatic epithelial
cell lines and two prostate cancer cell lines.

The mRNA transcript of RASSFIA was
significantly increased after 5-aza-dC

treatment alone or with a combination of RASSF1A

5-aza-dC and TSA in PWR-1E and the two

cancer cell lines. In contrast, TSA treatment
failed to re-express the RASSFIA gene in

: R GAPDH
these cell lines. GAPDH expression served

as a loading control. 8, MSP analysis of
RASSFIA. MSP analysis showed partial B
demethylation of the RASSFIA promoter

region after 5-aza-dC treatment in prostate
cancer cell lines. M, reactions specific for
methylated DNA; U, reactions specific for
unmethylated DNA. Uu M U

5-Aza-dC - -+

samples (74.0%). On the other hand, in 65 BPH samples,
positive RASSF1A methylation was detected in 12 samples
(18.5%). The difference in the frequency of RASSF1A promoter
methylation was significant between prostate cancer and BPH
samples (P < 0.001; Fig. 2A). The methylation frequency of
RASSF1A showed a significant increase with high GS (63% in
GS <7, and 88% in GS >7; P = 0.002; Fig. 2B) and clinical stage
(65% in stage <T2b and 91% in stage >T3a; P < 0.001;
Fig. 2B). Although there was a tendency toward increased
RASSF1A promoter methylation, there was no significant
association with high PSA or other pathologic categories
(Fig. 2B). PSA failure-free probability was analyzed as disease-
free survival, with PSA failure occurring in 10 patients (7.6%).
Of the clinicopathologic features considered, only GS was
significantly associated with poor outcome (P = 0.022; Fig. 3B).
Effects of 5-aza-dC and TSA on RASSF1A gene expression in
prostate cancer cells. To dlarify the role of epigenetic suppres-
sion of the RASSF1A gene, we treated prostate cancer cell lines
with 5-aza-dC and TSA. At baseline, expression of the RASSF1A
mRNA transcript was detected in the normal prostate cell line
(RWPE-1), but was negative in PWR-1E and prostate cancer cell
lines (LNCaP and PC3). With TSA treatment, RASSFIA re-
expression was not detected in prostate cancer cell lines.
However, the expression level was significantly increased in
both prostate cancer cell lines after treatment with the
demethylating agent 5-aza-dC or combined treatment with
azaC and TSA (Fig. 4A). To determine the effects of the
demethylating agent, we examined the methylation status in
LNCaP and PC3 cells after 5-aza-dC treatment. In both cell
lines, partial demethylation was detected by MSP (Fig. 4B).
ChIP assay. The association of RASSFIA promoter methyl-
ation and gene silencing in relation to chromatin remodeling
has not been reported previously in prostate cancer. To
establish this functional link, we examined local histone
acetylation and H3 methylation in the chromatin associated
with the RASSF1A promoter region using a ChIP assay. The
histone-associated DNAs, immunoprecipitated with antibodies
against acetyl-H3, acetyl-H4, H3K4me2, or H3K9me2, were
individually amplified with four primer sets covering the

www.aacrjournals.org
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RASSF1A promoter region (Fig. 1A). The resulis in Fig. 5 show
marked differences in the levels of histone acetylation and H3
methylation. Enhancement of histone acetylation and
H3K4me2 methylation was observed in RWPE-1 cells, in which
the RASSF1A promoter is unmethylated and transcriptionally
active; however, there was no acetylation or methylation of
these same sites in the hypermethylated, transcriptionally
silenced promoters (PWR-1E, LNCaP, and PC3). In contrast,
H3K9me2 was enriched along the entire hypermethylated and
transcriptionally inactive promoters.

To investigate the effect of DNA methyltransferase inhi-
bitor and HDAC-I in the histone modifications of RASSF1A
promoter, we treated LNCaP cells with 5-aza-dC and/or TSA
(Fig. 6A and B). The ChIP assays revealed that TSA treatment
alone did not induce any alteration of histone modification.
These data show that in addition to being unable to reactivate
expression of a hypermethylated, silenced RASSF1A gene, TSA
alone was unable to evoke obvious change in key parameters of
the histone code in the RASSF1A promoter (25). In contrast, we
observed a complete reversal of the histone modifications after
5-aza-dC treatment alone or the combination of 5-aza-dC and
TSA. Acetyl-H3, acetyl-H4, and H3K4me2 levels were higher,
whereas H3K9me2 levels were lower in the promoter region.

Discussion

Transcriptional gene silencing by hypermethylation of CpG
islands in the promoter region is becoming recognized as a
common mechanism for the inactivation of tumor suppressor
genes in human malignancies (26 -28). In recent years, the list
of tumor suppressor genes that are inactivated by epigenetic
events rather than classic mutation/deletion events has been
growing (7). Unlike mutational inactivation, methylation is
reversible, and demethylating agents and inhibitors of HDACs
are being used in clinical trails (7).

DNA methylation is an important mechanism in prostate
cancer and is involved in the inactivation of various essential
genes such as E-cadherin (29), MDR1 (30}, and glutathione
S-transferase P1 (31). In this study, we found that the RASSF1A
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gene was methylated in 74% of prostate cancer cases examined.
Liu et al. (15) has also reported that RASSF1A methylation was
frequently observed in prostate cancer (71%). RASSF1A
functions as a tumor suppressor gene through several distinct
pathways, including microtubule stability (32, 33) and cell
cycle regulation (8, 16, 34). The RASSFIA gene has several
isoforms, including RASSF1A and RASSFIC that are transcribed
from two different promoters containing CpG islands (10, 11).
Selective promoter methylation of the RASSF1A promoter, but
not RASSF1C, is frequent in many cancers, including lung,
breast, ovarian, and renat cell carcinomas (10-13). In prostate
cancer, inactivation of the RASSF1A gene was reported to be
related to carcinogenesis, and Maruyama et al. (3) described a
significant correlation between methylation status, GS, PSA
levels, and stage. The results of the present study also showed
that RASSF1A promoter methylation was associated with high
GS and dinical stage. Currently, Rosenbaum et al. (35) reported
that the methylation status of selected genes (GSTPI, APC) in
prostate cancer specimens may be predictive for time to
recurrence in patients undergoing prostatectomy. We also
analyzed PSA failure-free probability as disease-free survival.
Of the clinicopathologic features considered, only GS was
significantly associated with poor outcome.

The mechanisms of RASSF1A epigenetic change in relation to
prostate tumorigenesis, especially chromatin structural changes
during the silencing of the genes, are not known. Thus, we
examined the molecular mechanisms of inactivation of the
RASSF1A gene by analysis of chromatin remodeling such as
CpG methylation in the promoter regions, histone acetylation
(acetyl-H3, acetyl-H4), dimethyl-H3-K4 (H3K4me2) and di-
methyl-H3-K9 (H3K9me2) methylation associated with the
RASSF1A promoter region. Histone acetylation and H3K4me2
methylation were increased in the unmethylated RWPE-1
RASSF1A promoter; however, there was no acetylation or
methylation of these same sites in the hypermethylated LNCaP
and PC3 promoter. In contrast, H3K9me2 was enriched along
the entire hypermethylated and transcriptionally inactive
promoter in LNCaP and PC3 cells. Similar results has been
reported in breast cancer (23, 24}. These results support the
idea that DNA methylation-mediated gene silencing is closely
linked with repressive histone modifications at the gene
promoter in cancer cells (23, 25, 36).

In this study, we also investigated the effect of a DNA
methyltransferase inhibitor (5-aza-dC) and/or a HDAC-inhibitor
(TSA) on chromatin remodeling. We treated LNCaP cells with TSA
alone, but there was no change in histone acetylation and H3
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Fig. 5. ChlIP assays of the RASSFIA CpG island. Chromatin DNA was immunoprecipitated with antibodies specific for acetyl-H3, acetyl-H4, dimethyl-H3-K4 (H3K4me2),
and dimethyl-H3-K9 (H3K9me2), respectively. DNA fragments corresponding to RASSF1A promoter regions 1, 2, 3, and 4 (see Fig. 1A) were amplified by PCR. Enhancement
of histone acetylation and H3K4me2 methylation was observed in the RWPE-1 promoter. However, there was no acetylation or methylation of these same sites in PWR-1E,
LNCaP, and PC3 cells. In contrast, H3KSme2 was enriched in these cell lines. A. PCR analyses of ChIP assay on RWPE-1, PWR-1E, LNCaP, and PC3 cells in the four promoter
regions. B, points, enrichment data calculated from the corresponding DNA fragments amplified by PCR; bars SD.
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Fig. 6. Effects of 5-aza-dC and TSA on the histone modifications of the RASSF14
5-aza-dC for 48 h and/or 300 nmol/L TSA for 24 h. TSA treatment alone did not in
modifications were observed after 5-aza-dC treatment alone or the combination of
H3K9me2 levels were lower in this region of the promoter. A, PCR analyses of Chll
amplified by PCR; bars, SD.

methylation. In contrast, after 5-aza-dC treatment alone or a
combination of 5-aza-dC and TSA, there was increased accumu-
lation of acetylated histones and H3K4me2 methylation concom-
itant with reactivation of the methylated RASSFIA promoter.
These results favor the idea that DNA methylation is more
important compared with histone deacetylation in maintaining a
silent state at hypermethylated promoters because 5-aza-dC can
reactivate genes silenced with aberrant promoter hypermethyla-
tion, but TSA alone did not reactivate these genes (37). This
change in histone modification upon inhibition of DNA
methyltransferase suggests that in prostate cancer cells, DNA
hypermethylation, or another activity mediated by DNA methyl-
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