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Abstract: Mint3 enhances aerobic ATP production with subsequent nuclear translocation of
hypoxia-inducible factor-1 (HIF-1) and activation of angiogenesis-related genes. It remains
unclear if and when Mint3 is activated and whether it is involved in hepatocarcinogenesis.
We explored the expression of Mint3 in surgically resected hepatocellular carcinoma (HCC)
tissues. We evaluated the effects of Mint3 knockdown on spheroid formation capacity and
subcutaneous tumor growth in immune-deficient mice. We used Mint3 knockout mice to
evaluate the effects of chemically induced HCC development. Mint3 was overexpressed in
well-differentiated HCC with the activation of HIF-1 target genes irrespective of the absence
of hypervascularization. Mint3 knockdown ameliorated the expression of HIF-1 target
genes in patient-derived HCC cell lines and suppressed spheroid formation. Mint3 knock-
down further inhibited subcutaneous tumor formation in vivo in immune-deficient mice.
Chemical HCC development induced by N-nitrosodiethylamine (DEN) or DEN/CCl4 was
dramatically suppressed in Mint3 knockout mice compared to control mice. Mint3 plays
a crucial role in early-stage HCC development before hypervascularization by activating
HIF-1 target genes before the tumor becomes hypoxic. Mint3 is a molecular target that
prevents HCC development in the early stages.

Keywords: hepatocellular carcinoma; munc18-1-interacting protein 3; hypoxia-inducible
factor-1

1. Introduction
Hepatocellular carcinoma (HCC) is the second most lethal cancer after pancreatic

cancer, with a 5-year survival rate of 18% in the world [1,2]. HCC generally develops in the
background of liver fibrosis and cirrhosis caused by viral hepatitis, alcohol consumption,
and fatty liver diseases caused by lifestyle [3,4]. The incidence of HCC continues to increase,
especially in Western countries [5]. HCC is considered to develop through a multistep
process that progresses from regenerative to dysplastic nodules and well-differentiated
HCC without hypervascularization, and then to HCC with a hypervascular nature [6,7].
Hypervascularization of tumors is generally caused by hypoxic conditions and subsequent
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activation of a transcription factor called hypoxia-inducible factor-1 (HIF-1). HIF-1 tran-
scriptionally activates various target genes, including vascular endothelial growth factors
(VEGFs) [8,9]. Indeed, VEGFs and their receptor VEGFR2 are activated in HCC; therefore,
the major molecular targets are inhibited by various receptor tyrosine kinase inhibitors,
such as sorafenib [10], regorafenib, lenvatinib [11], and cabozantinib [12], and monoclonal
antibodies, such as bevacizumab [13] and ramucirumab [14], for the treatment of patients
with advanced-stage HCC [15]. However, the molecular targets activated in the early stages
of hepatocarcinogenesis before the activation of angiogenic signaling remain elusive.

The Warburg effect is a phenomenon in which cancer cells perform aerobic glycolysis
rather than oxidative phosphorylation even in the presence of sufficient oxygen [16]. One
potential benefit of the Warburg effect in cancer cells is the high adaptability of cancer cells
to hypoxic conditions, which may be closely associated with the invasion and metastasis of
cancer cells. HIF-1 plays a fundamental role in the adaptation of cancer cells to hypoxia
by activating genes involved in aerobic glycolysis, such as glucose transporter (GLUT),
hexokinase 2 (HK2), and VEGFA [17]. However, the Warburg effect was observed in cancer
cells without hypoxic conditions, suggesting that cancer cells perform aerobic glycolysis
before exposure to hypoxia and subsequent activation of HIF-1.

HIF-1 is composed of α and β subunits, and its transcriptional activity is negatively
regulated by factor inhibiting HIF-1 (FIH-1) via hydroxylation of HIF-1α [18,19].

Munc18-1-interacting protein 3 (Mint3, also known as amyloid beta precursor protein
binding family A member 3) is a member of the X11 protein family [20]. We previously
demonstrated that Mint3 inhibits the suppressive activity of HIF-1 by FIH-1 [21]. Therefore,
Mint3 overexpression results in excess binding to FIH-1, releasing HIF-1, and activating the
HIF-1 transcriptional program without hypoxia [22,23]. Mint3 promotes tumor progression
in several cancers, including breast, pancreatic, and bladder cancers [24–29]. In breast
cancer, Mint3 enhances the Warburg effect by activating HIF-1 during normoxia [27,29].
However, it has not yet been clarified whether Mint3 is activated in HCC or its relationship
with the hypervascular nature of the tumor, which is a hallmark of classical HCC diagnosis.
In this study, we evaluated the expression and role of Mint3 in hepatocarcinogenesis in
mice and humans. We further evaluated the potential of Mint3 as a molecular target for
preventing HCC development.

2. Results
2.1. Mint3 Is Overexpressed in Well-Differentiated HCC

We evaluated the expression of Mint3 in nodule-in-nodule HCC, where part of the
HCC showed hypervascularity in response to cell proliferation and subsequent hypoxia.
MRI findings clearly showed a hypervascular region (* indicated in Figure 1A,B) in the pe-
riphery of the hypovascular nodule. Histologically, the hypervascular region showed mod-
erately differentiated HCC, whereas the hypovascular nodule showed well-differentiated
HCC with clear cell and fatty changes (Figure 1C). The ratio of staining intensity of well-
differentiated HCC to that of moderately differentiated HCC in Mint3 was 1:1.14.

We evaluated the expression of HIF-1 target proteins such as VEGFA and HK2 by IHC
in both the hypovascular and hypervascular regions (Figure 1D–F). The ratio of staining
intensity of well-differentiated HCC to that of moderately differentiated HCC in VEGFA
was 1:1.25, and in HK2 was 1:1.11. Interestingly, Mint3 expression was slightly higher
in the hypovascular well-differentiated HCC region compared with the hypervascular
moderately differentiated HCC region, suggesting its role in inducing HIF-1 targets.
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Figure 1. Expression of Mint3 and HIF-1 target proteins in hepatocellular carcinoma presenting a 
nodular appearance. (A,B) Gd-EOB-DTPA-enhanced magnetic resonance images: (A) arterial phase; 
(B) hepatobiliary phase. Red arrows (A) indicate hypervascular region in the nodule. Red asterisk 
(A,B) indicates hypovascular region with mild uptake of Gd-EOB-DTPA detected at hepatobiliary 
phase. (C) Microscopic image stained with hematoxylin and eosin. (D–F) Immunohistochemistry 
analysis of Mint3 (D), VEGFA (E), and HK2 (F) expression in HCC. Yellow dotted line indicates the 
boundary line between well-differentiated HCC and moderately differentiated HCC. Red asterisk 
(C–F) indicates well-differentiated HCC region. The ratio of staining intensity of well to that of mod-
erately was slightly higher in well-differentiated HCC. Black scale bars in microscopic images indi-
cate 100 µm. 

We evaluated the expression of HIF-1 target proteins such as VEGFA and HK2 by 
IHC in both the hypovascular and hypervascular regions (Figure 1D‒F). The ratio of stain-
ing intensity of well-differentiated HCC to that of moderately differentiated HCC in 
VEGFA was 1:1.25, and in HK2 was 1:1.11. Interestingly, Mint3 expression was slightly 

Figure 1. Expression of Mint3 and HIF-1 target proteins in hepatocellular carcinoma presenting a
nodular appearance. (A,B) Gd-EOB-DTPA-enhanced magnetic resonance images: (A) arterial phase;
(B) hepatobiliary phase. Red arrows (A) indicate hypervascular region in the nodule. Red asterisk
(A,B) indicates hypovascular region with mild uptake of Gd-EOB-DTPA detected at hepatobiliary
phase. (C) Microscopic image stained with hematoxylin and eosin. (D–F) Immunohistochemistry
analysis of Mint3 (D), VEGFA (E), and HK2 (F) expression in HCC. Yellow dotted line indicates the
boundary line between well-differentiated HCC and moderately differentiated HCC. Red asterisk
(C–F) indicates well-differentiated HCC region. The ratio of staining intensity of well to that of
moderately was slightly higher in well-differentiated HCC. Black scale bars in microscopic images
indicate 100 µm.
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We further evaluated the expression of Mint3 and downstream targets in two ad-
ditional nodule-in-nodule HCCs and an early well-differentiated HCC in the surgical
specimens, all of which showed similar staining patterns (Supplementary Figures S1–S3).

We investigated the expression of Mint3 in surgically resected 100 HCC tissues and
evaluated the expression patterns of Mint3 in terms of clinicopathological findings (Table 1).
Mint3 expression was not associated with age, sex, etiology, liver cirrhosis status, or tumor
size, but was associated with low serum alpha-fetoprotein (AFP) levels (p = 0.029) and
well-to-moderate histological grade (p = 0.013) with statistical significance. AFP levels and
histological grade were the only parameters associated with Mint3 expression. These data
suggest that Mint3 plays a role in early-stage HCC development, with histological features
of well-differentiated morphology without hypervascularization.

Table 1. Clinicopathological characteristics of 100 consecutive surgical cases by Mint3 expression status.

Parameters Mint3 Negative Mint3 Positive p Value
(n = 56) (n = 44)

Age (year, mean ± SE) 64.7 ± 1.3 65.3 ± 1.6 0.775

Sex (male/female) 40/16 32/12 1

Etiology (HBV/HCV/B + C/other) 15/19/20/2 8/18/18/0 0.519

AFP (ng/mL, mean ± SE) 3830 ± 1366 364.6 ± 217.5 0.0285

PIVKAII (mAU/mL, mean ± SE) 4201 ± 1530 2751 ± 1633 0.521

AST (IU/L, mean ± SE) 42.9 ± 4.09 41.3 ± 2.87 0.761

ALT (IU/L, mean ± SE) 37.1 ± 3.54 38.9 ± 2.60 0.691

Plt (×103, mean ± SE) 139 ± 7.26 152 ± 12.1 0.316

LC/non-LC 27/29 25/19 0.426

Histological grade of HCC
Well-differentiated 7 14

Moderately differentiated 38 28
Poorly differentiated 11 2 0.0128

Tumor size (<5 cm/>5 cm) 36/20 33/11 0.282

2.2. Downregulation of Mint3 Inhibits HCC Growth In Vitro and In Vivo

To evaluate the role of Mint3 in HCC, we used patient-derived HCC cells (KH) pre-
viously established from well-differentiated HCC tissues with preserved hepatic gene
expression patterns. We established three KH cell lines (control shLacZ, shMint3#1, and
shMint3#2) using a lentiviral system and performed quantification as the relative expres-
sion. Relative expression of control was 0.96, shMint3#1 was 0.80, shMint3#2 was 0.38, and
shMint3#2 was most strongly suppressed. Accordingly, we confirmed weak (shMint3#1)
and strong (shMint3#2) Mint3 knockdown compared to control cells (Figure 2A). The
expression of HIF-1 target genes VEGFA and HK2 was suppressed by Mint3 knockdown
without affecting the gene expression of HIF1A. There was a trend that HIF-1 target genes
VEGFA and HK2 were more suppressed in shMint3#2 compared with shMint3#1, although
no statistically significant difference was observed (Figure 2B).
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quantification of blots were defined as the relative expression. (B) qRT-PCR analysis of HIF1A, 
VEGFA, and HK2 in control and Mint3-suppressed KH cells. ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
(C) Representative photographs of spheroids in control and Mint3-suppressed KH cells. (D) Num-
ber of spheroids per 2000 control and Mint3-suppressed KH cells. * p < 0.05, ** p < 0.01. (E,F) The 
tumorigenic capacity of control and Mint3-suppressed KH cells in subcutaneous xenograft models 
using NOD/SCID mice. (E) Photos of tumors at the endpoint. (F) Median tumor volumes of control 

Figure 2. Suppression of Mint3 expression attenuates expression of HIF-1 target genes and tumori-
genicity in well-differentiated HCC patient-derived KH cells. (A) Western blot analysis of Mint3
expression in control (shLacZ) and Mint3-suppressed (shMint3#1 and #2) KH cells. The results
of quantification of blots were defined as the relative expression. (B) qRT-PCR analysis of HIF1A,
VEGFA, and HK2 in control and Mint3-suppressed KH cells. ** p < 0.01, *** p < 0.001, **** p < 0.0001.
(C) Representative photographs of spheroids in control and Mint3-suppressed KH cells. (D) Number
of spheroids per 2000 control and Mint3-suppressed KH cells. * p < 0.05, ** p < 0.01. (E,F) The
tumorigenic capacity of control and Mint3-suppressed KH cells in subcutaneous xenograft models
using NOD/SCID mice. (E) Photos of tumors at the endpoint. (F) Median tumor volumes of control
(n = 5) and Mint3-suppressed KH cells (shMint3#1; n = 5, shMint3#2; n = 5). Statistical analysis
could not be performed because only one (shMint3#1) and two (shMint3#2) subcutaneous tumors
developed in NOD/SCID mice.
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Subsequently, we examined the spheroid formation capacity of these cells and found
the reduced spheroid formation capacity by Mint3 knockdown according to the suppression
levels, although no statistically significant difference was observed (Figure 2C,D). We
further evaluated tumorigenic capacity using a subcutaneous tumor xenotransplantation
model in NOD/SCID mice (n = 5). Subcutaneous tumor formation was observed in all
mice in the control group, one out of five in the shMint3#1 group, and two out of five
in the shMint3#2 group (Figure 2E). The median tumor volume tended to be lower in
Mint3 knockdown groups compared with control group (statistical analysis could not be
performed due to small group size) (Figure 2F). Therefore, Mint3 knockdown inhibited
the tumor-forming capacity of KH cells in vivo. These results suggest that Mint3 plays a
fundamental role in the induction of HIF-1 target gene expression during normoxia and
tumorigenicity in HCC without affecting the gene expression levels of HIF1A.

2.3. Chemical HCC Development Initiated and Promoted by DEN/CCl4 Is Impaired in Mint3
KO Mice

We utilized Mint3 KO and control WT mice to evaluate the role of Mint3 expression
on the developmental process of hepatocarcinogenesis. We first intraperitoneally injected
DEN, a known chemical carcinogen that induces the initiation of cancer, into mice and
analyzed HCC incidence at 30 weeks of age (Figure 3A). The incidence of HCC at 30 weeks
was strikingly lower (6.7%) in Mint3 KO mice than in WT mice (100%), without metastasis
to other organs in each group (Figure 3B). Consistently, Mint3 KO mice showed decreased
liver weight compared with WT mice (Figure 3C,D). Morphologically, tumor cells exhibited
high nuclear/cytoplasmic ratios and cell densities in WT mice, whereas such pathological
findings were unclear in all tumors that developed in Mint3 KO mice (Figure 3E). These data
suggested that Mint3 plays a pivotal role in the development of HCC after DEN initiation.

We further examined the effects of Mint3 expression on DEN-induced HCC develop-
ment initiated by DEN and promoted/progressed by CCl4 (Figure 4A). In this experimental
setting, all WT and Mint3 KO mice showed HCC incidence at 30 weeks of age without
distant metastasis (Figure 4B); however, Mint3 KO mice showed decreased liver weight
compared to WT mice (Figure 4C,D). Interestingly, all HCCs in WT mice showed mod-
erately differentiated histology with trabecular patterns, whereas well-differentiated cell
morphology with fatty changes was observed in all HCCs of Mint3 KO mice (Figure 4E).
Since HCC remained well-differentiated in Mint3 KO mice, our data suggest that Mint3
plays a crucial role in the promotion and progression of moderately differentiated HCC.

Finally, we analyzed the effects of Mint3 expression on survival in a DEN/CCl4-
induced HCC mouse model (Figure 5A). HCC development at the endpoint was impaired
in Mint3 KO mice compared to WT mice (Figure 5B). Consequently, Mint3 KO mice
survived significantly longer than WT mice at 35 weeks of age (Figure 5C). Taken together,
these data suggest a pivotal role for Mint3 in HCC development at both the promotion and
progression stages.
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ministration method and schedule of carcinogen (DEN 95 µg/mouse; intraperitoneal, indicated as 
green arrow). (B) The incidence ratio of HCC in wild-type (WT) and Mint3 KO mice. * p < 0.05 by 
Fisher’s exact test. (C) A representative photomicrograph of the liver from WT (n = 7) and Mint3 KO 
mice (n = 7). (D) Median liver weight of WT (n = 7) and Mint3 KO mice (n = 15). * p < 0.05 by the 
Mann–Whitney U tests. (E) H&E staining images of the tumor developed in WT (left panel) and 
Mint3 KO (right panel) mice. Black scale bars in microscopic images indicate 100 µm. 

Figure 3. Impairment of DEN-induced hepatocarcinogenesis in Mint3 knockout (KO) mice.
(A) Administration method and schedule of carcinogen (DEN 95 µg/mouse; intraperitoneal, in-
dicated as green arrow). (B) The incidence ratio of HCC in wild-type (WT) and Mint3 KO mice.
* p < 0.05 by Fisher’s exact test. (C) A representative photomicrograph of the liver from WT (n = 7)
and Mint3 KO mice (n = 7). (D) Median liver weight of WT (n = 7) and Mint3 KO mice (n = 15).
* p < 0.05 by the Mann–Whitney U tests. (E) H&E staining images of the tumor developed in WT (left
panel) and Mint3 KO (right panel) mice. Black scale bars in microscopic images indicate 100 µm.
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Figure 4. Impairment of DEN/CCl4-induced hepatocarcinogenesis in Mint3 KO mice. (A) Adminis-
tration method and schedule of carcinogen (DEN 95 µg/mouse; intraperitoneal, indicated with green
arrow, CCl4 20 µL/mouse; intraperitoneal, indicated with yellow arrows). (B) The incidence rate of
HCC in WT and Mint3 KO mice. (C) A representative photomicrograph of the liver from WT (n = 7)
and Mint3 KO mice (n = 7). (D) Median liver weight of WT (n = 12) and Mint3 KO mice (n = 16).
**** p < 0.0001 by the Mann–Whitney U tests. (E) H&E staining images of the tumor developed in WT
(left panel) and Mint3 KO (right panel) mice. Black scale bars in microscopic images indicate 100 µm.
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green arrow, CCl4 20 µL/mouse; intraperitoneal, indicated with yellow arrows). (B) A representa-
tive photomicrograph of the liver from WT (n = 3) and Mint3 KO mice (n = 3) at the endpoint. (C) 
Kaplan–Meier survival curves of WT (black line, n = 12) and Mint3 KO mice (red line, n = 6) in the 
DEN/CCl4-induced HCC model. *** p < 0.001 by the log-rank test. 
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Figure 5. Survival analysis of WT and Mint3 KO mice in DEN/CCl4-induced HCC models.
(A) Administration method and schedule of carcinogen (DEN 95 µg/mouse; intraperitoneal, in-
dicated with green arrow, CCl4 20 µL/mouse; intraperitoneal, indicated with yellow arrows). (B) A
representative photomicrograph of the liver from WT (n = 3) and Mint3 KO mice (n = 3) at the
endpoint. (C) Kaplan–Meier survival curves of WT (black line, n = 12) and Mint3 KO mice (red line,
n = 6) in the DEN/CCl4-induced HCC model. *** p < 0.001 by the log-rank test.

3. Discussion
HCC develops in a multistep manner, from dysplastic nodules to well, moderately,

or poorly differentiated HCC [7]. Angiogenesis is a hallmark of typical classical mod-
erately differentiated HCC features, radiologically confirmed by the early enhancement
of the tumor in the arterial phase in a dynamic CT/MRI study [30]. In contrast, well-
differentiated HCCs generally do not display these radiological findings [31]. Nevertheless,
tumor cell density is higher in well-differentiated HCC owing to its active cell prolifer-
ation compared to dysplastic nodules, and it remains unclear how tumor cells achieve
cell growth without angiogenesis, which is generally induced by HIF-1 [32,33]. In this
study, we revealed that HIF-1 targets such as VEGFA and HK2 were similarly expressed in
hypervascular moderately differentiated and hypovascular well-differentiated regions in a
case of nodule-in-nodule HCC. Mint3 is a ubiquitously expressed molecule and has been
reported to be expressed in various cancer types, although its expression is reported to be
slightly higher in cancer cells than in normal cells [26]. The expression of Mint3 in human
HCC tissues at different BCLC stages was investigated using the Chinese Liver Cancer
Atlas (CLCA) dataset obtained from cBioPortal (https://www.cbioportal.org (accessed
on 3 February 2025); Supplementary Figure S4). Interestingly, Mint3 is frequently overex-
pressed in the very early stages, typically in well-differentiated HCC. Since Mint3 conveys
hypoxia-induced tumor growth signaling without hypoxic accumulation of HIF-1α [22,29],
it is plausible that Mint3 activation might be the initial step toward moderately differ-
entiated HCC development from dysplastic nodules or well-differentiated HCC. Indeed,
because AFP is typically expressed in moderately to poorly differentiated HCC with a
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classical hypervascular nature, the inverse correlation between Mint3 expression and serum
AFP levels could be attributed to the role of Mint3 in promotion and progression, especially
in well-differentiated hypovascular HCC.

The Warburg effect promotes cancer cell proliferation by providing metabolic by-
products of glycolysis that are used for cell proliferation [34]. In addition, the Warburg
effect has been proposed to reduce excess oxygen consumption via mitochondria, thereby
increasing oxygen availability in tumor tissues [35]. Mint3 promotes the Warburg effect,
and Mint3 depletion induces severe hypoxia in breast cancer [27,29]. Thus, Mint3 may take
advantage of these features of the Warburg effect and contribute to tumor growth even in
hypovascular, well-differentiated HCC. In contrast to HCC, Mint3 expression is positively
correlated with tumor stage in bladder cancer [24], indicating differential regulation of
Mint3 expression depending on cancer origin. The mechanism by which Mint3 expression
is regulated in specific types of tumors needs to be addressed using clinical specimens in
future studies to clarify the appropriate tumor stage for Mint3 targeting therapy.

Considering the role of Mint3 as an early molecular event in HCC development, Mint3
inhibition may be an ideal molecular strategy for HCC prevention. Indeed, this study
demonstrated for the first time the suppressive effect of Mint3 knockdown on spheroid
formation and in vivo tumorigenicity in patient-derived well-differentiated HCC cells
with preserved hepatocyte function. In the chemical hepatocarcinogenesis model, al-
though the absence of Mint3 seemed tumor-suppressive after both initiation (DEN model)
and initiation/promotion (DEN/CCl4 model), its effect was maximized after initiation
without promotion treatment (DEN model). Recently, we identified a small molecule,
naphthofluorescein, which inhibits Mint3-mediated HIF-1 activation [36]. Administra-
tion of naphthofluorescein suppressed tumor growth, chemoresistance, and metastasis in
mouse models of several cancer types, similar to the Mint3 inhibition reported in previous
studies [25,26,28,34,37]. Mint3 KO mice have been reported to show no obvious devel-
opmental abnormalities or survival [38]. Thus, small molecule compounds that inhibit
Mint3-mediated HIF-1 activation may be useful for HCC prevention.

There are several limitations in our experiment, and we will discuss our future plans.
First, our experiment showed that Mint3 plays a crucial role in early-stage HCC devel-
opment before hypervascularization by activating HIF-1 target genes before the tumor
becomes hypoxic, but these are preliminary data and the detailed mechanism is still under
analysis. It is expected that the binding of Mint3 to FIH-1 prevents FIH-1 from suppressing
HIF-1, but whether other pathways and signals are involved will be analyzed in the future.
Second, our experiment used only Mint3 KO mice, and the overexpression model was not
used. Overexpression experiments may allow us to further evaluate the involvement of
Mint3 in HCC. However, there are no reports evaluating the effect of Mint3 overexpression
in HCC cell lines in vitro or in mouse liver in vivo. There are reports on the expression
status of Mint3 in various types of cell lines [27], but Mint3 was basically detected in various
cell lines, and different cell lines might have more fundamental genetic differences such
as p53/HIF status in addition to the Mint3 status. Clearly, further studies are needed to
determine whether these cell lines can be used to create a Mint3 overexpression model. We
would like to evaluate the effects of Mint3 overexpression in the tumor as future challenges.

4. Materials and Methods
4.1. Human HCC Samples

One hundred patients were diagnosed with HCC and underwent surgery at Kanazawa
University Hospital. The resected HCC tissues were formalin-fixed, paraffin-embedded,
and used for immunohistochemistry as described previously [39]. Clinicopathological
information and imaging findings were collected from medical records.
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The MRI data of HCC patients treated with 0.025 mmol/kg Gd-EOB-DTPA (Primovist;
Bayer Schering Pharma, Berlin, Germany) were obtained at Kanazawa University Hospital.
EOB-MRI was performed using the same protocol as described previously [40].

4.2. Cell Lines and Reagents

Cells derived from patients with well-differentiated HCC were established as previ-
ously described and termed KH cells [40,41]. Briefly, a fresh HCC tissue obtained from a
patient with AFP-negative HCC was dissected and digested in 1 mg/mL type 4 collagenase
solution (Signa-Aldrich Japan K.K., Tokyo, Japan) at 37 ◦C for 20 min. Cells were washed
twice with ice-cold phosphate-buffered saline and treated with ammonium chloride solu-
tion (Stem Cell Technologies Inc., Vancouver, BC, Canada) on ice for 5 min to lyse the red
blood cells. The cells were subcutaneously inoculated into nonobese diabetic/severe com-
bined immunodeficiency disease (NOD/SCID) mice. Subcutaneous tumors were dissected,
digested, and used for cell culture in vitro.

KH cells with stable Mint3 gene knockdown (shMint3#1 and #2) or control (shLacZ)
were established using the pLenti6 BLOCK iT (Thermo Fisher Scientific, Waltham, MA,
USA) lentivirus vector as previously described [25]. The sequences of shRNAs were as
follows: shLacZ, 5′-GCTACACAAATCAGCGATTTCGAAAAATCGCTGATTTGTGTAG-3′;
shMint3#1, 5′-CCGACTGTTGCAGCCCCCTGACGAATCAGGGGGCTGCAACAGTCGG-3′;
shMint3#2, 5′-GCGGTTCTTGGTCCTGTATGACGAATCATACAGGACCAAGAACCGC-3′.

4.3. Spheroid Formation Assay

A suspension of 2000 KH cells was cultured in a 6-well ultra-low attachment microplate
(Corning Inc., Corning, NY, USA). Spheroid formation ability was measured with spheroids
greater than 200 µm in diameter 14 days after seeding.

4.4. Immunohistochemistry (IHC)

The human and mouse liver tissues were fixed in 10% formalin. Paraffin-embedded
tissues were cut at 2 µm thickness and subjected to hematoxylin and eosin and IHC
staining. For IHC staining, the paraffin-embedded sections were deparaffinized, rehydrated,
antigen retrieval performed by citrate buffer, and blocked by Protein Block Serum-Free
(Dako, Carpinteria, CA, USA). The slides were incubated with the following primary
antibodies overnight at 4 ◦C: anti-Mint3 (611380; BD Biosciences, Franklin Lakes, NJ, USA),
anti-VEGFA (ab185236; abcam, Cambridge, UK), and anti-HK2 (PA5-29326; protein tech,
Rosemont, IL, USA). The slides were processed using an EnVision + Kit (Dako).

Mint3 expression status in Figure 1 was quantified using ImageJ (version 1.54g) [42].
The staining of Mint3, VEGFA, and HK2 in well-differentiated HCC was evaluated and
compared to moderately differentiated HCC, indicated as a ratio. Mint3 expression sta-
tus in surgically resected HCC was also quantified using ImageJ (version 1.54g) [42].
Mint3—positive or negative—was defined as membranous and/or cytoplasmic staining
detected in ≦10% of the tumor as score 0, 10%< ~ ≦50% as score 1, and >50% as score 2,
with score 0 being negative and score 1 and 2 being positive (Supplementary Figure S5). In
multiple HCC cases, the largest tumor was evaluated as the representative part.

4.5. Western Blotting Analysis

Cells were lysed with lysis buffer and centrifuged at 20,000× g for 15 min at 4 ◦C.
The supernatants were collected and the total protein content was measured using the
Bradford assay (Bio-Rad, Hercules, CA, USA). Lysates were separated by SDS-PAGE,
transferred to polyvinylidene fluoride membrane filters, and analyzed by Western blotting
using a mouse anti-Mint3 antibody (611380; BD Biosciences, Franklin Lakes, NJ, USA)
or a mouse anti-β-actin antibody (MAB1501; Merck Millipore, Burlington, MA, USA).
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Quantification was performed using ImageJ (version 1.54g) [42] with the following protocol:
Kenji Ohgane, Hiromasa Yoshioka 2019. Quantification of Gel Bands by an Image J Macro,
Band/Peak Quantification Tool. protocols.io, https://dx.doi.org/10.17504/protocols.io.
7vghn3w (accessed on 3 February 2025). We defined the ratio of Mint3 to β-actin in
quantified gel band signals as relative expression.

4.6. RNA Isolation, Reverse, Transcription (RT), and Quantitative Polymerase Chain Reaction (PCR)

Total RNA was isolated from the cells using an RNeasy Plus Mini Kit (Qiagen, Hilden,
Germany) and subjected to RT using ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka,
Japan). The RT products were analyzed by real-time PCR in a 7300HT qPCR system
(Applied Biosystems, Foster City, CA, USA) using KOD SYBR qPCR (TOYOBO) and
specific primers, as previously described [43]. The expression levels of individual mRNAs
were normalized to those of ACTB mRNA.

4.7. Animal Models

All animal experiments were approved by the Ethics Committee for the Care and
Use of Laboratory Animals, Kanazawa University, Takara-machi Campus, and conducted
according to the ARRIVE guidelines 2.0. All experiments were performed in accordance
with the relevant guidelines and regulations. For inoculation of patient-derived HCC cells,
KH cells were suspended at 1 × 106 cells in 0.2 mL 50% Matrigel (Corning) and subcuta-
neously transplanted into NOD/SCID mice (Jackson Laboratory Japan, Kanagawa, Japan).
Implanted tumors were measured at the endpoint and their volumes were calculated using
the formula V = (L × W2)/2, where V is the volume (mm3), L is the largest tumor diameter
(mm), and W is the smallest tumor diameter (mm).

For chemically induced hepatocarcinogenesis models, wild-type (WT) and Mint3
knockout (KO) mice (C57BL/6J background; Riken CDB accession number: CDB0589K) [44]
were used to evaluate N-nitrosodiethylamine (DEN)-induced (Sigma–Aldrich, St. Louis,
MO, USA) or DEN/CCL4-induced (FUJIFILM Wako, Osaka, Japan) chemical hepatocar-
cinogenesis. Briefly, mice were intraperitoneally injected with 95 mg DEN at 10 days of age.
The mice were then housed under ordinary conditions with a 12-h light/dark cycle. For the
DEN/CCl4 model, an additional intraperitoneal injection of 20 mL of CCl4 was initiated
14 weeks after birth and continued every week until sacrifice. The mice were euthanized at
30 weeks of age, and the tumor incidence and morphology were evaluated histologically.

As for the sample size of the DEN model, initially, we started with an equal number
of WT and Mint3 KO mice (n = 7). However, the HCC incidence in Mint3 KO mice
was significantly lower and no tumor development was detected. To further confirm the
experimental accuracy, we doubled the number of Mint3 KO mice to that of the WT mice.

In this experiment, multiple tumors were observed, and as it was difficult to count
and calculate the volume of each tumor, liver weight (g) was used for assessment.

4.8. Statistical Analysis

Chi-square tests, t-tests, Mann–Whitney U tests, and Kaplan–Meier survival analyses
with log-rank tests were performed using Prism 7 (GraphPad Software, San Diego, CA,
USA). Statistical significance was set at p < 0.05.

5. Conclusions
In conclusion, Mint3 was overexpressed in well-differentiated HCC, and Mint3 sup-

pression attenuated the in vitro spheroid formation and tumorigenicity of patient-derived
well-differentiated HCC cells. In addition, Mint3 depletion prevented the incidence of HCC
in chemically induced mouse hepatocarcinogenesis models. Thus, molecular targeting of

https://dx.doi.org/10.17504/protocols.io.7vghn3w
https://dx.doi.org/10.17504/protocols.io.7vghn3w
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Mint3 function using small molecules may pave the way for the development of novel
HCC preventive medicines in the future.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms26041430/s1.

Author Contributions: M.N., H.O. and T.S. (Takeharu Sakamoto): Investigation; K.N., T.H., T.T.,
N.I., T.S. (Tetsuro Shimakami), H.T., M.H., S.K. and T.Y.: Resources; M.N., H.O. and T.S. (Takeharu
Sakamoto): Methodology; T.S. (Takeharu Sakamoto) and T.Y.: Funding acquisition and Supervision;
M.N., H.O., T.S. (Takeharu Sakamoto) and T.Y.: Writing—original draft. All authors: Writing—review
and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported in part by grants from JSPS KAKENHI (JP21H02900 and
JP24fk0210151 to T.Y.) and AMED (JP21fk0210095 and JP24fk0210151 to T.Y, JP21fk0210049 and
JP21cm0106211 to Takeharu Sakamoto and T.Y.).

Institutional Review Board Statement: This study conformed to the standards set by the Declaration
of Helsinki, and the protocol was approved by the Institutional Review Board of the Graduate School
of Medical Sciences, Kanazawa University (IRB no.: 2016-093).

Informed Consent Statement: Written informed consent was obtained from all the patients.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding authors.

Acknowledgments: We thank Mai Nakayama and Nami Nishiyama for their technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Villanueva, A. Hepatocellular Carcinoma. N. Engl. J. Med. 2019, 380, 1450–1462. [CrossRef] [PubMed]
2. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
3. Llovet, J.M.; Willoughby, C.E.; Singal, A.G.; Greten, T.F.; Heikenwälder, M.; El-Serag, H.B.; Finn, R.S.; Friedman, S.L. Nonalcoholic

steatohepatitis-related hepatocellular carcinoma: Pathogenesis and treatment. Nat. Rev. Gastroenterol. Hepatol. 2023, 20, 487–503.
[CrossRef]

4. Singal, A.G.; Kanwal, F.; Llovet, J.M. Global trends in hepatocellular carcinoma epidemiology: Implications for screening,
prevention and therapy. Nat. Rev. Clin. Oncol. 2023, 20, 864–884. [CrossRef] [PubMed]

5. Bertuccio, P.; Turati, F.; Carioli, G.; Rodriguez, T.; La Vecchia, C.; Malvezzi, M.; Negri, E. Global trends and predictions in
hepatocellular carcinoma mortality. J. Hepatol. 2017, 67, 302–309. [CrossRef] [PubMed]

6. Takeda, H.; Takai, A.; Eso, Y.; Takahashi, K.; Marusawa, H.; Seno, H. Genetic Landscape of Multistep Hepatocarcinogenesis.
Cancers 2022, 14, 568. [CrossRef]

7. Farazi, P.A.; DePinho, R.A. Hepatocellular carcinoma pathogenesis: From genes to environment. Nat. Rev. Cancer 2006, 6, 674–687.
[CrossRef] [PubMed]

8. Luo, H.; Wang, Q.; Yang, F.; Liu, R.; Gao, Q.; Cheng, B.; Lin, X.; Huang, L.; Chen, C.; Xiang, J.; et al. Signaling metabolite
succinylacetone activates HIF-1alpha and promotes angiogenesis in GSTZ1-deficient hepatocellular carcinoma. JCI Insight 2023, 8,
e164968. [CrossRef] [PubMed]

9. Guo, Y.; Xiao, Z.; Yang, L.; Gao, Y.; Zhu, Q.; Hu, L.; Huang, D.; Xu, Q. Hypoxia-inducible factors in hepatocellular carcinoma
(Review). Oncol. Rep. 2020, 43, 3–15. [CrossRef]

10. Walko, C.M.; Grande, C. Management of common adverse events in patients treated with sorafenib: Nurse and pharmacist
perspective. Semin. Oncol. 2014, 41 (Suppl. S2), S17–S28. [CrossRef]

11. Berretta, M.; Rinaldi, L.; Di Benedetto, F.; Lleshi, A.; De Re, V.; Facchini, G.; De Paoli, P.; Di Francia, R. Angiogenesis Inhibitors for
the Treatment of Hepatocellular Carcinoma. Front. Pharmacol. 2016, 7, 428. [CrossRef] [PubMed]

12. Deng, S.; Solinas, A.; Calvisi, D.F. Cabozantinib for HCC Treatment, From Clinical Back to Experimental Models. Front. Oncol.
2021, 11, 756672. [CrossRef] [PubMed]

13. Zhu, A.X.; Abbas, A.R.; de Galarreta, M.R.; Guan, Y.; Lu, S.; Koeppen, H.; Zhang, W.; Hsu, C.-H.; He, A.R.; Ryoo, B.-Y.;
et al. Molecular correlates of clinical response and resistance to atezolizumab in combination with bevacizumab in advanced
hepatocellular carcinoma. Nat. Med. 2022, 28, 1599–1611. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms26041430/s1
https://doi.org/10.1056/NEJMra1713263
https://www.ncbi.nlm.nih.gov/pubmed/30970190
https://doi.org/10.3322/caac.21492
https://www.ncbi.nlm.nih.gov/pubmed/30207593
https://doi.org/10.1038/s41575-023-00754-7
https://doi.org/10.1038/s41571-023-00825-3
https://www.ncbi.nlm.nih.gov/pubmed/37884736
https://doi.org/10.1016/j.jhep.2017.03.011
https://www.ncbi.nlm.nih.gov/pubmed/28336466
https://doi.org/10.3390/cancers14030568
https://doi.org/10.1038/nrc1934
https://www.ncbi.nlm.nih.gov/pubmed/16929323
https://doi.org/10.1172/jci.insight.164968
https://www.ncbi.nlm.nih.gov/pubmed/37906252
https://doi.org/10.3892/or.2019.7397
https://doi.org/10.1053/j.seminoncol.2014.01.002
https://doi.org/10.3389/fphar.2016.00428
https://www.ncbi.nlm.nih.gov/pubmed/27881963
https://doi.org/10.3389/fonc.2021.756672
https://www.ncbi.nlm.nih.gov/pubmed/34722310
https://doi.org/10.1038/s41591-022-01868-2


Int. J. Mol. Sci. 2025, 26, 1430 14 of 15

14. Zhu, A.X.; Finn, R.S.; Kang, Y.-K.; Yen, C.-J.; Galle, P.R.; Llovet, J.M.; Assenat, E.; Brandi, G.; Motomura, K.; Ohno, I.; et al. Serum
alpha-fetoprotein and clinical outcomes in patients with advanced hepatocellular carcinoma treated with ramucirumab. Br. J.
Cancer 2021, 124, 1388–1397. [CrossRef]

15. Llovet, J.M.; Pinyol, R.; Kelley, R.K.; El-Khoueiry, A.; Reeves, H.L.; Wang, X.W.; Gores, G.J.; Villanueva, A. Molecular pathogenesis
and systemic therapies for hepatocellular carcinoma. Nat. Cancer 2022, 3, 386–401. [CrossRef]

16. Alberghina, L. The Warburg Effect Explained: Integration of Enhanced Glycolysis with Heterogeneous Mitochondria to Promote
Cancer Cell Proliferation. Int. J. Mol. Sci. 2023, 24, 15787. [CrossRef] [PubMed]

17. Huynh, K.N.; Rao, S.; Roth, B.; Bryan, T.; Fernando, D.M.; Dayyani, F.; Imagawa, D.; Abi-Jaoudeh, N. Targeting Hypoxia-Inducible
Factor-1alpha for the Management of Hepatocellular Carcinoma. Cancers 2023, 15, 2738. [CrossRef]

18. Kaelin, W.G., Jr.; Ratcliffe, P.J. Oxygen sensing by metazoans: The central role of the HIF hydroxylase pathway. Mol. Cell 2008, 30,
393–402. [CrossRef] [PubMed]

19. Lee, P.; Chandel, N.S.; Simon, M.C. Cellular adaptation to hypoxia through hypoxia inducible factors and beyond. Nat. Rev. Mol.
Cell. Biol. 2020, 21, 268–283. [CrossRef] [PubMed]

20. Tanahashi, H.; Tabira, T. X11L2, a new member of the X11 protein family, interacts with Alzheimer’s beta-amyloid precursor
protein. Biochem. Biophys. Res. Commun. 1999, 255, 663–667. [CrossRef]

21. Sakamoto, T.; Seiki, M. Mint3 enhances the activity of hypoxia-inducible factor-1 (HIF-1) in macrophages by suppressing the
activity of factor inhibiting HIF-1. J. Biol. Chem. 2009, 284, 30350–303509. [CrossRef] [PubMed]

22. Sakamoto, T.; Seiki, M. Integrated functions of membrane-type 1 matrix metalloproteinase in regulating cancer malignancy:
Beyond a proteinase. Cancer Sci. 2017, 108, 1095–1100. [CrossRef] [PubMed]

23. Tanaka, N.; Sakamoto, T. Mint3 as a Potential Target for Cooling Down HIF-1alpha-Mediated Inflammation and Cancer
Aggressiveness. Biomedicines 2023, 11, 549. [CrossRef] [PubMed]

24. Ikeda, J.; Ohe, C.; Tanaka, N.; Yoshida, T.; Saito, R.; Atsumi, N.; Kobayashi, T.; Kinoshita, H.; Tsuta, K.; Sakamoto, T. Hypoxia
inducible factor-1 activator munc-18-interacting protein 3 promotes tumour progression in urothelial carcinoma. Clin. Transl.
Discov. 2023, 3, e158. [CrossRef]

25. Kanamori, A.; Matsubara, D.; Saitoh, Y.; Fukui, Y.; Gotoh, N.; Kaneko, S.; Seiki, M.; Murakami, Y.; Inoue, J.-I.; Sakamoto, T. Mint3
depletion restricts tumor malignancy of pancreatic cancer cells by decreasing SKP2 expression via HIF-1. Oncogene 2020, 39,
6218–6230. [CrossRef] [PubMed]

26. Nakaoka, H.J.; Hara, T.; Yoshino, S.; Kanamori, A.; Matsui, Y.; Shimamura, T.; Sato, H.; Murakami, Y.; Seiki, M.; Sakamoto, T.
NECAB3 Promotes Activation of Hypoxia-inducible factor-1 during Normoxia and Enhances Tumourigenicity of Cancer Cells.
Sci. Rep. 2016, 6, 22784. [CrossRef] [PubMed]

27. Sakamoto, T.; Niiya, D.; Seiki, M. Targeting the Warburg effect that arises in tumor cells expressing membrane type-1 matrix
metalloproteinase. J. Biol. Chem. 2011, 286, 14691–14704. [CrossRef]

28. Sakamoto, T.; Weng, J.S.; Hara, T.; Yoshino, S.; Kozuka-Hata, H.; Oyama, M.; Seiki, M. Hypoxia-inducible factor 1 regulation
through cross talk between mTOR and MT1-MMP. Mol. Cell. Biol. 2014, 34, 30–42. [CrossRef]

29. Tanaka, N.; Okada, H.; Yamaguchi, K.; Seki, M.; Matsubara, D.; Gotoh, N.; Suzuki, Y.; Furukawa, Y.; Yamashita, T.; Inoue, J.-I.;
et al. Mint3-depletion-induced energy stress sensitizes triple-negative breast cancer to chemotherapy via HSF1 inactivation. Cell
Death. Dis. 2023, 14, 815. [CrossRef] [PubMed]

30. Liao, Z.; Tang, C.; Luo, R.; Gu, X.; Zhou, J.; Gao, J. Current Concepts of Precancerous Lesions of Hepatocellular Carcinoma: Recent
Progress in Diagnosis. Diagnostics 2023, 13, 1211. [CrossRef] [PubMed]

31. Alexander, L.F.; Harri, P.; Little, B.; Moreno, C.C.; Mittal, P.K. Magnetic Resonance Imaging of Primary Hepatic Malignancies in
Patients With and Without Chronic Liver Disease: A Pictorial Review. Cureus 2017, 9, e1539. [CrossRef]

32. Moawad, A.W.; Szklaruk, J.; Lall, C.; Blair, K.J.; Kaseb, A.O.; Kamath, A.; Rohren, S.A.; Elsayes, K.M. Angiogenesis in Hepatocel-
lular Carcinoma; Pathophysiology, Targeted Therapy, and Role of Imaging. J. Hepatocell. Carcinoma 2020, 7, 77–89. [CrossRef]

33. Kobayashi, S.; Kozaka, K.; Gabata, T.; Matsui, O.; Minami, T. Intraarterial and intravenous contrast enhanced CT and MR imaging
of multi-step hepatocarcinogenesis defining the early stage of hepatocellular carcinoma development. Hepatoma Res. 2020,
2020, 36. [CrossRef]

34. Levine, A.J.; Puzio-Kuter, A.M. The control of the metabolic switch in cancers by oncogenes and tumor suppressor genes. Science
2010, 330, 1340–1344. [CrossRef] [PubMed]

35. Denko, N.C. Hypoxia, HIF1 and glucose metabolism in the solid tumour. Nat. Rev. Cancer 2008, 8, 705–713. [CrossRef]
36. Sakamoto, T.; Fukui, Y.; Kondoh, Y.; Honda, K.; Shimizu, T.; Hara, T.; Hayashi, T.; Saitoh, Y.; Murakami, Y.; Inoue, J.-I.; et al.

Pharmacological inhibition of Mint3 attenuates tumour growth, metastasis, and endotoxic shock. Commun. Biol. 2021, 4, 1165.
[CrossRef]

37. Hara, T.; Nakaoka, H.J.; Hayashi, T.; Mimura, K.; Hoshino, D.; Inoue, M.; Nagamura, F.; Murakami, Y.; Seiki, M.; Sakamoto, T.
Control of metastatic niche formation by targeting APBA3/Mint3 in inflammatory monocytes. Proc. Natl. Acad. Sci. USA 2017,
114, E4416–E4424. [CrossRef] [PubMed]

https://doi.org/10.1038/s41416-021-01260-w
https://doi.org/10.1038/s43018-022-00357-2
https://doi.org/10.3390/ijms242115787
https://www.ncbi.nlm.nih.gov/pubmed/37958775
https://doi.org/10.3390/cancers15102738
https://doi.org/10.1016/j.molcel.2008.04.009
https://www.ncbi.nlm.nih.gov/pubmed/18498744
https://doi.org/10.1038/s41580-020-0227-y
https://www.ncbi.nlm.nih.gov/pubmed/32144406
https://doi.org/10.1006/bbrc.1999.0265
https://doi.org/10.1074/jbc.M109.019216
https://www.ncbi.nlm.nih.gov/pubmed/19726677
https://doi.org/10.1111/cas.13231
https://www.ncbi.nlm.nih.gov/pubmed/28267240
https://doi.org/10.3390/biomedicines11020549
https://www.ncbi.nlm.nih.gov/pubmed/36831085
https://doi.org/10.1002/ctd2.158
https://doi.org/10.1038/s41388-020-01423-8
https://www.ncbi.nlm.nih.gov/pubmed/32826949
https://doi.org/10.1038/srep22784
https://www.ncbi.nlm.nih.gov/pubmed/26948053
https://doi.org/10.1074/jbc.M110.188714
https://doi.org/10.1128/MCB.01169-13
https://doi.org/10.1038/s41419-023-06352-4
https://www.ncbi.nlm.nih.gov/pubmed/38081808
https://doi.org/10.3390/diagnostics13071211
https://www.ncbi.nlm.nih.gov/pubmed/37046429
https://doi.org/10.7759/cureus.1539
https://doi.org/10.2147/JHC.S224471
https://doi.org/10.20517/2394-5079.2020.24
https://doi.org/10.1126/science.1193494
https://www.ncbi.nlm.nih.gov/pubmed/21127244
https://doi.org/10.1038/nrc2468
https://doi.org/10.1038/s42003-021-02701-1
https://doi.org/10.1073/pnas.1703171114
https://www.ncbi.nlm.nih.gov/pubmed/28507122


Int. J. Mol. Sci. 2025, 26, 1430 15 of 15

38. Ho, A.; Morishita, W.; Atasoy, D.; Liu, X.; Tabuchi, K.; Hammer, R.E.; Malenka, R.C.; Südhof, T.C. Genetic analysis of Mint/X11
proteins: Essential presynaptic functions of aneuronal adaptor protein family. J. Neurosci. 2006, 26, 13089–13101. [CrossRef]
[PubMed]

39. Yamashita, T.; Honda, M.; Nakamoto, Y.; Baba, M.; Nio, K.; Hara, Y.; Zeng, S.S.; Hayashi, T.; Kondo, M.; Takatori, H.; et al. Discrete
nature of EpCAM+ and CD90+cancer stem cells in human hepatocellular carcinoma. Hepatology 2013, 57, 1484–1497. [CrossRef]

40. Yamashita, T.; Kitao, A.; Matsui, O.; Hayashi, T.; Nio, K.; Kondo, M.; Ohno, N.; Miyati, T.; Okada, H.; Yamashita, T.; et al.
Gd-EOB-DTPA-Enhanced Magnetic Resonance Imaging and Alpha-Fetoprotein Predict Prognosis of Early-Stage Hepatocellular
Carcinoma. Hepatology 2014, 60, 1674–1685. [CrossRef] [PubMed]

41. Hashiba, T.; Yamashita, T.; Okada, H.; Nio, K.; Hayashi, T.; Asahina, Y.; Hayashi, T.; Terashima, T.; Iida, N.; Takatori, H.
Inactivation of Transcriptional Repressor Capicua Confers Sorafenib Resistance in Human Hepatocellular Carcinoma. Cell Mol.
Gastroenterol. Hepatol. 2020, 10, 269–285. [CrossRef]

42. Abramoff, M.D.; Magelhaes, P.J.; Ram, S.J. Image Processing with ImageJ. Biophotonics Int. 2004, 11, 36–42.
43. Yoshino, S.; Matsui, Y.; Fukui, Y.; Seki, M.; Yamaguchi, K.; Kanamori, A.; Saitoh, Y.; Shimamura, T.; Suzuki, Y.; Furukawa, Y.; et al.

EXOSC9 depletion attenuates P-body formation, stress resistance, and tumorigenicity of cancer cells. Sci. Rep. 2020, 10, 9275.
[CrossRef] [PubMed]

44. Hara, T.; Murakami, Y.; Seiki, M.; Sakamoto, T. Mint3 in bone marrow-derived cells promotes lung metastasis in breast cancer
model mice. Biochem. Biophys. Res. Commun. 2017, 490, 688–692. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1523/JNEUROSCI.2855-06.2006
https://www.ncbi.nlm.nih.gov/pubmed/17167098
https://doi.org/10.1002/hep.26168
https://doi.org/10.1002/hep.27093
https://www.ncbi.nlm.nih.gov/pubmed/24700365
https://doi.org/10.1016/j.jcmgh.2020.02.009
https://doi.org/10.1038/s41598-020-66455-2
https://www.ncbi.nlm.nih.gov/pubmed/32518284
https://doi.org/10.1016/j.bbrc.2017.06.102

	Introduction 
	Results 
	Mint3 Is Overexpressed in Well-Differentiated HCC 
	Downregulation of Mint3 Inhibits HCC Growth In Vitro and In Vivo 
	Chemical HCC Development Initiated and Promoted by DEN/CCl4 Is Impaired in Mint3 KO Mice 

	Discussion 
	Materials and Methods 
	Human HCC Samples 
	Cell Lines and Reagents 
	Spheroid Formation Assay 
	Immunohistochemistry (IHC) 
	Western Blotting Analysis 
	RNA Isolation, Reverse, Transcription (RT), and Quantitative Polymerase Chain Reaction (PCR) 
	Animal Models 
	Statistical Analysis 

	Conclusions 
	References

