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Figure 1. Overall survival curves according to PSA/PAP
ratio.

Age (=75 vs. <75 yr) 0.1362
Performance status (0, 1, 2 vs. 3, 4) 0.8609
Symptoms (yes vs. no) 0.2007
Hb (=12 vs. <12 g/dL) 0.0244*
Plt (=15 vs. <15 X 104/ul) 0.1223
ALP (=500 vs. <500 IU/L) 0.0003*
LDH (=400 vs. <400 1U/L) 0.0030*
T stage (<T3a vs. =T3a) 0.4369
N stage (NO vs. N1) 0.9409
M stage (M1ab vs. Mi1c) 0.8551
EOD (0, 1 vs. 2, 3, 4) 0.0054*
Histologic differentiation (well vs. 0.3292
moderate, poor)
PSA (=100 vs. <100 ng/mL) 0.3558
PAP (=30 vs. <30 ng/mL) 0.9872

PSA/PAP ratio (=3 vs. <3)

S

48.0% for those with a PSA/PAP ratio of less than 3.0
and 3.0 or greater, respectively (Fig. 1).

Outcomes According to Univariate and
Multivariate Analyses

The univariate analysis results of the prognostic factors
are given in Table 2. Anemia, high alkaline phosphatase,
high lactate dehydrogenase, high extent of disease in
bone metastasis,'® and low PSA/PAP ratio correlated
significantly with poor survival. Subsequently, we under-
took a multivariate analysis with the variables that were
significant on univariate analysis (Table 3). The statisti-
cally significant prognostic factors for overall survival
were alkaline phosphatase (P = 0.0413), lactate dehy-
drogenase (P = 0.0409), and PSA/PAP ratio (P =
0.0113).

COMMENT

The clinical significance of the pretreatment serum PSA
values studied by Kuriyama et al.'® indicated that serum
PSA measurement can be used to predict the prognosis of
patients with prostate cancer. However, it has been de-
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termined that poorly differentiated prostate cancer ex-
presses significantly less PSA than does benign prostatic
glands or low-grade adenocarcinoma cells.'*'> Conse-
quently, highly malignant prostate cancer frequently
shows comparatively low PSA levels, and a low PSA
level does not always indicate a good prognosis for pa-
tients with advanced prostate cancer.

Another significant tumor marker of the prostate is
acid phosphatase. Acid phosphatase is the first tumor
marker in epithelial tumors, and PAP is a subtype of acid
phosphatase. According to the genotypes, acid phospha-
tase is composed of four isoforms.?° The erythrocytic and
lysosomal forms are expressed in most cells. In contrast,
the prostatic and macrophage forms have more limited
expression. In the middle of the 1930s, Gutman et al.?!
made a noteworthy observation that the activity of PAP
is increased in the circulation of patients with prostate
cancer, especially those with bone metastasis, compared
with healthy adults. Subsequently, it was established that
the PAP activity in the circulation of patients with
prostate cancer correlates with prostate cancer progres-
sion and could serve as an indicator of treatment re-
sponse.”**> Thus, PAP was the biochemical diagnostic
mainstay for prostate cancer until the advent of PSA.
PSA improved the detection of early-stage prostate can-
cer, because PAP is not elevated in most early prostate
cancer cases.

In contrast, positive rates of PAP in metastatic pros-
tate cancer are as high as those of PSA. Both PSA and
PAP are serologic markers specific for prostatic tissue, but
not for cancer tissue. Moreover, highly malignant dedif-
ferentiated cancer can be associated with less-expressed
PSA and PAP. PAP expression might be relatively main-
tained in the process of dedifferentiation, which could
explain why the PSA/PAP ratio is low in highly malig-
nant, poorly differentiated prostate cancer. However,
Grande et al.** reported lower tissue PAP levels in met-
astatic cancer compared with localized cancer, as well as
lower tissue PSA levels in metastatic cancer compared
with localized cancer, and the difference was more sig-
nificant for PAP. We consider this result was true be-
tween the tissue level of metastatic and nonmetastatic
disease, but, as examined, for these molecules in the sera
within metastatic cases, the reduction of PSA is possibly
prominent.

Morote et al.?> reported that a PSA/PAP ratio of less
than 1 (inversion of PSA/PAP) was a definite indicator
of metastatic prostate cancer and, also, that this cutoff
was relevant to the prognosis. However, the fraction of
patients with this criterion was extremely small, and as
stressed by the investigators, it accounted for only 3.2%
of patients with prostate cancer. In addition, they did not
undertake theoretical survival analyses and failed to show
the PSA/PAP ratio as an independent prognostic fac-
tor.”> The present study demonstrated that a PSA/PAP
ratio of less than 3 is an independent index, and the
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Hb (=12 vs. <12 g/dlL)

ALP (=500 vs. <500 IU/L) 1.571
LDH (=400 vs. <400 IU/L) 1.619
EOD (0, 1 vs. 2, 3, 4) 0.747

1.723

PSA/

0.2871

'0.536-1.203

1.018-2.425 0.0413
1.020-2.568 0.0409
0.497-1.122 0.1602

1.131-2.623

AP (=3 vs. <3)
BT TR e

statistical approach confirmed that the results with this
value are reproducible even within the Stage IV cases.

CONCLUSIONS

The results of our study have indicated that the PSA/
PAP ratio is a valuable prognostic indicator in men with
Stage IV prostate cancer. Although our study found that
other laboratory tests also have prognostic influence, the
PSA/PAP ratio was an essential index implicated in the
physiopathology of prostate cancer. Although Moul
et al.?® advocated the contemporary value of PAP, it is
becoming a remnant of the past.>’ With the results of the
present study, however, PAP might become more useful
when analyzed in conjunction with the PSA level.'”
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Glycosylation status of haptoglobin in sera of patients with prostate

cancer vs. benign prostate disease or normal subjects
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We studied chemical level and glycosylation status of haptoglobin
in sera of patients with prostate cancer, as compared to benign
prostate disease and normal subjects, with the following results. (i)
Haptoglobin level was enhanced significantly in sera of prostate
cancer. (i) Sialylated bi-antennary glycans were the dominant
structures in haptoglobins from all 3 sources, regardless of different
site of N-linked glycan. The N-linked glycans at N184 were exclu-
sively bi-antennary, and showed no difference between prostate
cancer vs. benign prostate disease. (iii) Tri-antennary, N-linked,
fucosylated glycans, carrying at least 1 sialyl-Lewis®® antenna,
were predominantly located on N207 or N211 within the amino
acid 203-215 sequence of the p-chain of prostate cancer, and were
minimal in benign prostate disease. Fucosylated glycans were not
observed in normal subjects. A minor tri-antennary N-linked gly-
can was observed at N241 of the B-chain in prostate cancer, which
was absent in benign prostate disease. (iv) None of these N-linked
structures showed the expected presence of disialylated antennae
with GalNAcp4(NenAca3)Galp3(NeuAcx6)GicNAcBGal, or its ana-
logue, despite cross-reactivity of prostate cancer haptoglobin with
monoclonal antibody RM2. (v) Minor levels of O-glycosylation were
identified in prostate cancer haptoglobin for the first time. Mono-
and disialyl core Type 1 O-linked structures were identified after
reductive B-elimination followed by methylation and mass spectro-
metric analysis. No evidence was found for the presence of specific
RM2 or other tumor-associated glycosyl epitopes linked to this O-
glycan core. In summary, levels of haptoglobin are enhanced in
sera of prostate cancer patients, and the N-glycans attached to a
defined peptide region of its -chain are characterized by enhanced
branching as well as antenna fucosylation.

© 2007 Wiley-Liss, Inc.

Key words: N-glycosylation; tri-antennary; haptoglobin; beta-chain;
alpha2-chain; glycopeptides; antenna fucosylation

Aberrant glycosyl epitopes, defined by specific monoclonal
antibodies (mAbs), in glycolipids and glycoproteins have been
regarded as useful biomarkers for cancer diagnosis,’ and in some
cases for cancer therapy” ; for review see Ref. 5. Out of many
glycosyl %pitopes, lacto-series Type 1 chain structures Le®%
sialyl-Le** disialyl-Lc4,” and dimeric-Le®,'™!" and O-linked
Tn'*'? and sialyl-Tn,'*!° have often been regarded as useful bio-
markers. The antigen GalNAcB4-disialyl-Lc4,'® defined by mAb
RM2, was found to react with prostate cancer tissue, but not with
benign prostate disease or normal prostate gland.'

Haptoglobin, a hemoglobin-binding glycoprotein, is a major se-
rum component, consisting of B-, a1- and a2-chains, which are di-
sulfide-linked together in various combinations. Differences in
subunit combination pattern give rise to a large variety of hapto-
globin polymorphism patterns in serum. In addition, the haptoglo-
bin chemical level in serum increases significantly in association
with inflammation, cancer development, and some physiological
processes (for review see Refs. 18 and 19).

While there are 4 consensus sequences for N-glycosylation sites
in the B-chain of haptoglobin, none is located in the a-chain. Dur-
ing the past decade, the N-glycosylation status of haptoglobin,
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with particular focus on changes of fucosylation and sialylation
associated with many diseases has been extensively studied, since
haptoglobin is regarded as an “acute-phase protein” and is ele-
vated in many diseases (see Discussion).

In view of recent progress, particularly with glycomics
approach by mass spectrometry, regarding glycosylation status of
haptoglobin associated with various types of cancer (see Discus-
sion), and the lack of such studies on prostate cancer haptoglobin,
we performed the following studies: (i) Comparison of haptoglo-
bin levels in sera of prostate cancer patients with levels in benign
prostate disease and normal subjects. (i) Mass spectrometric anal-
ysis of tryptic glycopeptides obtained from haptoglobin which was
affinity-purified through a hemoglobin-Sepharose column. (iii)
Mass spectrometric analysis of N-linked glycans released by
PNGase-F from haptoglobin B-chain. (iv) Mass spectrometric
analysis of O-linked glycans released by reductive B-elimination
of affinity-purified haptoglobin.

Our results indicate that N-linked, tri-antennary glycans carry-
ing 1 or more SLe** antennae in 1 N-glycosylation domain of the
haptoglobin B-chain are highly expressed in prostate cancer
patients, but minimal in benign prostate disease or normal sub-
jects. Additionally, we show that prostate cancer haptoglobin car-
ries a low level of O-glycosylation, but that no specific glycosyl
epitope such as RM2 or its analogue is detectable by the mass
spectrometric methods employed, in either N-linked or O-linked
glycans in the B- or a-chain of haptoglobin.

Abbreviations: aoWR, N®-((aminooxy)acetyl)tryptophanylarginine methy!
ester; GalNAc. N-acetylgalactosamine; GlcNAc, N-acetylglucosamine; HPLC,
high-performance liquid chromatography; mAb, monoclonal antibody;
MALDI-TOF MS, matrix assisted laser desorption/ionization time-of-flight
mass spectrometry; PBS (-), phosphate-buffered saline (-), i.e., 0.15 M NaCl,
20 mM of a mixturg of Na;HPO./NaH,PO,, pH adjusted to 7.2, without addi-
tion of Ca®* or Mg™*); PNGase-F, peptide-N4-(acetyl-B-glucosaminyl)-aspar-
agine amidase; RM2 antigen, GalNAcB4-disialyl-Lcd; SDS-PAGE, sodium
dodecyl sulfate polyacrylamide gel electrophoresis; SLe”, sialyl-Lewis®; SLe",
sialyl-Lewis".
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Material and methods
Materials

Anti-human haptoglobin rabbit antibodies were from Dako
(Carpinteria, CA). Peroxidase-coupled goat anti-rabbit IgG, used
as secondary antibody was from Santa Cruz Biotech (Santa Cruz,
CA). Chemiluminescent detection system (Super Signal West
Pico) was from Pierce Biotechnology (Rockford, IL).

General procedure: Steps for serum collection
and haptoglobin analysis

Step 1. Sera from patients with prostate cancer, or benign pros-
tate disease, were collected based on diagnosis of patients by bi-
opsy with histological examination by expert clinical pathologist,
at the Dept. of Urology, Tohoku University School of Medicine,
and sent in frozen state to Pacific Northwest Research Institute
(PNRI), Seattle, WA, USA. The Ethics Committees of both
Tohoku University and PNRI approved the study. PSA values of
sera were also recorded (see below). PSA value (ng/ml) is given in
parenthesis after case number.

a. Sera from prostate cancer. Case 5 (48.7); Case 21 (7.2); Case
23 (12.8); Case 32 (3.9); Case 40 (5.8); Case 71 (5.6); Case
72 (5.2); Case 76 (2.0).

b. Sera from benign prostate disease: Case 6 (7.3); Case 33
(3.0); Case 43 (9.2); Case 77 (13.2); Case 92 (3.9); Case 105
(13.6); Case 137 (4.1); Case 150 (6.6).

Serum volume sent from Tohoku University was 0.5-1.0 ml for
each case. Sera from 8 cases each of prostate cancer and benign
prostate disease were respectively combined and used for prepara-
tion of haptoglobin B-chain and a2-chain followed by examina-
tion of N- and O-glycosylation status. Sera from 8 normal subjects
(volunteer workers) were prepared at PNRI.

Step 2. Combined sera as above containing equal protein quan-
tity, or sera from normal subjects, were used for (/) determination
of level of haptoglobin B-chain and a2-chain by Western blot
analysis followed by densitometry of each band; (/i) affinity sepa-
ration of haptoglobin by hemoglobin conjugated to Sepharose col-
umn; (/i) separation and purification of B-chain and a-chain, after

- cleavage of disulfide bonds by reductive alkylation. Procedures
(D), (i) and (iif) were performed at PNRI, Seaitle, WA. Purified
haptoglobin B-chain was sent to both Laboratory of Advanced
Chemical Biology, Hokkaido University, Japan, and to Division
of Molecular Biosciences, Imperial College London, UK.

Step 3. (i) Separation of tryptic glycopeptide-1, -2 and -3, cov-
ering each N-glycosylation site of haptoglobin B-chain, and deter-
mination of their structures, and (if) determination of N-linked
glycan structure released from each tryptic glycopeptide by
PNGase-F (Roche Applied Science), were performed by the Hok-
kaido University group. (iii) In addition, total N-linked glycan of
purified haptoglobin (-chain released by PNGase-F directly
applied on haptoglobin B-chain, with particular focus on structure
of fucosylation at antenna, was performed by the Imperial College
London group.

Step 4. Structures of O-linked glycans from purified haptoglo-
bin released by reductive B-elimination, and presence or absence
of any known glycosyl epitope such as RM2 epitope, were rigor-
ously studied by the Imperial College London group.

Serum haptoglobin levels

Step 2-(i). Individual sera (12 from prostate cancer cases, 9
each from benign prostate disease and from normal subjects) were
used for determination of haptoglobin levels. An aliquot of serum
containing equal O.ZS—ug protein from each case was subjected to
Western blot with anti-human haptoglobin rabbit antibodies,
followed by secondary goat anti-rabbit IgG, and ﬁnallX chemilu-
minescent detection system, as described previously.?® The pro-

tein level of each serum sample was determined using a Micro-
BCA protein assay reagent kit (Pierce).

Intensities of bands for B-chain and a2-chain from normal sub-
jects, benign prostate disease, and prostate cancer were deter-
mined by densitometry with Scion Image program, as described in
the Figure 1a legend.

Purification of haptoglobin and separation
of B-, a2- and xl-chains

Step 2-(ii). Preparation of human serum haptoglobin by hemo-
globin-affinity column. Human serum haptoglobin was prepared
by affinity chromatography using freshly prepared human hemo-
globin conjugated to Sepharose 4B, by the cyanogen bromide acti-
vation method as described previously.” Combined sera (~2-3
ml) were subjected to hemoglobin-Sepharose 4B column (1.0 X
18 cm?, volume 14 ml) prepared in PBS (-) medium, pH 7.2 (see
Abbrev1at10ns) An LKB peristaltic pump was used, and the flow
rate was 0.5 ml/min. The eluent was monitored at 280 nm using a
Waters 484 Tunable absorbance detector. A Gilson fraction col-
lector model 203 was used, and 5-ml fractions were collected.

Applying human serum on the hemoglobin affinity column,
most of the serum proteins passed through with PBS (-) wash,
which was followed by washing with 0.15 M NaCl, pH 11 to elute
apo Al Finally, haptoglobin was eluted with 5 M urea in 0.15 M
NaCl pH 11 solution. The eluate for haptoglobin was desalted and
concentrated with an Amicon Centricon Plus-70 (Millipore) using
Beckman centrifuge model J-6M at 3,000g for 10 min. The con-
centrated solution was diluted several times with 30-ml pure
water, reconcentrated to remove urea, and finally lyophilized.
Total haptoglobin fraction from ~2-3 ml serum, adsorbed on and
eluted from hemoglobin column as above, was ~200-250 pg.

Step 2-(iii). Separation of haptoglobin B-, a2- and ol -chains by
reductive alkylation followed by gel filtration. Haptoglobin puri-
fied as above is a hetero-tetramer cross-linked with inter and intra
S-S bridges (af),. The subunits were separated by reductlve al-
kylation with acrylamide as described prev1ously 22 Briefly,
crude haptoglobin (~200 pg) was dissolved in 100 mM
NH,HCO;, pH 8.5, and mixed with a vortex. Dithioerythritol was
added to a final concentration of 150 mM and the pH was adjusted
to 8.3 using 1 N NaOH before incubation at 37°C for 1 hr under
nitrogen to cleave the S-S cross-links. Alkylation of the thiol
groups was performed with 300 mM acrylamide to form propiona-
mide cysteine (PAM) derivatives. The alkylation reaction was
stopped on ice and the mixture was filtered with Millipore Ultra-
free-MC (0.45 pm).

Separation of alkylated haptoglobin -, a2~ and al-chains was
performed by gel filtration through Superdex200™' 10-300GL
(1.0 X 30 cm?, bed volume 24 ml), in 50 mM phosphate buffer,
pH 7.4, containing 0.15 M NaCl (PBS (-)). The HPLC (Waters
490) column was attached to a Waters UV detector and a Gilson
fraction collector (model 203) was used. The flow rate was 0.4 ml/
min. Each subunit was collected as 1 fraction and dialyzed using
Spectra/Por molecular porous membrane tubing (MWCO 3.500,
diameter 34 mm) (Spectrum Laboratories, Rancho Dominguez,
CA) against 0.1% acetic acid for 40~50 hr. The solution was then
transferred to an Eppendorf tube (1.5 m!) and lyophilized.

N-linked and O-linked carbohydrate analysis
by mass spectrometry

Step 3-(i). Separation of tryptic glycopeptide-1, -2 and -3. cov-
ering each N-glycosylation site of haptoglobin f-chain, and deter-
mination of their structures by MALDI-TOF MS. Purified hapto-
globin f-chain (~2 pg) from prostate cancer, benign prostate dis-
ease and normal subjects, respectively, was subjected to
quantitative N-glycan profiling analysis, at the Laboratory of
Advanced Chemical Biology, Hokkaido University. Each hapto-
globin f-chain was reductively alkylated and digested with
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trypsin, and N-glycans were enzymatically liberated from each
haptoglobin f-chain using PNGase-F, and purified by a combina-
tion of methods previously described, with some modifications.”*
The sialic acid residue(s) of the N-glycans were methylesteri-
fied,”® and labeled with aoWR.?’ For analyses of glycopeptides
having N-linked glycan, purified haptoglobin f-chain (4-8 pg)
was dried by centrifuge concentrator (Speed-Vac, Savant), and
solubilized with 50 mM ammonium bicarbonate (pH 7.8) at a con-
centration of 0.2-0.4 mg/ml. Samples were digested with 0.5 pg
modified trypsin at 37°C for 2 hr. The reaction was terminated by
heating at 100°C for 3 min. The tryptic glycopeptides (glycopep-
tide-1, -2 and -3; see Results) derived from haptoglobin f-chain
were purified with hydrophilic affinity xsolauon and reverse phase
HPLC technique as described previously.?® Briefly, the tryptic
digest was mixed with a 15-pl packed volume of Sepharose 4B in
1 ml of an organic solvent of 1-butanol/ethanol/H,O (4:1:1, v/v).
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After gentle shaking for 45 min. the gel was washed twice with
the organic solvent, and then incubated with an aqueous solvent of
ethanol/H,O (1:1, v/v) for 30 min. The solution phase was recov-
ered, dried and further fractionated by HPLC on a CI8 column
with a linear grandient elution of acetonitrile (5-50%, v/v) in
0.1% (v/v) trifluoroacetic acid. The glycopeptide fractions were
mixed with 2,5-dihydroxybenzoic acid (10 mg/ml in water) and
subjected to linear TOF measurements using an Ultraflex TOF
mass spectrometer equipped with pulsed ion extraction system
(Bruker Daltonik GmbH, Bremen, Germany). The ions generated
by a pulsed UV laser beam (nitrogen laser, 337 nm, 10 Hz) were
accelerated to a kinetic energy of 25.0 kV.

Step 3-(ii). MS and MSIMS analysis of permethylated N- and O-
glycans from prostate cancer haptoglobin. A sample of prostate
cancer haptoglobin (20 pg) was reduced for 1 hr at 37°C in
50 mM Tris-HCI buffer (pH 8.5) containing a 4-fold excess of di-
thiothreitol and carboxymethylated with a 2-fold molar excess of
iodoacetic acid for 1 hr at room temperature in the dark. Following
dialysis at 4°C for 72 hr against 4 X 4.5 1 of cold 50 mM ammo-
nium bicarbonate, pH 7.5, and lyophilization, the sample was
digested with sequencing-grade trypsin (Promega) (I pg in
50 mM ammonium bicarbonate, pH 8.5, for 18 hr at 37°C). The
reaction was stopped by adding a few drops of acetic acid to the
solution. The sample was lyophilized, dissolved in 150 pl (5% (v/
v)) acetic acid, and purified using a SepPak cartridge C,5 (Waters),
as described. e The purified glycopeptides were digested with
PNGase-F in 50 mM ammonium bicarbonate (pH 8.5) containing
10 U of enzyme at 37°C over 18 hr. The sample was lyophilized,
and the released N-glycans were purified using a SepPak cartridge
Ciz (Waters Corp) Permethylation and sample clean-up were
performed using the sodium hydroxide protocol, as described pre-
viously.?

Steps 3-(iii} and -(iv). For O-glycan analysis, fractions from
the gel filtration column corresponding to the a2- and f-chains
(see above and Fig. 1¢) were subjected to reductive elimination by
adding 400 ml of 1 M potassium borohydride (dissolved in 0.1 M
potassium hydroxide) for 24-hr incubation at 45°C. The reaction
was stopped by adding a few drops of acetic acid. Further cleaning
of the removed glycans was achieved by Dowex beads minicol-
umn purification followed by borate removal using 10% of metha-
nolic acetic acid.”® Permethylation and sample clean-up were per-
formed usmg the sodium hydroxide protocol, as described previ-
ously.?

FiGure 1 — Pattern of serum haptoglobin, affinity purification, and
separation of B-, al- and «2-chains. (a) Patiern of haptoglobin B-
chain and a2-chain separated by 1-D SDS-PAGE, with Western blot
with anti-haptoglobin antibodies. In total, 9 cases of normal subjects,
9 cases of benign prostate disease, and 12 cases of prostate cancer
were analyzed. The figure shows 3 cases of normal subjects, 3 cases
of benign prostate disease, and 4 cases of prostate cancer. For sum-
mary of analysis, see Table 1. 0.25-pg protein from each serum was
separated on 1-D SDS-PAGE, as described previously.” Proteins on a
gel were blotted onto Immobilon P using a tank type apparatus from
Nihon Eido (Tokyo, Japan) at 45 V for 50 min, in trans-blot buffer
containing 10 mM CAPS and 10% methanol at pH 11. The mem-
branes were blocked with 5% skim milk for 2 hr and incubated over-
night with primary anti-human haptoglobin rabbit antibody (Dako).
Peroxidase-coupled goat anti-rabbit IgG was used as secondary anti-.
body. Finally, chemiluminescent detection system (Super Signal West
Pico, Pierce Biotechnology) was used to enhance the bands or spots
stained. (b) Affinity chromatography of haptoglobin from sera of pros-
tate cancer patients. About 5 ml of serum from prostate cancer patients
was loaded on hemoglobin-Sepharose 4B affinity column. (¢) Separa-
tion of hapto; 1gwobm B-, al- and a2-chains by gel filiration through
Superdex200™"" 10-300GL column. Crude haptoglobin (~200 pg)
was reduced with dithioerythritol and alkylated with acrylamide. Ex-
perimental conditions for b and ¢: see Material and methods.
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TABLE I - DENSITOMETRIC DETERMINATION OF WESTERN BLOTTED

BANDS OF HAPTOGLOBIN B-AND o2-CHAINS BY ANTI-HAPTOGLOBIN

ANTIBODIES IN 9 CASES EACH OF NORMAL SUBJECTS AND BENIGN
PROSTATE DISEASE, AND 12 CASES OF PROSTATE CANCER

" mean'= D S iteronce

B-chain

Normal 9 8049 * 2063 p <001

Benign prostate 9 6866 = 1647

Prostate cancer 12 13462 + 1487
a2-chain

Normal 9 8108 * 2767 p <001

Benign prostate 9 7673 +1825

Prostate cancer 12 13084 * 3064

MALDI-TOF MS data on permethylated samples were acquired
at Imperial College London using a Perseptive Biosystems Voy-
ager DE-STR™ mass spectrometer in the reflector mode with
delayed extraction. MS/MS data were acquired using a 4800
MALDI-TOF/TOF (Applied Biosystems) mass spectrometer. The
collision energy was set to 1 kV, and argon was used as collision
gas. Samples were dissolved in 10 ul methanol and mixed at a 1:1
ratio (v/v) with 2,5-dihydrobenzoic acid as matrix.

Results

Haptoglobin levels in sera of prostate cancer patients, benign
prostate disease and normal subjects

Haptoglobin levels in sera of prostate cancer patients were sig-
nificantly higher than those from benign prostate disease or nor-
mal subjects, as determined by Western blot analysis of both f-
and a2-chain with anti-haptoglobin antibodies (Fig. 1a). Mean
densitometric values for 12 cases of prostate cancer, compared to
9 cases of benign prostate disease, and 9 normal subjects, for §-
chain, were 1.9 and 1.7 times higher, respectively. Values for the
a2-chain were 1.7 and 1.6 times higher, respectively. Each of
these differences was statistically significant (p < 0.01), as indi-
cated (Table I).

Separation of haptoglobin into its -, a2- and ol -chains

To search for cancer-associated glycosyl epitopes in haptoglo-
bin we chose to isolate its subunits and search for glycopeptides
after tryptic digestion.

Thus haptoglobin from sera of prostate cancer patients, benign
prostate disease, or normal subjects was affinity purified on a he-
moglobin-Sepharose 4B column and the f-, a2- and «l-chains
were separated after reductive alkylation, as detailed in Material
and methods. A typical example of the affinity chromatography
pattern is shown in Figure 1b, and a typical example of the gel fil-
tration pattern of the fi-, «2- and a1-chains is shown in Figure Ic.
Once again, we could observe that the quantities of the - and «2-
chain in prostate cancer patients were significantly higher than
those in benign prostate disease or normal subjects (Table I).

Glycomics profiling of the B-chain reveals enhanced
fucosylation in prostate cancer

A similar quantity of purified haptoglobin f-chain (e.g., ~2 pg
per analysis) from prostate cancer, benign prostate disease and
normal subjects was subjected to PNGase-F digestion. The
released N-linked glycans were purified from a crude digestion
mixture by glycoblotting technique through reaction of the reduc-
ing end of the carbohydrate with an amino-oxime group or hydra-
zide group affixed on solid phase.” To perform quantitative
MALDI-TOF analysis with high sensitivity, the captured glycans
were further methylesterified at the carboxyl group of sialic acid
residue(s)," 6 and were derivatized with 20WR.

Spectra of the N-linked glycans obtained from the S-chain of
prostate cancer, benign prostate disease and normal subjects are
shown in Figure 2. As shown in the annotations, the major glycans
shared by all 3 samples are mono- and disialylated bi-antennary
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FiGure 2 — MALDI-TOF spectra showing differences in N-linked
glycans of haptoglobin B8-chain from sera of prostate cancer, benign
prostate disease, and normal subjects. Glycans were released by
PNGase-F, methylesterified at the carboxyl group of sialic acid(s), and
derivatized with aoWR. Keys are given in the box and correspond to
Consortium for Functional Glycomics symbols (http://www functio-
nalglycomics.org/fg/). [Color figure can be viewed in the online issue,
which is available at www interscience.wiley.com.]

structures (theoretical ni/z 2,375.9 and 2,681.0). All 3 samples also
contain a minor trisialylated tri-antennary glycan, the molecular
ion at m/z 3,352.2 and 3,352.9, which is much more abundant in
prostate cancer than in benign prostate disease or normal subjects.
A tiny amount of disialylated tri-antennary glycan, the molecular
ion at m/z 3,046.2, is observed in the prostate cancer and benign
prostate disease samples. The most striking difference between the
samples is the presence of m/z 3,498.2 in the prostate cancer spec-
trum (Fig. 2, upper panel). This signal, which is absent in the spec-
tra from benign prostate disease and normal subjects (Fig. 2, mid-
dle and bottom panels), corresponds to a mono-fucosylated tri-
antennary glycan, the molecular ion at m/z 3,498.2.

Fucosylated tri-antennary N-glycans are specific to one
of the glycosylation domains of the B-chain

The consensus sites for N-glycosylation are Asn-184 (N184),
N207, N211 and N241. To investigate the location of the fucosy-
lated N-glycans observed in the glycomic profiling, the §-chain
samples from prostate cancer, benign prostate disease, and normal
subjects were subjected to tryptic digestion and MALDI analysis.
Tryptic digestion was predicted to yield 3 glycopeptides: (i) 203-
215 carrying 2 glycosylation sites, N207 and N211, (ii) 236-251
carrying 1 glycosylation site at position N241 and (iii) 179-202
carrying 1 glycosylation site at position N184. The resulting gly-
copeptides were fractionated by successive hydrophilic affinity
isolation and reversed-phase HPLC, and were analyzed by
MALDI-TOF mass spectrometry. Each glycopeptide yielded a
cluster of molecular ions because of glycan heterogeneity. Under
the chromatographic conditions employed, we observed that gly-
copeptides of different glycoforms on the same peptide tended to
elute in close proximity on reversed-phase chromatography analy-
ses. The relative microheterogeneity of different glycoforms pres-
ent at a particular N-glycosylation site(s) was determined by com-
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FI1GURE 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), “wryptic 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 ¢, respectively. Upper panels: haptoglobin p-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 f-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 giycopeptide-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 N24] 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 II).
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 m/z values and the glycomics information arising from the
MALDI profiling described earlier. The fucosylated components
at m/fz 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/z 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 mj/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. 54 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. 5 and 5b). In addition, abundant
ions are present at high mass, corresponding to loss of this struc-
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TABLE I - PUTATIVE GLYCAN STRUCTURES FROM HAPTOGLOBIN B-CHAIN, m/- VALUES, AND RELATIVE ABUNDANCE
[COLOR TABLE CAN BE VIEWED IN THE ONLINE ISSUE, WHICH IS AVAILABLE AT WWW.INTERSCIENCE.WILEY.COM.}

Glycan structure

Relative abundance

Peak No mfz Prostate Benign  Normal
cancer  prosiaic  subject
A: NLFLNHSENATAK(203-215)
1 52868 +90  [NeuAclHex2HexNAc2+Man3GlcNAc2] ¢2520ma  o8%mm ND 96 178
+ [NeuAc1Hex2HexNAc2+Man3GlcNAc2)] ‘o80 .
2 55769 %= 150 [NeuAclHex2HexNAc2+Man3GlcNAc2)] S5golus #0080, 105 223 3L -
+ [NeuAc2Hex2HexNAc2+Man3GleNAc2) $ca0
3 58705+ 17.0 [NeuAc2Hex2HexNAc2+Man3GIcNAc2] $98%aa  $9%00ms 128 143 125
+ [NeuAc2Hex2HexNAc2+Man3GIcNAc2)] p
4 59417 £ 180 [NeuAclHex2HexNAc2+Man3GIcNAc2] e;gggogg 4.3 73 11.0
+ [NeuAc2Hex3HexNAc3+Man3GlcNAc2] B
5 62351 £ 180 [NeuAclHex2HexNAc2+Man3GlcNAc2) 9{23%00 170 170 9.2
+ [NeuAc3Hex3HexNAc3+Man3GleNAc2] '
[NeuAc2Hex2HexNAc2+Man3GicNAc2)] 2oaComs
+ [NeuAc2Hex3HexNAc3+Man3GlcNAc2] -
6 6381.5* 18.0 [NeuAclHex2HexNAc2+Man3GlcNAc?] o2 %mn 6.7 82 58
+ [NeuAc3Hex3HexNAc3+Man3GIcNAc2 +Fuc) *
7 65254+ 180 [NeuAc2Hex2HexNAc2+Man3GIcNAC2] 8% ea 147 64 60
+ [NeuAc3Hex3HexNAc3+Man3GicNAc2)]
]
8 65973 = 17.0 [NeuAc2Hex3HexNAc3+Man3GlcNAc2] :f;:?'acus 4.4 33 6.6
+ [NeuAc2Hex3HexNAc3+ Man3GIcNAc2] a0
9 66682 %180 [NeuAc2Hex3HexNAc3+Man3GIcNAc2] $oag0ea 73 41 ND
+ [NeuAc2Hex3HexNAc3+Man3GIcNAc2 + Fuc]
10 6891.6+ 180 [NeuAc2Hex3HexNAc3+Man3GIcNAC2)] SC80, 00 73 34 ND
+ [NeuAc3Hex3HexNAc3+Man3GIcNAc2) f’:o
oL
I1 70346 £ 17.0 [NeuAc2Hex3HexNAc3+Man3GlcNAc2] .{:{;gosa 4.5 4.1 ND
+ [NeuAc3Hex3HexNAc3+Man3GlcNAc2 + Fuc]
12 71824 =200 [NeuAc3Hex3HexNAc3+Man3GIcNAC2] somoss $22%0sm 63 ND  ND
+ [NeuAc3Hex3HexNAc3+Man3GlcNAc2] o0 :r{;‘m
o pEL e Ior
13 73289 +20.0 [NeuAc3Hex3HexNAc3+Man3GlcNAc2] §¢¢§gﬂﬂ $omo®®® 42 ND ND
+ [NeuAc3Hex3HexNAc3+Man3GlcNAc2 + Fuc] oa =a
100.0 100.0 100.0
B. VVLHPNYSQVDIGLIK (236-251)?
I 36117290  [NeuAclHex2HexNAc2+Man3GlcNAc2] ¢ 28% s 88 112 ND
- 98 (N-terminal Val residue?)
1 37114 £9.0 [NeuAclHex2HexNAc2+Man3GlcNAc2] eff{;:goaa 10.6 8.0 ND
2 39062+90  [NeuAc2Hex2HexNAc2+Man3GlcNAc2] 352%0mm 284 259 ND
- 98 (N-terminal Val residue?) -
2 40046 =90 [NeuAc2Hex2HexNAc2+Man3GlcNAc2] :f::;goam 355 30.0 ND
2* 41325 * 15.0 [NeuAc2Hex2HexNAc2+Man3GIcNAc2] +128 = 45 116 ND
2%% 42789 £ 150 [NeuAc2Hex2HexNAc2+Man3GIcNAc2] 2.1 8.6 ND
+128 + 146 (Fuc?) P
3’ 45548 +18.0  [NeuAc3Hex3HexNAc3+Man3GlcNAc2] zg;uoc'n“ 5.5 47 ND
- 102 (N-terminal Val residue?) “e
3 4657.1 %180 [NeuAc3Hex3HexNAc3+Man3GlcNAC2] $omoomm 46 ND ND
2 100.0 100.0
C: MVSHHNLTTGATLINEQWLLTTAK(179-202)>
1 4641.8 9.0  [NeuAclHex2HexNAc2+Man3GlcNAc2)] PNEELE 142 165 ND
2 47831150 [NeuAc!Hex2HexNAc2+Man3GIcNAc2 + Fuc] z{g:gosn 21.1  27.5 ND
3 49319 =170 [NeuAc2Hex2HexNAc2+Man3GlcNAc?) gggoua 647 560 ND
- 100 - 100

ND: not determined

, due to limited sample availability.'

NS0T & 211, MW1458.735-2N-241, MW1795.0112.—*N- 184, MW2679.3923.

ture from the respective molecular ions (m1/z 1,969 and m/z 2,780
in Figs. 5a 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. lons 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 HI). None of these m/z 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/z values in Table I 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/z values, i.e., from
mfz 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 (hup:/
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. 1¢) 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 ions corresponding to sialylated core Type
1 O-glycans have been assigned (m/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 (m/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 «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; (iii) hapto-
globin as a possible carrier of the RM2 epitope which was previ-
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FIGURE 5§ — MALDI-TOF/TOF MS/MS spectra of m/z 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.'?*%3! This may be due to the
epithelial-mesenchymal transition phenomenon. Furthermore,
actively-growing tumor cells show many similar grozpenies to
inflammatory cells, particularly activated fibroblasts.>*~*

Based on our structural studies of haptoglobin, we conclude the
following: (i) 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).’®> 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 haptogiobin from a
range of cancers, including ovarian, breast, small cell lung, pan-
creatic and liver cancers, hoping to identify slpeciﬁc markers that
might be suitable for diagnostic assays.3°‘3f*‘“ 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-
tins 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 study,*” 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 HI - POTENTIAL STRUCTURES FOR RM2 AND CAD EPITOPES
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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 ff-chain is characteris-
tic of prostate cancer. Therefore, combinations of antibodies

1508 Mass ()

directed to haptoglobin f-chain, Phaseolus vulgaris-L lectin
(which reacts specifically with the $1-6GlcNAc branch common
to tri- or tetra-antennary but not bi-antennary structure),*®*’ 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 ghenotype, directly or indirectly controlled by onco-
genes.*®5° 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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Abstract

Protein tyrosine kinase plays a central role in the proliferation and differentiation of various types of cells. One of these protein
kinases, Tyk2, a member of the Jak family kinases, is known to play important roles in receptor signal transduction by interferons, inter-
leukins, growth factors, and other hormones. In the present study, we investigated Tyk2 expression and its role in the growth and inva-
siveness of human prostate cancer cells. We used a small interfering RNA targeting Tyk2 and an inhibitor of Tyk2, tyrphostin Al, to
suppress the expression and signaling of Tyk2 in prostate cancer cells. We detected mRNAs for Jak family kinases in prostate cancer cell
lines by RT-PCR and Tyk2 protein in human prostate cancer specimens by immunohistochemistry. Inhibition of Tyk2 signaling resulted
in attenuation of the urokinase-type plasminogen activator-enhanced invasiveness of prostate cancer cells in vitro without affecting the
cellular growth rate. These results suggest that Tyk2 signaling in prostate cancer cells facilitate invasion of these cells, and interference

with this signaling may be a potential therapeutic pathway.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Tyk2; Jak; Prostate cancer; Invasion; Metastasis

Prostate cancer arises as a consequence of an imbalance
between cell division and differentiation. The proliferation,
differentiation, growth, and apoptosis of normal and
malignant cells are regulated by many different cytokines
and growth factors. Protein tyrosine kinases (PTKs) play
a central role in the proliferation and differentiation of var-
ious types of cells. They participate in the cellular responses
to growth factors, and activation of their protein kinase
activity is critical for the transmission of mitogenic signals.
In a previous study, to explore the function of PTKs in the
developing prostate gland, we screened for PTKs expressed
in CD44-positive cells from the developing mouse prostate.

Abbreviations: Jak, Janus kinase; RT-PCR, reverse transcriptase-
polymerase chain reaction; SH2, Src homology 2; Stat, signal transducers
and activators of transcription.
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CD44 is a cell surface glycoprotein receptor and this signal-
ing regulates several important biologic processes including
lymphocyte homing and activation, hematopoiesis, and
tumor progression and metastasis [1]. In addition, CD44
is expressed during mouse prostate development but not
in the adult prostate. Treatment with neutralizing antibod-
ies to CD44 inhibits androgen-stimulated ductal branching
morphogenesis in serum-free organ cultures of the mouse
prostate [2]. Therefore, CD44 is one of the markers of early
progenitor cells in prostate tissues. Using CD44 as a cell
surface marker, we isolated several PTK genes including
Tyk2 from CD44-positive prostate cells [3].

To date, four mammalian members of the Jak family
have been identified, namely, Tyk2, Jakl, Jak2, and Jak3.
Previous reports from other laboratories have also demon-
strated that Jaks are expressed in a human prostate cancer
xenograft model and in bone marrow metastases [4,5].
Extensive studies over the last few years have suggested

Commun. (2007), doi-10.1016/§.bbrc.2007.08.160 -

Please cite this article in press as: H. Ide et al,, Tyk2 expression and its mgnahng enhances theinyasweness o Bipchem.vBiophyé,R&.‘

e

132



2 H. Hde et al. | Biochemical and Biophysical Research Communications xxx (2007) xxx-xxx

that Jak kinases play important roles in the responses to
interferons, interleukins, growth factors, hormones, and
urokinase-type plasminogen activator (uPA), also known
as urokinase [6.7]. Activation of Jaks leads to the tyrosine
phosphorylation of receptors, producing. docking sites for
various SH2-containing signaling molecules including Stat
proteins [8]. It is well documented that Stats are over-acti-
vated in some malignancies. For example, Stat3 activity is
elevated in prostate cancer [9]. Accumulating evidence for
constitutive activation of various Stats and other oncopro-
teins in different cancers strongly suggests that Jak kinases
play critical roles in the pathogenesis of many human neo-
plastic diseases [6].

In this study, we examined the expression and biological
significance of Tyk2 in prostate cancer. We show that Tyk2
is involved in uPA-induced cell invasion, which is a mea-
sure of the malignant potential of prostate cancer cells.
Blockade of Tyk2 signaling by a small interfering RNA
(siRNA) or by the PTK inhibitor tyrphostin Al signifi-
cantly suppresses the invasiveness of human prostate can-
cer cells into Matrigel. Our results demonstrate that
activation of the Tyk2 signaling pathway is important for
the enhancement of prostate cancer cell invasiveness by
uPA. Thus, the Tyk2 signaling pathway. may be a worth-
while target for therapeutic intervention in prostate cancer.

Materials and methods

Cell culture and reagents. Three human prostate cancer cell lines
LNCaP, PC-3, DU145, and TSU-Prl (bladder cancer cell line) and MCF-
7 (breast cancer cell line) were used in this study. The cells were routinely
maintained in RPMI 1640 supplemented with 10% fetal calf serum,
100 units/ml penicillin, and 100 pg/ml streptomycin. Cell growth was
assessed using a colorimetric proliferation assay employing the tetrazo-
lium 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulf-
ophenyl)-2H tetrazolium (MTS). Each day, MTS was added, and the
absorbance at 490 nm was measured on microplate reader after a 60-min
incubation at 37 °C. The siRNA duplex targeting Tyk2 and a control
siRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
For transfection with siRNAs, DU145 cells were placed in Opti-MEM 1
(Invitrogen, Carlsbad, CA) and then transfected using oligofectamine
(Invitrogen). Tyrphostin Al (Sigma-Aldrich, St. Louis, MI), an inhibitor
of Tyk2 PTK activity, was used at 100 uM, and the effect of uPA (R&D
Systems, Minneapolis, MN) was examined at a concentration of 5 nM.

RT-PCR analyses. For RNA expression analysis, total RNA was
extracted from cells using RNA Bee (Tel-Test, Friendswood, TX)
according to the manufacturer’s protocol. The RNA was then treated with
DNAse [ to remove contaminating DNA and then reverse transcribed
using an oligo-dT primer and Super-Scriptp reverse transcriptase (Invit-
rogen) in a volume of 25 pl. The primer sequences were as follows: human
Jakl, 5-AAGTGATGTCCTTACCACA-3’ and 5'-AGCAGCCACAC
TCAGGTTCT-3’; human Jak2, 5'-GAGCCTATCGGCATGGAATA-3’
and 5-ATATCTAACACTGCCATCCC-3'; human Jak3, 5-CAAACAC
CACTCCCTGTCCT-3' and 5-TGGGGGTGTTCCTGAAGTAG-3';
Tyk2, 5-GGATGGCCAGGGGCAGTAAG-3' and 5-GGATCTCCTC
CTCGGTCGAC-3'; prostate-specific antigen, 5'-GGTCGGCACAGCC
TGTTTCA-3’ and 5'-CCACGATGGTGTCCTTGATC-3'; B-actin, 5'-
GACTACCTCATGAAGATCCT-3 and 5-GCGGATGTCCACGTCA
CACT-3'. The resulting cDNA was subjected to PCR.

Immunoblot analyses. The cells were washed twice with cold PBS, and
lyzed on ice in 2x sample buffer (125 mmol/L Tris, pH 6.8, 4% SDS, 10%
2-B mercaptoethanol, 20% glycerol, 0.06% bromophenol blue). The cell

lysates were boiled for 3 min and resolved by 10% SDS-PAGE. Proteins
were transferred onto a PVDF membrane (Bio-Rad, Hercules, CA), and
immunoblotting was performed using rabbit anti-human Tyk2 antibody
(Santa Cruz Biotechnology; 1:1000) or rabbit anti-human B-tubulin
antibody (Santa Cruz Biotechnology) as an internal loading control.
Goat anti-rabbit antibody conjugated by HRP (Bio-Rad, 1:3000 dilu-
tion) were used as a secondary antibody. Immunoreactive proteins were
visualized with ECL detection reagents (Amersham Biosciences, Piscat-
away, NJ). -

Immunohistochemistry. Serial 4-mm-thick sections were deparaffi-
nized in three changes of xylene and rehydrated through a graded series
of ethanol decreasing from 100% to 70%. The sections were immersed in
citrate buffer (pH. 6.0) and autoclaved at 120 °C for S min and then
placed in 3% hydrogen peroxide in methanol for 20 min at room tem-
perature to block endogenous peroxidase activity. Nonspecific protein
binding was blocked by incubating the section for 30 min-1 h in 5% goat
serum. Next, the sections were incubated overnight at 4 °C in polyclonal
rabbit Tyk2 antibody (Santa Cruz Biotechnology). Sections were then
processed for immunohistochemistry using the EnVisionTM+ system
(DAKO, Denmark). We examined 70 samples from prostate cancer
patients.

Matrigel invasion assay. Membrane inserts (8-um pore size) for 24-
well transwell plates were prepared by coating with Matrigel basement
membrane matrix (BD Biosciences, San Jose, CA) according to the
manufacturer’s instructions. DU145 cells were placed in the upper
chamber at a density of 2 x 10% cells/insert. Medium containing 5 nM
uPA (R&D Systems, Minneapolis, MN) was added to the lower chamber
as a chemoattractant. To inhibit the invasion, 200 nM of Tyk2 siRNA/
200 nM oligofectamine or 100 pM of tyrphostin Al was added to the
medium. After 24 h, the upper surface of the inserts was wiped with
cotton swabs, and the inserts were stained with Trypan blue. Cells that
migrated through the Matrigel and the filter pores to the lower surface
were counted in five random high-power fields per insert using a light
microscope.

Results

Expression analyses of Tyk2 in prostate cancer cell lines and
tissues

We first analyzed the expression of Jaks in MCF-7,
LNCaP, PC-3, TSU-Prl and DUI145 cells by RT-PCR
(Fig. 1A). Amplified products for four members of the
Jak family, Tyk2, Jakl, Jak2, and Jak3, were clearly
detected in these cell lines. We also found that prostate-spe-
cific antigen was expressed by LNCaP cells which is andro-
gen sensitive prostate cancer cell line as previously
described [3]. Although we tested one androgen sensitive
prostate cancer cell line LNCaP, there was no difference
of the expression level of Jaks mRNAs between androgen
sensitive cells and insensitive cells. We next examined the
expression of Tyk2 in human prostate cancer tissue speci-
mens by immunohistochemistry with rabbit anti-human
Tyk2 antiserum. The reactivity for Tyk2, shown as brown
color, was higher in cancerous than in noncancerous glands
in the same field (Fig. 1B). The staining for Tyk2 was het-
erogeneous and predominately located in the cytoplasm of
prostate cancer cells. Of 70 samples from prostate cancer
patients, Tyk2 staining was clearly detected in 17
(24.3%). Further studies are needed to accurately deter-
mine the correlation between Tyk2 expression in the can-
cerous tissues and clinical and pathological variables.
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Fig. 1. (A) RT-PCR analysis of Jak family kinases mRNA levels in
prostate cancer cell lines. MCF-7 is a breast cancer-derived cell line. (B)
Immunohistochemical analysis of Tyk2 expression in prostate cancer
tissues. Strong staining is observed in cancerous cells. Histopathological
evaluation was done by a pathologist (Y.T.) and hematoxylin and eosin
staining shows malignant features of these cells (data not shown).

Interference of Tyk 2 signaling dose not inhibit proliferation
of prostate cancer cells

We next examined the role of Tyk2 in cell proliferation
using a 96-well-based MTS assay. The experiments were
carried out with cells at several different passages and with
different batches of transfected cells. At a concentration of
100 uM, tyrphostin Al, a tyrosine kinase inhibitor, did not
inhibit the growth rate of DUI145 cells (Fig. 2A). Down-
regulation of Tyk2 expression using a siRNA also did
not inhibit the growth rate of DU145 cells, even though
the expression of Tyk2 was decreased (Fig. 2B). These
results suggest that signaling by Tyk2 does not affect the
proliferation of DUI145 cells. Finally, uPA did not affect
the growth rate of DU145 celis (Fig. 2C).

Tyk2 signaling involved in invasiveness of prostate cancer
cells through uPA

Recent reports suggest that Tyk2 regulates cell migration
by mediating uPA activation of phosphatidylinositol
3-kinase [10]. Although uPA is known to regulate the inva-
siveness of prostate cancer cells, the underlying molecular
mechanisms are still unclear. To determine whether Tyk2
participates in the promotion of invasiveness by uPA, we
performed Matrigel invasion chamber assays. DU-145 cells
were placed in transwells containing Matrigel-coated porous

_ ~—+—DMSO
| - -»- .Tyrphostin A1

Proliferation Rate (%) »

200

150

100

—e—Control

- -#- ~-Tyk2 siRNA

50 B

Proliferation Rate (%) M

300
250
2001
150 |
100 ¢

Proliferation Rate (%) ©

Day

Fig. 2. Role of Tyk2 signaling in the growth of DU145 cells. (A)
Tyrphostin Al did not affect the growth of DU145 cells. (B) The siRNA
targeting Tyk2 also did not affect the growth of DU145 cells. (C) uPA did
not change a proliferation rate of DU-145 cells. The number of live cells
was determined by MTS assay. These assays were repeated two times with
different batches of transfected cells, and each cell sample was done in
triplicate.

membranes, and the lower chamber was filled with medium
with or without uPA. After 24 h, cells that migrated through
the Matrigel basement membrane matrix and the filter pores
to the lower surface of the membrane were counted by light
microscopy. Treatment of cells with tyrphostin A1l inhibited
the invasiveness in the presence or absence of uPA in the
lower chamber of the transwell (Fig. 3A). In addition, cells
transfected with the Tyk2 siRNA, showed decreased inva-
siveness compared to cells transfected with control siRNA
(Fig. 3B). The results with the Tyk2 inhibitor and using
the siRNA indicated that inhibition of Tyk2 signaling
reduces the invasiveness of prostate cancer cells in vitro.

Discussion

In prostate cells, transformation, tumorigenesis, and
metastasis can be caused by alterations in cellular regulation,
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Fig. 3. The enhancement of invasion by uPA is suppressed by blockade of
Tyk2 signaling in DU-145 cells. (A) The enhancement of invasiveness by
uPA was suppressed by tyrphostin Al, an inhibitor of Tyk2 phosphor-
ylation, in DUI145 cells. (B) Down-regulation of Tyk2 expression with a
siRNA inhibited the invasiveness of uPA-treated DU145 cells. Assays
examining the effect of siRNA were repeated three times with different
batches of transfected cells.

especially by dysregulation of signaling by PTKs, including
receptors for transforming growth factora, epidermal
growth factor, insulin-like growth factor 1, fibroblast
growth factors, hepatocyte growth factor, platelet-derived
growth factor, nerve growth factors, and interleukin-6
[11]. For example, immunocytochemical analysis has
shown that platelet-derived growth factor receptor-a is
expressed in bone marrow metastases from prostate tumors
[4]. Also, overexpression of HER-2/neu in primary prostate
cancer and in metastatic sites of prostate tumors has been
detected before and after hormone therapy [12]. In addi-
tion, in prostate cancer cells, interleukin-6 enhances cell
growth and causes a parallel activation of the Stat3 signal-
ing pathway [13]. Although some of the signaling compo-
nents have been investigated in prostate cancer cells, only
a few of these PTK genes have been shown to influence their
invasiveness and metastatic potential.

CD44 has been implicated in a number of important bio-
logic processes, including lymphocyte homing and activa-
tion, hematopoiesis, and tumor progression and
metastasis [14]. CD44 may be a marker for immature and
progenitor cells in prostate tissues. We previously identified
Jakl and Tyk2 using a PCR-based strategy to screen for

PTKs in CD44-positive prostate cells [3]. To our knowl-
edge, this is the first report that Tyk2 plays a significant role
in mediating the enhancement of prostate cancer invasion
by uPA. We found that prostate cancer cells express Jak
family kinases, and in the current studies, we concentrated
the role of Tyk2. Blockade of Tyk2 expression using a siR-
NA significantly suppressed the promotion of human pros-
tate cancer cell invasiveness by uPA. In addition, the Tyk?2

inhibitor tyrphostin Al suppressed the invasiveness of

human prostate cancer cells. We also showed that tissue
samples from prostate cancer patients are positive for Tyk2.
The activation of Tyk2 signaling may depend on
upstream events such as the activation of the uPA, interleu-
kin, and interferon receptors. Furthermore, uPA is a mul-
tifunctional molecule that acts as both a proteolytic
enzyme and a ligand that induces intraceltular signaling.
The uPA receptor mediates intracellular signaling via sur-
face proteins such as integrins, growth factors receptors,
and G-protein-coupled membrane proteins [15]. Several
reports have shown that Jaks and Stats interfere with mul-
tiple signaling cascades, such as the Ras/mitogen-activated
protein kinase pathway and activation of phosphatidylino-
sitol 3-kinase and Src kinases {16]. For instance, Tyk2 is
required for the activation of Stat3 by uPA in glomerular
mesangial cells {17]. In human vascular smooth muscle
cells, uPA stimulates migration via the uPA receptor signal-
ing complex, which contains the Tyk2 and phosphatidylin-
ositol 3-kinase [10]. Together with these previous findings,
our results suggest that Tyk2 is one of the key molecules in
mediating uPA receptor signaling in prostate cancer cells.
Our results also suggest that Tyk2 signaling may con-
tribute to the metastasis of prostate cancer. Further studies
are needed to determine whether inhibition of Tyk2 atten-
uates the metastasis of prostate cancer cells in in vivo. We
are currently examining the correlation between the expres-
sion of Tyk2 in prostate cancer and the pathological and
clinical variables. Several inhibitors of Jak protein kinase
have been developed as molecular-targeted chemothera-
peutic agents [18]. Jak kinase generally functions as a mod-
ulator at the intersection of multiple signal transduction
pathways. Thus, targeting Tyk2 with specific drugs may
be useful for therapeutic intervention in prostate cancer.
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