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1  |  INTRODUC TION

Colorectal cancer (CRC) is the third most common cancer world-
wide.1 In 2019 and 2021, CRC showed the highest incidence and 
the second-highest mortality rates in Japan. Generally, mortality is 
dependent on metastasis. In CRC, the liver is the most frequent site 

of metastasis2 because CRC cells predominantly spread through the 
mesenteric circulation to the liver.3 During initial diagnosis, approxi-
mately 25% of patients have synchronous liver metastasis, and liver 
metastasis develops within 5 years in an additional 25% of patients.2,4 
Therefore, understanding the characteristics of CRC cells that metas-
tasize to the liver is crucial for developing inhibitors against them.5
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Abstract
Metastasis to the liver is a leading cause of death in patients with colorectal cancer. 
To investigate the characteristics of cancer cells prone to metastasis, we utilized an 
isogenic model of BALB/c and colon tumor 26 (C26) cells carrying an active KRAS 
mutation. Liver metastatic (LM) 1 cells were isolated from mice following intrasplenic 
transplantation of C26 cells. Subsequent injections of LM1 cells generated LM2 cells, 
and after four cycles, LM4 cells were obtained. In vitro, using a perfusable capillary 
network system, we found comparable extravasation frequencies between C26 and 
LM4 cells. Both cell lines showed similar growth rates in vitro. However, C26 cells 
showed higher glucose consumption, whereas LM4 cells incorporated more fluores-
cent fatty acids (FAs). Biochemical analysis revealed that LM4 cells had higher cho-
lesterol levels than C26 cells. A correlation was observed between fluorescent FAs 
and cholesterol levels detected using filipin III. LM4 cells utilized FAs as a source for 
cholesterol synthesis through acetyl-CoA metabolism. In cellular analysis, cholesterol 
accumulated in punctate regions, and upregulation of NLRP3 and STING proteins, 
but not mTOR, was observed in LM4 cells. Treatment with a cholesterol synthesis in-
hibitor (statin) induced LM4 cell death in vitro and suppressed LM4 cell growth in the 
livers of nude mice. These findings indicate that colorectal cancer cells prone to liver 
metastasis show cholesterol-dependent growth and that statin therapy could help 
treat liver metastasis in immunocompromised patients.
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Various animal models have been established to understand 
the mechanisms of liver metastasis.6 As an isogenic model, colon 
tumor 26 (CT26) is commonly used to investigate metastatic mech-
anisms in vivo. In a previous study, CT26, an undifferentiated colon 
carcinoma cell line, was derived from female BALB/c mice treated 
with N-nitroso-N-methylurea intrarectally.7 Subsequently, C-C26, a 
cultured cell line derived from CT26 (hereafter referred to as cell 
line C26), was established,8 revealing a G12D mutation in KRAS.9,10 
Implanting C26 cells in the subcutaneous region resulted in lung 
metastasis in 1 out of 11 mice.8 Injecting these cells into the rectal 
smooth muscle layer led to metastasis in the lungs, liver, and lymph 
nodes.11 These findings suggest that C26 cells contain subclones 
that preferentially metastasize to various organs. Despite numerous 
studies, the characteristics of CRC cells prone to liver metastasis 
remain unresolved. Given that CRC cells travel from the colon to the 
liver by way of the portal vein, this route was mimicked by trans-
planting cancer cells into the spleen.12,13 Using this model, we herein 
attempted to isolate CRC cells that preferentially metastasize to the 
liver.

2  |  MATERIAL S AND METHODS

Reagents, cells, Abs, and plasmids used in this study, along with their 
respective sources, are listed in Table S1. Methods are described in 
Document S1.

2.1  |  Cells

C26 and LM4 cells were cultured in RPMI-1640 supplemented with 
10% FBS, 100 units/mL penicillin, and 100 μg/mL streptomycin in a 
5% CO2 humidified incubator at 37°C. Retroviruses were used to 
establish stable cell lines expressing green or cyan fluorescent pro-
teins (GFP or CFP, respectively). These viruses were generated in 
BOSC23 cells transfected with expression vectors (pCX4neo-mGFP 
or pCX4bsr-m1CFP), a retroviral packaging plasmid pGP,14 and an 
envelope plasmid pCMV-VSV-G-Rsv-Rev. Following infection, cells 
expressing GFP or CFP were selected using antibiotics G418 or blas-
ticidin and subsequently sorted using an SH800S Cell Sorter (Sony 
Corporation).

2.2  |  Isolation of liver metastatic cells

To isolate liver metastatic (LM)1 cells, 1 × 106 C26 cells were injected 
into the spleen of female BALB/c mice (Figure 1). The spleen was 
removed 1 min after tumor injection. After specified intervals, mice 
were euthanized, and their livers were excised. Tumor colonies in 
the liver were isolated, minced with scissors, and plated onto plas-
tic dishes. These cells were designated as LM1. Similarly, LM2–LM4 
cells were isolated by injecting LM1–LM3 cells sequentially.

2.3  |  Histopathological analysis

BALB/c mice injected with 1.0 × 106 C26 or LM4 cells into the spleen 
were euthanized after 6 or 7 days. The excised livers were fixed 
in neutralized 10% formalin (Mildform, Fujifilm Wako Chemicals) 
and processed for H&E staining. Slides were scanned using a 
Nanozoomer (Hamamatsu Photonics), and the tumor area was quan-
tified manually.

2.4  |  In vitro observation of the extravasation 
process

Perfusable capillary networks were established in  vitro following 
a previously reported method.15 Briefly, 150 μL of a fibrin/collagen 
gel solution containing 5.0 × 106 HUVECs expressing red fluores-
cent protein was placed in a 35 mm glass-bottom tissue culture dish 
with a glass separator (Figure  2A) and allowed to solidify. Before 
applying the cell-containing fibrin gel, two thin polydimethylsilox-
ane pieces, approximately 6–8 mm in size, were placed on the glass 
bottom. Subsequently, 100 μL of the fibrin gel solution containing 

F I G U R E  1  Mouse model for liver metastasis in colorectal 
cancer. (A) Schematic view of intrasplenic transplantation of C26 
cells. (B) Duration of transplantation of C26 and liver metastatic 
(LM) 4 cells until autopsy. (C) Representative H&E staining image 
of LM4 cells in the liver. Scale bars, 500 μm (left panel) and 100 μm 
(right panel). (D) Comparison of the tumor area in the liver. (E) 
Comparison of the tumor weight transplanted in the skin (14 days 
after transplantation). Bars indicate the mean of each group. 
*p < 0.05; t-test. ns, not significant.
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5.0 × 105 human lung fibroblasts (Lonza) was added to the edge of 
the dish and allowed to solidify. The cells were cultured for 7 days 
in Endothelial Cell Growth Medium 2 (EGM-2, Lonza) supplemented 

with 10 μM tranexamic acid. Once the vascular network was estab-
lished, both ends of the preformed network were cut using a sharp 
scalpel to open the channels. Live C26-CFP cells were stained with 
20 μM (CellTracker Blue CMAC, ThermoFisher) for 30 min at 37°C. 
Following removal of the medium from both wells, 2 mL of EGM-2 
medium containing a mixture of 5.0 × 105 LM4-GFP cells and 
5.0 × 105 CMAC-stained C26-CFP cells (1.0 × 106 cells in total) was 
added to one of the wells. Time-lapse imaging was carried out for 
24 h using a Nikon A1R microscope. Z-stack images were acquired 
after 24 h of perfusion to quantify the number of extravasated cells.

2.5  |  Live cell imaging

Cells (2.0 × 104) were plated on a CELLview quadrant glass-bottom 
35 mm dish (Greiner Bio-One), cultured in 500 μL CO2-independent 
medium supplemented with 10% FBS and penicillin/streptomy-
cin, and overlaid with mineral oil. The cells were illuminated using 
pE400max (COOL LED; Andover) and imaged using an IX81 inverted 
microscope (Evident, Tokyo, Japan) equipped with a UPlan FLN 10× 
PH/0.3 objective lens (Evident, 2 × 2 binning), maintained at 37°C 
throughout the 3-day imaging period. The position of each stage was 
captured every 20 min. Images were processed using MetaMorph 
software (Molecular Devices).

2.6  |  Crystal violet cell viability assay

Viable cells were quantified as previously described with some 
modifications.16 Briefly, C26 or LM4 cells were plated in 12-well 
dishes and cultured in RPMI-1640 or CO2-independent medium 
supplemented with 10% FBS and penicillin/streptomycin. In certain 
experiments, various inhibitors were added to the media 24 h later, 
and cells were cultured for an additional 48 h. After washing with 
PBS, cells were fixed with Mildform, stained with 0.5% crystal violet, 
washed with water, and then dissolved in 2% SDS. The absorbance 
at 550 nm was measured using a Multiscan GO spectrophotometer 
(Thermo Fisher Scientific) to quantify the number of viable cells.

2.7  |  Extracellular flux analysis

XF24 (Agilent) was used to measure the oxygen consumption rate 
(OCR) as previously described with some modifications.17 Briefly, 
8 × 104 cells were plated onto an XF24 cell culture plate (#100777-
004; Agilent) with complete medium. For the mitochondrial stress 
test, the medium was changed to unbuffered DMEM containing 
25 mM glucose, 1× GlutaMAX (Thermo Fisher Scientific K.K.), and 
1 mM pyruvate, and cells were incubated at 37°C for 1 h without CO2 
control. Oligomycin A (1 μM) was injected to inhibit ATP synthase. 
Maximum OCR was induced by exposing cells to the mitochondrial 
uncoupler carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 
(FCCP, 0.5 μM). To disrupt mitochondria-dependent respiration, 

F I G U R E  2  In vitro extravasation of C26 and liver metastatic 
(LM) 4 cells. (A) Schematic view of in vitro capillary networks. A 
35 mm glass-bottom culture dish (blue) was divided. HUVECs were 
cultured in fibrin gel (yellow) on the glass bottom to form vessel 
structures (red lines). Dashed lines in the fibrin indicate cutting 
lines. Right images show the formed vessels. (B) Representative 
time-lapse images of the extravasation process of C26-CFP and 
LM4-GFP cells. LM4 cells (arrows) flowed within the vascular 
lumen, protruded toward the extravascular region, and migrated 
outside the lumen. C26 cells transitioned (arrowhead) into LM4 
cells. Scale bar, 10 μm. (C) Quantification of extravasated cells per 
dish. Data were obtained from 12 independent dishes per group 
(three dishes per four experiments). The lower graph is displayed on 
a different scale from the upper graph. p = 0.068; Wilcoxon signed-
rank test.
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antimycin A (2 μM) and rotenone (2 μM) were added. Measurements 
were carried out using a 3 min protocol, followed by 2 min of mixing 
and 3 min of incubation.

2.8  |  Fluorescence fatty acid and filipin III 
quantification

Cells plated on 35 mm glass-bottom dishes (Iwaki Glass) were cul-
tured in M199 media without phenol red for 10 min and treated 
with fluorescent fatty acids (FAs). After another 10 min, cells were 
washed with PBS and fixed in 4% paraformaldehyde (PFA) for 20 min 
at room temperature. For cholesterol staining, after fixation with 
4% PFA, cells were treated with 50 mM NH4Cl for 10 min, blocked 
with 10% FBS for 20 min, and then incubated with filipin III (100 μg/
mL in blocking buffer). Fluorescent images were captured using an 
IX81 inverted epi-fluorescent microscope (Evident) equipped with 
either a UPlanApo 20×/0.7 or UPlan FLN 10× PH/0.3 objective lens 
(Evident). For imaging of FAs and filipin III, cells were illuminated 
using pE400max at 490 and 365 nm, respectively, with exposure 
times of 10 and 100 ms, respectively. The cooled charge-coupled 
device camera Cool SNAP-HQ (Roper Scientific) was set to 4 × 4 
binning. Excitation filters FF01-485/20 (Semrock) and 365WB50 
(Omega Optical), dichroic mirror 86006bs (Chroma), and emission 
filters FF01-542/27 (Semrock) and FF01-482/25 (Semrock) were 
used for FA and filipin III imaging, respectively. Images were pro-
cessed using MetaMorph software (Molecular Devices). The area of 
individual cells or clusters was manually outlined. After subtracting 
background values, the intensities of each area were measured and 
exported to Excel (Microsoft Japan, Tokyo).

2.9  |  Protein separation and western blotting

Cells were lysed in 1× SDS sample buffer containing 
2-mercaptoethanol, sonicated, and incubated at 95°C. Proteins were 
separated by SDS-PAGE on 5%–12% SuperSep precast gels (Fujifilm 
Wako Chemicals) and transferred to PVDF membranes (Immobilon; 
Millipore). After blocking with Intercept blocking buffer for 30 min, 
the membranes were incubated with various Abs (Table S1) diluted 
in Intercept blocking buffer (LI-COR) solution and TBS, followed 
by incubation with secondary Abs. The membranes were then 
scanned using an Odyssey IR scanner (LI-COR; Lincoln, NE, USA). 
Quantification was undertaken using Image Studio Lite software (LI-
COR Biosciences).

2.10  |  Bioluminescent analysis of liver metastasis

To establish LM4 cells expressing Akaluc,18 LM4 cells were trans-
fected with the expression vectors pPBbsr2_Venus-Akaluc and 
pCMV-mPBase. Several days later, cells were trypsinized and iso-
lated using an SH800S Cell Sorter (Sony Corporation) with the 

corresponding filter sets. LM4 cells stably expressing Akaluc 
(2.5 × 105 cells/100 μL PBS in total) were injected into the spleens 
of anesthetized 13- or 11-week-old female BALB/c or BALB/c nu/
nu mice. The mice were then anesthetized, injected s.c. with Aka 
Lumine (0.45 mg/mouse), and imaged using an IVIS Lumina XRMS 
(PerkinElmer).19 After imaging, the mice were injected i.p. with 
DMSO or mevastatin (12.5 mg/kg) in PEG400. Following the final 
imaging session, the mice were euthanized, and their livers were pro-
cessed for H&E staining.

2.11  |  Statistical analysis

Data were analyzed using GraphPad Prism 8 (GraphPad Prism 
Software).

3  |  RESULTS

3.1  |  Establishment of mouse model for CRC 
metastasis

To isolate cells that efficiently metastasize to the liver, C26 cells 
were injected into the spleen, and cells from the liver were isolated 
(Figure 1A). The isolated cells were named LM1, cultured for several 
passages in vitro, and reinjected into the spleen. LM4 cells were ob-
tained after four cycles of injection and isolation. The autopsy date 
was determined based on noticeable cachexia changes in mice. As 
shown in Figure 1B, the time to autopsy was shortened after multi-
ple cycles of injection and isolation.

To confirm the higher metastatic ability of LM4 cells, C26 and 
LM4 cells were injected into the spleens of mice. The liver tissues 
were analyzed by H&E staining (Figure 1C). As C26 cells lacked E-
cadherin expression and showed mesenchymal features (data not 
shown), LM4 cells showed similar morphology to C26. The tumor 
areas in livers transplanted with LM4 cells were significantly larger 
than those with C26 cells (Figure 1D). In contrast, when transplanted 
into the skin, C26 and LM4 cells showed comparable tumor weights 
(Figure 1E). These results suggest that LM4 cells possess enhanced 
metastatic potential or growth capability in the liver compared to 
C26 cells.

3.2  |  Interaction between CRC and 
endothelial cells

Two possible reasons were proposed to explain why more LM4 cells 
metastasize to the liver compared to C26: LM4 cells might show bet-
ter extravasation or better proliferation in the liver than C26 cells. 
Recently, a microfluidic device with a perfusable vascular network 
was developed to observe immune cell dynamics in vitro.15 In this 
system, HUVECs cultured with fibrin and fibroblasts form vessel 
structures (Figure 2A). In our study, we observed individual events 



    |  3821TANIGUCHI et al.

of the extravasation process of C26-CFP and LM4-GFP cells in the 
same dish (Figure  2B, Movie  S1). Contrary to our expectations, 
quantification indicated that LM4 cells showed fewer extravasation 
events compared to C26 cells (Figure 2C). This result suggests that 
extravasation might not be the primary cause of liver metastasis by 
LM4 cells.

3.3  |  Cell survival ability

The growth rates of C26 and LM4 cells in vitro were examined. As 
shown in Figure 3A, C26 and LM4 cells showed comparable growth 
rates. Subsequently, time-lapse imaging of C26 and LM4 cells was 
carried out over 3 days without changing the medium (Movie  S2). 
LM4 cells continued to proliferate, whereas C26 cells began to show 
signs of cell death at around 48 h. Quantitative analysis indicated 
that LM4 cells showed significantly better survival than C26 cells 
(Figure  3B). Furthermore, following addition of 100 mM glucose, 
more C26 cells survived at 48 and 72 h (Figure  3C). These results 
suggest that C26 cells consume more glucose compared to LM4 
cells; that is, LM4 cells require less glucose for growth.

3.4  |  Oxidative metabolism change in LM4 cells

During the experiments, we observed that the culture media of C26 
cells, but not LM4 cells, turned yellowish after 72 h of cultivation 
(Figure  3D). Glucose, once incorporated into cells, is metabolized 
to pyruvate, which is further metabolized to lactate. Lactate, along 
with protons, is transported out of cells, leading to media acidifica-
tion.20 As shown in Figure 3D, the pH of the C26 media was lower 
than that of LM4 media. Oncogenic KRAS controls metabolic pro-
gramming in cancer cells, promoting glycolysis over oxidative respi-
ration.21,22 Because C26 cells harbor a KRAS mutation and consume 
more glucose than LM4 cells, it is plausible that LM4 cells might have 
switched from glycolysis to oxidative respiration. To investigate this 
hypothesis, metabolic analysis was carried out. As expected, LM4 
cells showed increased basal and maximal respirations, indicating a 
metabolic shift toward oxidative respiration (Figure 3E).

3.5  |  Fatty acid intake and cholesterol levels in 
LM4 cells

When cells do not consume glucose, they utilize FAs and amino 
acids for growth23 (Figure 4A). C26 and LM4 cells were treated with 
fluorescence-labeled FAs and washed, and the intensities of the FAs 
in the cells were measured. As expected, LM4 incorporated more 
FA compared to C26 cells (Figure 4B,C). Fatty acids are transported 
to the mitochondria where they are metabolized to acetyl-CoA, a 
precursor of cholesterol.24 When cells were labeled with filipin III, 
which binds to cholesterol without ester (free cholesterol), overall 
fluorescence was higher in LM4 cells compared to C26 (Figure 4D). 

Quantitative analysis of intensity in single cells or small clusters con-
firmed that LM4 cells had significantly higher cholesterol levels than 
C26 cells (Figure 4E). When LM4 cells treated with fluorescent FAs 
were fixed and stained with filipin III, intensities showed a parallel 
correlation (Figure 4F), suggesting that cholesterol production cor-
relates with higher FA intake in cells. Biochemical analysis also in-
dicated that total and free cholesterol were significantly higher in 
LM4 (Figure 4G). Low-density lipoprotein (LDL) contains cholesterol 

F I G U R E  3  In vitro cell growth of C26 and liver metastatic (LM) 
4 cells. (A) Growth curves of C26 and LM4 cells in vitro. (B, C) 
Quantification of cell growth by crystal violet (CV) staining. Cells 
were cultured for the indicated periods, fixed, and stained with 
CV. Live imaging was captured for 72 h. (D) Representative images 
of the culture media from dishes without cells (m), C26 (C), and 
LM4 (L) cells. After 72 h, the culture media were collected, and pH 
was directly measured using a pH meter. pH values of C26 and 
LM4 cell cultures were subtracted from that of media alone (Δ 
pH). **p < 0.005; paired t-test, 0.0016. (E) Oxygen consumption 
rate measured by XF24. Results represent the average of 10 
independent experiments. Inverted triangles indicate the addition 
of reagents. *p < 0.05, **p < 0.005, ****p < 0.0001; Mann–Whitney 
U-test. FCCP, Carbonyl cyanide-p-trifluoromethoxyphenylhydrazo
ne.
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synthesized in the liver and binds to LDL receptors on the plasma 
membrane, facilitating crucial cholesterol uptake necessary for 
CRC cell growth in the liver.25 Although the amount of LDL recep-
tor was higher in LM4 cells than in C26 cells (Figure 4H), the levels 
of total cholesterol did not decrease significantly when cells were 
cultured with LDL-depleted serum (Figure 4I). This result suggests 
that de novo cholesterol synthesis is the primary source of choles-
terol for both C26 and LM4 cells. It is known that the expression of 
the LDL receptor is regulated by sterol regulatory element-binding 

transcription factors 1 and 2 (Srebf1/2), which also upregulate the 
expression of key enzymes for cholesterol synthesis, namely 3-hy
droxy-3-methylglutaryl-coenzyme A synthase (Hmgcs) and 3-hydro
xy-3-methylglutaryl-coenzyme A reductase (Hmgcr) (Figure S1A).26 
Free cholesterol in the cytoplasm is esterified by acetyl-coenzyme A 
acetyltransferase 1 (Acat1) and transported out of the cell by scav-
enger receptor class B members 1 and 2 (Scarb1/2).27 We compared 
the mRNA expression levels of these genes and found that Srebf1, 
LDL receptor, Hmgcs, and Hmgcr tended to be upregulated in LM4 

F I G U R E  4  Quantification of fluorescent fatty acid (FA) intake and cholesterol in vitro. (A) Schematic depiction of glucose, FA, and 
O2 utilization in cells. Gray and light blue lines represent the plasma membrane and mitochondrion, respectively. (B, D) Representative 
images of cells treated with fluorescent FA (B, captured with a 20× objective lens) and filipin (D, captured with a 10× objective lens). Scale 
bar, 100 μm. (C) Fluorescent intensities of individual cells or clusters were measured. Averages were obtained from three independent 
experiments. n = 479 (C26) and 613 (LM4). (E) Fluorescent intensities of individual cells or clusters were measured. n = 238 (C26) and 229 
(LM4). ****p < 0.0001; Mann–Whitney U-test. (F) Fluorescent intensities of FA (x-axis) and filipin (y-axis) from individual cells or clusters were 
measured. The magenta line indicates the approximation curve. (G) Cholesterol measurement. LM4 values were normalized to C26 values. 
*p < 0.05; t-test. (H) Western blot analysis of the low-density lipoprotein (LDL) receptor (LDLR) and tubulin. Band intensity of LDLR was 
normalized to that of tubulin. p = 0.067 by paired t-test (ns). (I) Cholesterol measurement with normal and LDL-deficient (LDLdep) sera. p = 0.7 
by Mann–Whitney U-test (ns). OXPHOS, oxidative phosphorylation.
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cells, whereas Scarb1/2 and Acat1 were downregulated (Figure S1B). 
Although we did not confirm the protein expression, these results 
suggest that in LM4 cells, cholesterol levels are elevated due to 
an increase in cholesterol synthesis and downregulation of efflux 
pathways.

3.6  |  Downregulation of cholesterol and cell 
survival following treatment with various inhibitors

Cholesterol is a major lipid found in both the plasma membrane and 
organelles, particularly enriched in lysosomes.28 In C26 and LM4 
cells, cholesterol accumulated in dot-like structures within the cy-
toplasm (Figure 5A). Among the various pathways activated by cho-
lesterol accumulation in these cells, we focused on three: NLRP3,29 
STING,30 and mTORC31 (Figure  5B). The levels of NLRP3 protein 
tended to be higher in LM4 cells, and nuclear factor-κB, a down-
stream target of NLRP3, was repeatedly phosphorylated in LM4 
cells. STING proteins were also upregulated consistently in LM4 cells 
(Figure  5C). Regarding mTORC signaling, the expression of mTOR 
protein was comparable between C26 and LM4 cells. S6 kinase, a 
downstream protein of mTORC1, was not phosphorylated in LM4 
cells (Figure 5C). Although the mRNA expression of mTOR increased 
in LM4 cells (Figure S2), protein analysis indicated that the mTORC1 
pathway is not involved in the growth of LM4 cells.

To examine the effects of cholesterol, NLRP3, and STING on cell 
growth, C26 and LM4 cells were treated with inhibitors targeting 
HMG CoA reductase (mevastatin), NLRP3 (glibenclamide and BAY-
7082), and STING (C-176). Mevastatin preferentially killed LM4 
cells, whereas BAY-7082, glibenclamide, and C-176 did not show the 
same effect to C26 or LM4 cells. These results suggest that LM4 cell 
growth is dependent on cholesterol synthesis.

To confirm the effect of cholesterol synthesis on cell growth 
in the liver, LM4 cells expressing Akaluc18 were injected into the 
spleen, and mevastatin was administered (Figure  6A). A recent 
study suggested that the significance of cholesterol is cell-type 
specific; when mice were treated with statins, CD8+ T cells were 
specifically depleted, allowing cancer cells transplanted in the mice 
to grow well.32 We therefore utilized both WT and nu/nu BALB/c 
(nude) mice for transplantation. As expected, mevastatin enhanced 
LM4 cell growth in the liver of WT mice during the early phases 
(Figure  6B, white boxes, days 2–4). In nude mice treated with 
DMSO or mevastatin, LM4 cells showed less growth compared to 
those in WT mice (Figure 6B, middle graph). However, upon adjust-
ing the graph scale (right graph), LM4 cells in DMSO-treated mice 
showed enhanced growth (Figure 6B, black circles), whereas those 
in mevastatin-treated mice showed reduced growth (Figure  6B, 
white circles). In the later phases (Figure 6C), LM4 cells did not grow 
well in WT mice (Figure  6C, left and right graphs), whereas they 
showed increased growth in nude mice (Figure 6C, middle graph). 
Notably, in two nude mice treated with mevastatin, LM4 cell num-
bers decreased (Figure  6C, white circles, days 9–10 and 10–11). 
When the values were compared with those from the previous 

day (Figure 6D), mevastatin slightly increased LM4 cell numbers in 
WT mice (Figure 6D, left graph, days 4/3, 9/8, and 11/10). In con-
trast, mevastatin treatment reduced LM4 cell growth in nude mice 
(Figure 6D, right graph, days 3/2, 4/3, 9/8, and 11/10). Because our 
experimental intensities were not dependent on the time after in-
jection, these values were summarized regardless of the days. As 
shown in Figure 6E, mevastatin treatment tended to reduce growth 
in nude mice but not in WT mice. This is because LM4 cells grew 
better in DMSO-treated nude mice than in DMSO-treated WT mice.

To explain these results, we propose a working hypothesis 
(Figure 6F). In WT mice, CD8+ T cells eliminate LM4 cells (Figure 6F, 
left). Statin treatment kills both LM4 and CD8+ T cells (Figure 6F, 
lower left, gray triangles and circle). When exhausted CD8+ T cells 
expressing programmed cell death-1 (PD-1) increase (Figure 6F, mid-
dle),33 LM4 cells survive and grow better, but statin treatment dimin-
ishes LM4 growth to a level similar to that observed in mice without 
exhausted CD8+ T cells. In nude mice (Figure 6F, right), LM4 cells 
proliferate without statin treatment. However, with statin treat-
ment, LM4 cells are eliminated, similar to the effect observed in the 
presence of CD8+ T cells. Although it is unclear whether LM4 cells 
killed by CD8+ T cells are statin-resistant or vice versa, this model 
explains the increased proliferation of LM4 cells in nude mice with-
out statin treatment. It also explains that variations in LM4 growth 
in mice may depend on the numbers of CD8+ T cells expressing 
PD-1 and LM4 cells expressing PD-1 ligand (PD-L1). We confirmed 
higher PD-L1 mRNA expression in LM4 cells compared to C26 cells 
(Figure S3). It has been reported that in KRAS-mutated lung cancer, 
PD-L1 mRNA stability increases when tristetraprolin (TTP) activity 
is low.34 We confirmed lower Ttp mRNA levels in LM4 compared to 
C26, suggesting that LM4 uses a similar mechanism to upregulate 
PD-L1 expression and evade CD8+ T cell attack.

4  |  DISCUSSION

In this study, we isolated liver metastasis-prone LM4 cells from 
mouse CRC cell line C26, and revealed metabolic pathways were 
altered in LM4 cells. C26 cells utilized glucose, whereas LM4 cells 
preferred FAs and showed elevated cholesterol levels. De novo 
cholesterol synthesis was essential for LM4 cell growth in vitro. In 
mice lacking T cells, statin treatment effectively suppressed LM4 cell 
growth in the liver.

Previous studies have underscored the importance of choles-
terol synthesis in CRC cell growth in the absence of T cells. Statin 
treatment in SCID mice has been shown to decrease the growth 
of human CRC cells metastasized to the liver35 or injected directly 
into it.36 Additionally, statin treatment in nude mice reduced the 
number of CRC cells transplanted into the skin.37 In our study, 
statin treatment slightly suppressed cancer cell growth in nude 
mice but not in WT mice (Figure 6E). According to our hypothesis 
(Figure 6F), statins could prove effective when patients experience 
a decline in CD8 cell numbers or their cytotoxic activity. Although 
the mechanisms have not been elucidated, statins have been shown 
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F I G U R E  5  Expression of various proteins in cholesterol-mediated signaling. (A) C26 and liver metastatic (LM) 4 cells were fixed, stained 
with filipin, and imaged using confocal microscopy. Scale bar, 25 μm. (B) Schematic representation of cholesterol-mediated signaling. (C) 
Western blot analysis of various proteins. p = 0.068 (NLRP3), 0.227 (pNF-κB), 0.157 (STING), mTOR (0.924), and 0.007 (pS6K) by paired t-test. 
(D) LM4 cells were cultured in the presence of the inhibitors mentioned above. After 48 or 72 h, cells were fixed and stained with crystal violet. 
The values were normalized to those without reagent treatment. *p < 0.05, **p < 0.005; t-test. C, C26 cells; L, LM4 cells; ns, not significant.
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F I G U R E  6  Statin treatment of mice with intrasplenic transplantation of liver metastatic (LM) 4 cells. (A) Schematic overview of the 
experiments. BALB/c (WT) or BALB/c nu/nu (nude) mice were transplanted with LM4 cells expressing Akaluc on day 1 (indicated by inverted 
triangle “cells”). Filled inverted triangles denote mice injected i.p. with DMSO (D) or mevastatin (M). Luciferase activities were measured 
before injection. (B, C) Intensities at the indicated days summarized in graphs. Right graphs show smaller y-axis values. Analysis included six 
mice per group. (D) The intensity of each mouse on day 3 was normalized to that on day 2 (day 3/2). Similarly, relative values for day 4/3, 
day 9/8, day 10/9, and day 11/10 were obtained. Magenta bars represent averages. (E) Relative increase values for each group summarized 
in a graph. n = 30 (5 points × 6 mice). Magenta bars indicate averages. (F) Working model of statin treatment in the liver. LM4 cells are 
represented as squares. Green and gray triangles denote dead and live populations of LM4 cells, respectively. White and gray circles denote 
live and dead CD8+ T cells, respectively. Magenta arrows indicate statin treatment; blue arrows indicate killing by CD8+ T cells. PD-1, 
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to enhance the killing activity of oxaliplatin against C26 cells trans-
planted in the skin of WT mice.38 A clinical study reported that 
statin treatment, in combination with XELOX (capecitabine and 
oxaliplatin) plus bevacizumab, improved progression-free survival 
and overall survival in patients with metastatic CRC.39 Further elu-
cidating the relationship between drug-resistant tumor cells and 
CD8 activity will help identify the optimal application of statins for 
liver-metastasized CRC.

In this study, we examined KRAS-mutated CRC cells, although 
previous reports have indicated that cholesterol synthesis is altered 
in various cancers regardless of KRAS mutations. The results from 
phase II and III studies on statin treatment in patients with KRAS mu-
tations remain controversial.40,41 Another clinical study suggested 
that statin treatment following diagnosis reduced the risk of death 
in patients whose primary lesions expressed SMAD4 and BMP re-
ceptors, irrespective of KRAS mutations.42 Statins have also been 
found to inhibit the growth of APC-mutated CRC cell lines.43 In other 
cancers, p53 mutations upregulate genes associated with the me-
valonate pathway in breast cancers,44 whereas ovarian cancer with 
p53 mutation shows increased cholesterol synthesis.45 Direct path-
ways linking KRAS, BMP, or p53 signaling to cholesterol synthesis 
have not yet been determined, suggesting that cholesterol synthesis 
might be a characteristic of specific subpopulations of cancer cells, 
such as stem cells. Supporting this notion, CRISPR screening in stem 
cell-enriched spheroids of human CRCs has identified the choles-
terol synthesis pathway as crucial for stem cell growth.37

As a mechanism involving cholesterol in cells, various path-
ways downstream of cholesterol accumulation were examined. 
However, none of these pathways effectively inhibited cell growth 
in vitro (Figure 5). These results do not negate the importance of 
these signaling pathways in the interaction between LM4 cells with 
interstitial cells for cell growth and survival in vitro. In addition to 
cholesterol synthesis, the mevalonate pathway produces various 
end products crucial for posttranslational modifications of small 
GTPases.46 Cholesterol is essential for the signaling platform in the 
plasma membrane47 and contributes to cancer progression in vari-
ous ways.47 Our gene set enrichment analysis revealed upregulation 
of pathways involving FAs in LM4 cells, whereas those related to 
ribosomes and ribosomal subunits were downregulated (data not 
shown). This difference in the balance between protein and lipid 
synthesis between C26 and LM4 cells affected their growth both 
in vitro and in vivo. Cholesterol production primarily occurs in the 
liver, with the intestine being the second organ with a high synthetic 
rate of cholesterol.27 It is intriguing that colon cancer cells, by pro-
ducing cholesterol similarly to hepatocytes, may adapt to the liver 
environment. Further experiments are necessary to understand the 
role of cholesterol synthesis in survival. LM4 cells can provide in-
sights into the molecular mechanisms of cancer survival in the liver.
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