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Abstract
Defects in HLA class I antigen-processing machinery (APM) component expression and/or function are frequent in
human tumors. These defects may provide tumor cells with a mechanism to escape from recognition and destruc-
tion by HLA class I antigen-restricted, tumor antigen–specific cytotoxic T cells. However, expression and functional
properties of MHC class I antigens and APM components in malignant cells in other animal species have been
investigated to a limited extent. However, this information can contribute to our understanding of the mechanisms
underlying the association of MHC class I antigen and APM component defects with malignant transformation of
cells and to identify animal models to validate targeted therapies to correct these defects. To overcome this lim-
itation in the present study, we have investigated the expression of the catalytic subunits of proteasome (Y, X, and
Z) and of immunoproteasome (LMP2, LMP7, and LMP10) as well as of MHC class I heavy chain (HC) in 25 primary
feline mammary carcinomas (FMCs) and in 23 matched healthy mammary tissues. We found a reduced expression
of MHC class I HC and of LMP2 and LMP7 in tumors compared with normal tissues. Concordantly, proteasomal
cleavage specificities in extracts from FMCs were different from those in healthy tissues. In addition, correlation
analysis showed that LMP2 and LMP7 were concordantly expressed in FMCs, and their expression was signifi-
cantly correlated with that of MHC class I HC. The abnormalities we have found in the APM in FMCs may cause a
defective processing of some tumor antigens.
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Introduction
The recognition of tumor cells by MHC class I antigen-restricted,
tumor antigen (TA)–specific cytotoxic T lymphocytes is mediated
by β2-microglobulin (β2-m)-MHC class I heavy chains (HCs)–TA-
derived peptide complexes. The generation and expression of these
trimolecular complexes on the cell membrane requires the integrity
of three essential pathways: 1) the degradation of proteins into peptides
in the cytoplasm, 2) the transport of the peptides into the endoplasmic
reticulum, and 3) the peptide loading on nascent MHC class I mole-
cules as well as their transport to the cell surface [1]. The peptides
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presented by MHC class I antigens are generated by the degradation of
ubiquitin-marked intracellular proteins by the proteasome, a multi-
meric proteolytic complex; its β-subunits delta (Y), MB1 (X), and Z
are responsible for its catalytic activity [2,3]. When cells are incubated
with interferon-γ (IFN-γ), the three catalytic subunits Y, X, and Z of
the proteasome are replaced by the low-molecular-weight proteins
LMP2, LMP7, and LMP10, respectively, leading to the replacement
of constitutive proteasome with the so-called immunoproteasome [4].
It is well established that the presence of these IFN-γ–induced subunits
changes catalytic activity against model peptide substrates. They en-
hance cleavages after hydrophobic, basic, and branched chain residues
but suppress cleavages after acidic residues. Therefore, immunopro-
teasomes generate a different spectrum of oligopeptides compared with
proteasomes. This type of peptides has been proposed to enhance
antigen presentation [5] because the transporter associated with antigen
processing (TAP) and MHC class I molecules preferentially bind pep-
tides with carboxyl-terminal hydrophobic and basic residues over those
with acidic residues.
Convincing experimental evidence has shown that malignant

transformation of cells is frequently associated with defects in the
expression of antigen-processing machinery (APM) components
and HLA class I antigens in humans [6–8]. These defects may have
functional significance because they may provide tumor cells with a
mechanism to escape from recognition and destruction by HLA class
I antigen-restricted, TA-specific cytotoxic T cells [9–16]. Further-
more, they may have clinical significance because they are often asso-
ciated with the histopathologic characteristics of the lesions and/or
with the clinical course of the disease [17–20]. Nevertheless, the
expression and functional properties of MHC class I antigens and
APM components in malignant cells in other animal species have
been investigated to a limited extent. However, this information
can contribute to our understanding of the mechanisms underlying
the association of MHC class I antigen and APM component defects
with malignant transformation of cells and to identify animal models
to validate targeted therapies to correct these defects. To overcome
this limitation in the present study, we have investigated the expres-
sion of the catalytic subunits of proteasome (Y, X, and Z) and of
immunoproteasome (LMP2, LMP7, and LMP10) as well as of
MHC class I HC in 25 primary feline mammary carcinomas (FMCs)
and in 23 matched healthy mammary tissues. FMC has been selected
for our studies because it is the third most common neoplasm in cats
and is an informative model for the study of tumor biology in other
species, including humans. Furthermore, we have tested the func-
tional properties of proteasome and immunoproteasome in extracts
of FMC lesions.

Materials and Methods

Patients and Tissue Samples

Mammary tumors and normal tissues. Twenty-five primary
FMCs and 23 matched normal mammary epithelium were collected
in total. Paraffin wax blocks of 16 mammary tumor tissues with 14
matched normal mammary epithelium were retrieved from the
archives of our laboratory. Each block was reviewed by a pathologist
(T.M.) to confirm the diagnosis, and mammary tumors were catego-
rized according to the type of carcinoma (complex, simple solid,
simple tubulopapillary, anaplastic, or others). Mammary tumor sam-
ples came from primary masses removed for therapeutic purposes at
our hospital or other referring hospitals. In the course of the described
studies, an additional nine surgical samples of primary mammary tumor
and corresponding normal mammary tissue were collected, with the
owners’ consent. A portion of each tissue sample was fixed in 4% buff-
ered formalin and embedded in paraffin following standard procedures,
and a second portion was snap frozen for proteasome activity assay.
Samples were stored at −80°C until use.

The mammary tumors collected included 16 simple tubular carci-
nomas, 4 simple tubulopapillary carcinomas, 3 simple solid carcinomas,
and 1 adenocarcinoma. Four of the mammary tumors examined were
known to have regional lymph node metastasis. Of the 25 cats with
mammary masses, 18 were sexually intact females, aged 8 to 18 years.

Monoclonal Antibodies
The mouse monoclonal antibody (mAb) HC-10, which recognizes a

determinant expressed on all of the β2m-free HLA-B HCs and on β2m-
free HLA-A10, -A28, -A29, -A30, -A31, -A32, and -A33 HCs [21,22];
the LMP2-specific mAb SY-1 [23]; the LMP7-specific mAbHB-2 [23],
the LMP10-specific mAbTO-7 [23]; the Y-specific mAb SY-5 [23]; the
X-specific mAb SJJ-3 [23]; and the Z-specific mAb NB-1 [23], were
developed and characterized as described. mAbs were purified from
ascitic fluid by sequential precipitation with ammonium sulfate and
caprylic acid [24]. Purity and activity of mAb preparations were mon-
itored by SDS-PAGE and by reactivity with the corresponding antigens
in Western blot analysis.

Immunohistochemical Staining
Immunoperoxidase staining of tissue sections was performed using

the EnVision+ system (DakoCytomation, Carpinteria, CA). Briefly,
5-μm-thick paraffin-embedded tissue sections were deparaffinized
with xylene and rehydrated by passage through decreasing concentra-
tions of ethanol. Tissue sections were incubated for 40 minutes at
98°C in citrate solution, pH 6.0, for antigen retrieval. Then tissue
sections were incubated with 3% H2O2 in methanol for 15 minutes
at room temperature to block endogenous peroxidase activity. After
repeated rinsing with phosphate-buffered saline solution (PBS), tissue
sections were incubated overnight at 4°C with an optimal amount of
mAb. To reduce the background staining, mAb preparations were
diluted with PBS supplemented with 10% bovine serum albumin
(BSA). After washing, tissue sections were incubated for 30 minutes
at room temperature with the EnVision+ reagent. Staining was visualized
using the liquid 3,3′-diaminobenzidine substrate-chromogen system
(DakoCytomation). Tissue sections were counterstained for 2 minutes
with Mayer hematoxylin solution. The percentage of stained tumor cells
in each lesion was evaluated independently by two investigators (A.F.
and M.T.). Variations in the percentage of stained cells enumerated
by the two investigators were within a 10% range. In consideration of
the error, we evaluated the percentage of stained tumor cells at 10%
levels. Normal lymphocytes and vessel endothelium were used in each
specimen as internal positive controls. Negative controls were performed
by omitting primary antibodies. Results were scored as (+), (±), and (−)
when the percentage of stained cells in the tissue was more than 75%,
25% to 75%, and less than 25%, respectively, according to the criterion
established by the HLA and Cancer component of the 12th Interna-
tional Histocompatibility Workshop [25].

Total Proteins
Samples of mammary carcinoma and healthy mammary gland were

collected from the same animal during surgery, frozen, homogenized in














