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A Splice Variant of HER2
Corresponding to Herstatin

Is Expressed in the
Noncancerous Breast and
in Breast Carcinomas’

Abstract

Herstatin (HST) is an alternatively spliced HER2 product with growth-inhibitory properties in experimental cancer
systems. The role of HST in adult human tissues and disease remains unexplored. Here, we investigated HST ex-
pression at the mRNA and protein (immunohistochemistry [IHC]) level in parallel with parameters reflecting HER
activation in 187 breast carcinomas and matched noncancerous breast tissues (NCBT). Noncancerous breast tis-
sues demonstrated the highest HST/HER2 transcript ratios corresponding to a few positive epithelial and stromal
cells by IHC. Although HST/HER2 transcript ratios in tumors were inversely associated with HER2 IHC grading (P =
.0048 for HER2 IHC-1+ and P = .0006 for HER2 IHC-2+ vs HER2-negative tumors), relative HST expression within
the same tumor/NCBT system remained constant. HST/HER2 ratios did not predict the presence of HST protein,
which was found in 46 (25%) of 187 tumors. A subgroup of HER2 IHC-3+ tumors exhibited high HST/HER2 tran-
script ratios, strong HST protein positivity, and cytoplasmic phospho-Akt/PKB and p21¢'PYWAFT |ocalization. In
conclusion, HST may act as a paracrine factor in the adult breast. Because HST is described as an endogenous
pan-HER inhibitor, the presence of this protein in breast carcinomas may portent the inefficiency of exogenous
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efforts to block HER2 dimerization, whereas its absence may justify such interventions.

Introduction

Two decades ago, HER2/neu overexpression in approximately 30% of
breast carcinomas was first associated with adverse disease prognosis
[1], p185-HER?2 overexpression proved transforming and tumorigenic
for cultured mouse fibroblasts [2], whereas a specific anti—185-HER2
antibody showed antiproliferative activity in vitro [3]. This basis
provided the rationale for the development [4] and clinical establish-
ment of trastuzumab in the treatment of breast cancer [5—7]. However,
resistance to trastuzumab is still the case in approximately 50% of
HER2-amplified/overexpressing tumors [5,6]. To overcome resistance
and to overall improve clinical outcome in targeted breast cancer treat-
ment, further combined use of anti-HER antibodies and kinase in-
hibitors has been proposed [8—11]. One such anti-HER monoclonal
antibody is 2C4 (pertuzumab) [12], which was designed to inhibit
HER2-dependent signaling in both HER2 low- and high-expressing
tumors. Pertuzumab binds HER2 extracellular domain (ECD) at an
area other than trastuzumab and inhibits HER2 dimer formation
and, hence, activation [13].

Interestingly, dominant-negative HER2 regulators with pertuzumab-
like properties are produced endogenously as well, in fact, as alter-
natively spliced products of the HER2 gene itself. At least two such
molecules have been identified and described as p68-HER2 and
pl00-HER?2 [14,15]. p68-HER?2, the most advanced studied mole-
cule of these two, was initially called herstatin (HST) [15] and later
dimercept [16]. Herstatin mRNA is an alternatively spliced HER2
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product retaining intron 8; the translated protein is identical to HER2
ECDI and most part of ECDII with a unique carboxy-tail sequence
substituting for ECDIII [15]. With this tail, HST specifically binds
HER2 ECDII [17] in a way similar to pertuzumab [13], whereas it
also binds epidermal growth factor receptor (EGFR) and HER4, and less
insulin-like growth factor 1 receptor [18]. Herstatin is a soluble protein,
because it lacks a transmembranous domain and it can be secreted from
the cells it has been produced [15]. Herstatin specifically prevents
HER2/HER3 and HER2/EGFR dimer phosphorylation by disrupting
dimers formed with HER2 [19], whereas it inhibits transforming growth
factor alpha— and EGF-stimulated proliferation [20] and heregulin-
dependent growth in breast cancer cells [21]. The same effects have
correspondingly been described for pertuzumab [13,22,23]. In the ex-
perimental therapeutic context, HST expression in glioblastoma cell im-
plants in female rats prevented intracranial tumor formation [24].

Currently, it is not known whether HST is expressed in adult human
tissues. If HST serves as an endogenous pan-HER “antibody,” cancers
would be expected to lack HST expression. If cancers express HST and
still thrive, native HST production might not be effective in inhibiting
HER signaling. In this study, we investigated HST mRNA expression
and protein presence in breast carcinoma tissues in parallel to their
normal counterparts, in association with HER2 IHC status and param-
eters reflecting downstream effects of HER activation, such as phosphor-
ylation of Akt/PKB and compartmentalization of p21<P"WAF! The
latter two parameters were chosen on the basis of in vitro data showing
that activated HER2 dimers on the cell membrane exert their cell growth
effects in part through Akt/PKB phosphorylation, which then phos-
phorylates and prevents the nuclear translocation of the cell cycle inhib-
itor p21<PYAFL 1951 At this state, both proteins are located in the
cytoplasm. At the tissue level, the subcellular localization of phosphor-
ylated Akr at Serd73 (pAkt) as detected by immunohistochemistry
(IHC) seems to be related with poor prognosis and response to therapy
in breast cancer [26,27]. HER2 overexpression is frequently associated
with pAkt [28,29] and with cytoplasmic p21<P"" VA \which may be
used as a predictor of response to trastuzumab [30,31]. Although tested
on different cell systems, both HST [20] and pertuzumab [23] were able
to block Akt/PKB phosphorylation.

In this study, we asked whether HST, the endogenous analogue of
pertuzumab, is produced in the adult breast and in breast carcinomas
and, if yes, in which association to established disease and to HER2
activation parameters. The study was performed on routine pathology
material, whereby special care was paid on sampling from cancer and
normal-appearing breast tissue. Real-time polymerase chain reaction
assays were designed for the specific detection of HST and the
corresponding area of HER2 transcripts, whereas a monoclonal anti-
body that specifically targets the carboxy-tail of HST was used for the
in situ detection of this protein. We found that HST transcripts and
protein are expressed in the noncancerous breast, where this molecule
may have a paracrine action and interfere with tissue homeostasis. In
breast carcinoma tissues, HST mRNA levels do not predict for the
presence of the corresponding protein in 75% of cases, indicating that
cancer cells are protected by some regulatory mechanism from the
growth-inhibitory effects of this molecule. Most importantly, however,
if 25% of breast carcinomas grow in the presence of this endogenous
pan-HER inhibitor, which is produced in high amounts in some cases
with adverse prognostic parameters (HER2 overexpression, activated
Akt/PKB, and blocked pZICIPI/WAFl), then it remains questionable
whether these cancers would benefit from exogenous attempts to dis-
rupt HER dimerization.

Materials and Methods

Tissues

Previously diagnosed formalin-fixed paraffin-embedded (FFPE)
breast carcinoma tissues from 187 female patients were retrieved from
the archives of the Department of Pathology, School of Medicine,
Aristotle University, and from the Laboratory of Pathology, Theagenion
Cancer Hospital, according to the Declaration of Helsinki principles
and institutional review board policies. Patient and tumor data are
presented in Table 1. The term NCBTs (noncancerous breast tissue)
is used instead of normal throughout this study for morphologically
normal tissue adjacent to breast carcinomas. These structures have
recently been shown not to have undergone substantial changes
in their gene expression profile when compared to normal breast
tissue obtained from mammoplasty specimens [32]; hence, NCBT
is considered safe to use in comparative studies of tumor gene expres-
sion profiles.

Tissue Microarray Construction

Low-density tissue microarrays (TMAs; 1416 cases per array) were
constructed with the Beecher manual tissue arrayer (Beecher Instru-
ments, Sun Prairie, WI). Seven cores from different areas in the same
breast carcinoma, along with three cores from matched noncancerous
breast tissue, were included from each case (core diameter, 0.6 mm).
Cores from normal skin and colon adenocarcinomas were also in-
cluded as controls and for block orientation.

RNA Extraction and Reverse Transcription

Tissue fragments were manually microdissected from cancerous
and NCBT areas corresponding to those included in the TMA cores
in 70 cases. These cases were selected on the basis of the content of at
least one normal-appearing ductal unit and surrounding epithelial

Table 1. Patient Data, Tumor Histologic Diagnosis, and Conventional Markers.

Age <50 years 49 26.2%
>50 years 106 56.7%
Unknown 32 17.1%
Tumor size <1 cm 5 2.7%
>1 cm 128 68.4%
Unknown 54 28.9%
Lymph nodes 0 25 13.4%
1 16 8.6%
>1 42 22.4%
Unknown 104 55.6%
Histologic diagnosis NOS 147 78.7%
Lobular 17 9.1%
Medullary 3 1.6%
Mucinous 7 3.7%
Anaplastic/squamous 1 0.5%
Mixed subtypes 9 4.8%
Mixed 3 1.6%
Tumor grade I 10 5.4%
I 73 39%
11 104 55.6%
ER Negative 73 39%
Low 27 14.5%
Medium 39 20.9%
High 48 25.6%
HER2 Negative 55 29.4%
1+ 59 31.6%
2+ 40 21.4%
3+ 33 17.6%
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tissue that could be safely, manually microdissected without contami-
nation of cancer infiltrates. RNA was extracted on overnight proteinase
K digestion with TRIZOL-LS (Invitrogen, Paisley, UK).

Reverse Transcription—Polymerase Chain Reaction for the
Detection of HST and HER2 Transcripts

Random hexamers and Superscript II with an additional RNase H
(all from Invitrogen) incubation step were used for first-strand cDNA
synthesis. Primers, probes, and the rationale for protocol designing are
shown in Figure 1a. Of note, the HER2 product with spliced intron
8 does not necessarily correspond to the fully spliced mRNA from
NM_004448.2, because more splice variants have been described
concerning regions corresponding to or flanking the transmembranous
domain [14,33]. Initial screening of all samples for HST and HER2
transcripts was performed with simple reverse transcription—polymerase
chain reaction (RT-PCR) and Ready-To-Go PCR beads (Amersham,
Piscataway, NJ). The 165-bp HST product (Figure 14) was validated
by sequencing. For relative quantification with real-time PCR, HST,
HER2, and ACTB (f-actin, housekeeping gene) targets were am-
plified with the corresponding TagMan probes during 45 cycles at
95°C — 15 seconds at 60°C — 1 min in an ABI7500 sequence detection
system (Applied Biosystems, Biosolutions, Athens, Greece). Standard
curves for HST, HER2, and ACTB showing acceptable PCR efficiency
for all targets were obtained by using a cDNA template from an HER2
1+ breast carcinoma. Standard dilutions were prepared at 100, 50, 5,
and 0.5 ng of cDNA per reaction. Corresponding slopes of the curves
were as follows: ACTB, -3.4; HER2, -3.6; and HST, -3.4; and
corresponding R? values were as follows: ACTB, 0.99; HER2, 0.99;
and HST; 0.98.

Relative quantification of HST versus ACTB and HER2 in tumor
versus pooled and separately paired NCBT samples was assessed with
the SDS v1.3 software, which uses the 2722 method [34]. In addi-
tion, the 272 method [34] was used to assess HST/HER2 transcript
ratios in the same sample on the basis of equal efficiencies for the
amplification of PCR targets. Samples were normalized to contain ap-
proximately 50 ng of cDNA per reaction. The reading threshold was
set at 0.08, and the relative quantification minimum/maximum con-
fidence interval was at 99.9%. Runs were repeated at least twice for
all samples.

Immunobistochemistry for HST

The CW001 monoclonal antibody (Upstate Biotechnology, Lake
Placid, NY), which has been raised against the characteristic HST
protein carboxy-tail, was used at a 1:75 dilution. Antigen retrieval
was accomplished with proteinase K for 5 min at room temperature.
Binding was developed with the Envision system (DAKO, Carpinteria,
CA) and visualization with diaminobenzidine (DAKO). Negative
controls to assess specificity of staining included (i) preabsorption
of CW001 with recombinant HST protein (generously supplied by
BioVendor, Brno, Czech Republic) in PowerBlock, (ii) addition of a
universal antimouse-negative control antibody (DAKO), and (iii)
omission of primary antibody during overnight incubation. The
IHC protocol was standardized on whole-breast sections including
tumor and normal areas.

Immunohistochemistry for HER2-Related Targets
Immunohistochemistry for estrogen receptor alpha (ERa) and
for HER2 intracellular domain (HercepTest; DAKO, Glostrup,

a aggatggaacacagcggtgtgagaa
agctgtgtsactgcctgtccctaca /]\ aggtacccactcactgcccccgagg
A N .
7 8 int 8 herstatin mRNA,
exon exon intron AF_177761 & NM_004448
exon 7 | exon 8 | exon 9 HER2 mRNA, NM_004448
gatggaacacagcggtgtga \l/ gatctttggg§gcctggca

cagcaagccctgtgcccgagtg

TNTNTNTNGCL

 200bp

HST

200bp
HER2

ACTE [ ——

Figure 1. Design of the real-time PCR assays that were used for the investigation of HST expression in breast carcinomas. (a) Specific
primers and probes were designed for the detection of HST (165-bp product retaining intron 8) and HER2 (150-bp product lacking intron
8, probably corresponding to HER2 receptor) mRNA targets. The sense HST primer includes an S corresponding to the silent G/C mis-
match in exon 7 (AF_177761 and NM_004448), which in two of three sequenced cases proved to be a G. Theoretically, a 424-bp product
corresponding to HST transcripts would coamplify with the wild type HER2 target; this, however, could not be observed in the FFPE
samples. Sequences are shown in 5'-3' sense direction. (b) Representative RT-PCR results for matched NCBT/tumor pairs are shown.

Specific HST products are detected in the presence of HER2.
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Denmark) was performed in an automated system according to stan-
dard diagnostic protocols. Clone MIB-1 (DAKO, Carpinteria, CA)
was used for the evaluation of tumor proliferation status. To assess
HER activation status, monoclonal antibodies against phosphorylated
Akt/PKB (pAkt-S473; Cell Signaling Technologies, Beverly, MA) and
p21CIPVWARL (DAKO, Carpinteria, CA) were used. A tryptase stain-
ing had to be used for the validation of mast cells.

Immunobhistochemistry Evaluation

There is currently no reference on how to evaluate HST IHC on
naive tissues. Staining was evaluated under medium (x200) and high
(x400) power. Tumors were considered negative when no HST-
specific intracytoplasmic staining was observed in the neoplastic cells
on any core. A cutoff of 25% was used to evaluate low and high HST
positivity, because, although most positive tumors exhibited HST-
specific staining in single cells (<25%, low HST), in some tumors,
strong staining in 30% to 70% (>25%, high HST) of neoplastic cells
was repeatedly observed. The status of Akt/PKB phosphorylation
was evaluated as negative (absence of staining), nuclear (exclusively
nuclear staining in >50% of cells), and positive (staining in the cyto-
plasm only, or in both cytoplasm and nuclei). Staining for p21<*"/WAF!
was evaluated as negative (absence of staining), nuclear (presence in
the nucleus only), and cytoplasmic (exclusively cytoplasmic or nuclear
and cytoplasmic). MIB-1 labeling index was assessed as the percent-
age of positive tumor cells in all cores under medium power (x200).
For the assessment of each tumor, staining in all cores was assessed. If
less than five of seven cores were available on TMA sections per tu-
mor, cases were considered as inadequately represented and were not
further evaluated.

Statistics

Statistical analyses were performed with the SPSS software (v14;
SPSS, Inc, Chicago, IL). Spearman’s Rho was used to correlate rela-
tive quantification results. The Mann-Whitney test was used for the
comparison of relative quantification values versus IHC results; the
same test was used to evaluate IHC results between subgroups of
markers, whereas the Kruskal-Wallis test was used to evaluate the
overall impact of IHC staining profiles among qualitative markers.

Results

HST mRNA Is Expressed in NCBT and Breast Carcinomas

All 70 tumors but only 63 of 70 NCBT samples yielded ampli-
fiable templates for PCR. Herstatin transcripts were identified by
simple RT-PCR in 58 (92%) of 63 NCBT and in 55 (78.6%) of
70 tumor samples (Figure 16), always in the presence of HER2 tran-
scripts. Reliable amplification curves (cycle threshold [C] < 40) were
detected with real-time PCR in 63 (100%) of 63 amplifiable NCBTs
and in 61 (92.9%) of 70 tumor samples.

HST Expression in Breast Carcinomas Is Related to HER2
mRNA and Protein Expression

Relative HER2 values versus ACTB were fairly constant among
NCBTs, ranging from 0.2043 to 1.399 (mean + SD 1.017 =
0.5285), comparable to previous reports [35]. By contrast, relative
HST values versus ACTB varied extensively among NCBTs (>3 log
orders); hence, all relative quantification analyses were assessed in
matched tumor/NCBT pairs (7 = 61). In these sample pairs, relative

HST expression alterations in breast carcinoma tissues
show a great range of variation and occur in parallel to

- those of HER2.
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Figure 2. Both HST and HER2 are overexpressed in HER2 IHC 3+
tumors. Relative HER2 and HST expression in tumor versus matched
NCBT pairs with ACTB as the endogenous reference is shown in a
series of 24 cases. Herstatin relative quantification values ranged
from 0.012 to 16,949.78 (mean =+ SD, 428.21 + 2413.54), in a sim-
ilar log range to those of HER2 (range, 0.027-23469.40; mean +
SD, 640.86 + 3335.93). Relative HER2 and HST expression values
versus ACTB strongly correlated with HER2 IHC and were signifi-
cantly higher in HER2-overexpressing tumors than in all other
HER2 grading categories (Mann-Whitney, P < .00001 for both
HER2 and HST).

HST expression positively correlated to that of HER2 (Spearman’s
rank test, P < .00001), whereas both relatively high HST and
HER?2 expression were associated with HER2 IHC (Figure 2). Rel-
ative HST/HER? ratios within the same tumor/NCBT milieu, how-
ever, did not differ on HER2 THC grading (P = .531).

Individual samples expressed less HST than HER2 transcripts,
because HST/HER2 ratios were always <1 in the same sample (Fig-
ure 3). HST/HER2 ratios in individual tumor samples varied accord-
ing to HER2 IHC grading.

HST/HER? ratios were generally higher in NCBTs than in the
matched tumors (Figure 34), but this did not reach statistical signif-
icance. However, NCBTs adjacent to HER2 IHC grade 3+ tumors
expressed very low HST levels in half the cases of this tumor cate-
gory. Although individual tumor groups are small (Figure 34) and the
analysis is prone to statistic errors, these results show that HST/
HER?2 ratios in tumors differed according to HER2 grade but not
according to HST immunopositivity. In addition, these results fur-
ther support that HST/HER?2 ratios among tumor/NCBT systems
were independent of HER2 THC grading, as mentioned previously.
This can be particularly observed in HER2-overexpressing cases,
where high HST/HER2 ratios in tumors were accompanied by
low HST/HER?2 ratios in the corresponding NCBTs and vice versa
(Figure 3a).

HST Protein Detection by IHC and Its Association with
Relative HST Expression

Currently, there are no reference data on HST protein presence in
naive tissues, hence an established positive reference was not avail-
able. Herstatin staining proved specific, because besides conventional
negative controls, incubation with the recombinant HST protein after
preabsorption with the CW001 anti-HST antibody resulted in the
disappearance or marked fainting of staining (Figure 4, & and 4).
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a HER2 IHC grading is related to HST/HERZ transcript ratios in tumors, whereby two
subgroups are distinguished in HER2-3+ graded tumors.

HST/HERZ in tumors HSTIHERZ in NCBT
n mean sD p#~ mean sD p#"
00137 00143 00416 0,1176

HER2 IHC
negative 25 0,02 0,0031 00128 0,001

1+ 20 00075 00019 00043 00526 0,0255

2+ 5 00045 00007 00006" 01601 0,151

3+ | HSTlow 8 00048 00029 00781 0,091

3+ [ HSThigh & 00277 00166 | 0,0025 00008  0,0006 | 0,0019
HST IHC (tumors)

negative 34 00123 00134 00653 0,1519 |00113*,

positive 29 00156 001564 00101 00112 |
Footnotes:

#: only statistically significant results are shown;

~: Mann-Whitney exact 2-sided significance;

*: comparisons against HER2 IHC negative cases;

™ : corresponds to very low HST expression in NCBTs matched to HER2y,ignMHS Thign
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Figure 3. HST/HERZ2 ratios within the same tumor distinguish two subgroups in HER2-overexpressing tumors with specific AKT/PKB ac-
tivation profiles. (a) Mean values and statistically significant differences in the different tumor subgroups show that the ratio of HST versus
HER?2 transcripts declines with increasing HER2 expression. However, there is one subgroup of HER2 3+ tumors that overexpress HST.
The NCBT counterparts of these tumors practically lack HST expression. (b) Artificial heatmap showing the associations of HST/HER2
ratios in tumors and matched NCBTs with HST immunopositivity, as well as with AKT/PKB activation profile. Cases have been grouped
according to their HER2 status as assessed with IHC. The highest HST/HERZ2 ratios were observed in NCBTs and in HER2 IHC-negative or
grade 3+ tumors. HST/HER2 ratios were significantly low in HER2 IHC grade 1+, 2+, and in the remaining HER2 IHC grade 3+ tumors.
Note the difference in the total profile between HER2pgn/HST o, and HER2y,ign/HSThigh tumors.

Herstatin protein was observed mainly in the cytoplasm, seldom
on cell membranes, and never in the nuclei, while it was also present
in the cytoplasm of stromal mast cells and as fine granules diffusely in
the stroma (Figure 4, 2 and ¢), in line with the soluble nature of this

protein [15]. Herstatin-positive mast cells were observed in all
NCBTs, except for those in the neighborhood of HER2—-3+/HS Ty
tumors. Positive mast cells were also observed in the stroma of 80
(42.7%) of 187 tumors, unrelated to HST staining in tumor cells.



692  Herstatin in Breast Carcinomas  Koletsa et al. Neoplasia Vol. 10, No. 7, 2008
A il _,‘; . -yt ."‘q._- 9i_f, g7 ; B. C -’f ;, e D zc
N e o - as e : o
" - R ’
AL
=1 5 - iy b |3 | S
"\ . 2 1 ]

£ TN e b :,i
b . "-__':.J'

oy bl '.

Figure 4. HST protein detection by IHC. (a—d) Testing on tissue sections for the specificity of the anti-HST antibody (CWO001 clone,
staining in panels (a) and (c)) with preabsorption of the antibody with recombinant HST protein (mass ratio of 1:5, overnight incubation
at 4°C, markedly reduced or absent staining in (b) and (d)). (a and b) Same area of a HER2 IHC-2+ breast carcinoma; (c and d) same area
of the corresponding NCBT. Herstatin staining is specific in the cytoplasm and perinuclear area of tumor cells (a) and in mast cells
mostly observed around noncancerous breast elements (c). (e) Staining for HST protein in the cytoplasm of NCBT is faint but specific,
as observed under high magnification. Asterisks in panels (a)-(e) point at mast cells. Arrows in panel (e) point at positive epithelial cells;

arrowhead, positive endothelial cell. Scale bars, 50 um.

In NCBTs, faint HST staining was detected in ductal epithelial cells,
some capillary endothelia, and seldom in lobular units and myo-
epithelial cells (Figure 4e).

Although HST transcripts were found in most tumor tissue samples,
HST protein could be detected in the neoplastic cells of only 46
(24.6%) of 187 tumors with immunopositivity usually confined to
<25% of tumor cells (36/46 [78.2%] HST-positive cases). Herstatin-
positive cells were distributed evenly among negative ones without focal
accumulation, as observed during staining standardization on whole
sections. The HST positivity pattern in tumors was comparable to
NCBTs, but the staining intensity in tumors was stronger (Figure 44).
Herstatin immunopositivity in tumor cells was generally not associated
with tumor HST/HER? ratios (Table 2). The only cases where HST
IHC fully corresponded to HST/HER?2 ratios were HER2;o,/HS T,
tumors (P = .0020 between the two HER2 THC-3+ subgroups). In
these cases, HST/ACTB ratios and HST relative expression wversus
matched NCBTs were significantly high (P = .0283).

HST Immunopositivity Is Associated with HER2
Status and Cytoplasmic Localization of Phosphorylated
Akt/PKB and p21 CIPI/WAEL

Statistically significant associations of the IHC results from this
study are presented in Table 2, z—c. Herstatin positivity in tumor
cells was not associated with patient age, ER and lymph node status,
tumor size and grade, MIB-1 labeling index, whereas it was strongly
associated with HER2 protein expression and Akt/PKB phosphory-
lation, and marginally with cytoplasmic localization of p21<™!/ VAR
(Table 2 @). The lowest incidence of HST-positive tumors was ob-
served in the HER2 THC-2+ group (13.5%) and the highest in the
group of HER2-overexpressing tumors (50%, £ =.0015). In addition,
whereas HST positivity was observed in only 10.5% of tumors with-
out detectable Akt/PKB activation, it was present in 37.5% of tumors
with cytoplasmic pAkt-Ser473 localization (Pyann-wWhiney = -0001).

HER2 grading was unrelated to MIB-1, inversely associated with
ER status (P = .0009), as already established, and showed one-sided
association with cytoplasmic p21 and pAkt-Ser473 (Table 2 4). In
turn, pAkt-Ser473 was overall significantly associated with the expres-
sion of p21<"PYYAFL (Table 2 ¢), especially in terms of cytoplasmic
pZICIPl/WAFl localization (Pyfann-whicney = -0004). Interestingly, all
HER2-3+/HST},igp, tumors that showed >25% HST immunopositiv-
ity were also positive for cytoplasmic pAkt-S473 and p21©"/WAFI
(Figures 34 and 5).

In comparison, when present, pAkt-S473 was localized in the nu-
clei of NCBT epithelial cells; p21<™""WA ! \yas also observed in the
nucleus, although very rarely.

Discussion

Herstatin a soluble truncated HER2 variant that acts as a pan-HER
inhibitor, has been considered as a growth regulator during normal de-
velopment, because it is expressed in fetal kidney and liver tissues
[15], whereas its interference with HER dimer activation may disturb
proper hart valve formation [36] and impair cartilage and bone devel-
opment [37] in experimental models. In this scudy, we show that HST
mRNA and protein are expressed in the noncancerous breast, in areas
adjacent to breast carcinomas. In normal epithelial cells, low relative
HER? levels are expressed [35] and correspond to approximately 2
to 4 x 10* HER2 molecules per cell [38] that translate into negative
or faint HER2 immunostaining. According to the high HST/HER2
ratios in most NCBTs (up to 25% of HER2 transcripts), the number
of HST transcripts described here would then be approximately
200 per cell. It seems that at the tissue level, HST is produced by few
epithelial and endothelial cells, whereas, as a soluble protein [15], it
may also accumulate in mast cells, suggesting a paracrine action as
well. This characteristic pattern of HST expression in NCBTs might
contribute to the normally effective endogenous HER-inhibition system
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Table 2. HST Immunopositivity Strongly Correlates with pAkt But Only Marginally with
] CIPUWAFL g
p. tatus (z).

(a) Total* (%) HST P
Negative <25%  225%

HER2
Negative 55/187 (29.4) 45 9 1
1+ 59/187 (31.6) 47 10 2 .0066 (HER2 »s HST)
2+ 40/187 (21.4) 35 5 0 .2778 (HST vs HER2)
3+ 33/187 (17.6) 17 9 7

pAkt
Negative 671169 (39.6) 60 7 0 .0005 (pAkt »s HST)
Nuclear 38/169 (22.5) 25 12 1 .0002 (HST vs pAkr)
Cytoplasmic 64/169 (37.9) 40 15 9

p21 CIPI/WAF1
Negative 54/169 (32) 45 7 2 046 (HST vs p21)
Nuclear 771169 (45.6) 58 13 6 .0639 (p21 »s HST)
Cytoplasmic 38/169 (22.4) 23 8 7

) Total* (%) HER2 r

Negative 1+ 2+ 3+

pAkt
Negative 71/173 (41) 21 15 27 8 .0002 (HER2 vs pAkt)
Nuclear 38/173 (22) 10 15 5 8 .8309 (pAke us HER2)
Cytoplasmic  64/173 (37) 22 21 5 16

p21 CIPI/WAF1
Negative 571173 (33) 20 12 17 8 .0077 (HER2 vs p21)
Nuclear 771173 (44.5) 25 24 15 13 1723 (p21 vs HER2)
Cytoplasmic  39/173 (22.5) 6 16 5 12

(o) Total* (%) pAkt Pt

Negative Nuclear  Cytoplasmic

p21CIPV/WAF1
Negative 57/170 (33.5) 31 11 15 .0016 (pAke vs p21)
Nuclear 76/170 (44.7) 30 19 27 .0011 (p21 s pAkr)
Cytoplasmic  37/170 (21.8) 7 8 22

HER2 status in (2) and (4) is strongly associated with all parameters tested but only one-sided,
whereas cytoplasmic pAkt (¢) strongly correlates with cytoplasmic p21/PH/ WAL,

*Total number of cases for each marker pair vary due to availability of tissue on TMAs.
"Kruskal-Wallis test significance (asympotic, one-sided); for each set of parameters, P is presented

in both directions. Significant associations are in bold.

[39], because there is a local need for HER inhibition in differentiating
ductal epithelia [40].

HST/HER2 transcript ratios in tissues were comparable but gen-
erally lower than those described in cell lines [15], a result probably
due to tissue cell heterogeneity. HST/HER2 transcript ratios in
breast tumors inversely correlated with HER2 protein expression.
However, HST/HER2 ratios of 2% in HER2-negative, 0.8% in
HER2 - THC 1+ and 0.5% in HER2 — THC 2+ tumors reflect an
almost constant niveau of HST expression in tumors without overt
HER2 overexpression, given the corresponding rise in HER2 tran-
scripts. The trend toward equilibrium of HST/HER2 expression
was further noticed among the entire group of 63 tumor/NCBT
matched pairs examined, including tumor/NCBT pairs in HER2-
overexpressing cases. This finding may indicate that increased HST
expression is prevented in breast tissues in order not to disturb vital
for homeostasis growth factor signaling through the HER receptor
system [41] as would be expected from the high affinity with which
functional HST binds to its targets [15,18-21].

Unlike the situation in cell lines [15], HST mRNA levels in tumors
were, in most cases, not predictive of HST protein presence. This was
more pronounced in HER2};,,/HS T}, tumors, where values of 0.5%
would evidently correspond to a higher number of molecules than that
observed in NCBTs. The possibility that few HST-positive cells might
have been missed due to poor representation of tumor tissue on the
TMA cores seems unlikely, because multiple areas from each tumor
were examined, whereas, as described, HST-positive cells were distrib-
uted throughout the tumor tissue. Whether HST mRNA does not
reach the translation point due to posttranscriptional inhibitory in-
terference or whether this soluble protein is produced but escapes to
the circulation remains unknown. About the latter option, circulating
HER2 ECD molecules are currently routinely measured (for example,
[42—-45]) by an FDA-approved ELISA system [46] that was patented
back in 1991 [47]. The system detects HER2 molecules of 95 to
115 kDa including the entire ECD, but it cannot distinguish whether
these are produced by proteolytic shedding from the full-length receptor
[48] or as translated proteins from alternatively spliced products [14,33],
which could also escape into the circulation because they are soluble. All
versions of this system have used two antibodies, NB-3 and TA-1, which

HST/HER2
tumor 0,0517
matched NCBT 0,0008

i

HST/HER2
tumor 0,0086
matched NCBT 0,2410

HER2 HST

p AKT-S473

p21

Figure 5. HST/pAKT/p21CPYWAFT profiles in HER2-overexpressing tumors. All photomicrographs are of the same magnification (scale

bar, 50 um). In the HER2,ign/HSThign tumor in panel (a), most neoplastic cells are positive for HST protein; pAKT and p2

1CIP1/\NAF1 are

localized in the cytoplasm, whereas the HST/HER2 transcript ratios are high in the tumor and low in the adjacent NCBT sample. In the
HER2pign/HSTiow tumor in panel (b), HST, pAKT, and p21¢""""WA™! are not detected, whereas HST/HER2 transcript ratios in the
corresponding tumor and NCBT samples are inverse in comparison to that observed in panel (a).
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recognize different epitopes on HER2 ECD [47]. Because these
epitopes have not been described, it cannot be excluded (unless proven
otherwise) that circulating HST molecules are detected by this system as
well. In this context, it seems worthy to assess the presence of HST in the
circulation by HST-specific detection methods. Herstatin with its
unique carboxy-tail represents, in fact, a rare example of a splice variant
involved in a major signaling pathway for which specific antibodies can
be raised, such as the one used in the present study.

Most unexpectedly, approximately 1/5 of HER2-overexpressing
tumors were found to express relatively high HST/HER2 mRNA
ratios and to be strongly positive for HST protein. In comparison,
the NCBTs next to these tumors produced the lowest levels of
HST encountered in this study, a finding further supporting a para-
crine role for HST in breast tissue and, perhaps, a paracrine regula-
tory mechanism. This tumor group further exhibited a unique profile
of strong cytoplasmic phospho—Akt/p21“"""¥AF! protein positivity,
which, in the presence of HER2 overexpression, has been associated
with adverse prognosis in breast cancer and poor response to therapy
[26-31,49-51].

In addition, a strong bidirectional association between HST pro-
tein and activated Akt/PKB was observed throughout the tumor se-
ries examined in this study. It must be noted that with the commonly
used antibody for the demonstration of activated Akt/PKB with
IHC, which was used here as well, it is possible to detect not only
phosphorylated Ser473 on Aktl but also the corresponding serines
on Akt2 and 3. Hence, it is impossible to distinguish which Akt is
phosphorylated. It is known that all three Akt isoforms, which may
have distinct roles in cancer progression [52,53], are produced in
breast cancer [54], where they have mainly prosurvival [55] and
questionable cell migration effects [56]. The antibody used detects
pAkt-S473 in the cytoplasm, cell membrane, and nucleus. Although
the presence of pAkt in the nucleus may be important for cancer pro-
gression because it seems related to MDM2 phosphorylation and
p53 inactivation [57,58], nuclear compartmentalization of pAkt
may also be detected in normal breast epithelial cells, as we have
observed here. Nevertheless, because the previously mentioned lit-
erature data on pAkt in breast cancer are based on the evaluation
of cytoplasmic staining [26-31,50], we considered this subcellular
localization of Akt/PKB as the prosurvival and poor prognosis indi-
cator. The simultaneous presence of cytoplasmic p21<""¥AF! and
pAkt, which further suggests a growth advantage for the tumors
[25,31,59], was also marginally associated with the presence of
HST. Because HST has been described to block EGF/EGFR~
induced Akt/PKB phosphorylation and proliferation in vitro [20],
the previously mentioned findings could be interpreted as an attempt
by the HST-positive cancer cells to block Akt/PKB phosphorylation.
And-HER antibodies such as 2C4 or the newly developed Mab806
seem not to necessitate an active conformation of the receptor to
achieve its internalization [60]. In our cases, no correlation was ob-
served for HST wversus membranous EGFR and EGFR-Y992; there
was a vague association between HST and EGFR phosphorylation
at Tyr1068 (our unpublished data). In all, however, the fact that
tumors grow although they may express high levels of HST reflects
the inefficiency of this molecule to inhibiting tumor growth in vive.

Alternatively, strong cytoplasmic HST localization may indicate
that this protein is impaired from exiting the cells by some as yet
unknown mechanism and, hence, it cannot bind to the extracellular
domain of HER receptors and exert its inhibitory action. If such
an export-inhibitory regulation is proven for tumors with strong

cytoplasmic HST, then these tumors might benefit from external
HST administration.

Whether HST (or dimercept) will ever enter clinical trials, as pre-
viously observed [16,24], remains unknown, especially because the
idea seems abandoned [61]. Published results from corresponding
testing of its manufactured “analogue,” pertuzumab, at least indicate
the necessity of combination agents to achieve disease remission [62—
64]. As we show here, although practically all tumors express HST
mRNA, this protein is absent in 75% of breast carcinomas, which
indicates that cancer cells are protected by some intrinsic mechanism
against the putative growth-inhibitory effects of this molecule. If this
negative regulation occurs at the pretranslational level, then it seems
possible that exogenous administration of pan-HER antibodies
would help block tumor growth. If the protein is produced but ex-
creted from the cells, then it seems possible that the mechanism,
which does not allow the endogenous inhibitor to act, will also
apply to the exogenous administered antibody as well. Most im-
portantly, if 25% of breast carcinomas grow in the presence of an
endogenous pertuzumab-like inhibitor, which is produced in high
amounts in some cases with adverse prognostic parameters (HER2
overexpression, activated Akt/PKB, and blocked p21<"""/¥A™!) ' then
it remains questionable whether these cancers would benefit from ex-
ogenous attempts to disrupt HER2 dimerization. These findings
need to be considered in the frame of clinical testing of pan-HER—
inhibitory antibodies with similar biologic effects to HST in the ex-
perimental setting.
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