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Abstract
Background

Feline mammary tumor (FMT) is a relatively commonly diagnosed neoplasm in the cat. Development of
new veterinary cancer therapies is limited by the shortage of in vivo models that reproduce tumor
microenvironment and metastatic progression.

Results

Four FMT-patient‐derived xenografts (PDX) successfully established in NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ
mice. The overall success rate of PDX establishment was 36% (4/11). Histological,
immunohistochemical, and short tandem repeat analysis showed a remarkable similarity between
patient's tumor and PDX.

Conclusions

In this study, FMT-PDX model were established. The tumor grafts conserve original tumor essential
features, including distant metastasis. FMT-PDX represents an available resource for bridging the biology
of FMT with preclinical studies of FMT in cats. 

Background
Xenograft models using cancer cell lines has been reported to have several limitations, such as not
re�ecting the patient’s drug response su�ciently, limited heterogeneity of the xenograft tumor, and not
recapitulating the original tumor microenvironment and tumor–stroma interactions, thus raising concerns
that these cell lines may not be fully representative of tumors [1–4]. Patient-derived xenografts (PDX)
have been reported to keep histologic appearance, tumor microenvironments, and molecular �delity to the
original tumor. Therefore, the PDX model is becoming a preferred preclinical tool in the development of
effective therapeutics [3, 4]. Feline mammary tumors (FMTs) are the common invasive neoplasms
characterized by early metastasis in female cats [5]. Despite the potential importance of the PDX model
for cancer research and clinical translation, limited studies have reported the engraftment of veterinary
PDXs [6]. Establishment of feline PDX models will allow researchers to test hypotheses. The present
study seeks to establish a bank of serially transplantable, orthotopic, subject-derived FMT grafts that
retain crucial characteristics of the original tumor specimens.

Methods

Primary tumor samples
All surgically resected tumor tissue samples were collected after verbal informed consent was received
from cat owners at the Nyan cat clinic (n=6), An-Sing animal hospital (n=3) and the veterinary medical
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teaching hospital of National Chung-Hsing University (n=2) under a protocol approved by the Institutional
Animal Care and Use Committee (IACUC) of National Chung Hsing University [IACUC Number: 106–73R3

and 108–113]. All tumor tissue samples were collected from cat patients without neoadjuvant
chemotherapy[6].

Tissue implantation of PDXs
NOD-SCIDIL2rnull (NSG) mice were purchased from the Jackson Laboratory and bred in the Research
Center for Animal Medicine of the National Chung Hsing University. Mice were administered autoclaved
food and water ad libitum. There was always a minimum of three mice per passage of tumor
engraftment. Anesthetized the mice using iso�urane (AbbVie Global) at 4% and an oxygen �ow of 1
L/minute. Reduced anesthetic to 2% for the remaining procedure. We implanted a single fragment of
fresh tumor (1-8 mm3), or injected 1 × 106 primary FMT-1807 cells (isolated from FMT-1807-PDX primary
tumor tissue) in 50 μl atrigel (BD Biosciences), into cleared inguinal mammary fat pads of 6–8-week-old
NSG mice. When tumors reached 500–800 mm3, the mice were iso�urane anaesthetized (using 4%
iso�urane to induce anesthesia in induction box and then 1.5-2% iso�urane for the maintenance with the
nose-cone) and PDX tumors were harvested. Tumor tissue fragments were transplanted into another NSG
mice, and frozen storage (95% fetal bovine serum + 5% dimethyl sulfoxide) for later use. Donor mice were
sacri�ced by cervical dislocation or carbon dioxide asphyxiation. Tumor volumes were calculated weekly
using the formula ½ × length × (width)2.

Histopathological and immunohistochemistryexamination
Necropsy was performed after euthanasia by carbon dioxide asphyxiation, and tissues (brain, lung, liver,
spleen, kidney, femur) were collected and sectioned to con�rm metastasis. Samples were �xed in 4%
neutral buffered formalin (femurs decalci�ed in 10% EDTA solution for 4 weeks.), para�n embedded,
sectioned at 4 μm and stained with haematoxylin and eosin. The expressions of ER, PR, HER2, pan
cytokeratin, β-catenin and vimentin were evaluated immunohistochemically using the avidin-biotin
immunoperoxidase method. Sections were depara�nized by xylene and rehydrated with graded ethanol.
Following blocking with 3% hydrogen peroxide and 1% BSA, antigens were retrieved with sodium citrate
buffer (10 mM Sodium citrate, 0.05% Tween 20). The slices were incubated with primary antibodies
(Table 1) for 1 h at room temperature and secondary antibodies at room temperature for 30 min. Staining
with DAB (Vector Laboratories) was applied to the sections. Subsequent slides were counterstained with
Gill’s haematoxylin. Expression from immunohistochemical assays was scored by two veterinary
pathologists blinded to the origination of the samples.

Short tandem repeat (STR) Analysis
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To verify the PDX tumor tissues derived from patient cats, STR analysis were performed on different
chromosomes at 12 loci [7]. Target DNA (10 ng) was ampli�ed by multiplex polymerase chain reaction
using �uorescent dye-linked primers for the 12 loci (F53, C08, B04, G11, SRY, FCA441, D09, F124, C12,
C09, F85 and D06) listed in Table 2. Ampli�cation was performed using an TopSTR Amplify PCR Kit
(TOPGEN, Taiwan) according to the manufacturer's instructions. PCR products generated were mixed
with Orange 600 DNA size standard (NimaGen, Netherlands), electrophoresed on an ABI 3730 genetic
analyzer (Applied Biosystems), and analyzed with the GeneMapper ID v3.1 software (Applied
Biosystems).

Results

Generation of tumor grafts for feline mammary carcinoma
We orthotopically transplanted 11 fresh primary FMT samples into mammary fat pads of NSG mice.
Tumors grew from 9 out of 11 samples, and we successfully maintained 4 tumor lines through multiple
rounds of serial transplantation (Table 3). Tumors reached approximately 500–800mm3 volumes prior to
collection. Second passage tumors showed similar overall growth rate to the initial founders with a >90%
rate of successful engraftment and tumor growth (41/45). After histological review of all successful
cases, we found that the resultant tumor grew from PDX models preserved the histopathology from the
original patient (Fig. 1A-1B, supple. �g. 1) better than the tumor growth from primary FMT-1807 cells
transplantation (Fig. 1C). One tumor graft was estrogen receptor positive, one was positive for HER2 and
two were ER, PR and HER2 negative, according to immunohistochemical analysis (Table 3).

We performed microsatellite STR analyses to determine whether the established PDX model retained the
identical pattern of the original tumors. We performed PCR using STR markers for following the
chromosomal exchange between tumor tissues from patients and from mice that occurred in established
PDX models. As a result, the expression levels of STR markers were observed at the same chromosome
loci in parental tumor tissues from patients, �rst-generation PDX model and �fth-generation PDX model
(Fig. 2). These results showed that the patient and tumor xenografted mouse models preserved the same
STR pro�les until at least �fth-generation.

No lymphomatous transformation or lymphocytic dominant pattern was found in tumor tissues obtained
from mice in tumors stained for anti-CD20 (Fig. 3A) or anti-CD3 (Fig. 3B) antibodies.

No lymphomatous transformation or lymphocytic dominant pattern was found in tumor tissues obtained
from mice in tumors stained for anti-CD20 (Fig. 3A) or anti-CD3 (Fig. 3B) antibodies.

Tumor grafts emulate metastasis seen in PDX mice
Tumor metastases in these PDX lines were identi�ed in the lung, liver, spleen, kidneys, and lymph nodes
and were examined at the time of necropsy. We detected spontaneous metastasis in the axillary node,
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lungs, and livers of mice with tumor grafts. Tumor metastases were detected grossly, by H&E staining and
immunohistochemical staining. All of the metastatic tumors were con�rmed as carcinomas (Table 1, Fig.
4). Metastasis frequencies of different passages varied from 33.3% (2/6) to 100% (6/6) in FMT1807-
PDX.

Immunohistochemical characteristics of PDX tumors
We analyzed the major molecular characteristics (ER, PR, HER2, pan cytokeratin, β-catenin and vimentin)
of original tumors and PDX grafts following �ve passages in mice. The expressions of these molecular
markers revealed similarities between the xenograft tumors and the patients' tumor samples showed that
the PDX model retained not only the histology but also the expression of cytological characteristics were
preserved (Fig. 5).

PDX tumor growth progression in mice
Tumor growth parameters of each FMT-PDX are shown in Fig. 6. To determine estrogen dependence of
ER+ tumors, mice with FMT1702 tumors were subcutaneously implanted with or without estrogen pellets
after oophorectomy. The FMT1702-PDX was not estrogen dependent, but tumor growth was stimulated
by estrogen.

Previous studies have shown human and canine mammary tumor cells were capable of reproducing
tumors in both male mice and female mice [8]. FMT1806-PDX and FMT1807-PDX grafts were implanted
into female and male NSG mice to observe if there were differences in tumor growth parameters (Table
4). FMT1806-PDX and FMT1807-PDX grafts showed no statistically signi�cant differences in terms of
the frequency of tumor appearance or the time in which a tumor volume of 500 mm3 was reached. The
frequency of mice that developed metastasis differed between males and females for both FMT1806-
PDX and FMT1807-PDX. The percentage of metastasis found in males was reduced in contrast to
females.

Discussion
In the present study, we established a bank of serially transplantable, orthotopic mammary tumor grafts
that retained critical features of the original tumor specimens from cats with FMC. The results showed
that the FMT-PDX grafts maintain key features of the original tumors, including histopathology and
immunohistochemical markers.

Animal models are useful in vivo tools for the molecular studies of tumor progression and metastasis.
One of the important features between the FMTs in patient cats and their corresponding PDX grafts is
their ability to spontaneously metastasize. A previous study detailing 10 weeks of subcutaneous
engraftment of FMT cells reported no metastasis was observed [9]. Although metastasis to the
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lymphatics, lungs and liver commonly occurred in this study, we did not �nd overt signs of metastasis to
brain or bone, which are sites of metastasis in FMT [10–13]. Future work may be required a speci�c and
sensitivity label of FMT tumor cells to detect micro-metastasis lesions.

Successful engrafting of PDX tumors in mice might not correlate with the tissue source (primary or
metastatic site) or with the status of molecular markers (ER, PR or HER2), and might re�ect a more
aggressive phenotype, with shorter survival of patients being reported in human breast cancer PDX
models [14–20]. Further investigation may be needed to determine whether the rate of engraftment can
be an independent predictor of patient outcome.

Conclusions
In summary, a PDX model of FMT was developed in NSG mice. The FMT-PDX model is relatively easy to
carry out and is suitable for cancer research. Feline FMT-PDX models will be valuable in supporting
further cancer research and translational work.
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Due to technical limitations, table 1 to 4 is only available as a download in the Supplemental Files
section.

Figures
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Figure 1

Histological examples of FMT PDXs. H&E staining was used to assess tumor structure of original patient
samples (A), FMT1807-PDX (B) and FMT1807 primary cell implantation (C) samples. Bar = 50 μm.
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Figure 2

STR ampli�cation of FMTs. Four nanograms of extracted DNA from patient cat tissues or PDX graft
tissues were performed cat STR typing. The current dye labels used for the assay include 6 FAM (blue; A),
VIC (green; B), NED (black; C) and ROX (red; D). X axis show the allele size, and the Y axis show the
intensity.
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Figure 3

To con�rm lymphomatous transformation in PDX tumors, immunohistochemical staining for analysis of
CD3 (C), and CD20 (D) expression were performed. The tumor cells were CD3-negative and CD20-
negative, indicating there were no lymphomatous transformation in PDX tumors. Bar = 50 μm.

Figure 4

Representative examples of spontaneous metastases from FMT1807-PDX as detected in sections of lung
(A, B) and liver (C, D) of mice at necropsy. We identi�ed metastases by H&E staining (A, C) or by staining
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with antibodies speci�c to vimentin (B, D). Bar = 50 μm.

Figure 5

A representative PDX graft (FMT1807) is shown in comparison to the original sample. Sections from the
primary FMT of patient cat and from representative PDX grafts from the same individual are shown.
Shown are antibody stains for ER (A, B), PR (C, D), HER2 (E, F), pan-cytokeratin (pan-CK; G, H), β-catenin (I,
J) and vimentin (K, L). Positive antibody signals are shown in brown, and the hematoxylin counterstain is
shown in blue. Bar = 50 μm.
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Figure 6

Tumor growth is represented as tumor volume versus time. Six mice were included per group.
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