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Abstract

Background: Domestic cats rarely develop hepatocellular carcinoma. The reason for the low prevalence is unknown.
Reductions in hepatocellular ploidy have been associated with hepatic carcinogenesis. Recent work in mice has shown that
livers with more polyploid hepatocytes are protected against the development of hepatocellular carcinoma. Hepatocyte
ploidy in the domestic cat has not been evaluated. We hypothesized that ploidy would be reduced in peri-tumoral and
neoplastic hepatocytes compared to normal feline hepatocytes. Using integrated fluorescence microscopy, we quantified
the spectra of ploidy in hepatocellular carcinoma and healthy control tissue from paraffin embedded tissue sections.

Results: Feline hepatocytes are predominantly mononuclear and the number of nuclei per hepatocyte did not differ
significantly between groups. Normal cats have a greater number of tetraploid hepatocytes than cats with hepatocellular
carcinoma.

Conclusions: Total hepatocellular polyploidy in normal cat liver is consistent with values reported in humans, yet cellular
ploidy (nuclei per cell) is greater in humans than in cats. Tetraploid cat hepatocytes are predominantly mononuclear.
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Background
Most mammalian cells are diploid (2n), but some cells
including cardiac myocytes, megakaryocytes, and hepa-
tocytes can contain more than two homologous chromo-
somes. Polyploidy is defined by nuclear and cellular
DNA content. Nuclear polyploidy refers to an increase
in the number of chromosomes per nucleus and cellular
polyploidy is an increase in the number of nuclei per cell
[1, 2]. The degree of polyploidization varies among
mammals; in murine species 75–90 % of hepatocytes are
polyploid whereas in adult humans the number of poly-
ploid cells averages 20–45 % [3–5]. Polyploidization or
whole genome amplification arises due to failed cytokin-
esis or, less often, endoreplication [2, 6–9]. The poly-
ploid state of the liver is changeable, particularly during

development and instances of cellular stress. [4, 10].
Polyploidy is essential to reparative regeneration in many
organs, but has also been associated with genome in-
stability and tumorigenesis when polyploid hepatocytes
undergo mitosis [11–13]. Yet, recent work in mice has
shown that hepatocellular polyploidy (> 2n) suppresses
tumor development [4, 14]. Polyploidy may serve a hepa-
toprotective purpose by limiting oxidative stress, geno-
toxic damage, or by limiting tumor-suppressor loss of
heterozygosity [3, 4, 10].
In humans, hepatocellular carcinoma (HCC) is the most

common type of liver cancer and a leading cause of cancer
related-death [15–17]. The risk factors for HCC in
humans include cirrhosis, viral hepatitis, non-alcoholic
fatty liver disease, and hepatotoxicosis. The role of ploidy
in the development of human hepatocellular carcinogen-
esis is less clear than in mice and may be largely
dependent on the context. Although a reduction of ploidy
has been identified in human pre-neoplastic liver nodules,
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tetraploidy can lead to chromosomal instability and aneu-
ploidy [3, 18]. Unlike humans, primary hepatic tumors in
the domestic cat are rare with an estimated prevalence
ranging from 1 to 3 % of all feline cancers [19–21]. Sur-
vival statistics for cats predict a median survival of 1.4
years following diagnosis. Life expectancy improves to 2.4
years when surgical excision is possible [20]. The etiology
of feline HCC is ill-defined and has not been definitively
linked to viral disease or hepatic lipidosis [20, 21]. We hy-
pothesized that the species differences in ploidy could ac-
count for the lower frequency of hepatocellular cancer in
cats. The polyploid state of feline liver has not been re-
ported. Our objective was to quantify hepatocellular
ploidy in a cohort of cats with hepatocellular carcinoma
and matched normal control cats.

Results
A Gaussian mixture curve was used to show the relative
frequency of intensity distribution for all normal nuclei
measured (Fig. 1). The peaks, 730 ms and 1610 ms, cor-
respond to the average H42 intensity reading for 2n and
4n. The overlap of the two curves was determined to be
1095 ms. Intensities less than 1095 ms were considered
2n and values over 1095 ms were 4n. Raw intensities per
cell are shown in Fig. 2. Normal feline liver polyploidy
was significantly greater than peri-tumoral (P < 0.0001)
and neoplastic liver ploidy (p < 0.0001; Fig. 3). In the
normal cohort, the percentage of polyploid hepatocytes
in normal feline liver was 39.47 %. Only 10.23 % of neo-
plastic hepatocytes were polyploid. Feline hepatocellular
polyploidy is similar to values reported in humans (30–
50 %), but less than mice (75–90 %) [1, 3, 5, 22]. The

number of nuclei per hepatocyte did not differ signifi-
cantly between groups (p > 0.05; normal − 4.5 %, peri-
tumoral – 3.5 %, or neoplastic − 3.2 %, Fig. 4). Mono-
nuclear tetraploid hepatocytes compose 30.6 % of normal
feline hepatoctyes, 28.5 % of peri-tumoral hepatocytes,
and only 7.4 % of neoplastic hepatocytes.

Discussion
In the present study, feline hepatocellular ploidy was
quantified in hepatocellular carcinoma, peri-tumoral he-
patocytes, and hepatocytes of age- and gender-matched,
normal controls. In the normal cohort, feline hepatocytes
had a greater number of polyploid hepatocytes than tu-
moral or peri-tumoral hepatocytes. Due to the observa-
tional nature of this study, we cannot determine whether
decreased liver ploidy plays a causal role in tumorigenesis;
yet, this hypothesis is supported by research in mice. Gen-
omic analysis has demonstrated that mutations in key on-
cogenes and tumor suppressors play a role in the
pathogenesis of HCC [15]. In mice, 90 % of hepatocytes
are hyper-diploid and genetic depletion of hepatocellular
ploidy increases the development of HCC [22]. Loss of
one tumor suppressor copy in a diploid cell leads to loss
of heterozygosity, promoting potential for neoplastic
transformation [22, 23]. Work by Kreutx et al.. identified
unique metabolic characteristics dependent on nuclear
ploidy in mice [5]. Differential gene expression and de-
creased insulin binding were found in polyploid nuclei
compared to diploid nuclei. These differences may also
contribute to altered mutagenesis.
Mononuclear tetraploid hepatocytes were the major

component of the polyploid fraction in normal feline

Fig. 1 Histogram of relative DNA intensity distribution curve per normal nuclei via Gaussian curve. Gaussian mixture distribution with 2 components in
1 dimension. Fluorescence intensity for normal hepatocyte nuclei (x-axis) is compared to the relative frequency (y-axis) to determine nuclear ploidy.
The black line outlines the fit in Gaussian mixture distribution using “fitgmist” package from MATLAB ver R2020a, with the first peak (less than 1095 ms)
corresponding to 2n hepatocytes and the second peak (greater than 1095 ms) corresponding to 4n hepatocytes
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Fig. 2 Histogram intensities for neoplastic, peri-tumoral, and normal hepatocytes. The frequency distribution for individual nuclear H42 staining
intensities per each hepatocyte (bin: 50). The top graph represents neoplastic hepatocytes, the middle peri-tumoral hepatocytes, and the bottom
normal hepatocytes. The bars represent the number of cells displaying an intensity in the given ranges (y-axis). The higher the bar, the more cells
showed that intensity reading. The intensity distributions within each cell, among three different cell types, were compared using Kolmogorov-
Smirnov test and normal feline liver polyploidy was significantly different than peri-tumoral (P < 0.0001) and neoplastic liver ploidy (p < 0.0001).
The peaks of the normal hepatocytes (top) match those from Fig. 1; however, Fig. 1 shows intensity values per nuclei of the normal hepatocytes
and Fig. 2 displays intensity values per cell for all hepatocyte types
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liver. Although total feline hepatocellular ploidy is simi-
lar to humans, the chromosomal distribution between
nuclei differs [1, 3, 18, 24–26]. Normal human liver has
a greater number of binuclear tetraploid hepatocytes but
mononuclear tetraploidy is amplified in HCC [1]. In fe-
line peri-tumoral and tumoral tissue, the majority of he-
patocytes are mononuclear diploid. Whether this
difference influences differences in feline HCC tumori-
genesis remains to be determined. The mononuclear
tetraploid phenotype suggest that these cells generated
from either endoreplication or mitotic slippage, rather
than cytokinesis failure [2]. Endoreplication produces
terminally differentiated cells that are non-proliferating

but potentially predisposed to tumorigenic transform-
ation.[11, 27, 28].
The rarity of HCC in the domestic cats limited sample

numbers and the power of this study. Despite searching
archives at two universities, only 7 cases of feline HCC
were identified. Despite its small-scale, this research
identified unique features of feline hepatocellular ploidy
that may be broadly applicable to hepatocellular carcino-
genesis. In humans, several other risk factors contribute
to the development of HCC, including chronic viral
hepatitis, exposure to toxins, and fatty liver disease [15].
The etiology of feline HCC is unclear [20, 21]. Recent
studies have correlated feline HCC to hepadnavirus

Fig. 3 Ploidy count per hepatocyte type. Pie graphs display ploidy per cell for normal, peri-tumoral, and neoplastic feline liver. Percentage of diploid
hepatocytes and polyploid hepatocytes are indicated by color. The 6n population in neoplastic tissue may represent an aneuploid population or
inaccurate distribution cutoff between 4n and 8n due to low cell numbers in the > 4n subset. Normal hepatocytes (n = 793 cells), peri-tumoral (n = 343
cells), and neoplastic (n = 743 cells). The ploidy distributions within each cell, among three different cell types, were compared using Kolmogorov-
Smirnov test and normal feline liver polyploidy was significantly greater than peri-tumoral (P< 0.0001) and neoplastic liver ploidy (p < 0.0001)

Fig. 4 Nuclei number per hepatocyte. Mono- or binucleated cells were quantified for normal hepatocytes, peri-tumoral hepatocytes, and neoplastic
hepatocytes (x-axis). The y-axis represents the number of cells with one or more than one nucleus. The number of nuclei per hepatocyte did not differ
significantly between groups (p > 0.05, chi-squared test)
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infection, which bears further investigation [29]. Hepa-
titis B virus, a well-defined cause of human HCC, is a
member of the hepadnavirus family and has been re-
ported to alter hepatocyte ploidy [10, 30]. Future studies
will assess risk factors known to contribute to the devel-
opment of HCC in cats and evaluate hepatocyte ploidy
in a larger number of normal cats [15].

Conclusions
Feline hepatocytes are predominantly mononuclear and
cellular ploidy does not differ significantly between
healthy, peri-tumoral, or neoplastic liver. Normal cat liver
has a significantly greater number of 4n hepatocytes than
cats with HCC. Total hepatocellular polyploidy in normal
cat liver is consistent with values reported in humans, yet
cellular ploidy (nuclei per cell) is greater in humans than
in cats. Tetraploid cat hepatocytes are predominantly
mononuclear. Neoplastic feline liver has a greater number
of mononuclear, diploid hepatocytes than normal liver.
This may be relevant in regards to the hepatocellular
tumorigenesis in cats.

Methods
Sample selection
Feline hepatocellular carcinoma specimens were se-

lected from archival histology libraries at Tufts Univer-
sity, Cummings School of Veterinary Medicine and
Louisiana State University (LSU) School of Veterinary
Medicine, Louisiana Animal Disease Diagnostic Labora-
tory (LADDL). Seven cases were identified (Table 1).
Additionally, 7 sex (3 male, 4 female) and age-matched
(8 to 14 years), control cases with normal hepatic hist-
ology were selected from the LADDL archives. The
formalin-fixed, paraffin-embedded liver specimens were
sectioned and stained with hematoxylin & eosin (H&E).
Slides were reviewed for diagnostic criteria by a veterin-
ary anatomic pathologist (IML). Samples that were mor-
phologically classified as hepatocellular carcinoma were
scored according to the World Health Organization and
the Edmonson and Steiner grading classifications
(Table 1) [31, 32]. Matched controls samples were

deemed free of steatosis and inflammatory cells, which
could influence hepatocellular ploidy.

Immunofluorescence staining protocol
Five µm sections were cut and mounted on charged
slides. Samples were deparaffinized in xylene and serially
rehydrated using a descending gradient of ethanol-water
solutions. Slides were washed in phosphate buffered sa-
line with 0.1 % Triton X-100 (PBST). After citrate buff-
ered antigen retrieval, tissues were blocked with 5 %
normal goat serum at room temperature for one hour.
Tissues were incubated with β-catenin primary antibody
(1:200, Invitrogen Beta-catenin polyclonal antibody;
Carlsbad, CA) in 1 % in normal goat serum at room
temperature for 2 hours, washed with PBST, and incu-
bated with secondary antibody (Biotium CF594 F(ab’) 1:
1000; Fremont, CA) for 1 hour at room temperature.
Hoechst 33,342 (H42) nuclear stain (1ug/mL, Thermo
Scientific) was applied for 20 minutes at room
temperature. After dye incubation, slides were washed
for 5 minutes with PBS. Slides were cover slipped using
the Biotium EverBrite Hardset Mounting Medium (Fre-
mont, CA) and allowed to dry for a minimum of 30 mi-
nutes before microscopic analysis.

Microscopic Analysis
Modeled after Toyoda et al. 2005, slides were examined
using integrated fluorescence microscopy (Zeiss AXIO
Observer Z1, Carl Zeiss, Göttingen, Germany). The Zeiss
Neofluar 40X/0.75 EC plan objective (Fluorescence, high
transmission) was used for all images acquired. The
Zeiss #64 filter set was used to image β-catenin (Excita-
tion:587/25 and Emission: 647/70). Hoechst nuclear im-
aging was performed using Zeiss #34 filter set
(Excitation 390/22 and Emission 460/50). To ensure that
the same cells were not counted twice, slides were read
in a systematic manner, moving from top right to left of
the slide and then on successive descending lines. Each
captured image contained approximately 25 square mm
of surface area. Digital images were collected and
merged with Zen2 software (Zen Pro, Fig. 5).

Table 1 Signalment of cats with hepatocellular carcinoma and tumor grade

Gender Age (years) WHO Grade Edmondson & Steiner Grade

Male neutered 8 Moderately differentiated Grade II

Male neutered 11 Moderately differentiated Grade II

Male neutered 14 Well differentiated Grade I

Female spayed 8 Moderately differentiated Grade II

Female spayed 12 Well differentiated Grade I

Female spayed 13 Poorly differentiated Grade III

Female spayed 18 Moderately differentiated Grade II
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Ploidy measurement
Quantification of cellular ploidy (mono- or binucleate)
was enabled by β-catenin immunofluorescent staining to
outline the plasma membrane. Nuclear ploidy (chromo-
some number per nucleus) was quantified using H42
staining. H42 stoichiometrically binds to the minor
groove of DNA when crosslinking fixatives are used. A
minimum of 100 cells per section were analyzed. Cells
were excluded if they displayed overlapping nuclei or in-
determinate plasma membrane borders.

Statistical analysis
A diploid feline cell contains 38 chromosomes (19

pairs), differing from mice and humans, thus a species
specific intensity distribution was generated. The indi-
vidual nuclear intensities were combined in multinucle-
ated cells to represent the total cellular ploidy.
Measurements from histologically normal feline liver
were compiled and graphed based on intensity per nu-
clei and probability density. The cutoff intensity for cell
ploidy was determined by fitting two Gaussian mixture
with “fitgmist” package from MATLAB ver R2020a. All
other analyses were performed with JMP Pro 15 (SAS
Institute Inc., Cary, NC). The intensity and ploidy distri-
butions within each cell, among three different cell
types, were compared using Kolmogorov-Smirnov test
(Biesterfeld et al. 1994). Nuclei number and cell type
was compared via chi-squared test. P < 0.05 was consid-
ered significant.

Abbreviations
H42: Hoechst 33342.; HCC: Hepatocellular carcinoma.; ms: Milliseconds.;
PBST: Phosphate Buffered Saline + 0.1 % Triton X-100.
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