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Overexpression of MCL-1 in canine csm
hepatocellular carcinoma and its efficacy as
a prognostic marker

Jehun Baek', Jaeho Cho', Hun-kyeong Shin' and Wan Hee Kim'"

Abstract

Background Myeloid cell leukemia-1 (MCL-1)—an anti-apoptotic protein of the B-cell ymphoma 2 family—is
commonly overexpressed in human cancers, promoting tumorigenesis and chemoresistance. Upregulated MCL-1

in human hepatocellular carcinoma (HCC) has been demonstrated in numerous studies, and therapeutic agents
targeting this protein have been assessed. However, its prognostic significance in canine HCC remains unclear. The
objective of this study was to detect MCL-1 protein in canine normal liver tissue and compare its expression level with
that in HCC tissue using western blotting. Immunohistochemistry (IHC) was used to quantify MCL-1 intensity levels

in normal, non-neoplastic hepatic diseases, and HCC tissues, and the differences were assessed. Additionally, the
relevance of MCL-1 immunostaining to various clinical and pathological parameters was evaluated.

Results MCL-1 expression was markedly elevated in HCC tissues relative to normal liver tissues (P=0.029).
Additionally, all 10 normal liver tissues exhibited low IHC expression, which significantly increased as the malignancy
progressed (P<0.001). In the HCC samples, high MCL-1T immunostaining was substantially correlated with metastatic
status (P=0.034) and tumor size (P=0.046). Moreover, survival curve analysis revealed a significant relationship
between upregulated MCL-1 and lower disease-free survival and overall survival rate (P=0.006 and P=0.031,
respectively).

Conclusion MCL-1 expression is increased in canine HCC, and its overexpression significantly correlates to worse
clinical outcomes. Therefore, MCL-1 is considered to be a promising prognostic marker.
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Background

Primary hepatic tumors are uncommon in dogs and
account for <1.5% of reported malignancies. The most
prevalent hepatic neoplasm is hepatocellular carcinoma
(HCC), accounting for up to 77% of all canine primary
hepatobiliary neoplasms [1]. HCC can be classified into
three distinct subtypes: massive, diffuse, and nodular.
Prognosis is contingent on the specific morphologi-
cal subtype [2]. The massive subtype typically has low
metastatic potential and is often amenable to surgical
resection with a favorable prognosis [3]. Conversely, the
diffuse and nodular subtypes are associated with a signif-
icantly high incidence of metastasis, with rates reaching
up to 93%. These subtypes often involve multiple hepatic
lobes, significantly limiting surgical resection as a treat-
ment option [2—4]. Systemic chemotherapy, such as gem-
citabine and carboplatin, was administered to dogs with
unresectable HCC; however, these applications failed to
demonstrate significant survival benefits [5]. Sorafenib
has exhibited significant anti-tumor effects in dogs with
advanced HCC [6]. However, the efficacy of conventional
systemic chemotherapy and other treatments, such as
trans-arterial embolization and radiotherapy, remains
inadequately studied in the veterinary literature, high-
lighting the need for further prospective research.

The apoptotic pathway, which is regulated by intrinsic
and extrinsic pathways, maintains cellular homeostasis,
guides tissue development, and prevents tumorigenesis.
The BCL-2 family mainly controls the intrinsic path-
way [7]. This family is categorized into anti-apoptotic,
Bcl-2 homology (BH) 3-only, and pro-apoptotic proteins
according to their structural and functional properties
[8].

Myeloid cell leukemia-1 (MCL-1) is an anti-apoptotic
protein of the Bcl-2 family [7, 8]. The intrinsic apoptosis
mechanism involves the upregulation of BH3-only pro-
teins that neutralize the anti-apoptotic proteins, includ-
ing MCL-1. This cascade activates pro-apoptotic protein
and stimulates the release of cytochrome ¢ from mito-
chondria by increasing mitochondrial outer membrane
permeability (MOMP) [9]. The released cytochrome c
promotes oligomerization of APAF-1 that recruits pro-
caspase-9 to create apoptosomes. This formation triggers
the autocleavage and activation of caspase-9, resulting in
apoptosis [9, 10]. The MCL-1 protein is essential for cell
survival and serves a pivotal function in liver tissues by
maintaining hepatocellular homeostasis and protecting
hepatocytes from apoptotic processes [11].

Apoptosis resistance is a characteristic of cancer
pathophysiology [12]. MCL-1 has significant oncogenic
potential and is frequently upregulated in various human
cancers, including solid tumors and hematologic malig-
nancies [8, 13—16]. Additionally, MCL-1 overexpression
has been correlated with local recurrence and shorter
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overall survival across multiple cancer patients [13-16].
MCL-1 is upregulated in human HCC tissues, represent-
ing that MCL-1 is a crucial survival parameter in HCC
[17-19]. These findings imply that MCL-1 might be an
effective prognostic indicator and treatment target [10],
and clinical trials are underway investigating the effec-
tiveness of MCL-1 inhibition in cancer treatment [20].
In veterinary studies, enhanced MCL-1 expression was
described in canine mast cell tumor cell lines [21], and
its prognostic significance has been reported in mam-
mary gland tumor (MGT) tissue [22]. However, the role
of MCL-1 in canine HCC has not been identified.

This study assessed the presence of MCL-1 protein in
canine liver tissue using western blotting. Additionally,
we evaluated MCL-1 expression levels in the normal,
non-neoplastic hepatic disease, and HCC tissues using
immunohistochemical analysis. Moreover, we assessed
the association between MCL-1 immunostaining and
clinicopathological parameters to explore the possible
utility of MCL-1 as a prognostic marker. Overall, our
results may serve as a foundation for future research on
developing targeted therapeutics for canine HCC.

Methods

Tissue sampling

Liver tissues were collected from five healthy beagles
residing at the Department of Veterinary Medicine, Seoul
National University as a control group. The health of con-
trol animals was confirmed to be normal through physi-
cal examination, blood tests, radiography, and abdominal
ultrasonography before euthanasia. To minimize pain,
meloxicam (0.2 mg/kg) was administered intravenously
(IV). All dogs were euthanized via 10% potassium chlo-
ride, which was administered under propofol induction
and maintained under general anesthesia with isoflurane.
These dogs were euthanized for reasons independent of
the current study (SNU-200709-4-5); therefore, this did
not affect our results. Two liver samples were aseptically
collected from different liver lobes of each dog using
the guillotine technique. Overall 10 normal liver tis-
sues were fixed with 10% neutral-buffered formalin and
embedded in paraffin blocks. Additionally, four normal
samples were immersed in a liquid nitrogen storage box
and stored at -80 °C immediately. These tissues were con-
firmed to be normal through histopathological examina-
tion using hematoxylin and eosin staining.

Between October 2018 and July 2024, non-neoplastic
hepatic (7 =30) and HCC (n=30) samples were obtained
from 60 client-owned patients who underwent surgical
procedures at the Veterinary Medical Teaching Hospital
of Seoul National University. Half an hour before surgery,
patients were administered cefazolin IV (22 mg/kg). Pre-
medication through constant rate infusion (CRI) of remi-
fentanil-midazolam-ketamine (RMK) complex was then
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applied. Propofol was utilized to induce general anesthe-
sia, and dogs were maintained by isoflurane. RMK CRI
was administered during and after surgery for pain man-
agement. All HCC diagnoses were confirmed according
to the results of histopathological examinations per-
formed at IDEXX Laboratory or the Veterinary Pathol-
ogy Laboratory at Seoul National University. A small
segment of the excised tissues were sampled after sur-
gery. All samples underwent fixation and embedding via
the same procedure as normal tissues for immunohisto-
chemical analysis. For subsequent western blot analysis,
certain HCC tissues were frozen at -80 °C. Patient owners
were aware of the study’s procedures and purposes, and
written consent was provided before participation.

Clinical information was collected on patient sig-
nalment, blood analysis, tumor location, tumor size,
morphological subtype, metastasis status, and local
recurrence. The canine liver lobes were divided into three
primary divisions. The left division consists of the left
lateral and medial lobes. The right division is composed
of the right lateral and caudate lobes, whereas the quad-
rate and the right medial lobes comprise the central divi-
sion [23]. Hepatic tumors are classified into the following
morphological subtypes. The massive type is defined by
a large single mass localized within one liver lobe, occa-
sionally metastasizing to other lobes. The nodular type is
marked by multiple nodules in numerous liver lobes. The
diffuse hepatic tumors may involve widespread neoplas-
tic nodules throughout entire hepatic lobes or extensive
infiltration of liver parenchyma [2]. All dogs underwent
radiology and ultrasound or computed tomography.
Dogs with other pre-existing malignancies or confirmed
metastasis before surgery were excluded. The Seoul
National University Institutional Animal Care and Use
Committee ethically approved the study protocol and
procedures (SNU-240311-2).

Western blotting

For Western blot analysis, four paired samples of nor-
mal and HCC tissues with sufficient protein preservation
were selected to reflect variation in tumor size and meta-
static status. Proteins were homogenized and extracted
with RIPA buffer (Thermo Fisher Scientific), which is
combined with protease inhibitor (Sigma-Aldrich).
Quantification of the proteins was performed by the
BCA Protein Assay Kit (Bio-rad). Protein samples (30 pg)
were combined with 4X Laemmli’s sodium dodecyl sul-
fate (SDS) sample buffer (GenDEPOT) and heated at
95 °C for 5 min for denaturation. SDS-polyacrylamide gel
(10%; SMOBIO Technology) separated equal amounts of
denatured proteins, which were subsequently transferred
to a polyvinylidene difluoride membrane (GenDEPOT,
0.45 um). After treating the membranes with 5% skim
milk for 1 h, they were reacted with the primary antibody
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overnight at 4 °C. Rabbit polyclonal anti-MCL-1 antibody
(1:1500 dilution, Abcam, #ab28147) and mouse monoclo-
nal anti-p-tubulin antibody (1:3000 dilution, Santa Cruz
Biotechnology, #sc-166729) were used as the primary
antibodies. Subsequently, the membranes were incubated
with the following secondary antibodies—anti-rabbit IgG
horseradish peroxidase (HRP)-linked antibody (1:3000
dilution, Cell Signaling Technology, #7074) for MCL-1
and anti-mouse IgG HRP-linked antibody (1:3000 dilu-
tion, Cell Signaling Technology, #7076) for -tubulin—at
room temperature for 1 h. The ECL reagent (Advansta)
was employed for protein detection, and ImageQuant
LAS 4000 mini (GE Healthcare Biosciences) was used to
capture the images (see Additional file 1).

Immunohistochemistry

A microtome (Leica Microtome HM355S) was used to
section paraffin-embedded tissues into 3 pm slices. Sec-
tioned tissues were incubated at 60 °C and deparaffinized
twice with xylene for 5 min each. Tissue sections were
rehydrated using an ethanol series (100%, 100%, 90%,
80%, and 70%) and phosphate-buffered saline (PBS), with
each step lasting 5 min. Antigen retrieval was conducted
using 10 mM citric acid buffer (pH 6.0) in 2100-antigen
retriever (PickCell Laboratories) for 20 min. To prevent
the activity of endogenous peroxidase, tissue sections
were treated with hydrogen peroxide (3%) for 30 min.
Normal goat serum (10%; Abcam, #ab7481) was used on
the sections for 20 min. Subsequently, they were exposed
to rabbit polyclonal anti-MCL-1 antibody (1:700 dilu-
tion, Abcam, #ab28147) in a moist environment over-
night at 4 °C. Negative control tissue was treated with a
rabbit IgG isotype control (1:700 dilution, Cell Signaling
Technology, #3900) to exclude the non-specific activity of
the secondary antibodies. As a positive control, we used
a canine MGT sample [22]. Sections were treated with
a biotinylated goat anti-rabbit IgG secondary antibody
(Abcam, #ab64256) and incubated for 10 min at room
temperature. This was further incubated with streptav-
idin-HRP (Abcam, #ab64269) for 10 min under similar
conditions. They were then processed using a 3.3’-diami-
nobenzidine (DAB substrate kit, Abcam, #ab64238) for
5 min to enable visualization of the antigen. Using May-
er’s hematoxylin solution, the slides were counterstained.
Dehydration through an ethanol series (90%, 100%, and
100%) and cleared with xylene twice. PBS washes were
performed between each step of the procedure. An
Olympus microscope (BX50F4) equipped with a Tucsen
digital camera (FL-20) was used to examine and capture
images of the stained slides.

Quantification of immunostaining
MCL-1 expression was assessed semiquantitatively by
multiplying the immunostaining proportion and intensity
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scores. These scores were assessed using the MCL-1
scoring criteria documented for canine MGT [22]. Stain-
ing intensity was classified as 0 (negative), 1 (weak), 2
(moderate), and 3 (strong). Stained cell proportion was
quantified by evaluating a minimum of five individual
high-power fields, analyzing over 1000 cells to assign the
corresponding intensity level accurately. The final his-
toscore (maximum score: 300) was calculated using the
following formula: (0 x % negatively stained cells) + (1 x
% weakly stained cells) + (2 x % moderately stained cells)
+ (3 x % strongly stained cells). The receiver operating
characteristic curve was employed to obtain the optimal
cut-off score. The score for classifying MCL-1 expres-
sion as high or low was precisely determined to be 187,
which maximized diagnostic accuracy with a sensitiv-
ity of 0.7 and specificity of 0.825. Two observers (Jehun
Baek and Jaeho Cho) independently assessed the scores
with the histoscores anonymized. The intraclass cor-
relation coefficient was used to quantify interobserver

Table 1 Summary of signalment data

Normal Non-neoplastic Hepatocellu-
(n=5) hepatic disease (n=30) lar carcinoma
(n=30)
Median 1 11(6-15) 12,5 (6-17)
age
(range)
Sex (n)
Female 0 2 2
Spayed 0 12 12
female
Male 5 2 1
Cas- 0 14 15
trated
male
Breeds Beagle (5) Maltese (9) Maltese (8)
(n) Toy poodle (6) Toy poodle (4)
Shih-Tzu (3) Shih-Tzu (4)
Mixed (3) Mixed (4)
Yorkshire terrier (3) Schnauzer (2)
Pomeranian (1) Pomeranian (2)
Alaskan malamute (1) Spitz (1)
Labrador Retriever (1) Cocker spaniel (1)
Bichon Frise (1) Scottish terrier (1)
Spitz (1) Yorkshire terrier (1)
Dachshund (1) French bulldog (1)
Beagle (1)
Histol- - Inflammation (17) -
ogy (n) - Vacuolar hepatopathy (11)
- Other (2) -
Mor- - - Massive (25)
pho- - - Nodular (4)
logical - Diffuse (1)
subtype

(n)
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agreement, which was > 0.9, indicating high consistency
of assessment.

Follow-up data

All patients returned for follow-up within 14 days of sur-
gery and continued to be monitored every 3 to 6 months
thereafter, depending on the circumstances. Physical
examination, radiography, and abdominal ultrasound
were conducted to check for metastasis and recurrence.
Additional diagnostic tests, such as computed tomogra-
phy, fine-needle aspiration, and biopsy were performed if
necessary.

Statistical analysis

The significant difference between the relative MCL-1
levels in normal and tumor tissues, measured based on
western blot analysis, was evaluated using the Mann—
Whitney U test. A linear-by-linear association test was
performed to assess the association between MCL-1
immunostaining level and liver tissue types: normal,
non-neoplastic hepatic disease, and HCC. The cor-
relation between clinicopathological parameters and
MCL-1 expression was assessed using Fisher’s exact
and chi-square tests. Age normality was evaluated using
the Shapiro—Wilk and Kolmogorov—Smirnov tests. As
the results satisfied the normality, Student’s ¢-test com-
pared variables according to the MCL-1 immunostaining
result. Kaplan—Meier curve was generated and analyzed
to assess disease-free survival (DFS) and overall survival
(OS), with comparisons performed with the log-rank test.
The definition of DFS was the duration between the first
surgery and the onset of either metastasis or recurrence.
Cases were right-censored if they were lost to follow-up
or died, and if there was no evidence of metastasis or
recurrence. The period from the first surgical resection
to death resulting from HCC was described as OS. In the
OS analysis, dogs were considered right-censored if they
died from unrelated causes, were alive at the study’s end-
point, or did not participate in follow-up. Multivariate
Cox proportional hazards regression analysis was per-
formed to assess the prognostic value of MCL-1 expres-
sion while adjusting for potential confounding effects
of other clinicopathological variables. Statistical analy-
sis was performed using SPSS (v.29.0, IBM Corp.) and
GraphPad Prism 8 software (GraphPad, Inc.). Signifi-
cance was set at P<0.05.

Results

Clinical and histological data

This study included 65 dogs. The signalment and histo-
logical type of each tissue are summarized in Table 1.
According to the World Small Animal Veterinary Asso-
ciation, non-neoplastic hepatic disease tissues can be
classified into three categories: inflammatory lesions,
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reversible hepatocellular injury (vacuolar hepatopathy),
and other pathological conditions, as determined by his-
topathological assessment [24]. The HCC samples were
further categorized into morphologic subtypes, showing
that the massive subtype (n=25) was the most prevalent.
The predominant breed was Maltese (n=17).

MCL-1 expression in normal liver and HCC tissues

Western blotting

MCL-1 expression (approximately 37 kDa) was con-
firmed in normal liver and HCC tissues, indicating the
cross-reactivity of the antibody with canine liver tissue
(Fig. 1A). B-Tubulin served as the loading control. For
each sample, the band intensity of MCL-1 was quanti-
fied by densitometry and normalized to the correspond-
ing B-tubulin band. The resulting MCL-1/f-tubulin ratios
were averaged to establish a reference value, and relative
fold changes were calculated by dividing each ratio by
this baseline. This quantitative approach demonstrated
a consistent and statistically significant upregulation of

A)

N1 N2 N3 N4

MCL-1

p-tubulin
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MCL-1 in HCC tissues compared to normal controls
(P=0.029) (Fig. 1B).

Immunohistochemistry (IHC)

MCL-1 immunostaining was primarily detected in hepa-
tocyte cytoplasm. As illustrated in Fig. 2A, B, MCL-1
was prominently expressed in HCC tissues. All 10 nor-
mal canine gland tissues exhibited low MCL-1 immunos-
taining (Fig. 2C). Immunostaining was more significant
in non-neoplastic hepatic tissues than in normal tissues;
however, the staining intensity was significantly lower
than that observed in the HCC tissues. (Fig. 2A-D). High
MCL-1 expression was noted in a remarkably high per-
centage of HCC tissues, and the proportion of high
MCL-1 expression markedly increased as carcinogenicity
progressed (P<0.001) (Table 2).

In the positive control, immunoreactivity was localized
in the epithelial cells of the canine MGT (Fig. 2E) [22].
In contrast, negative controls using normal liver tissue
showed no significant immunostaining (Fig. 2F).

T1 T2 T3 T4

..._.__.._---.&' 37 kDa

S5 kDa

-

B)
10

l—l—l—{]:
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1
NANNN
MMNN
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Relative MCL-1 expression

0 i T I
Control

I—
”~

1CC

Fig. 1 Comparison of MCL-1 expression in four normal and four HCC tissues. (A) Western blot analysis of MCL-1 protein (approximately 37 kDa) in normal
and HCC tissues. B-tubulin (55 kDa) was used as the loading control. (B) Quantification of MCL-1 proteins was standardized relative to the control group.
The mean + standard error of quantitative data obtained from four tissues per group. (* P<0.05). Full-length blots are presented in Supplementary Fig. 1.
Abbreviations: N, normal; T, tumor; HCC, hepatocellular carcinoma; MCL-1, myeloid Cell Leukemia-1
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Fig. 2 MCL-1 immunoreactivity in canine representative liver tissues. (A, B) HCC tissues demonstrating high MCL-1 immunostaining. (C) Non-neoplastic
hepatic disease tissue demonstrating low MCL-1 immunostaining. (D) Normal canine liver tissue. (E) Positive control; MCL-1 expression in canine MGT
tissue. (F) Negative control; no specificimmunostaining was detected in normal liver tissue. (A-F: 400X magnification). Abbreviations: MCL-1, myeloid Cell
Leukemia-1; HCC, hepatocellular carcinoma; MGT, mammary gland tumor

Table 2 MCL-1 expression in normal livers, non-neoplastic hepatic diseases, and HCC

Normal liver tissue Non-neoplastic hepatic diseases Hepatocellular carcinoma P-value
n=10 n=30 n=30
n (%) n (%) n (%)
MCL-1 expression
Low 10 (100) 23(77) 9(30) P<0.001*
High 0(0) 7(23) 21 (70)

*Linear association test indicating a significant difference between tissue carcinogenicity and the expression level of MCL-1 (P<0.05). Low vs. high was divided by
the cut-off value obtained through the ROC curve
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Correlation of clinicopathological parameters and MCL-1
expression

Associations between MCL-1 expression and clini-
copathological factors of HCC tissues are outlined in
Table 3. The median age of dogs with high MCL-1 was 13
years, which is comparable to that of dogs with low MCL-
1, whose median age was 11 years. No significant age-
related differences were observed in MCL-1 expression
levels (P=0.898). In the HCC group, enhanced MCL-1
expression showed a positive correlation with tumor
size>5 cm (P=0.046) and tumor metastasis (P=0.034),
which were documented as a poor prognosis [3, 25].
However, high MCL-1 expression did not demonstrate
significant associations with well-established prognostic

Table 3 Association of clinicopathological parameters and
MCL-1 expression

Number of MCL-1 P-value
tissues expression
Low High
Hepatocellular carcinoma
Median age (range) 30 11 13 P=0.197
9-13)  (6-17)
Subtypes P=0.276
Massive 25 9 16
Nodular 4 0 4
Diffuse 1 0 1
Tumor location P=0.146
Left 16 7 9
Central 9 2 7
Right 5 0 5
Size of tumor P=0046"
<5cm 9 5 4
>5cm 21 4 17
Blood analysis P=0.109
ALT
Normal 5 3 2
High 25 6 19
AST P=0.936
Normal 17 5 12
High 13 4 9
ALP P=0.120
Normal 1 1 0
High 29 8 21
GGT P=0.690
Normal 15 5 10
High 15 4 M
Metastasis P=0034"
Yes 12 1 11
No 18 8 10
Hepatic disease
Vacuolar hepatopathy 11 10 1 P=0.200
Inflammation 17 11 6
Others 2 2 0

*Chi-square test indicating significant relevance of high MCL-1 immunostaining
and clinicopathological parameters (P<0.05)
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factors, including tumor location and liver enzyme level
(ALT and AST) [3].

Survival curve

In this study of 30 patients with HCC, 18 died because
of malignancy by the end of the study. The patients were
divided into two groups—9 with low and 21 with high
MCL-1 expression. Subsequently, Kaplan—Meier sur-
vival analysis with log-rank test was performed to evalu-
ate the association between MCL-1 expression level and
both OS and DEFS. In the DFS analysis, eight dogs (89%)
with low MCL-1 expression and 10 dogs (48%) with high
MCL-1 expression were censored. In the OS analysis,
six dogs (67%) with low MCL-1 expression and six dogs
(29%) with high MCL-1 expression were censored. The
survival curves demonstrated that overexpressed MCL-1
had significantly shorter median DES (P=0.006) and OS
(P=0.031) (Fig. 3). The median DFS and OS in the group
with high MCL-1 were 20 and 24 months, respectively.
To further determine whether MCL-1 expression inde-
pendently influenced prognosis, a multivariate Cox pro-
portional hazards regression analysis was conducted.
High MCL-1 expression was identified as a significant
independent factor of poor overall survival (HR =5.853,
95% CI: 1.068-32.048, P=0.042) (Table 4).

Discussion

This study aimed to demonstrate that MCL-1 is over-
expressed in canine HCC compared to normal and
non-neoplastic hepatic disease tissues and investigate
the association between enhanced MCL-1 expres-
sion and poor prognosis in HCC dogs. MCL-1 exists as
multiple isoforms produced through alternative splic-
ing, including MCL-1 L, MCL-1ES, and MCL-1 S [26,
27]. MCL-1 L, a significant anti-apoptotic isoform, is
composed of 350 amino acids and includes all four BH
domains, including BH1 and BH2, which are required to
form the BH3-binding pocket. This structural configura-
tion enables MCL-1 L to inhibit pro-apoptotic proteins,
thereby facilitating cell survival [26, 28]. In this study,
western blot analysis detected an immunoreactive band
at approximately 37 kDa in normal canine liver tissues
(Fig. 1A), consistent with the calculated molecular weight
of 37.2 kDa for MCL-1 L [26, 27]. This finding supports
the presence of the anti-apoptotic MCL-1 L isoform in
the liver tissue, consistent with its role in regulating the
apoptosis pathway.

Immunohistochemical studies have demonstrated
that MCL-1 is observed in multiple normal human tis-
sues, including hepatocytes [29] and in normal canine
liver cells [30]. Although the precise MCL-1 function in
liver tissue remains unclear, it is recognized as a signifi-
cant factor in maintaining hepatocyte homeostasis and
protecting hepatocytes from apoptotic pathways [11].
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B) Overall survival *P=0.031
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Fig. 3 Kaplan—-Meier curves for (A) disease-free survival and (B) overall survival in 30 HCC dogs based on MCL-1 immunostaining expression. The high
MCL-1 expression group showed worse outcomes than the low MCL-1 expression group (P=0.006 for DFS; P=0.031 for OS). Abbreviations: MCL-1, my-

eloid Cell Leukemia-1; HCC, hepatocellular carcinoma

Table 4 Association of MCL-1 expression, tumor size, and
metastasis with overall survival in HCC dogs: multivariate Cox
proportional hazards regression

Variable Hazard 95% Confi- P-value
Ratio dence Interval
(HR)
MCI-1 (High vs. Low) 5.853 1.069-32.051 P=0042"
Tumor size (>5cm 0457 0.143-1.458 P=0.186
vs.<5cm)
Metastasis (Yes vs. No) 1.104 0.402-3.029 P=0.848

Note: Low MCL-1 expression, tumor size <5 cm, and no metastasis were used as
reference categories in the analysis

MCL-1 immunostaining was localized in the cytoplasm
of canine liver tissue, which is consistent with a previous
study demonstrating a granular pattern associated with
intracellular organelles [19]. This cytoplasmic distribu-
tion aligns with its role in the mitochondrial membrane,
where it inhibits MOMP to prevent apoptosis by inter-
acting with apoptotic proteins (BAX and BAK) [8].
Unregulated apoptosis is a significant factor in cancer
progression [14]. Cancer cells often exploit MCL-1 upreg-
ulation to evade cell death by neutralizing pro-apoptotic
proteins to facilitate mitochondrial stabilization and
enhance cell survival [26]. Our study demonstrated that
MCL-1 intensity is significantly stronger in canine HCC
tissues, indicating an association between MCL-1 upreg-
ulation and HCC progression [10]. Similarly, the immu-
nostaining scores of MCL-1 were substantially higher
in canine HCC tissues than those in normal and non-
neoplastic hepatic disease tissues. These results align
with previous reports in human HCC, where MCL-1
expression was more prominent in HCC tissues than in
non-tumorous liver tissues [17-19]. Peyron et al. [31]
reported that in dogs, alterations in mitochondrial ultra-
structure, metabolism, and keratin filaments in vacuolar

hepatopathy-affected livers. Comparable structural and
metabolic liver alterations have been observed in humans
with nonalcoholic steatohepatitis, a well-known risk fac-
tor for HCC [32]. Vacuolar hepatopathy in Scottish terri-
ers can be associated with HCC development [33]. This
indicates that vacuolar hepatopathy-related conditions in
dogs may increase the risk of HCC development. Addi-
tionally, although rare, the advancement of chronic hepa-
titis in dogs to later stages may be associated with HCC
onset [34]. In this study, tissue immunostaining inten-
sity demonstrated an increasing pattern, with the lowest
expression levels observed in normal tissues, followed
by non-neoplastic disease tissues, and the highest levels
in HCC. Therefore, progressive enhancement in MCL-1
expression may be linked to tissue carcinogenesis. In
human HCC, MCL-1 expression is regulated by the
phosphoinositide 3-kinase (PI3K) pathway [17, 19]. PI3K
expression is significantly enhanced in HCC tumor tis-
sues and is associated with enhanced tumor proliferation
and reduced apoptosis. Additionally, HCC patients with
high PI3K expression are associated with a worse prog-
nosis [35]. PI3K inhibition results in a rapid reduction
in MCL-1 levels [19], indicating a positive correlation
between enhanced PI3K expression and MCL-1 overex-
pression in HCC. A comparable pathway may be involved
in the progression of canine HCC; however, additional
studies are required to elucidate the precise mechanism
of MCL-1.

Here, we demonstrated that high MCL-1 expression
was correlated with metastasis and tumor size, which
are prognostic markers of canine HCC. Tumor diam-
eter>5 cm and the presence of metastasis are associated
with significantly worse outcomes [3, 25]. A high MCL-1
expression in canine MGT has been associated with
larger tumor size and metastasis [22]. This relationship
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can be attributed to the function of MCL-1 overactiva-
tion in inhibiting the apoptosis process. Additionally, we
demonstrated that elevated MCL-1 immunostaining is
associated with worse survival rates. Notably, multivari-
ate Cox regression analysis confirmed that high MCL-1
expression was a significant independent prognostic
factor, even after adjusting for tumor size and metasta-
sis. This finding underscores the prognostic relevance of
MCL-1 beyond its correlation with other clinical vari-
ables. MCL-1 overexpression in humans is correlated
to poor prognosis in numerous cancers, such as gastric
cancer, lung cancer, and hematological malignancies
[13-16]. Based on these findings, our study proposes that
MCL-1 protein can be used as a novel prognostic marker
in canine HCC.

Sorafenib is an FDA-approved compound used to
treat advanced HCC in humans [36]. Although it is best
known as a multi-kinase inhibitor, studies have demon-
strated that it inhibits protein translation, resulting in
the downregulation of MCL-1 expression in HCC cell
lines [37, 38]. Similarly, Sorafenib has been used to treat
unresectable HCC in canine patients [6]. Our study dem-
onstrated that canine HCC exhibits enhanced MCL-1
expression. Because Sorafenib can effectively reduce
MCL-1 expression, our findings may provide additional
evidence that Sorafenib can be a potential treatment
option for advanced canine HCC. However, further
research is required to confirm its role in regulating
MCL-1 expression in canine HCC. Additionally, thera-
peutic approaches that target MCL-1 are being explored
across various cancers, including HCC [10, 20]. Specifi-
cally, combining MCL-1 inhibitors with other chemo-
therapeutic regimens can potentially overcome intrinsic
apoptosis resistance, enabling more precise, biomarker-
driven treatment approaches [10, 20]. Consistent with
human studies, MCL-1 may be a valuable therapeutic
target in canine HCC. The present study may serve as an
initial step in validating the MCL-1-associated mecha-
nisms and potential therapies.

This study is limited by the relatively small number of
canine HCC samples. In particular, only four representa-
tive samples of normal and HCC tissues were included in
the Western blot analysis due to the limited availability
of fresh-frozen tissues with sufficient protein integrity.
These samples were carefully selected to reflect clinical
heterogeneity, including tumor size and the presence or
absence of metastasis, to ensure representative coverage
despite the small number. The limited sample size also
prevented a robust evaluation of significant associations
between MCL-1 expression and documented prognos-
tic factors, including age, liver enzyme levels (ALT and
AST), subtypes, and tumor location [3, 39]. Future stud-
ies should include a larger number of high-quality, fresh-
frozen samples for Western blot analysis to improve the
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reliability of quantitative protein expression data and
to further validate the role of MCL-1 in canine HCC.
Obtaining samples for nodular or diffuse subtypes has
also been challenging because the main operable subtype
of HCC is the massive form. Nevertheless, a recent study
demonstrated that there was no significant difference in
prognosis based on morphological subtype [40]. Incorpo-
rating a broader spectrum of morphological subtypes in
future studies will be crucial for enhancing the external
validity of findings and facilitating a more comprehensive
and multi-perspective analysis.

Conclusions

We confirmed the presence of MCL-1 protein in canine
liver tissue using IHC and western blot analysis. HCC
tissues exhibited significantly higher MCL-1 expression
than normal canine liver tissues and tissues from non-
neoplastic hepatic disease. Higher MCL-1 expression was
significantly associated with metastasis and tumor size.
Finally, upregulated MCL-1 expression had poor survival
outcomes. These findings suggest new possibilities for
MCL-1 to be used as a useful diagnostic and prognostic
marker. However, further research is required to clarify
the role of MCL-1 in the progression of canine HCC.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/512917-025-04798-6.

[ Supplementary Material 1 J

Acknowledgements
This study was partially supported by the Research Institute for Veterinary
Science, Seoul National University.

Author contributions

Conception and design of the study: JHB, JHC, HKS, and WHK; data collection,
methodology, and analysis: JHB, JHC, HKS, and WHK; investigation: JHB and
WHK; supervision: WHK; visualization: JHB; The first draft of the manuscript:
JHB; Review and editing of the manuscript: JHB and WHK. All authors have
approved the final manuscript.

Funding
Not applicable.

Data availability
The data used in this study are available from the corresponding author upon
reasonable request.

Declarations

Ethics approval and consent to participate

The study protocol was reviewed and approved by the Institutional Animal
Care and Use Committee of Seoul National University (SNU-240311-2). The
study’s purpose and objectives were explained to the dog's owners, and
informed consent was obtained. All procedures and reporting of animal
experiments were conducted following ARRIVE 2.0 and relevant regulations.

Consent for publication
Not applicable.


https://doi.org/10.1186/s12917-025-04798-6
https://doi.org/10.1186/s12917-025-04798-6

Baek et al. BMC Veterinary Research

(2025) 21:349

Competing interests
The authors declare no competing interests.

Received: 16 December 2024 / Accepted: 29 April 2025
Published online: 16 May 2025

References

1.

Liptak JM. Hepatobiliary tumors. In: Withrow & MacEwen’s Small animal clini-
cal oncology 6. ed. Vail DM, Thamm DH, Liptak JM, editors.St. Louis. Elsevier
Saunders. 2020. pp. 454-60.

Patnaik AK, Hurvitz Al, Lieberman PH. Canine hepatic neoplasms: a clinico-
pathologic study. Vet Pathol. 1980;17(5):553-64. https://doi.org/10.1177/0300
98588001700504.

Liptak JM, Dernell WS, Monnet E, Powers BE, Bachand AM, Kenney JG, et al.
Massive hepatocellular carcinoma in dogs: 48 cases (1992-2002). J Am Vet
Med Assoc. 2004;225(8):1225-30. https://doi.org/10.2460/javma.2004.225.122
5.

Patnaik AK, Hurvitz Al, Lieberman P, Johnson GP. Canine hepatocellular carci-
noma. Vet Pathol. 1981;18(4):427-38. https://doi.org/10.1177/0300985881018
00402.

Dominguez PA, Dervisis NG, Cadile CD, Sarbu L, Kitchell BE. Combined gem-
citabine and carboplatin therapy for carcinomas in dogs. J Vet Intern Med.
2009;23(1):130-7. https://doi.org/10.1111/j.1939-1676.2008.0248 x.
Marconato L, Sabattini S, Marisi G, Rossi F, Leone VF, Casadei-Gardini A.
Sorafenib for the treatment of unresectable hepatocellular carcinoma:
preliminary toxicity and activity data in dogs. Cancers. 2020;12(5):1272. https:
//doi.org/10.3390/cancers12051272.

Singh R, Letai A, Sarosiek K. Regulation of apoptosis in health and disease: the
balancing act of BCL-2 family proteins. Nat Rev Mol Cell Biol. 2019;20(3):175-
93. https://doi.org/10.1038/541580-018-0089-8.

Wang H, Guo M, Wei H, Chen Y. Targeting MCL-1 in cancer: current status and
perspectives. J Hematol Oncol. 2021;14(1):67. https://doi.org/10.1186/51304
5-021-01079-1.

Galluzzi L, Vitale |, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al.
Molecular mechanisms of cell death: recommendations of the nomenclature
committee on cell death 2018. Cell Death Differ. 2018;25(3):486-541. https://
doi.org/10.1038/541418-017-0012-4.

Michalski M, Bauer M, Walz F, Timen D, Heumann P, Stockert P et al.
Simultaneous Inhibition of Mcl-1 and Bcl-2 induces synergistic cell death in
hepatocellular carcinoma. Biomedicines. 2023;11(6):1666. https://doi.org/10.3
390/biomedicines11061666.

Vick B, Weber A, Urbanik T, Maass T, Teufel A, Krammer PH, et al. Knockout

of myeloid cell leukemia-1 induces liver damage and increases apoptosis
susceptibility of murine hepatocytes. Hepatology. 2009;49(2):627-36. https://
doi.org/10.1002/hep.22664.

Hanahan D. Hallmarks of cancer: new dimensions. Cancer Discov.
2022;12(1):31-46. https://doi.org/10.1158/2159-8290.CD-21-1059.

Maeta Y, Tsujitani S, Matsumoto S, Yamaguchi K, Tatebe S, Kondo A, et al.
Expression of Mcl-1 and p53 proteins predicts the survival of patients with T3
gastric carcinoma. Gastric Cancer. 2004;7(2):78-84. https://doi.org/10.1007/51
0120-004-0272-9.

Wen Q, Zhan Y, Zheng H, Zang H, Luo J, Zhang Y, et al. Elevated expression of
mcl-1 inhibits apoptosis and predicts poor prognosis in patients with surgi-
cally resected non-small cell lung cancer. Diagn Pathol. 2019;14(1):108. https./
/doi.org/10.1186/513000-019-0884-3.

Pepper C, Thet Thet Lin, Pratt G, Saman Hewamana, Brennan P, Hiller L et al.
Mcl-1 expression has in vitro and in vivo significance in chronic lympho-
cytic leukemia and is associated with other poor prognostic markers.
2008;112(9):3807-17. https://doi.org/10.1182/blood-2008-05-157131
Wuilleme-Toumi S, Robillard N, Gomez P, Moreau P, Le Gouill S, Avet-Loiseau
H, et al. Mcl-1 is overexpressed in multiple myeloma and associated with
relapse and shorter survival. Leukemia. 2005;19(7):1248-52. https://doi.org/1
0.1038/sj.leu.2403784.

Yu Q, Liu ZY, Chen Q, Lin J. Mcl-1 as a potential therapeutic target for human
hepatocelluar carcinoma. J Huazhong Univ Sci Technol [Medical Sciences].
2016,36(4):494-500. https://doi.org/10.1007/511596-016-1614-7.

Sieghart W, Losert D, Strommer S, Cejka D, Schmid K, Rasoul-Rockenschaub S,
et al. Mcl-1 overexpression in hepatocellular carcinoma: A potential target for
antisense therapy. J Hepatol. 2006;44(1):151-7. https://doi.org/10.1016/jjhep.
2005.09.010.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 10 of 11

Fleischer B, Henning Schulze-Bergkamen, Schuchmann M, Weber A, Biester-
feld S, Maller M, et al. Mcl-1 is an anti-apoptotic factor for human hepatocel-
lular carcinoma. Int J Oncol. 2006;28(1):25-32. https://doi.org/10.3892/ij0.28.1
25.

Bolomsky A, Vogler M, Kése MC, Heckman CA, Ehx G, Ludwig H, et al. MCL-1
inhibitors, fast-lane development of a new class of anti-cancer agents. J
Hematol Oncol. 2020;13(1):1-19. https://doi.org/10.1186/513045-020-0100
7-9.

Yosuke AMAGAI, TANAKA A, MATSUDA A, Kumiko OIDA, JUNG K, NISHIKAWA
S, etal. Increased expression of the antiapoptotic protein MCL1 in canine
mast cell tumors. J Vet Med Sci. 2013;75(7):971-4. https://doi.org/10.1292/jv
ms.13-0025.

Cho J, Chung H, Lee S, Kim WH. Evaluation of MCL-1 as a prognostic factor in
canine mammary gland tumors. PLoS ONE. 2024;19(7):e0306398. https://doi.
0rg/10.1371/journal.pone.0306398.

Sleight DR, Thomford NR. Gross anatomy of the blood supply and biliary
drainage of the canine liver. Anat Rec. 1970;166(2):153-60. https://doi.org/10.
1002/ar.1091660204.

van den Ingh TS, Van Winkle T, Cullen JM, Charles JA, Desmet VJ. Morpho-
logical classification of parenchymal disorders of the canine and feline liver.
WSAVA standards for clinical and histological diagnosis of canine and feline
liver disease. 2006. pp. 77-101.

Vatnikov Y, Vilkovysky I, Kulikov E, Popova |, Khairova N, Aleksey G, et al. Size of
canine hepatocellular carcinoma as an adverse prognostic factor for surgery.
J Adv Veterinary Anim Res. 2020;7(1):127-32. https://doi.org/10.5455/javar.20
209401,

Senichkin WV, Streletskaia AY, Zhivotovsky B, Kopeina GS. Molecular compre-
hension of Mcl-1: from gene structure to Cancer therapy. Trends Cell Biol.
2019;29(7):549-62. https://doi.org/10.1016/j.tcb.2019.03.004.

Mittal P, Singh S, Sinha R, Shrivastava A, Singh A, Singh IK. Myeloid cell leuke-
mia 1 (MCL-1): structural characteristics and application in cancer therapy. Int
J Biol Macromol. 2021;187:999-1018. https://doi.org/10.1016/j.ijbiomac.2021.
07.166.

Sancho M, Leiva D, Lucendo E, Orzéez M. Understanding MCL1: from

cellular function and regulation to Pharmacological Inhibition. FEBS J.
2021,289(20):6209-34. https://doi.org/10.1111/febs.16136.

Krajewski S, Bodrug S, Krajewska M, Shabaik A, Gascoyne R, Berean K; et

al. Immunohistochemical analysis of Mcl-1 protein in human tissues. Dif-
ferential regulation of Mcl-1 and Bcl-2 protein production suggests a unique
role for Mcl-1 in control of programmed cell death in vivo. Am J Pathol.
1995;146(6):1309-19. PMID: 7778670.

Zeller S. Selection of antibodies for immunohistochemical detection of Bcl-2
family members in dogs and immunohistochemical expression pattern

of Mcl-1 and Bcl-x in canine normal organs and lymphomas. University of
Zurich; 2009.

Peyron C, Chevallier M, Lecoindre P, Pagnon A. Clinical, blood biochemical
and hepatic histological data in 49 French Scottish terriers dogs according to
their plasma ALP activity, hepatic vacuolation and the presence or absence
of hepatocellular carcinoma. Revue Méd Vét. 2014;165(7):7-8.

Fingas CD, Best J, Sowa JP, Canbay A. Epidemiology of nonalcoholic steato-
hepatitis and hepatocellular carcinoma. Clin Liver Disease. 2016;8(5):119-22.
https://doi.org/10.1002/cld.585.

Cortright CC, Center SA, Randolph JF, McDonough SP, Fecteau KA, Warner KL,
et al. Clinical features of progressive vacuolar hepatopathy in Scottish terriers
with and without hepatocellular carcinoma: 114 cases (1980-2013). J Am Vet
Med Assoc. 2014;245(7):797-808. https://doi.org/10.2460/javma.245.7.797.
Trigo FJ, Thompson H, Breeze RG, Nash AS. The pathology of liver tumours in
the dog. J Comp Pathol. 1982;92(1):21-39. https://doi.org/10.1016/0021-9975
(82)90040-8.

Tian LY, Smit DJ, Jiicker M. The role of PI3K/AKT/mTOR signaling in hepatocel-
lular carcinoma metabolism. Int J Mol Sci. 2023,24(3):2652. https://doi.org/10.
3390/ijms24032652.

Furuse J. Sorafenib for the treatment of unresectable hepatocellular carci-
noma. Biologics: Targets Therapy. 2008;2(4):779-88. https://doi.org/10.2147/b
tt.s3410.

Liu L, Cao'Y, Chen C, Zhang X, McNabola A, Wilkie D, et al. Sorafenib blocks
the RAF/MEK/ERK pathway, inhibits tumor angiogenesis, and induces tumor
cell apoptosis in hepatocellular carcinoma model PLC/PRF/5. Cancer Res.
2006;66(24):11851-8. https://doi.org/10.1158/0008-5472.can-06-1377.
Rahmani M, Davis EM, Bauer C, Dent P, Grant S. Apoptosis induced by

the kinase inhibitor BAY 43-9006 in human leukemia cells involves


https://doi.org/10.1177/030098588001700504
https://doi.org/10.1177/030098588001700504
https://doi.org/10.2460/javma.2004.225.1225
https://doi.org/10.2460/javma.2004.225.1225
https://doi.org/10.1177/030098588101800402
https://doi.org/10.1177/030098588101800402
https://doi.org/10.1111/j.1939-1676.2008.0248.x
https://doi.org/10.3390/cancers12051272
https://doi.org/10.3390/cancers12051272
https://doi.org/10.1038/s41580-018-0089-8
https://doi.org/10.1186/s13045-021-01079-1
https://doi.org/10.1186/s13045-021-01079-1
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.3390/biomedicines11061666
https://doi.org/10.3390/biomedicines11061666
https://doi.org/10.1002/hep.22664
https://doi.org/10.1002/hep.22664
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1007/s10120-004-0272-9
https://doi.org/10.1007/s10120-004-0272-9
https://doi.org/10.1186/s13000-019-0884-3
https://doi.org/10.1186/s13000-019-0884-3
https://doi.org/10.1182/blood-2008-05-157131
https://doi.org/10.1038/sj.leu.2403784
https://doi.org/10.1038/sj.leu.2403784
https://doi.org/10.1007/s11596-016-1614-7
https://doi.org/10.1016/j.jhep.2005.09.010
https://doi.org/10.1016/j.jhep.2005.09.010
https://doi.org/10.3892/ijo.28.1.25
https://doi.org/10.3892/ijo.28.1.25
https://doi.org/10.1186/s13045-020-01007-9
https://doi.org/10.1186/s13045-020-01007-9
https://doi.org/10.1292/jvms.13-0025
https://doi.org/10.1292/jvms.13-0025
https://doi.org/10.1371/journal.pone.0306398
https://doi.org/10.1371/journal.pone.0306398
https://doi.org/10.1002/ar.1091660204
https://doi.org/10.1002/ar.1091660204
https://doi.org/10.5455/javar.2020.g401
https://doi.org/10.5455/javar.2020.g401
https://doi.org/10.1016/j.tcb.2019.03.004
https://doi.org/10.1016/j.ijbiomac.2021.07.166
https://doi.org/10.1016/j.ijbiomac.2021.07.166
https://doi.org/10.1111/febs.16136
https://doi.org/10.1002/cld.585
https://doi.org/10.1002/cld.585
https://doi.org/10.2460/javma.245.7.797
https://doi.org/10.1016/0021-9975(82)90040-8
https://doi.org/10.1016/0021-9975(82)90040-8
https://doi.org/10.3390/ijms24032652
https://doi.org/10.3390/ijms24032652
https://doi.org/10.2147/btt.s3410
https://doi.org/10.2147/btt.s3410
https://doi.org/10.1158/0008-5472.can-06-1377

Baek et al. BMC Veterinary Research (2025) 21:349

39.

40.

Down-regulation of Mcl-1 through Inhibition of translation. J Biol Chem.
2005;280(42):35217-27. https://doi.org/10.1074/jbc.m506551200.
Leela-arporn R, Ohta H, Nagata N, Sasaoka K, Tamura M, Dermlim A, et al.
Epidemiology of massive hepatocellular carcinoma in dogs: A 4-year retro-

spective study. Vet J. 2019,248:74-8. https://doi.org/10.1016/j.tvjl.2019.04.011.

Moyer J, Lopez DJ, Balkman CE, Sumner JP. Factors associated with survival

in dogs with a histopathological diagnosis of hepatocellular carcinoma: 94
cases (2007-2018). Open Veterinary J. 2021;11(1):144-53. https://doi.org/10.4
314/0vjv11i1.21.

Page 11 of 11

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1074/jbc.m506551200
https://doi.org/10.1016/j.tvjl.2019.04.011
https://doi.org/10.4314/ovj.v11i1.21
https://doi.org/10.4314/ovj.v11i1.21

	﻿Overexpression of MCL-1 in canine hepatocellular carcinoma and its efficacy as a prognostic marker
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Tissue sampling
	﻿Western blotting
	﻿Immunohistochemistry
	﻿Quantification of immunostaining
	﻿Follow-up data
	﻿Statistical analysis

	﻿Results
	﻿Clinical and histological data
	﻿MCL-1 expression in normal liver and HCC tissues



