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Fig. 2. In situ hybridization of PAPST/ mRNA and immunohistochemical staining for PAPST1 and PAPST2 proteins in colorectal carcinoma. (A and B) Serial
frozen sections from rectal carcinoma were hybridized with either a digoxigenin-labeled antisense (A) or sense (B) riboprobe against PAPSTI mRNA. Hybridized
probes were detected with an alkaline phosphatase-labeled anti-digoxigenin antibody. Bar scales are 50 pm. (C and D) The specificity of anti-PAPST1 antibody to
human PAPST1 (hPAPSTI) protein. A pCXN2-c-myc expression vector containing the iPAPST] gene was transfected into HEK293 cells and the cell lysate was
prepared. hPAPST1 protein was detected by western blotting using anti-c-myc (C) or anti-PAPST1 (D) antibodies. Arrows indicate the band of hPAPST1 protein.
None, intact cells; mock, cells treated with empty vector; myc-hPAPST, cells treated with pCXN2-c-myc-hPAPST1. IB, immunoblot; Ab, antibody. (E-F’)
Paraffin-embedded sections were immunostained with anti-PAPST1 antibody using an automated Ventana system. Sections were counterstained with hematoxylin.
(E and E") Noncancerous colorectal tissue and (F and F’) cancerous colorectal tissue. PAPSTI protein was predominantly detected as perinuclear dots in epithelial
carcinoma cells (F’, arrowheads). In both noncancerous (E and E’) and cancerous (F and F') colorectal tissues, stromal cells were weakly stained, whereas epithelial
cells were strongly stained. Representative results from 19 (E) and 20 (F) stains are shown. Bar scales are 200 pm (E and F) and 50 um (E’ and F’). (E and F), low
magnification; (E’ and F’), high magnification. (G-K) Frozen sections were immunostained with anti-PAPST1 (G-I) or anti-PAPST2 (J and K) antibody and
detected with anti-rabbit IgG conjugated Alexa Flour 488 (green). F-actin filaments and nuclei were counterstained with phallotoxin-conjugated Alexa Fluor 594
(red) and with Hoechst 33342 (blue), respectively. (G, G" and J) Noncancerous colorectal tissues and (H, | and K) cancerous colorectal tissues. In both
noncancerous and cancerous colorectal tissues, PAPST 1 protein was detected in the perinuclear region (Golgi apparatus) of epithelial cells (G, G’ and H,
arrowheads) and stromal cells (G, G’ and 1, arrows). Fibroblasts were heavily stained with PAPST1 antibody in the vicinity of invasive cancer cells where the
desmoplastic reaction was observed (1, asterisks). PAPST2 protein was strongly detected in cells of hematopoietic lineage (diamond arrows) in both noncancerous
(J) and cancerous (K) colorectal tissues. Epithelial cells were stained with anti-PAPST2 antibody in noncancerous colorectal tissues (J), whereas they were only
faintly stained in cancerous colorectal tissues (K). Bar scales are 50 pm. (G), low magnification; (G'), high magnification.
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Fig. 3. Metabolic labeling of colorectal carcinoma cell lines. (A)
Autoradiograph of radioactivity incorporated into cellular proteins. Omega,
DLD-1 and LS174T cells were labeled with Na,[**S]O, for 24 h and treated
in the presence or absence of heparitinase (HSase) or chondroitinase ABC
(CSase) for 2 h. Cellular proteins were separated by 2—15% gradient SDS—
PAGE. The arrowhead and arrow indicate signals that disappear upon
treatment with HSase and CSase, respectively. (B) The ratio of sulfate
incorporation into HS, CS and N-glycans in cellular proteins. The amounts of
sulfate incorporated into HS, CS and N-glycans were estimated on the basis
of the radioactivity released after treatment of cells or cellular proteins with
HSase, CSase and PNGase F, respectively. The amount of total sulfate
incorporation into proteins was determined by precipitation of the proteins in
the cell lysate with TCA.

other glycans. Consistent with the results of autoradiography,
Omega cells were found to contain high levels of HS and CS
and lower levels of sulfated N-glycans. DLD-1 and LS174T
cells had low levels of CS but high levels of HS and
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Fig. 4. Knockdown efficiency of each siRNA for PAPST! (left panel) and
PAPST2 (right panel) transcripts. Relative amounts of each transcript were
quantified using real-time PCR and normalized with respect to the amount of
GAPDH. Values shown are means (SDs) obtained from threc independent
experiments. No siRNA, cells treated with no siRNA: control (100 nM), cells
treated with 100 nM control siRNA; control (200 nM), cells treated with 200
nM control siRNA; PAPST], cells treated with 100 nM PAPST/ siRNA;
PAPST2, cells treated with 100 nM P4PST2 siRNA: PAPST] + PAPST2, cells

_ treated with 100 nM PAPST/ siRNA and 100 nM PAPST2 siRNA.

N-glycans. LS174T contained a substantial amount of extra
sulfate, which was considered to be represented by sulfated
mucins and sulfated tyrosine residues of proteins.

Gene silencing of PAPS transporters reduces sulfation

in DLD-] cells

To address whether the expression status of PAPS transporters
affects sulfation in colorectal carcinomas, the expression of
PAPS transporter genes in a colorectal carcinoma cell line was
reduced via RNA interference (RNAi). For the RNAi exper-
iments, PAPST] siRNA (small interfering RNA), PAPST2
siRNA and a control siRNA that did not match any human
gene were used. On the basis of knockdown efficiency,
DLD-1 was selected among the three cell lines. We decided
to introduce siRNA in three separate sequential additions
because a single addition was found to have a slight effect on
the sulfation modification. On days 1, 4 and 7, each of these
siRNAs was repeatedly transfected into DLD-1 cells, and the
knockdown efficiency was determined by real-time PCR on
day 10 (ie. 3 days after the third transfection). Figure 4
shows the expression of PAPSTI and PAPST2 genes in
DLD-1 cells treated with ‘each siRNA. Treatment with
PAPSTI and PAPST2 siRNAs was found to reduce the
expression level of the corresponding gene to <20% of the
original level. Double knockdown with PAPST/ and PAPST?2
siRNAs reduced both transcripts in the DLD-1 cells. No sig-
nificant alteration was observed in the expression level of the
nontargeted gene.

239

1L0Z ‘g Arenuga uo ngnyebry N 1yS exesQ Je 610'sjeusnolpioyxo-qooA|B woly papeojumoq



S Kamiyama et al.

siRNA

PAPST1+PAPST2

PAPST2

| Control (100 nM)
PAPST1

#| Control (200 nM)

<
z
«
2]
[o}
z

kDa

@

800 : W s

B cs
N-Glycans
|___] Others

600

- 400

200

Radioactivity (cpm/ug protein)

siRNA

PAPST2

PAPST1
PAPST1+PAPST2

No siRNA

Control (100 nM)
Control (200 nM)’

Fig. 5. Metabolic labeling of DLD-1 cells treated with siRNAs. DLD-1 cells
were treated with various siRNAs on days 1,'4 and 7 and analyzed on day 10.
(A) Autoradiograph of incorporated radioactivity into cellular proteins. Cells
treated with each siRNA were labeled with Na;[”S]O4 for 24 h and analyzed
as described in Experimental procedures. Cellular proteins were separated by
2-15% gradient SDS-PAGE. The arrowhead indicates the signal that
disappeared upon treatment with HSase. (B) Ratio of sulfate incorporation into
HS, CS and N-glycans in cellular proteins. The amounts of incorporated sulfate
into HS, CS and N-glycans were estimated on the basis of the radioactivity
released after the treatment of cells or cellular proteins with HSase, CSase and
PNGase F, respectively. The amount of total sulfate incorporation into proteins
was determined by the precipitation of the proteins in the cell lysate with TCA.
No siRNA, cells treated with no siRNA; control (100 nM), cells treated with
100 nM control siRNA: control (200 nM), cells treated with 200 nM control
siRNA; PAPSTI, cells treated with 100 nM PAPST! siRNA: PAPST2, cells
treated with 100 nM PAPST2 siRNA; PAPST1+PAPST2, cells treated with 100
nM PAPSTI siRNA and 100 nM PAPST2 siRNA.

On day 9 (i.e. 2 days after the third transfection), the cells
were labeled with Na,[*°S]0, for 24 h. Figure 5A shows the
autoradiograph of the cellular proteins in the cell lysates.
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Fig. 6. Cellular proliferation of DLD-1 cells treated with siRNA. DLD-1 cells
were transfected with each siRNA on days 1, 4 and 7 and seeded onto a
96-well plate on day 8. The number of cells was quantified once per day for
5 days using the WST-8 assay. No siRNA, cells treated with no siRNA;
control (100 nM), cells treated with 100 nM control siRNA; control (200
nM). cells treated with 200 nM control siRNA; PAPSTI, cells treated with

100 nM PAPSTI siRNA; PAPST2, cells treated with 100 nM PAPST2 siRNA;
PAPSTI+PAPST2, cells treated with 100 nM PAPST! siRNA and 100 nM
PAPST2 siRNA.

Treatment with either PAPST] or PAPST2 siRNA reduced the
density of HS (Figure 5A, arrowhead) and other signals.
Figure 5B shows the sulfate incorporation into HS, CS,
N-glycans and other glycans in the DLD-1 cells treated with
each siRNA. The cells treated with PAPST[ siRNA reduced the
extent of sulfate incorporation into HS to one-third that of the
cells treated with control siRNA. Treatment with P4PST2
siRNA was less effective; the extent of sulfate incorporation
into HS was half that of the cells treated with control siRNA. In
the DLD-1 cells, treatment with PAPST] siRNA showed an
effect on sulfation of HS, CS, and N-glycans, whereas treatment
with P4PST2 siRNA was mainly effective on HS (Figure 5B).
These results indicate that gene expression of PAPS transporters
regulates sulfation in this colorectal carcinoma cell line.

Gene silencing of PAPS transporters decreases cell growth
in DLD-I cells

Cellular proliferation of the siRNA-treated cells was further
analyzed. On day 8 (i.e. | day after the third transfection), the
siRNA-treated cells were seeded onto a 96-well plate and cell
growth was measured once per day for 5 days using the
WST-8 assay. Cells treated with either P4APSTI or PAPST?2
siRNA showed significantly decreased cell growth relative to
the cells treated with control siRNA (Figure 6). Similar to the
result of sulfation, PAPST] siRNA was found to have a greater
effect on cell growth than P4PST2 siRNA in the DLD-1 cells.
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The cell growth of double-knockdown cells was comparable to
that of PAPSTI-single knockdown cells. These results indicate
that PAPS transporters play a role in the proliferation of color-
ectal carcinoma cells by controlling their sulfation status.
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Fig. 7. FGF signaling of DLD-I cells treated with siRNA. (A) Western blot
analysis of ERK phosphorylation. DLD-1 cells were treated with each siRNA
on days 1, 4 and 7 and stimulated with 10 ng/mL of FGF-2 on day 10. Cell
lysates were prepared 0 and 5 min after stimulation and western blot analysis
against ERK or phosphorylated ERK antibodies was performed. (B)
Densitometric analysis of the western blot. Levels of phosphorylated ERK/
total ERK 5 min after stimulation were calculated using the NIH Image
program and the value obtained from control cells is presented as 100%.
Values shown are means (SDs) obtained from three independent experiments.
No siRNA, cells treated with no siRNA: control (100 nM), cells treated with
100 nM control siRNA; control (200 nM), cells treated with 200 nM control
siRNA: PAPSTI, cells treated with 100 nM PAPSTI siRNA; PAPST2, cells
treated with 100 nM PAPST2 siRNA; PAPST1+PAPST2, cells treated with
100 nM PAPSTI siRNA and 100 nM PAPST2 siRNA.

PAPS transporters in colorectal carcinoma

Gene silencing of PAPS transporters reduces HS-dependent
growth factor signaling in DLD-] cells

It is known that HS is involved in many growth-factor signal-
ing pathways with interacting growth factors. FGF-2 is one of
the HS-interacting growth factors and plays a role in regulat-
ing the proliferation of cells. Because the interaction between
HS and FGF-2 requires the sulfation of HS (Rapracger ct al.
1991; Yayon et al. 1991), FGF-2 signaling was analyzed in
the siRNA-treated DLD-1 cells. For this experiment, the
DLD-1 cells treated with each siRNA were stimulated with
10 ng/mL FGF-2 on day 10 (i.e. 3 day after the third transfec-
tion), and the transduction of FGF signaling was assessed in
terms of the phosphorylation of extracellular signal-regulated
kinase (ERK). Western blots of phosphorylated ERK and total
ERK in the siRNA-treated cells are shown in Figure 7A. In
cells treated with either PAPSTI or PAPST?2 siRNA, the ratio
of phosphorylated ERK/total ERK was decreased relative to
the cells treated with control siRNA (Figure 7B). The double-
knockdown cells showed the lowest value for the ERK phos-
phorylation. The transduction of FGF signaling reflected the
sulfation status of HS in the siRNA-treated DLD-1 cells.
These results indicate that the expression of PAPS transporter
genes affects HS-dependent growth factor signaling in color-
ectal carcinoma cells.

Discussion

The present study showed that the expression level of PAPSTI
is several times higher than that of PAPST?2 in colorectal carci-
noma cell lines (Figure 1A). In colorectal carcinoma tissues,
the difference in expression levels of two PAPS transporters
was less prominent than the difference in the cell lines
(Figure 1B). Immunohistochemical analyses revealed that
PAPST1 protein is predominantly expressed in epithelial cells
in both noncancerous and cancerous colorectal tissues

(Figure 2E-T). The expression of PAPST| ‘was fotind to be.

remarkably increased in fibroblasts around invasive cancer
cells (Figure 21, asterisks) but did not change in epithelial car-
cinoma cells of cancerous colorectal tissues. In contrast,
PAPST2 protein was strongly detected in epithelial cells in
noncancerous . colorectal tissues (Figure 2J), whereas the
expression was faintly detectable in epithelial cells in cancer-
ous colorectal tissues (Figure 2K). Therefore, the difference in
the expression levels of PAPS transporters in colorectal carci-
noma cell lines might be associated with decreased P4PST2
expression in epithelial carcinoma cells.

Several studies have reported that the composition of sul-
fated glycoconjugates is altered in colorectal tissues during car-
cinogenesis. The sialyl 6-sulfo Le* (Izawa et al. 2000) and
3"-sulfo-Le® (Matsushita et al. 1995; Yamachika et al. 1997)
epitopes are predominantly expressed in nonmalignant colorec-
tal tissues, but are not detected in the malignant tissues. The
impaired syntheses of sialyl 6-sulfo Le* and disialyl Le® upon
malignant transformation are responsible for the accumulation
of sialyl Le* and sialyl Le" in colon cancer cells (Izawa ct al.
2000; Kannagi 2004; Miyazaki et al. 2004). Very recently,
Yusa et al. (2010) reported that diminished transcription of
sulfate transporter gene DTDST causes decreased expression of
sialyl 6-sulfo Le* and increased expression of sialyl Le* in
colon cancer cells. Sulfate transporters and PAPS synthases are
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involved in PAPS synthesis, whereas PAPS transporters are
required for sulfation reaction in the Golgi apparatus. The
present study showed that the expression status of PAPS trans-
porters is also a key factor in sulfation of cellular proteins in
colon cancer cells. In addition, it has been shown that several
sulfotransferases exhibit altered expression levels and activities
in colorectal carcinomas (Vavasseur et al. 1994; Yang et al.
1994; Kuhns ct al. 1995; Scko ct al. 2002a, 2002b). Further
- identification of alterations of sulfated glycoconjugates and
components involved in sulfation during malignancy will
provide valuable insights into the role of sulfation in cancer.

Silencing of PAPS transporter genes influences sulfation of
proteoglycans and proliferation of colorectal carcinoma cells.
Dick ct al. (2008) reported that the overexpression of PAPSTI
enhances the sulfation of CS in the apical pathway of MDCK
cells but does not affect HS sulfation. In contrast, the present
work indicates that silencing of P4PST] gene expression in
DLD-1 cells results in a decrease in both HS and CS sulfation
(Figure 5). It is known that sulfotransferases for CS have
higher K, values for PAPS than the sulfotransferases for HS
(Kolsct et al. 2004). The results of the present study indicate
that the sulfotransferases for HS are also susceptible to the
levels of substrate in the Golgi apparatus in colorectal carci-
noma cells.

Silencing of PAPS transporters reduces FGF-2 signaling in
DLD-1 cells. It has been reported that both HS (Rapracger
ct al. 1991; Yayon et al. 1991) and CS (Deepa et al. 2002)
bind to FGF-2. Because the amount of cell surface HS was
found to be more than three times greater than that of cell
surface CS (Figure 3), HS is considered to contribute mainly
to FGF-2 signaling in DLD-1 .cells. Numerous studies have
shown that cell surface HS plays a crucial role in normal
growth and development. It is well known that HS is required
for regulation of many growth factor-signaling pathways, such
as FGF (Rapracger et al. 1991; Yayon et al. 1991), wingless/
Wnt (Reichsman et al. 1996), heparin-binding, epidermal
growth factor-like growth factor (Aviczer and Yayon 1994),
hepatocyte growth factor (Zioncheck et al. 1995) and vascular
endothelial growth factor (Soker et al. 1994; Tessler et al.
1994). We previously demonstrated that PAPS transporters are
essential for normal development in Drosophila (Kamiyama
et al. 2003; Kamiyama and Nishihara 2004; Goda et al.

. 2006). Liiders et al. (2003) also demonstrated that the
Drosophila ortholog of PAPST] is required for signaling of
wingless and hedgehog. Therefore, alteration of HS sulfation
may be a significant regulatory factor for cellular proliferation
in colorectal carcinomas, although the significance of CS and
other glycans should also be considered. Additionally, the
strong expression of PAPSTI protein in fibroblasts in the
vicinity of invasive cancer cells (Figure 2I, asterisks) suggests
that PAPSTI has a role in the desmoplastic reaction during
tumorigenesis to support cancer growth through modulation
of HS-dependent signaling.

It has been reported that the expression of nucleotide sugar
transporters is altered in the case of cancer or inflammation.
In these studies, it was found that the expression level of a
UDP-galactose transporter (SLC35A2) is increased in human
colon carcinoma and is responsible for the synthesis of
Thomsen-Friedenreich antigens and sialyl Le® and sialyl Le®
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epitopes (Kumamoto et al. 2001). Expression of a
GDP-fucose transporter (SLC35C1) is upregulated in hepato-
cellular carcinomas and plays a role in increased fucosylation
(Moriwaki et al. 2007). In addition, the expression levels of
transporters involved in sulfo sialyl Le* glycan biosynthesis
were coordinately upregulated by inflammation-related stimuli
(Huopaniemi et al. 2004). Koike ct al. (2004) reported that
transcription of genes involved in the synthesis of the
E-selectin ligands, namely fucosyltransferase VII, sialyltrans-
ferase ST3Gal-I and UDP-galactose transporter 1 (SLC35A2),
is significantly induced in cancer cells under hypoxic culture
conditions. Their study also showed that a hypoxia-inducible
transcription factor induces transcription of these genes and
leads to a significant increase in selectin-mediated cancer cell
adhesion to endothelial cells (Koike et al. 2004). Furthermore,
Yusa et al. (2010) suggested that the transcription of sulfate
transporter D7DST is suppressed by epigenetic silencing via
histone modification in colon cancer cells. It would be an
interesting topic of research to elucidate how the expression
of these transporter genes is transcriptionally regulated in
cancer or inflammiation.

Mutations in nucleotide sugar transporter genes responsible
for several disorders have been recently identified
(Liibke et al. 2001; Liihn et al. 2001; Martinez-Duncker et al.
2005; Hiraoka ct al. 2007). With regard to the synthesis
of GAGs, the mutation of a gene involved in the synthesis
of CS, SLC35DI, was reported to be responsible for
Schneckenbecken dysplasia, a severe skeletal dysplasia
(Hiraoka et al. 2007). A missense mutation in the bovine

- SLC35A43 gene, which encodes a UDP-N-acetylglucosamine

transporter, causes complex vertebral malformation (Thomsen
et al. 2006). To date, no disorders associated with PAPS trans-
porter gene mutation have been reported. However, Clement
et al. (2008) recently demonstrated that a zebrafish with a
PAPSTI mutation has cartilage defects that strorigly resemble
those seen in human patients with hereditary multiple exo-
stoses. Additionally, analyses of Drosophila mutants demon-
strated the significance of PAPS transporters in development
(Kamiyama et al. 2003; Liiders et al. 2003; Goda et al. 2006).
Our recent research has revealed that both PAPSTI and
PAPST2 contribute to the maintenance and differentiation of
mouse embryonic stem cells by regulating Wnt, bone morpho-
genetic protein and FGF signaling (Sasaki et al. 2009). The
results of the present study provide additional information on
the functions of PAPS transporters in cancer cells. In the
future, approaches using transgenic or knockout mice would
be helpful in elucidating the key roles of PAPS transporters.

Experimental procedures
Cell culture and tissue samples

~ Omega, DLD-1 and LSI74T cell lines were cultured in

Dulbecco’s modified Eagle’s medium (DMEM)F12 (1:1)
medium (Invitrogen Co., Carlsbad, CA), supplemented with
10% fetal bovine serum and 1x penicillin/streptomycin
(Invitrogen).

The use of the clinical materials was approved by the
ethical committee of the National Hospital Organization
Osaka National Hospital, the Keio University Hospital, the
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National Institute of Advanced Industrial Science and
Technology, the Aichi Cancer Center Research Institute and
Soka University. The formalin-fixed and paraffin-embedded
colon cancer samples were obtained from the National
Hospital Organization Osaka National Hospital and used for
immunohistochemical analysis. The frozen rectal cancer
samples were obtained from the Keio University Hospital and
used for in situ hybridization. The frozen cancerous and non-
cancerous colon tissues were obtained from the National
Hospital Organization Osaka National Hospital and the Aichi
Cancer Center Research Institute to use for quantitative PCR
analysis.

Quantitative analysis of PAPST] and PAPST2 transcripts

The quantities of PAPST] and PAPST? transcripts were deter-
mined using real-time PCR. Total RNA from human colorectal
tissues was extracted using RNeasy Plus Mini (QIAGEN K. K.,
Tokyo, Japan) or the method of Chomczynski and Sacchi
(1987). The features of each of the colorectal carcinoma
samples were confirmed by histopathological examination
(Table I). Total RNA from the cell lines was prepared using
TRIzol reagent (Invitrogen). First-strand c¢cDNA was syn-
thesized with a Superscript IT First Strand Synthesis kit
(Invitrogen) with an oligo-dT primer. Real-time PCR was per-
formed using qPCR Mastermix (QuickGoldStar; Eurogentec,
Seraing, Belgium) and an ABI PRISM 7700 Sequence
Detection System (Applied Biosystems, Foster, CA).

The PCR primer pair sequences and TaqMan probes used

for each gene were same as those previously reported’

(Kamiyama ct al. 2003, 2006). The relative amounts of
PAPSTI] and PAPST2 transcripts were normalized to the
amount of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) transcript present in the same cDNA.,

In situ hybridization

A pBluescript SK(-) plasmid containing a 0.57 kb PAPSTI
sequence was linearized with Nofl. A digoxigenin-labeled
antisense riboprobe was synthesized with T7 RNA polymer-
ase using Dig RNA Labeling Kits (Roche Applied Science,
Indianapolis, IN). As a negative control, a sense riboprobe
was synthesized with T3 RNA polymerase after linearization
of the plasmid with X#hol. .

Serial frozen sections prepared from rectal tissues in
Tissue-Tech OCT compound (Sakura Finetechnical Co. Ltd.,
Tokyo, Japan) were thawed on slides and the OCT compound
was removed. Sections were treated with 1 pg/mL of protein-
ase K at 37°C for 10 min and refixed in 4% paraformaldehyde
at 4°C for 20 min. Sections were then pre-hybridized in
hybridization buffer (5x SSC containing 50% deionized for-
mamide, 10% dextran sulfate, 0.5% Tween 20, 5 mM dithio-
threitol, 50 pg/mL of heparin and 50 pg/mL of yeast tRNA)
and hybridized with a digoxigenin-labeled sense or antisense
riboprobe in hybridization buffer at 58°C for 16 h. After
hybridization, sections were sequentially washed with 5x SSC
containing 50% formamide and 0.2% Tween-20 at 58°C for
30 min and three times with 2x SSC containing 50% forma-
mide and 0.2% Tween-20 at 58°C for 30 min. The sections
were then treated with 0.5% blocking buffer (Roche Applied
Science) in TBST and reacted with alkaline phosphatase-

PAPS transporters in colorectal carcinoma

conjugated anti-digoxigenin antibody (Roche Applied
Science). Endogenous phosphatases were inactivated with 2
mM levamisole in TBST and riboprobes were detected with
0.375 mg/mL  of nitroblue tetrazolium, 0.175 mg/mL. of
5-bromo-4-chloro-3-indolyl phosphate, 100 mM NaCl, 100
mM Tris-HCI, pH 9.5,"50 mM MgCl, and 0.1% Tween-20
for 2.5 h. The developed sections were washed threc times
with 10 mM Tris-HCI, pH 8.0, and 1 mM EDTA and were
mounted with glycerol.

Immunohistochemical analysis

Rabbit polyclonal antibodies generated against mouse PAPST]1,
KAVPTEPPVQKY, and human PAPST2, CAKNPVRTYGYA,
were purified by using each peptide and were then used to
examine the immunohistochemical distribution of PAPS trans-
porter proteins.

For immunostaining of formalin-fixed and paraffin-
embedded tissue samples, 3 um thick sections were serially
cut and mounted on precoated slides. A Ventana system
(Ventana XT system BenchMark; Ventana Medical Systems,
Tucson, AZ) was used for immunohistochemical analysis. All
procedures were performed automatically by the system
according to the manufacturer’s protocols. Briefly, the tissue
sections were automatically treated with an antigen-retrieval
solution (Ventana) and heated on a slide heater at 100°C for
30 min. Endogenous peroxidase activity was quenched by
immersion in 3% hydrogen peroxide for 4 min. The sections
were then incubated with anti-PAPST1 antibody (rabbit poly-
clonal, 1/500 dilution) for 30 min at 37°C. Detection was per-
formed using the LSAB Ventana Iview DAB detection system
according to the manufacturer’s instructions. Scctions were
counterstained with hematoxylin. ‘

For immunostaining of frozen tissue sections, the sections
were fixed in cold acetone for 5 min and then rehydrated in
phosphate-buffered saline (PBS). The sections were incubated
with a blocking reagent (5% bovine serum albumin in PBS)
at room temperature for- 30 min and reacted with the
anti-PAPST1 antibody (rabbit polyclonal, 1:500 dilution) or
the anti-PAPST2 antibody (rabbit polyclonal, 1:100 dilution)
at 4°C for 16 h. After washing with PBS, the sections were
incubated with anti-rabbit immunoglobulin (IgG)-conjugated
Alexa Fluor 488 at room temperature for 30 min. For counter
staining, the sections were treated with phallotoxins conju-
gated Alexa Fluor 594 (Molecular Probes, Invitrogen,
Eugene, OR) to stain the F-actin for 10 min and then incu-
bated with Hoechst 33342 to stain the nucleus for 10 min.
The sections were mounted in ProLong Gold Antifade reagent
(Molecular Probes).

Verification of antibody specificity
The immunoreactivity of purified anti-PAPSTI antibody to

human PAPSTI protein was confirmed by western blotting.
The coding region of human PAPSTI was amplified by PCR

using a forward primer 5-GAATTCTGGACGCCAGATGG .

TGG-3" and a reverse primer 5-CTCGAGTCAAACCTT
CTGCACAGGAG-3". The PCR fragment was subcloned into
the EcoRI and Xhol sites of the pCXN2-c-myc vector which
contains an N-terminal-c-myc tag. HEK 293 cells were sub-
cultured onto 6 cm dishes at a concentration of 1 x 10° cells/
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dish and were transfected with 2 pg of plasmid using
Lipofectamine 2000 reagent (Invitrogen). Three days after the
transfection, cells were suspended in 120 pL of 10 mM
tricthanolamine containing 0.8 M Sorbitol and lysed with 60
L of 3x SDS sample buffer (New England Biolabs Inc.,
Ipswich, MA) at 4°C for 16 h. The whole cell lysate (1 pg
protein) was subjected to 10% SDS-polyacrylamide gel elec-
. trophoresis (PAGE), and proteins were transferred onto poly-
vinylidene difluoride membranes (Millipore). The membrane
blot was blocked with 5% skimmed milk in PBS containing
0.1% Tween-20 (PBST, pH 7.4) and then was immunoreacted

with the anti-PAPST1 antibody (1:5000 dilution in PBST) or '

an anti-c-myc monoclonal antibody (1:5000 dilution in PBST;
Santa Cruz Biotechnology, Inc.,. Santa Cruz, CA). After
washing with PBST, each blot was reacted with the corre-
sponding secondary antibody conjugated with horseradish
peroxidase in PBST. The blot was washed with PBST and
developed with ECL Plus reagents (GE Healthcare
Bioscience, Piscataway, NJ).

Metabolic labeling and determination of total sulfate
incorporation into proteins

Twenty-four hours prior to analysis, cells were subcultured in
a 24-well plate at a concentration of 1 x 10> cells/well in inor-
ganic sulfate-free DMEM/F12 medium supplemented with
10% fetal bovine serum and 100 pCi/mL of carrier-free
Na2[3SS]O4 (American Radiolabeled Chemicals Inc.,
St. Louis, MO). The cells were rinsed twice with PBS, sus-
pended in 50 pL of lysis buffer (10 mM Tris—HCI, pH 7.4,
0.5% Nonidet P-40, 1 mM EDTA and 0.5 mM phenylmethyl-
sulfonyl fluoride) and incubated on ice for 1 h. The solution
was centrifuged at 18,500 % g for 30 min, and the supernatant
was used as the cell lysates. Twenty micrograms of the
protein in each sample was precipitated with 10% TCA and
washed with 5% TCA, followed by cold acetone. The precipi-
tate was dried and dissolved in 50 pL of 0.5 N NaOH for
scintillation counting.

Determination of sulfate incorporation into HS, CS and
N-linked glycans

The Na,[>°S]O4-labeled cells were rinsed twice with PBS and
cultured in normal medium for 2 h. Cells were rinsed with
PBS and treated with 0.5 mL of DMEM/F 12 medium contain-
ing 10 mU/mL of heparitinase (Seikagaku Kogyo, Tokyo,
Japan) or 100 mU/mL of chondroitinase ABC (Seikagaku
Kogyo) at 37°C for 2 h. The medium was saved and centri-
fuged at 18,500 x g for 5 min, and the supernatant was used
for scintillation counting. For each sample, the value was cal-
culated as the difference between the radioactivity obtained
from cells treated with the enzyme and the background radio-
activity without the enzyme.

For quantification of sulfate incorporation into N-linked
glycans, 20 pg of protein from the cell lysate was treated with
PNGase F (New England BioLabs) at 37°C for 2 h. Proteins
were precipitated with 20% TCA and washed with 5% TCA,
followed by cold acetone. The precipitate was dried and dis-
solved in 50 uL of 0.5 N NaOH for scintillation counting.
The value was calculated as the difference between the
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16h and

radioactivity obtained from the cell lysate without the enzyme
and the radioactivity from the cell lysate treated with the
enzyme.

Treatment of DLD-1 cells with siRNA

Nineteen-base pair siRNAs with two bases of 3’ overhangs
were designed using the siDirect program (http:/genomics.jp/
sidirect). The siRNA sequences used were as follows: for
control siRNA, sense strand 5-GUACCGCACGUCAUUCG
UAUC-3" and antisense strand 5-UACGAAUGACGUGC
GGUACGU-3", for PAPSTI siRNA, sense strand 5-GGU
CAAGAGAGCAUAGGUAGG-3' and antisense strand 5'-UA
CCUAUGCUCUCUUGACCCC-3"; for PAPST2 siRNA,
sense strand 5-CCAGUUCGGACCUAUGGUUAU-3' and
antisense strand 5-AACCAUAGGUCCGAACUGGAU-3".
DLD-1 cells were subcultured onto 6 cm dishes at a con-
centration of 1 x 10° cells/dish 24 h prior to transfection. The
cells were repeatedly transfected with 100 nM siRNA with
Lipofectamine 2000 reagent three times on days 1, 4 and
7. On day 9, the cells were labeled with Na,[>*S]O, for 24 h
and analyzed as described in ‘Metabolic labeling and determi-
nation of total sulfate incorporation into proteins’. RNA was
extracted using TRIzol reagent (Invitrogen) on day 10.

Cell proliferation assay

Cell proliferation was assessed using an assay with a
tetrazolium salt, 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H  tetrazolium  monosodium  salt
(WST=-8). In this experiment, cells were seeded onto a 96-well
plate at a concentration of 2 x 10 cells/well in quadruplicate on
day 8 and cultured in the normal medium. The number of cells
was quantified once per day for 5 days using a Cell Counting
Kit-8 (Dojindo Laboratories, Kumamoto, Japan). The absor-
bance at 450 nm was measured 2 h after the reaction using a
microplate reader (Model 3550; Bio-Rad Labs, Hercules, CA).
The obtained value was adjusted by subtracting the background
value (obtained without the reagent). '

Cell stimulation and western blot analysis

For activation of FGF signaling, cells were serum-starved for
treated with 10ng/mL of FGF-2 (Upstate
Biotechnology Inc., Lake Placid, NY) for 5 min. Cells were
rinsed with ice-cold PBS and lysed in lysis buffer (50 mM
Tris=HCI, pH 7.4; 150 mM NaCl, 1% Triton X-100, 1 mM
Na3;VO,, 10 mM NaF and protease inhibitors) and centrifuged
at 18,500 x g for 5 min. The supernatant was used for western
blot analysis.

For western blot analysis, proteins in the cell lysate (5 pg)
were separated with 10% SDS-PAGE and transferred onto
polyvinylidene difluoride membranes (Millipore). The mem-
brane blot was blocked with 1% bovine serum albumin in 20
mM Trs-buffered saline containing 0.1% Tween-20 (TBST,
pH 7.4) for 2 h at room temperature and then immunoreacted
with an antibody against ERK-1/2 (Cell Signaling Technology,
Beverly, MA) or phosphorylated ERK-1/2 (Thr-202 and
Thr-204; Cell Signaling Technology) in blocking buffer at 4°C
overnight. After washing with TBST, each blot was reacted
with its corresponding secondary antibody conjugated with
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horseradish peroxidase in TBST ‘at room temperature for 1 h.
The blot was washed with TBST and developed with ECL
Plus reagents (GE Healthcare Bioscience).
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Abstract

Purpose Triple-negative breast cancers (TNBCs) do not
derive benefit from molecular-targeted treatments such as
endocrine therapy or anti-HER2 therapy because they lack
those molecular targets. On the other hand, TNBCs have
been shown to respond to neoadjuvant chemotherapy
(NAC). In this study, we analyzed TNBC patients who
were treated with NAC at Osaka National Hospital over a
recent 5-year period to clarify the predictive factors for
NAC and prognostic factors.

Patients and methods Thirty-three TNBC patients under-
went sequential NAC with anthracycline (FEC100: 5FU
500 mg/m?, epirubicin 100 mg/m?, and cyclophosphamide

500 mg/m%q3w, 4 courses) and taxanes (paclitaxel 80 mg/ -

m?%qw, 12 courses or docetaxel 75 mg/mzlq3w, 4 courses)
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from May 2003 to July 2008. Pre-therapeutical and surgical
specimens were studied for expressions of ‘ER, PgR,

HER-2, EGFR, cytokeratin 5/6, Ki-67, p53 and androgen

receptor by immunohistochemistry (IHC). We analyzed
clinicopathological factors and molecular markers in regard
to the response to NAC and prognosis.

Results Pathological complete response (pCR) was
achieved in 12 TNBC patients (36%). The pCR rate in
the basal-like phenotype was significantly lower than in the

- non-basal-like phenotype (23 vs. 64%, respectively:

P =0.02). High pre-operative expressions of Ki-67 (>=50%)
and HER-2 (2+) were considered as predictive factors for a
better response from NAC. Pre-operative Ki-67 expression
showed a significant correlation with disease-free survival
(DFS) and a lower expression of Ki-67 (<50%) after NAC
was favorable for DFS among non-pCR patients.
Conclusions A non-basal-like phenotype and higher
expressions of Ki-67 and HER-2 (2+) were favorable fac-
tors for NAC. However, a higher expression of Ki-67 on
the surgical specimen after NAC was also a poor prognostic
factor. '

Keywords Triple-negative breast cancer - Neoadjuvant
chemotherapy - Pathological complete response - Ki-67 -
Basal-like phenotype

Abbreviations

TNBC Triple negative breast cancer
NAC  Neoadjuvant chemotherapy

pCR  Pathological complete response
ER Estrogen receptor

PgR  Progesterone receptor

AR Androgen receptor

EGFR Epidermal growth factor receptor
CK Cytokeratin i
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Introduction

Triple-negative breast cancers (TNBCs) are characterized
‘ by the lack of expression of estrogen receptor (ER), proges-
terone receptor (PR), and human epidermal growth factor
receptor 2 (HER-2). These cancers occur in ~20-25% of
all breast cancers and are associated with an unfavorable
prognosis. They derive no benefit from molecularly tar-
geted treatments such as endocrine therapy or trastuzumab
[1]. Therefore, identifying appropriate treatments for
TNBC is an important issue.

Recent precise gene expression analysis revealed that
TNBC is a heterogeneous group of tumors. One of the sub-
groups is a basal-like subtype, which is characterized by
similar gene expression as the basal/myoepithelial cells of
the normal breast [1-5]. Basal-like breast cancer has also
been identified with immunohistochemical (IHC) staining
of basal markers, such as cytokeratins (CKs) and epithelial
growth factor receptor (EGFR). TNBCs without these basal
markers are classified as non-basal-like subtypes, which are

rare breast cancers, and classifications based on gene

expression have not been clarified yet. Non-basal-like
tumors are also reported to have a better prognosis than
.basal-like phenotypes [6, 7]. Because of the lack of targeted
therapies and their aggressive clinical behaviors, TNBCs
are relevant groups to be investigated for their characteris-
tics. Though TNBCs are considered to have poor prognosis
generally, TNBCs have been shown to be chemosensitive.
Neoadjuvant chemotherapy (NAC) in primary breast
cancers has been shown to produce an outcome equivalent
to that of adjuvant chemotherapy [8, 9]. Patients who show
a pathological complete response (pCR) in the primary
tumors after NAC have a better prognosis [10]. The patho-
logical responses are important prognostic parameters and
can be used as surrogate parameters for clinical outcome, so
we analyzed the effects of clinicopathological factors as
well as immunohistochemical factors on pathological
responses after NAC. However, the paradox that TNBC
and HER-2 positive subtypes showed higher chemosensi-
tivity but worse survival due to higher relapse after chemo-
therapy is also known well [10, 11].
. Several biological markers have been proposed as prog-
nostic characteristics in breast cancers. ER, PR and HER-2
are such biological markers as well as being therapeutic
markers and Ki-67, pS3 and androgen receptor (AR) are
shown to be associated with prognosis [12-16]. AR is
known to be present in the majority of primary and meta-
static invasive breast tumors and is often co-expressed with
ER and PR in these tumors. Though little is known about
the role of AR in hormonal response, AR expression has
been shown to be associated with a better outcome for
untreated breast cancer patients [14]. Ki-67 is a nuclear
antigen expressed in the G1, S, and G2 phases but not in the
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GO or resting phase of the cell cycle. Ki-67 has been estab-
lished as a proliferation marker in breast cancers and high
proliferation activity has been found to have predictive
value for the response to NAC [17]. Also p53 expression
status has been used as a predictive factor for response to
systemic therapy, because tumor cells with non-functional
p53 do not respond to systemic therapy due to a failure in
apoptosis [13, 15]. '

‘Because chemotherapy is the only treatment other than
surgery for TNBC, the definition of clinical markers in
regard to chemotherapeutic response and prognosis is very
important. However, there are still few studies focusing on
TNBC. In this study, we analyzed clinicopathological fac-

" tors, phenotypes, and molecular markers of TNBC in

regard to the response to NAC and prognosis.

Patients and methods

Patients and neoadjuvant chemotherapy

P
One hundred and 63 breast cancer patients underwent
NAC with a sequential regimen containing anthracycline

- (FEC100: SFU 500 mg/m?, epirubicin 100 mg/m?, cyclo-
* phosphamide 500 mg/m%q3w, 4 courses) and taxanes (pac-

litaxel 80 mg/m?/qw, 12 courses or docetaxel 75 mg/m?%/
q3w, 4 courses) at Osaka National Hospital (Osaka, Japan)
from May 2003 to July 2008. The criteria for entry-wcre
invasive breast cancer patients from 20 to 70 years old with
any T and NO-2 disease, who were diagnosed histologi-
cally, were absent from distant metastasis and with normal
organ functions. Thirty-three patients (20%) among 163
breast cancer patients were identified as TNBCs. The clini-
cal evaluation of the response to NAC was determined by
clinical findings, CT and MRI examinations according to
RECIST. All. patients were included in clinical trials
approved by an institutional review board and asked for
written informed consent.

" Immunohistochemistry

Pre-therapeutical specimens were obtained by the 14G-nee-
dle biopsy in all cases and pathological examinations using
standard hematoxylin and eosin staining were carried out.
Immunohistochemical evaluation for ER, PgR, HER-2,
EGFR, CK5/6, Ki-67, p53 and AR in tissue sections were
detected using antibodies (ER:Cat.No. 760-2596I, PgR:
760-2816, HER-2:760-2901, EGFR:790-2988, CK5/6:960-
4253, Ki-67:760-2910, p53:760-2912, Ventana Japan,
Yokohama, Japan, AR:M3562, Dako Japan, Tokyo, Japan).
Visualization of the bound antibodies was performed using
a DAKO EnvisionTM + System (Dako Japan Inc., Tokyo,
Japan) according to the manufacturer’s instructions. Positive
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cell rates (%) of ER and PgR were determined as a ratio of
positive cells to total cancer cells and a value of 10% or
higher were rated as positive [18, 19]. HER-2 expression
was defined as (0) to (3+) based on positive cell rates and
the intensity of IHC staining. Tumors showing weak over-
expression (2+) of HER-2 were also tested by the fluores-
cence in situ hybridization (FISH) method to clarify the
gene amplification of the HER-2 gene. The HER-2 gene is
visualized as green fluorescent grains and a control of cen-
tromere 17 is visualized as orange fluorescent grains (Path
Vysion, Abbott, IL, USA). Thus, HER-2 positives were
either strong positives (3+) from IHC or positive for gene
amplification from FISH analysis.

TNBCs are negative for ER, PgR and HER-2 as -

described earlier. Among TNBCs with 1-9% of ER and/or
PgR expression were defined as hormone receptor (HR)
weak and analyzed separately. TNBCs with HER-2 (2+)
and that were FISH negative were also analyzed separately.

Proliferative activity was determined by IHC for the
Ki-67 antibody. Ki-67 values were expressed as the percentage
of positive cell counts among at least 100 tumor cells in
each case. Patients with positive staining of Ki-67 at 50%
or more were defined as high Ki-67 patients. AR and p53
were defined as positive if tumor cells showed positive
staining regardless of rate. Basal-like subtype was defined
as CK5/6 positive and/or EGFR positive in 5% or more
cells.

Surgical treatment

All patients underwent surgical treatment after NAC.
Breast conservative therapy or a mastectomy with or
without axillary dissection was performed according to the
decision of the surgeons’ conference. Surgical specimens
were histologically analyzed again, and the pathological
response for NAC was evaluated. When no residual inva-
sive tumor cells were found, tumors were identified as path-
ological complete response (pCR). Surgical specimens
from non-pCR patients were analyzed for expressions of
Ki-67, p53 and AR as described earlier.

Statistics

A univariate analysis of the pCR rate was carried out by the
x* test, and a multivariate analysis was done by multiple
logistic regression analysis. The patients’ survival was cal-
culated from the first date of treatment until the date of
death or the end of follow-up. A univariate analysis of dis-
ease-free survival (DFS) was done using the Kaplan-Meier
method with a log-rank test, and a multivariate disease sur-
vival analysis was carried out under the Cox proportional
hazards model. All data were analyzed with JMP for Win-
dows (SAS Institute, Tokyo, Japan).

Results

Relationship between pCR and clinicopathological factors

Thirty-three patients were identified as TNBCs, and the
patients’ data are shown in Table 1. The age of the patients
ranged from 30 to 68 years old (median 50.0) and 21
patients had clinically positive nodes. Clinical response
after NAC was rated as clinical complete response for 14
patients (42%), a clinical partial response for 14 patients
(42%), a clinical stable disease for 3 patients (9%), and as a
clinical progress disease for 2 patients (6%). Also pCR was
achieved in only 12 patients (36%).

The correlations between clinicopathological factors
such as tumor size, lymph nodal metastasis, age, histologi-
cal grade, and pCR rate were analyzed (Table 2). However,

Table 1 Patients’ characteristics

Variables No (%)
Total 33
Age: years-old 30-68 (50 £ 11.1)
Histology v
Papillo-tubular 4(12)
Solid tubular 14 (42)
Schirrous 11(33)
Special type 4(13)
T )
1 1(3)
2 24 (72)
3- 6(18)
4 2(6)
N
0 12 (36)
1 17 (52)
2 4(12)
Histological grade ;
1 1(3)
2 4(12)
3 27 (81)
Unknown . 1(3)
HER-2
0 18 (55)
1+ 11(33)
2+ 4(12)
HR (hormone receptor)
Negative 26(79)
Weak 721

T and N were defined by the criteria of UICC-breast

HR weak is a tumor with low levels of ER and/or PgR determined by
THC (1-9% weakly positive cells)
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Table 2 pCR ratio based on clinicopathologic and immunohisto-
chemistrical factors

Variables Number (%) pCR (%) P volume Odd
Age (years old)
<50 18 (55) 6(33) 0.69
50< 15 (45) 6 (40)
Size (cm)
<5 25(76) 11 (44) 0.09 5.5
5< 8(24) 1(13)
N
Positive 21 (64) 8(38) 078
Negative 12 (36) 4 (33)
Histological grade
1-2 5(15) 3 (60) 0.26
3 27 (84) 9 (33) )
HR
‘Negative 26 (79) 10 (38) 0.95
Weak 7 (21) 2(28)
HER-2 i
0, 1+ 29 (88) 931 0.08 6.67
2+ 4(12) 3(75)
p53
Positive 21 (64) 8 (38) 0.78
Negative 12 (36) 4 (33)
Ki-67
50< (high) 20 (61) 10 (50) *0.04 55
<50 (low) 13(39) 2 (15)
AR ‘
Positive 6(18) 3 (50) 0.45
Negative 27 (82) 9 (33)
Basal-like* )
Positive 22(67) 5(23) *0.02 59
Negative 11(33) 7 (64)
CK5/6
Positive 14 (42) 2(14) *0.02
Negative 19 (58) 10 (53)
EGFR
Positive 18 (55) 4(22) 0.06
Negative . 15 (45) 8 (53)

* Statistically significant -
* Basal-like subtype is defined as CK5/4 positive and/or EGFR posi-
tive. Thus, CK5/6 was not used for multivariate analysis

these clinicopathological factors did not show any correla-
tion with the pCR rate. ’
Relationship between pCR, and molecular markers

Next, the correlation between molecular markers and the
pCR rate was also analyzed. HER-2 (2+) tended to show a
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higher pCR rate than HER-2 negative (0 or 1+; 75 and
31%, respectively). In this study, basal markers of CK5/6
and EGFR were evaluated with 22 of 33 patients (67%)
diagnosed with basal-like phenotype, and eleven patients
(33%) diagnosed with the non-basal-like phenotype. The
pCR rate for the basal-like phenotype was significantly
lower than in the non-basal-like phenotype (23 and 64%,
respectively: P =0.02; Table 2). Ki-67 was also considered
as a predictive factor for NAC response, because the pCR
rate reaches 50% among high Ki-67 (>50%) patients, while
it was 15% in low Ki-67 patients (P = 0.04). The expres-
sions of HR, p53 and AR were not correlated with pCR in
this study. Multivariate analysis showed that only high Ki-
67 was a significant factor for the prediction of pCR
(Table 3). The classification of basal-like or non-basal-like
phenotypes was negative for multivariate analysis, proba-
bly because high Ki-67 and non-basal-like were strongly
correlated with each other; high Ki-67 accounted for 33%
in the basal-like and 75% in the non-basal-like phenotype.

Relationship between pCR and disease-free survival

All patients underwent surgical resection after NAC and
non-pCR patients were histologically evaluated. The aver-
age observation period after surgery was 2 years and eight
patients (24%) showed distant metastasis during the obser-
vation period. Seven out of 8 patients had been defined as
non-pCR and only one patient obtained pCR after NAC.
Non-pCR patients showed a worse DFS compared with
pCR patients, but it was not statistically significant
(Fig. 1a). Basal-like phenotype and other clinicopathologi-
cal factors such as age, tumor size and lymph nodal
involvement failed to show a correlation with DFS
(Table 4). Ki-67 before NAC showed a significant correla-
tion with DFS and high Ki-67 patients showed a poor prog-
nosis (Fig. 1b).

Disease-free survival among non-pCR patients

Among non-pCR patients, only 7 patients (29%) showed a
recurrence. We analyzed clinicopathological and IHC fac-
tors for better prognosis among non-pCR patients. The
immunohistological changes of tumors after NAC were

Table 3 Multivariate analysis of pCR and immunopathological
factors

Variables QOdds P value
Non-basal-like 3.9 0.13
HER2 (2+) 10.2 0.12
High Ki-67 8.4 0.03*

* Statistically significant
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Table 4 Multivariate analysis of disease-free survival and patients’

10
0.91 characteristics
0.8 Variables Hazard ratio P value
b >50 years-old 0.39 0.2
&8 >5cm 22 0.3
g 0.51 N positive 4.2 0.11
0.4+ HR positive . 3.2 0.1
0.34 HER-2 (2+) 32 0.56
0.24 Non-basal 1.4 0.6
ol o =0.32 High Ki-67 5.95 0.04*
50 4 i p53 positive 0.48 . 0.3
1000 2000 AR positive 0.000 0.054
DAYS Non-pCR 3.7 ' 0.16
i0 High Ki-67 post-NAC* 13.2 0.0029*
’ T
0.9 | *# Data among non-pCR patients
] AR = = e e e * Statistically significant
e pre Ki-67 <50% v e
0.7 .
0.6 . _= M ’ Table S The correlation between Ki-67 expression, pCR and the
g 05 pre Ki-67 250% change of Ki-67 expression among non-pCR patients
0.4 TNBC (n = 33) Non-pCR pCR
1 Post-NAC Ki-67
0.24 -
[} :J b p=0.04 High Low
0.0 o = Pre-NAC Ki-67
DAYS High 7 .3 10
Low- 1 10 2
1.0 T
85t e -2 W 2. ®m__ 2
0.04 = post Ki-67 <50% showed a recurrence and Ki-67 values after NAC were sig-
074 nificantly correlated with DFS (Fig. 1c). The expressions of
wd - p53 and AR after NAC were not correlated with DFS (data
7 not shown).
L 0.5
o |
0.9
post Ki-67 250%
031 Discussion
0.2 )
ol ¢ . F=DO0 TNBC is defined by the lack of ER, PgR and HER-2
e p o pym e~ ry - expression. Because targeted therapies are not useful, che-

DAYS

Fig. 1 Disease-free survival (DFS). a DFS of pCR and non-pCR pa-
tients after NAC. Non-pCR patients showed worse disease-free sur-
vival compared with pCR patients, but it was not statistically
significant (P = 0.32). b DFS based on Ki-67 expression of pre-chemo-
therapy. High Ki-67 (>50%) patients showed significantly worse dis-
case-free survival than low Ki-67 (<50%) patients (P = 0.04). ¢ DFS
based on Ki-67 expression of post-NAC among non-pCR patients.
Non-pCR patients who had high Ki-67 expression after NAC showed
a poor prognosis (P = 0.002)

evaluated. Among non-pCR patients, 10 patients showed -

high Ki-67 before chemotherapy and 7 patients still showed
high Ki-67 after NAC (Table 5). Among these patients, 6

motherapy is the only systemic treatment option for TNBC
[1-5]. Thus, a comprehensive examination of the clinical
phenotypes of TNBCs which respond to chemotherapy is
important. TNBCs are a heterogeneous group and generally
divided into two subtypes; basal-like phenotype and non-
basal-like phenotype [6]. The basal-like phenotype is char-
acterized as having a high expression of keratins, laminin,
and EGFR.

Many data indicated that the pCR rate is higher in TNBC
compared with other phenotypes [10]. A pathological eval-
uation after NAC is very important because pCR after NAC
indicates better survival [8, 9]. Our data showed the pCR
rate in TNBCs was 36%, which is consistent with previous
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reports which stated 22-45% [10, 20]. This study hypothe-
sized that non-basal-like phenotype, HER-2 (2+), and high
Ki-67 could be predictive factors for pCR achievement, but
multivariate analysis revealed that only Ki-67 was a signifi-
cant factor for the prediction of pCR. This is probably
because the non-basal-like phenotype showed a signifi-
cantly higher Ki-67 expression compared with the basal-
like phenotype. This study is consistent with previous stud-
ies which showed that Ki-67 indicates proliferation and
high level of proliferation activity are associated with
chemosensitivity [14]. Additionally, there are many reports
that showed that the basal-like phenotype has a positive
correlation with pCR [20]. Rouzier etal. reported that
basal-like subtypes were more sensitive to NAC than lumi-
nal and normal-like cancers, but normal-like subtypes clas-
sified based on gene expression profiles are quite different
from non-basal-like phenotypes based on IHC, because
normal-like subtypes involved 60% of ER positive samples.
Because classification based on gene expression is difficult
for clinical use, our data based on IHC classification are
quite useful. There are some reports that non-basal-like
tumors showed better prognosis than basal-like phenotypes
[6, 7]. Though the pCR rate was significantly higher in non-
basal-like tumors,. there was no difference in DFS between
the two groups in this study.

Our study failed to show the significant benefit of pCR
on DFS. That is probably because of the small number of
the patients included or the short duration after surgical
treatment in this study. Most cases which showed a recur-
rence in such a short period were non-pCR patients, and
the only recurrent case in the pCR group was a patient
with an intraductal residual after NAC and who showed
brain metastasis within a year. In this study, Ki-67 was the
only significant factor which was proved to affect DFS.
Pre-NAC high Ki-67 was a poor prognostic factor in spite
of the positive correlation with pCR. The post-NAC status
of Ki-67 was also correlated with recurrence. High Ki-67
expression post-NAC showed a very poor prognosis and
low Ki-67 post-NAC showed better survival even in the
non-pCR group. The contradiction of high Ki-67 tumors,
which showed a high chemosensitivity and high pCR rate
but poor prognosis, may indicate the diversity of these
tumors. As shown in Table 4, most high Ki-67 patients
who could not achieve pCR kept a high expression of
Ki-67 after NAC. Tumors which maintained high Ki-67
expression may indicate that the cellular activity is not
suppressed by NAC. All of these facts showed that high
Ki-67 tumors should be divided into two groups: tumors
which show a high sensitivity to current chemo-drugs and
a good prognosis and the tumors which continue to have
high cellular activity after NAC and show a poor progno-
sis. Further study is needed to find other treatments for the
latter.
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Though many reports defined 20-30% of Ki-67 labeling
index as a threshold [21], 50% was used for categorization
in this study because most TNBCs are positive for Ki-67
and a 50% threshold at 50% was shown to be useful to pre-
dict both chemosensitivity and prognosis in TNBC patients.

The prognosis of HER-2 positive breast cancer has been
proved by the usage of trastuzumab. The criteria of HER-2
positive are defined as a strong positive IHC or gene ampli-
fication in FISH [22]. HER-2 (2+) breast cancers without
gene amplification are generally included in TNBC but
HER-2 (2+) breast cancers showed higher chemosensitivity
in this study and HER-2 (3+) breast cancers have been
reported to be chemosensitive. The criteria of HER-2 posi-
tivity might be a moot point if TNBCs with HER-2 (2+)
show a different cancer biology from TNBCs with negative
HER-2. '

Less than 10% of hormone receptor positivity had been
considered as uncertain endocrine responsiveness or poten-
tial resistance [18, 19]. Though tumors with less than 10%
hormone receptor positivity were included in TNBCs, we
classified those with 0% staining both ER and PgR as HR
negative and those with 1-9% as HR weak in this study.
But the expressions of HR were not correlated with pCR.
Moreover, tumors with any ER positive staining of at least
1% are recommended to be treated with endocrine therapy
in latest reports [21, 23]. The categories of highly endo-
crine responsive and incompletely endocrine responsive
are not relevant to the decision for endocrine therapy, but
those categories are still important for the decision of che-
motherapy.

In this study, we found that the pCR rate for the non-
basal-like phenotype was significantly higher than that in
the basal-like phenotype, though that difference was nega-
tive for multivariate analysis. This is because the positivity
of Ki-67 was higher in the non-basal-like phenotype
tumors. These data based on classification by IHC are very
interesting and informative in a clinical setting because
there are some discrepancy between criteria by gene
expression profiling and those by IHC. Some previous
papers were confused about classification by gene expres-
sion and by IHC. Non-basal-like subtype is a term corre-
lated with THC classification and difficult to adapt to criteria
of gene expression. There are few reports focused on the
non-basal-like phenotype. Our data may insinuate that non-
basal-like subtypes are well adaptive to current chemother-
apy and basal-like subtypes need another therapeutic agent.
Because our data was based on a small number of patients,
further examinations based on IHC classification are
needed.

Our study indicated that TNBCs which were found to be

non-pCR with high Ki-67 expression after NAC had a poor

prognosis. How to treat these TNBCs will be a most impor-
tant subject for future study. Only chemotherapy is a
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proven treatment for TNBCs, but chemotherapy based on
anthracyclins and taxanes has not been shown to be
enough. There are several studies which showed the
efficacy of new chemotherapeutic agents such as carbo-
platin, bavasituzumab and poly (ADP-ribose) polymerase-1
(PARP-1) inhibitor in TNBCs [24-26]. Studies of NAC
with these agents are expected to improve the treatment of
TNBCs.
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Abstract

Background: Early detection is essential to improve the outcome of patients with pancreatic cancer. A
noninvasive and cost-effective diagnostic test using plasma/serum biomarkers would facilitate the detection
of pancreatic cancer at the early stage.

Methods: Using a novel combination of hollow fiber membrane-based low-molecular-weight protein
enrichment and LC-MS-based quantitative shotgun proteomics, we compared the plasma proteome between
24 patients with pancreatic cancer and 21 healthy controls (training cohort). An identified biomarker
candidate was then subjected to a large blinded independent validation (n = 237, validation cohort) using
a high-density reverse-phase protein microarray.

Results: Among a total of 53,009 MS peaks, we identified a peptide derived from CXC chemokine ligand 7
(CXCL?) that was significantly reduced in pancreatic cancer patients, showing an area under curve (AUC)
value of 0.84 and a P value of 0.00005 (Mann-Whitney U test). Reduction of the CXCL7 protein was
consistently observed in pancreatic cancer patients including those with stage I and II disease in the validation
cohort (P < 0.0001). The plasma level of CXCL7 was independent from that of CA19-9 (Pearson’s r = 0.289), )
and combination with CXCL7 significantly improved the AUC value of CA19-9 to 0.961 ‘(P = 0.002).

Conclusions: We identified a significant decrease of the plasma CXCL7 level in patients with pancreatic
cancer, and combination of CA19-9 with CXCL7 improved the discriminatory power of the former for
pancreatic cancer.

Impact: The present findings may provide a new diagnostic option for pancreatic cancer and facilitate early
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Introduction

Pancreatic adenocarcinoma is one of the most aggres-
sive and lethal of diseases. The overall 5-year survival
rate of patients with pancreatic cancer is less than 5%,
which is the lowest among the more common cancers (1,
2), and the disease is the fifth leading cause of cancer
death in Japan and the fourth in the United States, with
greater than 23,000 estimated annual deaths in Japan and

- greater than 33,000 in the United States (3, 4). The 5-year

survival rate of patients who were able to undergo
surgical resection reaches 20% to 40% (5, 6), but the
majority of pancreatic cancer patients have already devel-
oped lymph node and/or distant organ metastasis at
their first clinical presentation, and only about 20% of
patients are able to undergo radical resection (7, 8). The
introduction of gemcitabine has significantly improved

-the overall survival of patients with . unresectable

pancreatic cancer, but their median survival period still
remains about 6 months (9-11). These statistics
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demonstrate that early detection is essential for improv-
ing the outcome of patients with pancreatic cancer.

Computed tomography (CT), magnetic resonance ima-
ging (MRI), and positron emission tomography (PET) are
not cost-effective for the screening of pancreatic cancer
because of the relatively low incidence of the disease. If a
noninvasive and cost-effective screening test employing
plasma/serum markers could be devised, it would sig-
nificantly facilitate the early detection of pancreatic can-
cer. However, no biomarker suitable for screening of
pancreatic cancer is currently available (12). CA19-9 is
an established biomarker useful for the follow-up of
pancreatic cancer patients receiving treatment, but has
not been recommended for cancer screening because of
its insufficient sensitivity and specificity (7, 13). There-
fore, the discovery of a new biomarker that would be able
_ to supplement CA19-9 has been anticipated.

Recently, advanced proteomic technologies based on
mass spectrometry (MS) have been increasingly applied
to studies of clinical samples to identify new biomarkers
of various diseases (14) including pancreatic cancer (12,
15). It is anticipated that alterations in the protein content
of clinical samples reflect the biological status of patients
more directly than those in mRNA (16). We previously
developed a new shotgun proteome platform, 2-Dimen-
sional Image Converted Analysis of Liquid chromato-
graphy and mass spectrometry (2DICAL; ref. 17).
2DICAL is highly advantageous for clinical proteomics
because of its high quantification accuracy and through-
put. Using 2DICAL, we have been able to identify several
plasma/serum biomarkers useful for cancer detection
and therapy tailoring (18-20).

The serum/plasma proteome accumulates a large vari-
ety of disease-related alterations and is considered to be a
rich source of biomarkers. However, for proteomic ana-
lysis of blood samples, the efficient depletion of a handful
of particularly abundant proteins, such as albumin and
immunoglobulin, has been challenging (21). Recently, we
developed a novel method for the pretreatment of
serum/plasma using the high-performance hollow fiber
membrane (HFM) filtration technique (22). This method
employs multistage filtration and cascaded cross-flow
processes, enabling fully automated separation of pro-
teins below a predetermined molecular weight (22). As
the more abundant plasma proteins generally have rela-
tively large molecular weights, they can be efficiently
eliminated using the HFM technique.

To identify new biomarkers that might be useful for the
early detection of patients with pancreatic cancer, we
performed a comprehensive analysis of low-molecular-
weight (LMW) plasma proteins in these patients using a
combination of the HFM and 2DICAL techniques. A large
variety of LMW proteins are known to be secreted from
diseased tissues and can serve as good diagnostic bio-
markers for various diseases (23, 24). Here, we report the
identification and validation of an LMW chemotactic
cytokine, CXC chemokine ligand 7 (CXCL?), as a novel
biomarker for pancreatic cancer.

Patients and Methods

Plasma samples

Plasma samples were collected prospectively from 282
individuals (K. Honda, T. Okusaka, K. Felix, S. Nakamori,
N. Sata, H. Nagai, et al., manuscript submitted) including
healthy volunteers and newcomers to mainly depart-
ments of gastroenterology between August 2006 and
October 2008 at the following 7 hospitals in Japan:
National Cancer Center Hospital (NCCH), Osaka
National Hospital (ONH), Jichi Medical School Hospital,
Osaka Medical College (OMC), Tokyo Medical Univer-
sity Hospital (TMUH), Osaka Medical Center for Cancer
and Cardiovascular Diseases, and Fukuoka University
Hospital. This multi-institutional collaborative study
group was organized by the "Third-Term Comprehensive
Control Research for Cancer" conducted by the Ministry
of Health, Labour and Welfare of Japan, and as part of the
International Cancer Biomarker Consortium (25). The
procedures used for collection and storage were kept
uniform for all plasma samples.

The 282 plasma samples were split into 2 study sets
(referred to as the training and validation cohorts). The
training cohort comprised 45 individuals including patients
with untreated pancreatic cancer at NCCH (n = 19) and
TMUH (n=>5),and healthy controlsatNCCH (n=2), TMUH
(n=9),OMC (n=6),and ONH (1 =4). The validation cohort
comprised 237 individuals including 140 patients with pan-
creatic cancer, 10 patients with chronic pancreatitis, and 87
healthy controls. All patients diagnosed as having pancrea-
tic cancer had histologically or cytologically proven ductal
adenocarcinoma. Demographic and laboratory data are
summarized in Table 1. The staging of pancreatic cancer
was in accordance with the TNM classification of the Inter-
national Union against Cancer (UICC).

Blood was collected in a tube with EDTA at the time of
diagnosis. The plasma was separated by centrifugation
and frozen at —80°C until analysis. Samples showing mac-
roscopic evidence of hemolysis were excluded from the
current analysis. Written informed consent was obtained
from every subject before blood collection. The protocol of
this study was reviewed and approved by the institutional
ethics committee boards of each participating institution.

Depletion of high-molecular-weight plasma
proteins

The plasma samples of the training cohort were filtered
through a 0.22-um pore size filter. Five hundred microliters
of the sample was diluted by adding 3.5 mL of 25 mmol/L
of ammonium bicarbonate buffer (pH 8.0). The total 4 mL of
the diluted plasma was processed as previously described
(22). After 1 hour of fully automated operation, LMW
proteins with molecular weights smaller than 60 kDa were
recovered (Supplementary Fig. S1) and lyophilized.

The concentration of B2-microglobulin before and after
HFM treatment was measured using an ELISA kit
(Human Beta-2 Microglobulin ELISA Kit: Alpha Dlag-
nostic Intl. Inc.) to ensure consistent recovery.
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Liquid chromatography/mass spectrometry

The HFM-treated samples were digested with sequen-
cing grade-modified trypsin (Promega) and analyzed in
duplicate using a nano-flow high-performance liquid
chromatography (HPLC; NanoFrontier nLC, Hitachi
High-technologies) connected to an electrospray ioniza-
tion quadrupole time-of-flight (ESI-Q-TOF) mass spectro-
meter (Q-Tof Ultima, Waters).

MS peaks were detected, normalized, and quantified
using the in-house 2DICAL software package, as
described previously (17). A serial identification (ID)
number was applied to each of the MS peaks detected
(1 to 53,009). The stability of LC-MS was monitored by
calculating the correlation coefficient (CC) and coefficient
of variance (CV) of every measurement. The mean CC.+
SD and CV = SD for all 53,009 peaks observed in the 45
duplicate runs were as high as 0.946 =+ 0.042 and as low as
0.053 =+ 0.010, respectively.

Protein identification by tandem MS (MS/MS)

Peak lists were generated using the Mass Navigator
software package (version 1.2; Mitsui Knowledge
Industry) and searched against the SwissProt database
(downloaded on April 22, 2009) using the Mascot soft-
ware package (version 2.2.1; Matrix Science). The search
parameters used were as follows. A database of human
proteins was selected. Trypsin was designated as the
enzyme, and up to 1 missed cleavage was allowed. Mass
tolerances for precursor and fragment ions were + 0.6
Da and = 0.2 Da, respectively. The score threshold was
set to P < 0.05 based on the size of the database used in
the search. If a peptide was matched to multiple pro-
teins, the protein name with the highest Mascot score
was selected.

Western blot analysis

Primary antibodies used were a rabbit polyclonal
antibody against platelet basic protein (PBP) precursor
(Sigma) and a mouse monoclonal antibody against
human complement C3b-o. (PROGEN). The anti-PBP
antibody recognizes all the known cleaved forms of
PBP including CTAP-III and NAP-2. Six microliters of
1:10 diluted plasma sample was separated by SDS-
PAGE and electroblotted onto a polyvinylidene difluor-
ide (PVDF) membrane. The membrane was then incu-
bated with the primary antibody and subsequently with
the relevant horseradish peroxidase (HRP)-conjugated
anti-rabbit or anti-mouse IgG, as described previously
(26, 27). Blots were developed using an enhanced
chemiluminescence (ECL) detection system (GE
Healthcare).

Reverse-phase protein microarray

The plasma samples were passed through IgY microbe-
ads (Seppro-IgY12, Sigma-Aldrich) using an automated
Magtration System SA-1 (Precision System Science) in
accordance with the manufacturer’s instructions to
reduce the 12 most abundant plasma proteins. The

flow-through portion was serially diluted 1:50, 1:100,
1:200, and 1:400 using a Biomek 2000 Laboratory Auto-
mation Robot (Beckman Coulter) and randomly plotted
onto ProteoChip glass slides (Proteogen) in quadrupli-
cate in a 6,144-spot/slide format using a Protein Micro-
arrayer Robot (Kaken Genegs). The spotted slides were
incubated overnight with the anti-PBP precursor anti-
body and then with biotinylated anti-rabbit IgG (Vector
Laboratories) and subsequently with streptavidin-HRP
conjugate (GE Healthcare). The peroxidase activity was
detected using the Tyramide Signal Amplification (TSA)

-Cyanine 5 System (PerkinElmer). The slides were coun-
terstained with Alexa Fluor 546-labeled goat anti-human -

IgG (Invitrogen; spotting control).

The stained slides were scanned on a microarray scan-
ner (InnoScan 700AL; Innopsys). Fluorescence intensity,
determined as the mean value of quadruplicate samples,
was determined using the Mapix software package
(Innopsys). All determined intensity values were trans-
formed into logarithmic variables.

‘The reproducibility of the reverse-phase protein micro-
array assay was determined by repeating the same
experiment, as reported previously (28). A plasma sam-
ple after reduction of the 12 most abundant plasma
proteins was serially diluted within a range of 25- to
6,400-fold. Each diluted sample was spotted in quadru-
plicate onto glass slides and blotted with the anti-PBP
antibody. In a representative quality control experiment,
the CC value was 0.980 between days and the median CV
was 0.047 among the quadruplicates.

Multiplex assay :
The levels of CXCL? in plasma samples were measured

. using a Milliplex Human Cytokine/Chemokine panel III

kit (Millipore) in accordance with the manufacturer’s
instructions.

Statistical analysis

Statistical significance of intergroup differences was
assessed with the Wilcoxon test, Mann-Whitney U test,
Welch's t test, or Fisher’s exact test, as appropriate. The
area under the curve (AUC) of the receiver-operating
characteristic (ROC) was calculated for each marker to

-evaluate its diagnostic significance. A composite index of

2 markers was generated using the results of multivariate
logistic regression analysis, which also enabled the cal-
culation of sensitivity, specificity, and the ROC curve.

~ Statistical analyses were performed using an open-source

statistical language R (version 2.7.0) with the optional
module Design package.

Results

Plasma proteins associated with pancreatic cancer
A plasma sample from 1 healthy volunteer was pro-
cessed 3 times using the HFM filtration technique. The
concentration of B2-microglobulin before and after HFM
treatment was measured. The recovery rates were
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