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Abstract

Immunohistochemical analysis has been a key clinical tool that shows the protein expression of molecular
markers. Expression of molecular markers in breast pathology has been used to distinguish breast cancers
from benign lesions, classify subtypes of breast cancers, and determine therapeutic intervention. It is a rela-
tively fast and efficient option in stratifying breast lesions to assist in both determining pathology diagnosis
and offer strategies to the best course of clinical action. In this chapter, we discuss the use of immunohis-
tochemistry testing for some of the key molecular markers involved in breast pathology that are crucial for
classifying breast cancers and the guidelines for the interpretation of testing results that assist in clinical
management.
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1 Introduction

From the histopathologic examination of biopsies and resection
specimens (lumpectomies, mastectomies, and metastatic lesions),
useful prognostic information such as lesion type (ductal vs. lobu-
lar), tumor differentiation (well, moderately, and poorly differenti-
ated), invasiveness, lymphovascular invasion, lymph node status,
and when applicable, tumor size is derived. Most of this informa-
tion can be derived from the cytological and histological morphol-
ogy observed by hematoxylin and eosin (H & E) staining.
However, the utility of these traditional morphology-based
parameters can be limited in providing accurate risk assessment per
patient, both in terms of local or distant recurrence and in terms of
providing the best options for treatment. Cytological and histo-
logical analyses by themselves give little information about the spe-
cific expression of proteins that are tightly associated to prognosis.
In fact, multiple molecular markers have been identified to help
differentiate one type of breast lesion from another, determine
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invasiveness of the tumor, help define lymphovascular invasion,
and allow breast cancers to be stratified into different groups asso-
ciated with variable degrees of survivability. Here, we will discuss
how immunohistochemistry techniques can be used towards these
applications.

2 Materials

2.1 Tissue 10 % Formalin, 100 % ethanol, 95 % ethanol, xylene, paraffin.

Processing

2.2 Immunohisto- EZPrep, cell conditioning buftfer #1 are pre-made solution reagents

chemistry Slide created by Ventana Medical Systems, Inc. (Ventana) used in immu-

Prepping nohistochemistry (IHC) reactions carried out on VENTANA
BenchMark XT automated slide staining systems (se¢ Note 1).

1. Deparaffinization fluid: 1x EZPrep. EZPrep is an aqueous-

based detergent. 10x EZPrep is diluted with nine parts deion-
ized H,O.

. Cell conditioning buffer #1 (CC1): This is a slightly basic,

Tris-based buffer.

. Reaction buffer: Tris-based bufter at pH 7.6 used for rinsing

slides. 10x Reaction bufter is diluted with nine parts deionized
H,O.

. Wash bufter: 1x SSC buffer. This is a sodium chloride /sodium

citrate buffer which acts as a stringent aqueous wash bufter.
10x SSC bufter is diluted with nine parts deionized H,O.

. Rinse buffer: 1x phosphate buffer saline (PBS).

6. Liquid coverslip (LCS; a combination of low-density, paraffinic

hydrocarbon and mineral oil).

2.3 Immunohisto- This detection system (including primary antibodies unless other-
chemistry Staining Via ~ wise specified) is created by Ventana Medical Systems, Inc.
the UltraView Universal ~ (Ventana) used in immunohistochemistry (IHC) reactions per-
DAB Detection Kit by formed on VENTANA BenchMark XT automated slide staining
Ventana platforms (see Note 1).

1. Primary antibodies—mouse monoclonal p63 (clone 4A4)

(see Note 2), mouse monoclonal SMMHC (clone SMMS-1)
(see Note 2), mouse monoclonal E-cadherin (clone 36)
(see Note 4), mouse monoclonal Pancytokeratin (clones AE1/
AE3/PCK26) (see Note 6), rabbit monoclonal CDX2 (clone
EPR2764Y) (see Note 7), rabbit monoclonal ER (clone SP1)
(see Notes 8 and 9), rabbit monoclonal PR (clone 1E2)
(see Notes 8 and 9), rabbit monoclonal HER2 (clone 4B5)
(see Notes 8 and 9), rabbit monoclonal Ki67 (clone 30-9)
(see Note 10).



2.4 Mammaglobin
and GATA3
Immunohistochemistry
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2. UV INHIBITOR—3 % H,O,.

. UV HRP UNIV MULT—Cocktail of goat anti-mouse IgG/

IgM and goat anti-rabbit IgG that are conjugated to horse-
radish peroxidase (HRP) @ a concentration of ~50 pg/mL.

. UV DAB chromogen—0.2 % aqueous solution of 3, 3'-diami-

nobenzidine tetrahydrochloride.

. UV H,0,—0.04 % H,0O, in 1x phosphate buffer solution

(PBS).

. UV Copper—Aqueous copper sulfate solution @ 5 g/L. in ace-

tate buffer.

7. Hematoxylin—48 % Hematoxylin dye in glycol and acetic acid.

. Bluing reagent—Contains 0.1 M lithium carbonate in 0.5 M

sodium carbonate aqueous solution.

Mammaglobin immunohistochemistry was performed at Quest
laboratories (see Note 7). GATA3 immunohistochemistry was per-
tormed by Clarient Diagnostic Services (seeNote 7). Interpretations
of these studies were performed at Stony Brook University
Hospital.

3 Methods

3.1 Tissue
Processing

Tissue sections are processed according to the automated process-
ing protocol used at Stony Brook Hospital Histopathological
Laboratories.

Tissue processing for tissue blocks from lumpectomies and

mastectomies:

1.

5.
6.

Two-cycle incubation in 10 % formalin for 1%2h @ 42 °C,
15 mmHg.

. One-cycle incubation in 60 % ethanol for 1 h @ 42 °C,

15 mmHg.

. Two-cycle incubation in 95 % ethanol for 1 h @ 42 °C,

15 mmHg.

. Three-cycle incubation in 100 % ethanol for 1 h @ 42 °C,

15 mmHg.
Two-cycle incubation in Xylene for 1 h @ 42 °C, 15 mmHg.
Two-cycle incubation in Paraffin for 1/2h @ 60 °C, 15 mmHg.

Tissue Processing for Tissue Blocks from Biopsies

1.

2.

Two-cycle incubation in 10 % formalin for 15 min @ 42 °C,
15 mmHg.

One-cycle incubation in 60 % ethanol for 15 min @ 42 °C,
15 mmHg.
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3.2 Immunohisto-
chemistry Slide
Prepping

3.3 Immunohisto-
chemistry Staining

® N O v

. Two-cycle incubation in 95 % ethanol for 15 min @ 42 °C,

15 mmHg.

. Three-cycle incubation in 100 % ethanol for 15 min @ 42 °C,

15 mmHg.

. One-cycle incubation in xylene for 10 min @42 °C, 15 mmHg.
. One-cycle incubation in xylene for 15 min @42 °C, 15 mmHg.
. One-cycle incubation in paraffin for 10 min @42 °C, 15 mmHg.
. One-cycle incubation in paraffin for 15 min @42 °C, 15 mmHg.

Immunohistochemistry slide prepping (see Subheading 3.2)

and staining (see Subheading 3.3) are performed according to the
BenchMArk XT IHC/ISH Staining Module protocols by Ventana.

1.

Using a microtome, obtain tissue section from block 4 pM in
thickness.

. Place sections of formalin-fixed paraffin-embedded (FFPE) tis-

sue on positively charged glass slides.

. Warm slide to 75 °C, and incubate for 4 min.
. Apply EZPrep and rinse with 1x PBS. Repeat twice.
. Apply Liquid coverslip (LCS), warm slide to 76 °C, and incu-

bate for 4 min.

. Rinse slide with 1x PBS, and apply Liquid coverslip (LCS).
. Wash with 1x SSC wash buffer, warm slide to 95 °C, and incu-

bate for 8 min.

. Apply cell conditioner #1 and LCS.

. Warm slide to 100 °C, and incubate for 4 min.
10.
11.
12.
13.

Apply LCS and cell conditioner #1. Repeat four times.
Apply LCS and incubate for 8 min.

Rinse slide with reaction buffer.

Apply LCS. Rinse slide with reaction bufter.

. Obtain prepped slide (from Subheading 3.2).
. Warm slide to 37 °C, and incubate for 4 min.

. Rinse with reaction buffer.
. Add one drop of UV INHIBITOR, apply LCS and incubate

for 4 min.

5. Rinse slide with reaction buffer, and warm slide to 37 °C for 4 min.

6. Add LCS, then one drop of primary antibody and incubate for

8 min.

. Rinse slide with reaction buffer, add LCS, and warm to 37 °C

for 4 min. Apply one drop of UV HRP UNIV MULT, add cov-
erslip and incubate for 8§ minutes. Rinse with reaction buffer.



3.4 Hematoxylin and
Eosin (H & E) Staining

11.
12.

13.
14.

15.
16.
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. Apply reaction buffer, add one drop of UV DAB and one drop

of UV DAB H202 .

. Rinse with reaction buffer.
10.

Apply one drop of UV COPPER, apply LCS, and incubate for
4 min.

Rinse with reaction buffer.
Apply one drop of HEMATOXYLIN, LCS, and incubate for

4 min.
Rinse with reaction buffer, and apply LCS. Repeat once.

Add one drop of BLUING REAGENT, apply LCS, and incu-
bate for 4 min.

Rinse with reaction buffer, and then wash with 1x SSC.

Add one drop of mounting solution, cover the slide with a
glass coverslip and allow drying before histological
examination.

Performed according to the BenchMArk XT H & E Staining
Module protocol by Ventana.

4 Notes

1.

Principles of immunohistochemistry.

The UltraView Universal DAB Detection Kit by Ventana
is a detection system used in immunohistochemistry (IHC)
reactions carried out on VENTANA BenchMark XT auto-
mated slide staining platforms. This system is based on a
biotin-free method for staining antigens bound by mouse or
rabbit IgG antibodies on formalin-fixed, paraffin-embedded
tissue sections. Together, the automated platform allows for
efficient, staining of multiple slides in real time with high
etficiency.

Tissue sections are processed with incubations in different
solutions (formalin, ethanol) which freeze cellular functions
and preserves cellular components through crosslinking car-
boxy and amino groups (formalin) or by protein coagulation
(ethanol). Incubation with xylene perforates cell membranes
for easier staining of cellular components while preserving cel-
lular integrity. Incubation with paraffin allows for long term
storage. However, this “fixed” state must be partially reversed
for adequate staining of tissue sections. The immunostaining
prepping process achieves this by using the EZPrep detergent
solution, along with heating, to deparaffinize tissue. Cell con-
ditioning buffer reverses covalent bonds formed during the
formalin fixation process, thus renaturing proteins and pre-
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serving epitope antigenicity for proper antibody affinity.
Reaction butffer (a Tris-based buffer at an appropriate pH 7.6)
supplies an adequate aqueous medium for the antibodies to
bind their respective targets.

Liquid coverslip (LCS; a combination of low density, par-
affinic hydrocarbon and mineral oil) provides a semipermeable
liquid barrier allowing reagents to contact the tissue section,
but preventing excessive evaporation of water.

The immunohistochemistry staining assaying is based on
an indirect immune complex reaction incorporating the pro-
tein target of interest, a respective primary antibody and a sec-
ondary antibody conjugated to horse-radish peroxidase (HRP)
to label the protein of interest via a chromogen precipitate
reaction. To reduce background signal from nonspecific reac-
tions, endogenous tissue peroxidases are inactivated with a
high dose of hydrogen peroxide (UV INHIBITOR). The tis-
sue section is then incubated with the primary antibody (in
most cases a mouse or rabbit IgG) to label the specific protein
of interest. This antibody/antigen complex is then incubated
with UV HRP UNIV MULT containing secondary antibodies
goat anti-mouse or goat anti-rabbit IgG conjugated to
HRP. The secondary antibody binds to the primary antibody.
The HRP motif; in the presence of copper and low concentra-
tion of hydrogen peroxide, drives an oxidation reaction of the
DAB chromogen, generating a brown precipitate at the site of
the antibody/antigen complex, which can be visualized on the
tissue section with the cellular background highlighted by
hematoxylin and bluing reagent.

Using the above techniques, detection of specific protein
expression or lack thereof can help pathologists assess invasive-
ness of breast lesions, origin of breast lesions, or lymph node
metastasis, determine metastasis of mammary origin and help
predict patient prognosis by detection of prognostic factors.

2. Invasiveness: absence of myoepithelial cells (MECs).

Breast lobules and ducts are composed of two cell types:
An outer myoepithelial cell (MEC) layer and an inner luminal
epithelial cell layer [1]. The existence of these two cell layers is
an important feature in separating precancerous (in situ)
lesions from invasive cancers, as most invasive cancers can be
characterized by their loss of association to MECs. Each layer
expresses a different combination of cytokeratins (CKs) [2].
Studies have demonstrated that MECs express cytokeratins
CK5, CKl14, and CK17 [3], neuroendocrine marker S100
[4], and cytoskeletal elements such as smooth muscle actin
(SMA), smooth muscle heavy chain myosin (SMMHC), and
calponin [5]. MECs also express p63, a homologue to the
tumor suppressor protein p53 [6].
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Although these proteins are not exclusive to MECs, they
are not expressed in intraductal luminal cells. In fact, p63,
SMMHC, and calponin have been described as the most sensi-
tive and specific combination of targets for immunohisto-
chemical staining [5]. The nuclear staining of p63 and the
cytoplasmic staining of SMMHC and calponin highlight the
absence of MECs, providing evidence of malignancy. These
immunohistochemical markers are very useful in distinguish-
ing benign entities with histological patterns similar to inva-
sive carcinoma, such as in a benign lesion like sclerosing
adenosis [3] (Fig. 1), and also in other cases to demonstrate
areas of invasion at sites of in situ carcinoma [7] (Fig. 1).

3. Immunohistochemistry studies for differential diagnosis of
ductal intraepithelial proliferations.

Ductal intraepithelial proliferations include the lesions
usual ductal hyperplasia (UDH), atypical ductal hyperplasia
(ADH), and ductal carcinoma in situ (DCIS) [8, 9].
Histologically, usual ductal hyperplasia can be described as an

Fig. 1 Myoepithelial markers. Sclerosing adenosis (a—c). (a) Hematoxylin—eosin staining with (b) corresponding
p63 (clone 4A4) and (c) smooth muscle myosin heavy chain (SMMHC, clone SMMS-1) highlighting the myoepi-
thelial cells at 100x. Invasive ductal carcinoma (d—f). Note the asterisk marking the benign duct highlighted by
p63 (e) and SMMHC (f) staining juxtaposed to carcinoma glands, absent of p63 and SMMHC staining at 100
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intraductal proliferation of cells with pleomorphic nuclei, hap-
hazard arrangement, and irregular slit-like spaces or fenestra-
tions. Frequently, the cells and nuclei show overlapping with
rare to no mitoses. Conversely, with atypical ductal hyperpla-
sia, cells begin to have monomorphic nuclei with nuclear
enlargement and less cellular overlap and begin to show more
regular, symmetrical fenestrations with possible cellular bridges
(roman-arch bridges). In DCIS, the duct is filled with cells
with monomorphic nuclei, without cellular overlap and with
possible symmetrical fenestrations. This spectrum of lesions is
suggested to be the precursor lesions for invasive ductal carci-
noma, with increased gain of function mutations in cell prolit-
eration genes, as well as increased loss-of-function mutations
in cell cycle regulatory and apoptosis genes, paving a pathway
to malignancy [10-12]. Consistent with this observation, the
presence of UDH confers a 1.9 times relative risk of cancer
development, ADH has a four to five times risk, and DCIS has
an eight to ten times risk of cancer [13].

As a result, there are different approaches to clinical man-
agement where the detection of ADH or DCIS on biopsy
requires obligate excision of the lesion. Therefore, effort has
been placed on identifying molecular markers to help distin-
guish between UDH, ADH, and DCIS. Studies have demon-
strated that the cytokeratin family of proteins, a type of
intermediate filaments used for cell structural elements, are
variably expressed in ductal proliferative lesions. High molecu-
lar weight cytokeratins (CK903 and CK5/6) have higher and
diffuse expression in UDH compared to ADH/DCIS lesions
with reduced staining [14-16]. Though this technique has
improved the diagnostic agreement among pathologists [17],
there is evidence that across the spectrum of progression from
a hyperplastic lesion to in situ carcinomatous lesion, there is
variability with respect to expression of CK5/6 and CK903
among ADH and DCIS lesions [18], suggesting that these
cytokeratin combinations are most useful for distinguishing
ADH and low-grade DCIS lesions from UDH. However, they
are not applicable for studying high-grade DCIS, as CK5/6
may be expressed in some high grade DCIS type lesions.

4. Ductal vs. lobular neoplasias.

There are several subtypes of invasive breast lesions (includ-
ing tubular, mucinous, micropapillary, papillary, cribriform,
and medullary), where the most clinically significant patterns
include ductal and lobular patterns since these two entities
compromise most of the breast lesions encountered on a daily
basis [8]. At the level of precursor lesions (DCIS and lobular
neoplasia), lobular neoplasias, which include atypical lobular
hyperplasia (ALH) and lobular carcinoma in situ (LCIS), are
histologically different in appearance to ductal lesions [19].
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Although these cells are monomorphic, with large nuclei and
do not overlap in a similar fashion to atypical ductal prolifera-
tions, they have a more discohesive appearance [19]. These
cells can fill the acini of the lobules without expansion (as in
ALH), with expansion in a lobular pattern (as in LCIS), and
involve the ducts described as pagetoid spread [19].

Even though lobular neoplasias are associated with inva-
sive cancers (more so with invasive lobular carcinoma), there
has been debate as to whether they are precursor lesions for
invasive carcinoma [20]. Lobular lesions, when compared to
ductal-type lesions, display different clinicopathological behav-
iors. The presence of lobular neoplasias is associated with
increased diffuse disease and involvement of the bilateral
breasts [21-23]. However, in terms of the presence of nonin-
vasive lobular neoplasias at specimen margins, the cancer
recurrence rate in patients with positive margins is comparable
to the rate in patients with negative margins [24]. Therefore,
unlike the management of DCIS, lobular neoplasias (ALH
and LCIS) at specimen margins do not require re-excision.

Invasive lobular carcinomas (ILCs) and invasive ductal
carcinomas (IDCs) also demonstrate different clinical behav-
ior. Though the rate of lymph node metastasis is similar to that
of invasive ductal carcinomas, invasive lobular carcinomas tend
to metastasize to the skin and visceral organs, whereas invasive
ductal carcinomas tend to metastasize to the lungs [25, 26].
However, some clinical differences are debatable. For instance,
one study showed patients with invasive lobular carcinomas
have similar prognosis to those with invasive ductal carcino-
mas [27]. Conversely, another study showed using multivari-
ate analysis that patients with ILC had worse survival than
patients with IDC [25]. Nevertheless, distinguishing lobular
from ductal-type lesions is of clinical consequence. To that
end, molecular markers to distinguish these two histotypes
have been identified.

Consistent with the discohesive cellular morphology of
lobular-type neoplasias, it has been demonstrated that the cell
adhesion signaling pathway mediated by E-cadherin, p120
catenin, and p-catenin is altered in these lesions [ 28 ]. E-cadherin
is a transmembrane cell adhesion molecule that interacts with
intracellular proteins of the catenin family (pl120, a and
B-catenin) that associates with actin and other cytoskeletal ele-
ments to regulate cell integrity and cell proliferation [29, 30].
Immunohistochemical analysis of these proteins in normal tis-
sue shows strong membranous localization for E-cadherin and
pl20, and membranous staining for f-catenin [29, 31].
Somatic mutations, genetic deletions, loss of heterozygosity,
and epigenetic changes that silence the expression of the gene
that encodes for E-cadherin (CDHI) have been routinely
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detected in lobular neoplasias [32, 33]. As a result, immuno-
histochemistry of lobular-type lesions for E-cadherin shows a
reduction in protein expression [34]. In conjunction with these
perturbations, there is a shift in p120 localization from the cell
membrane to the cytoplasm with scant cytoplasmic p-catenin
expression [31, 35]. In our laboratory, E-cadherin IHC stain-
ing is routinely used to differentiate the two lesions (Fig. 2),
and has been a very useful tool in classifying histologically
ambiguous lesions.

5. Lymph-vascular invasion.

Lymph-vascular invasion (LVI) is an important prognostic
parameter that is used to determine the risk of local recurrence
and distant metastases [36, 37]. In patients without nodal
involvement, the subset without lymph-vascular invasion has
lower rates of future metastasis and increased disease-free and
overall survival [37, 38]. Lymphatic invasion is routinely con-
sidered in therapeutic decision-making for patients with a bor-
derline tumor size and negative lymph node status. There are
four criteria used in the definition of lymph-vascular invasion
derived from Rosen et al. [39]: (1) invasion must be detected
outside the border of invasive carcinoma, (2) tumor emboli
should not fit exactly within the confines of the enclosing
space, (3) endothelial cells should line the confining space,
and (4) lymphatics are found nearby to blood vessels. In situ-
ations where it is difficult to ascertain LVI histologically,
immunohistochemical methods have been employed to high-
light the endothelial cells of vascular and lymphatic spaces
[40]. Vascular and lymphatic endothelial cells express CD31
and CD34, whereas lymphatic vascular cells express D2-40
and podoplanin [40, 41]. Using these markers to determine
LVI, pathologists are able to increase the quantity and accu-
racy of detection of LVI in breast specimens [40, 41].

6. Lymph node metastasis.

Metastasis to regional lymph nodes is associated with
decreased disease-free and overall survival [42-44].
Pathological assessment of regional lymph nodes is key in
staging a patient’s cancer [45]. Sentinel lymph nodes (SLNs)
are the first series of lymph nodes that drain a particular
region of the breast and have been observed to be the first
type of lymph nodes that contain metastasis. Clinically, the

»

Fig. 2 (continued) proliferation highlighted by strong E-cadherin staining, with areas of lobular-type prolifera-
tion showing absent E-cadherin expression marked by arrows. (¢) H & E and (d) E-cadherin immunohisto-
chemistry of LCIS at 200x. (e) H & E and (f) E-cadherin Immunohistochemistry of pagetoid spread of lobular
neoplasia at 100x. Note the lobular lesions beneath the ductal epithelium highlighted by E-cadherin staining
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Fig. 2 E-cadherin (clone 36) immunohistochemical analysis distinguishing ductal from lobular neoplasias.
(a, b) at 200x. Hematoyxylin-eosin (H & E) staining of micropapillary ductal carcinoma in situ with pagetoid
spread of (a) lobular carcinoma in situ (LCIS) with corresponding E-cadherin staining (b). Note the ductal
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SLNs are identified by highlighting them with intraoperative
gamma radiotracer detected by a Geiger counter or visually
detected blue-colored dye. Once highlighted as being “hot”
and/or “blue,” a surgical biopsy is performed. An intraop-
erative assessment of SLNs can be performed on H & E
slides of SLN frozen sections. If the SLNs are positive for
metastatic tumor by frozen section evaluation, the practice
for the surgeon in certain clinical situations is to perform an
axillary dissection to obtain more axillary nodes. This would
provide more accurate staging as positive SLNs correlate
with axillary lymph node metastasis in a proportion of
patients [46].

However, it has been demonstrated that there can be vari-
ability in diagnosing the presence and size of lymph node
metastasis [47, 48]. Thus, measuring the size of metastasis or
quantification of the number of cells is important in establish-
ing prognosis and adjuvant treatment [48, 49]. Three main
categories have been used: isolated tumor cells (<0.2 mm or
200 cells), micrometastasis (more than 0.2 mm but <2.0 mm
and/or >200 cells), and macrometastases (>2.0 mm). These
categories correlate with nonsentinel axillary lymph node
metastasis and prognosis [43, 46, 49]. To assist pathologists
to this effect, IHC using the antibody combination AE1 /AE3
for pancytokeratin expression found in breast tumor cells [50]
has been widely used in determining lymph node metastasis,
and size if applicable (Fig. 3) [43, 46, 48, 51].

7. Determination of breast metastasis from neoplasms of uncer-
tain origins.

When metastatic lesions of unknown origin are encoun-

tered, it is prudent to include metastatic breast cancer as a

major differential among possible sources, especially in

female patients. Lineage-specific expression of proteins is

S

Fig. 3 Immunohistochemistry of sentinel lymph node for pancytokeratin revealing metastasis (isolated tumor
cells) of Invasive Ductal Carcinoma. (a) Hematoxylin—eosin at 100x. Image of pancytokeratin staining (clone
AE1/AE3/PCK26) of sentinel lymph node at 100x (b), and at 200x (c)
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useful in classifying metastasis by tissue of origin [52]. To
help differentiate among various origins of cancer, a panel of
ITHC studies can be employed. As the majority of metastatic
breast cancers are epithelial in origin, AE1/AE3 pancytokera-
tin antibodies are useful to validate epithelial differentiation.
CK7 and CK20 stains are also performed as breast lesions are
mostly CK7+ and CK20-, and this combination can distin-
guish them from other cell lineages such as colon and urothe-
lial. To further distinguish from other CK7+,/CK20- tumors
such as nonmucinous lung adenocarcinomas, other combina-
tions of mammary specific markers such as GATA3, estrogen
receptor (ER), gross cystic disease fluid protein 15 (GCDED-
15), and mammaglobin can also be utilized (Fig. 4).

8. Predictive and prognostic molecular factors and subclassification.
Estrogen is the primary hormone that regulates the prolif-
eration of breast cancer cells through the interaction with its
receptor, ER [53]. There are two known isoforms of ER, des-
ignated as ER-a and ER-f, where ER-a is the dominant regu-
lator of estrogen signaling in breast cancer pathogenesis. ER
expression is a strong predictive factor in terms of determining
the potential benefits from adjuvant hormonal therapy.

Progesterone receptor (PR) is a superfamily of nuclear
receptors, where a single copy of the PR gene has separate
promoters and translational start sites to produce two iso-
forms, PR-a and PR-f [54]. PR is also considered important
in cancer pathogenesis as PR is the codependent partner of ER
in terms of the biological behavior of breast cancer at the
molecular level, since the interaction of progesterone and PR
is an essential component of physiology.

Human Epidermal Growth Factor Receptor 2 (HER2),
expressed by the gene ERBB2, is a member of a family of
transmembrane growth factor receptors that play pivotal roles
in regulating normal cell proliferation and transmitting signals
for cell growth and survival [55]. The HER2 receptor tyrosine
kinase plays a very important role in both the biological behav-
ior and the clinical course of breast cancer. Although the iden-
tity of the high-affinity ligand for HER2 remains unclear,
HER2 is thought to dimerize with other HER receptors
within the family, leading to activation of cytoplasmic tyrosine
kinase thus initiating downstream signaling for cell prolifera-
tion, migration, and survival of tumor cells overexpressing
HER receptors. When the HER2 receptor tyrosine kinase is
activated, multiple cellular signaling pathways are initiated
that include both the mitogen-activated protein kinase
(MAPK) and phosphatidylinositol 3-kinase (PI3K) signaling
pathways. Normally, cells contain a single copy of the HER2
gene on each copy of chromosome 17 [56]. Breast epithelial



24 Kester Haye et al.

Fig. 4 Inmunohistochemical determination of tissue origin of metastasis. Hematoxylin—eosin (H & E) staining
at 100x (a) of metastatic breast lobular carcinoma located in small bowel submucosa. (b) Pancytokeratin
immunostaining at 100x highlighting the benign small bowel epithelium (bottom half), and the submucosal
metastatic breast lesion (fop half). CDX2 (¢), and E-cadherin (d) immunohistochemistry at 100x with positive
staining of the small bowel epithelium (bottom half)y and negative staining of the lobular breast lesion (fop half.
(e) GATA3 immunohistochemistry at 100x showing positive nuclear staining of the metastatic breast lesion
(upper right). The cells stained in the lower left are lymphocytes within the small bowel lamina propria. (f)
Mammaglobin immunohistochemistry at 100x showing positive cytoplasmic staining of the metastatic breast
lesion (fop right), as well as infiltrating breast carcinoma cells within the small bowel mucosa (lower leff)
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cells express the HER2 gene, which is translated into a
185 kDa transmembrane growth factor receptor with cyto-
plasmic tyrosine kinase activity. HER2 genes can be amplified
from twofold to greater than 20-fold in each tumor cell
nucleus relative to chromosome 17 in approximately 15-25 %
of breast cancer cases, resulting in the expression of cell sur-
face HER2 receptors with up to 100 times the normal number
of receptors found in normal breast epithelial cells.

Based on gene expression profiling from ¢cDNA microar-
ray analysis of clinically-acquired breast lesions, subgroup
classifications with associated biological and clinical behaviors
can be determined by similar expression of ER, PR, and
HER2 [57]. A first group was described as having a transcrip-
tome profile similar to luminal cells with expression of the
hormone receptors ER and PR. A second group demon-
strated high expression of the ERBB2 coding for the HER2.
A third was demonstrated to have an expression profile similar
to basal cells with triple negative expression of ER, PR, and
HER2. And a fourth group was described as having an expres-
sion profile close to that of normal breast tissue. It was subse-
quently demonstrated that luminal and basal subtypes could
be further divided. In the luminal subgroup, a portion of
tumors co-express HER2, thus generating the subtype lumi-
nal A (ER+/HER2-) and luminal B (ER+/HER2+) [58,
59]. Furthermore, based on the expression of cytokeratin
CKS5 /6 and the Epidermal Growth Factor receptor 1 (EGFR),
the basal-type triple negative subgroup could be further
divided into two groups that co-express or lack expression of
these proteins [60, 61].

Altogether, four major subclasses are clinically recognized:
Luminal A (ER+ HER2-), Luminal B (ER+ HER2+), HER2
(ER- HER2+), and Triple Negative (TNC) (ER- PR- HER-;
CK5/6+, EGFR+). Assays based on qRT-PCR methods for
measuring the gene expression of select genes including ER,
PR, and HER2 simulate the early cDNA gene array profiling
studies, and can be performed for clinical prognostication by
classifying the various breast subtypes [62, 63]. However, a
more economic form of breast subtype classification can be
performed via IHC-based methods staining for the ER, PR
and HER2 combinations [60] (Fig. 5).

Molecular-derived classification has displayed a hierarchy of
particular clinical behaviors. TNCs and HER2 subgroups have
been demonstrated to have worse overall survival compared to
the luminal subgroups [64—66]. TNCs have the highest mitotic
activity, followed by HER2, luminal B, and luminal A group
cancers in descending order [61, 64]. HER2 subgroup cancers
are associated with the highest rate of lymph node metastases,
followed by luminal B, TNC, and luminal A lesions [64].
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Fig. 5 Molecular subtyping of breast invasive carcinoma. Hematoxylin—eosin (H & E), and immunohistochem-
istry of ER (clone SP1) and HER2 (clone 4B5) at 200x, classifying Luminal A (a, H & E; b, ER; ¢, HER2), Luminal
B (d,H & E; e, ER; f, HER2), HER2 (g, H & E; h, ER; i, HER2), and Triple negative cancer (j, H & E; k, ER; I, HER2)
subgroups. PR staining not shown
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9. Scoring systems for ER, PR, and HER2 expression by IHC.

The quantity of biomarker expression, based on molecular
classification of the breast cancers, governs clinical manage-
ment. Luminal cancers, with their higher level of expression of
ER and ER-related genes, are considered for hormonal-based
therapy such as adjuvant tamoxifen or aromatase inhibitors as
a main stay for therapeutic intervention. Interestingly, luminal
subgroups show differential response to anti-hormonal ther-
apy [62]. Luminal A cancers have a higher response to
hormonal-based therapy compared to luminal B cancers, per-
haps in part to its dual HER2 expression. Conversely, luminal
B cancers show increased susceptibility to anthracycline-based
chemotherapy [67]. Similarly, in the HER2 subgroup, clinical
treatment is based on targeting HER2 overexpression by com-
bination of adjuvant chemotherapy and anti-HER2 antibod-
ies, like Trastuzumab, with increased clinical benefit over
adjuvant chemotherapy alone [68, 69]. With respect to TNCs,
patients within this subgroup have been shown to gain benefit
in disease-free and overall survival from neoadjuvant
anthracycline-based chemotherapy [70, 71], as well as high-
dose adjuvant chemotherapy compared to conventional doses
of chemotherapy [72]. Therefore, a standardized protocol for
quantifying IHC staining is important to determining positiv-
ity of biomarker expression as it strongly influences clinical
management.

In daily practice, the presence of ER and PR in breast tissue
is measured on formalin-fixed and paraffin-embedded (FFPE)
breast tissue containing the maximal amount of viable tumor
cells. IHC analysis of hormone receptor expression has been
described as a more superior detection compared to previously
utilized ligand binding methods [73, 74]. Increased levels of
ER and PR expression by IHC correlate with response to anti-
hormonal therapies [74, 75]. However, other studies have
shown that tumors with even 1 % of nuclei showing nuclear
expression of hormone receptor can respond to hormonal ther-
apy [76]. Based on these observations, a consensus was reached
by the American Society of Clinical Oncology (ASCO) and the
College of American Pathologists (CAP) on testing interpreta-
tion criteria that include the definition of positive and negative
status for hormone receptor by IHC studies and the reporting
of these corresponding results [76, 77], where any nuclear
immunoreactivity >1 % be reported as “positive” along with
average intensity and extent of staining.

ASCO and CAP also recommend that HER-2 status can
be determined by IHC for protein overexpression [78].
Therefore, all newly diagnosed breast cancer cases are tested
for the HER-2 molecular marker using FFPE tissue sections
of invasive breast cancer. Evaluations of breast cancer cell
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membrane HER2 protein expression by IHC are semi-quan-
titatively reported in pathology reports, where an absence of
membranous staining or incomplete, faint membranous stain-
ing in <10 % of invasive tumor cells is scored as ‘0’, incom-
plete, faint membranous staining in >10 % of invasive tumor
cells is scored as ‘1+°, incomplete and /or weak circumferen-
tial membrane staining in >10 % of invasive tumor cells or
complete, intense, circumferential membranous staining in
<10 % of invasive tumor cells is scored as ‘2+’, and circumfer-
ential membranous staining of at least 10 % of the tumor cells
with a thick staining ring and refractile quality is scored as
‘3+” (Fig. 6). Only cases with strong circumferential mem-
brane staining, scored as “3+,” show clinically relevant con-
cordance with HER2 gene amplification by FISH. The
HER2+ breast cancers that are IHC 3+ by IHC staining are
candidates for targeted Trastuzumab treatment that will pro-
vide the most benefit to patients [79].

10. Ki-67 coupling histopathologic and molecular factors to pre-
dict prognosis and treatment.

Pathologists generally use the Nottingham Combined
Histologic Grade for standardized grading for breast tumors
[80]. This overall grading methodology is based on the sum of
the individual assessments of the degree of tubular formation,
nuclear pleomorphism, and mitotic activity, where the com-
bined score puts the tumor in a tiered system that character-
izes the tumor as either low-, intermediate-, or high-grade.
Even though grading is qualitative and dependent on observer
variability, histologic grade is still an important parameter in
terms of predicting clinical outcome [81-83]. Of the grading
schema, cell proliferation has gained particular attention as it
can be used to further differentiate cancer groups into high
and low categories and influencing prognosis [84, 85]. And
even though increased cell proliferation is associated with poor
prognosis, it predicts increased response to certain chemo-
therapeutic treatments [70, 71, 84]. Therefore, Ki-67 has
become the surrogate marker for cell proliferation as it is
increasingly and specifically expressed in the nuclei of all stages
of active cellular division except GO and early G1 [86].

»
»

Fig. 6 (continued) staining, grade “0"—Negative. (¢) H & E and corresponding HER2 immunohistochemistry (d)
showing faint, incomplete membranous staining of >10 % tumor cells, grade “1”—Negative. (e) H & E and (f)
and corresponding HER2 immunohistochemistry with weak to moderate, incomplete, circumferential staining
of >10 % tumor cells, grade “2"—Equivocal. (g) H & E and corresponding HER2 immunohistochemistry (h)
with strong, complete circumferential membranous staining, grade “3”—~Positive
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Fig. 6 Grading of HER2 immunohistochemistry staining of invasive carcinoma (clone 4B5) at 200x.

eosin (H & E) and corresponding HER2 immunohistochemistry
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Fig. 7 Cell proliferation by Ki-67 immunohistochemistry at 400x. Nuclear staining of carcinoma cells by Ki-67
(clone 30-9) immunohistochemistry with various quantities of expression. (@) 10-15 %, (b) 35-40 %, (c)
60-65 %, (d) >90 % of tumor cells present are positive for Ki-67 nuclear staining.

To assist in quantification of cell proliferation, IHC stain-
ing for Ki-67 is routinely used in assessing cancers, coupling
the histological grading system to the molecular-based sub-
groups of breast cancer [85]. Recently, the International
Ki-67 in Breast Cancer Working Group generated recommen-
dations for the application of Ki-67 staining and quantitative
scoring in breast cancers. Cells suitable for scoring should have
complete nuclear expression, suggestive of good specimen
quality (Fig. 7). For a quantitative measurement of Ki-67
expression, at least three fields of cells at 40x objective located
at the tumor’s invasive edge should be analyzed. However, if
there are heterogeneous regions of Ki-67 expression through-
out the lesion, described as “hot spots,” an overall average of
the Ki-67 expression should be calculated [85].
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Scoring of Ki-67 expression also has a predictive role in
treatment of breast cancers. In luminal cancers, increased Ki-67
expression was detected in the luminal B subgroup, and can be
used to differentiate from the luminal A subgroup with a cutoff
point of 13.25 % [84]. This has been illustrated in the IMPACT
and the P024 clinical trials, where expression of Ki-67 status
post neoadjuvant chemotherapy with combined hormonal and
anthracycline-based therapy has a linear correlation with recur-
rence [87, 88]. These findings have been supported by other
studies showing increased Ki-67 expression associated with
increased complete pathological response to anthracycline-
based neoadjuvant chemotherapy [70, 71, 84]. This observa-
tion is crucial with the clinical management of the triple
negative cancer (TNC) subgroup, since these lesions have been
demonstrated to have high-grade disease and high Ki-67
expression with poor clinical outcomes [61, 70, 71, 84].

Quality assurance of breast specimens for accurate assessment
of biomarker expression.

Proper handling and care of breast specimens is necessary
for accurate quantification and assessment of biomarker
expression by IHC. Once the breast specimen is removed
from the patient, the length of time before placement in for-
malin, known as the cold ischemic time, is a key factor in
affecting integrity of biomarker expression. It has been dem-
onstrated that refrigerated specimens with cold ischemic times
over 4 h and unrefrigerated specimens with cold ischemic
times over 2 h begin to show drastic decreases in ER, PR, and
HER2 expression [89]. This has led to the ASCP/CAP rec-
ommendation of keeping ischemic times no longer than 1 h
[76, 89]. Formalin times are another important factor in
maintaining quality of biomarker expression. Formalin times
below 6 h have been documented to decrease detectable
expression of ER, PR, and HER2 [90]. Conversely, formalin
times greater than 72 h also result in decreased expression for
ER, PR, and HER2 expression [91-93]. Combining these
observations with quality assurance of immunohistochemistry
results for ER, PR, HER2, and Ki-67 have led to established
CAP/ASCO guidelines that have recommended that speci-
mens must be incubated in formalin no less than 6 h and no
more than 72 h [76, 78, 85].

As a result of rapidly advancing biotechnologies, especially
that of gene expression studies, our knowledge of breast
pathology has been greatly expanded. With this enhanced
knowledge, we have implemented the use of immunohisto-
chemical analysis of diagnostic and predictive markers as an
invaluable tool in modern clinical practice to help determine
both the clinical management of breast disease and to improve
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overall patient care. In this chapter, we have discussed the ways
in which IHC analysis can enhance H & E examinations to
further distinguish benign from malignant breast lesions, dif-
ferentiate subtypes of breast neoplasias, and to quantify cancer
cells and biomarker expression to support various clinical
interventions. With the ongoing work into the discovery and
development of better prognostic biomarkers, this invaluable
tool will ultimately be refined, to the benefit of pathologists,
clinicians, and most importantly, our patients.
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