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Abstract
It is interesting that high iron is an independent inducer or cofactor of hepa-
tocellular carcinoma (HCC) while the amount of iron is decreased in the liver 
tumor tissues. Due to the previous findings that iron deficiency promoted HCC 
metastasis, it is of significance to identify the underlying mechanism of iron 
deficiency in HCC. The tumor iron content and expressions of iron-metabolic 
molecules were observed in the primary liver cancers of rats and mice. The 
molecules that changed independently of iron were identified by comparing 
the expression profiles in the human HCC tissues and iron-deprived HCC 
cells. The downstream effects of these molecules on regulating intracellular 
iron content were investigated in vitro and further validated in vivo. Both in 
primary liver cancers of rats and mice, we confirmed the decreased iron con-
tent in tumor tissues and the altered expressions of iron-metabolic molecules, 
including transferrin receptor 1 (TfR1), six-transmembrane epithelial antigen 
of prostate 3 (STEAP3), divalent metal transporter 1 (DMT1), SLC46A1, fer-
roportin, hepcidin, and ferritin. Among these, STEAP3, DMT1, and SLC46A1 
were altered free of iron deficiency. However, only silence or overexpression 
of SLC46A1 controlled the intracellular iron content of HCC cells. The inter-
ventions of STEAP3 or DMT1 could not change the intracellular iron content. 
Lentivirus-mediated regain of SLC46A1 expression restored the iron content 
in orthotopically implanted tumors, with correspondingly changes in the iron-
metabolic molecules as iron increasing. Conclusion: Taken together, these 
results suggest that the loss of SLC46A1 expression leads to iron deficiency 
in liver tumor tissues, which would be an effective target to manage iron ho-
meostasis in HCC.
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INTRODUCTION

The trace element iron impacts various aspects of the 
tumor, from the tumor cell proliferation, in which iron 
is indispensable for cell replication, to the tumor cell 
death, in which iron is necessary for ferroptosis.[1] Thus, 
iron excess or iron deficiency may be a double-edged 
sword for tumor initiation and progression.[2] In past de-
cades, iron overload was deemed as a trigger of gene 
mutation for its production of overburdened free radi-
cals. The liver is the most vulnerable organ due to the 
storage of excess iron. The connection between iron 
overload and hepatocarcinoma is undoubted basing 
on observations on patients with hereditary hemochro-
matosis and many kinds of iron overload animal mod-
els.[3] Interestingly, unignorable findings indicated that 
iron is deficient and iron metabolism is dysregulated 
in liver tumor tissues of both patients and mice.[4–12] In 
our last study, we found that iron deficiency promoted 
pulmonary metastasis of liver cancer through immuno-
suppression and immune-independent mechanisms.[13] 
However, the reason for iron deficiency in the liver 
tumor has not been clearly understood so far.

Iron homeostasis is primarily regulated by liver–
specifically secreted hepcidin (HAMP), which binds 
with ferroportin (FPN), leading to its degradation and 
thus decreasing the export of iron from enterocytes, 
hepatocytes, and macrophages to the blood.[14] On 
the contrary, there are three known ways for iron 
to enter hepatocytes: the principal transferrin (Tf)–
transferrin receptor (TfR) pathway for transferrin bind-
ing iron (Holo-Tf) and H-ferritin-iron[15]; the divalent 
metal transporter 1 (DMT1) for ferrous iron, which is 
reduced from Tf-ferric iron by the metalloreductase 
six-transmembrane epithelial antigen of prostate 3 
(STEAP3) or rarely existed in blood; and the SLC46A1, 
also named as proton-coupled folate transporter or 
heme carrier protein 1, which is the main importer of 
heme-iron and folate. SLC46A1 transcripts are abun-
dant in the duodenum and the liver.[16,17] The trans-
port of folic acid is deemed to be the main function of 
SLC46A1 due to the affinity of SLC46A1 with folate 
(1.67 μm), which is far beyond with heme (85 μm).[18] 
However, the affinity of folate with SLC46A1 is dramati-
cally declined in the liver because SLC46A1 transports 
folate in a proton-coupled manner, which is optimum in 
the small intestine with pH in the range of 5.8–6.0.[19] 
Although SLC46A1 transports heme with low affinity, it 
is independent of pH.[20] Our previous results showed 
that the SLC46A1 contributed to hepatic iron metabo-
lism by importing heme in hepatocytes, which was un-
affected by folate.[21]

It is difficult to determine the causality between 
iron content and iron-metabolic molecules. Because 
changes in iron transporters will lead to changes in in-
tracellular iron content, changes in intracellular iron con-
tent also alter the expressions of these iron-responsive 

transporters through diversified feedback manners. In 
the present study, we first investigated the iron contents 
and iron-metabolic molecules in the liver tumor tissues 
of rats and mice. Then we identified the molecules 
possibly leading to iron deficiency in the liver tumor by 
comparing the expression profiles of iron transporters 
in the HCC tumor tissues with their expressions in ma-
nipulated iron-deficient HCC cells. The molecules with 
different alterations in HCC tissues and iron-deprived 
HCC cells, which meant they were not regulated by 
iron deficiency, were possible causes of iron deficiency. 
Finally, we further verified the functions of these mole-
cules in regulating iron content and iron homeostasis 
both in vitro and in vivo to elucidate the mechanism of 
iron deficiency in HCC tissues.

METHODS

Animals

Animal studies were performed under the approval of 
the Institutional Animal Care and Use Committee of 
Second Military Medical University, following the guid-
ance of “Guide for the Care and Use of Laboratory 
Animals.” Rats and mice were purchased and reared 
in the Animal Center of Second Military Medical 
University, with normal circadian rhythm and food or 
water ad libitum in the SPF grade environment. The 
number of animals used in each experiment is shown 
in the figures.

Induction of primary liver cancer

Male Wistar rats, 7 weeks old, were intraperitoneally 
injected with diethylnitrosamine (DEN, Cat. 73861; 
Sigma-Aldrich) at 50 mg/kg once a week for 16 weeks. 
Male C57/BL6 mice, 2 weeks old, were intraperitoneally 
injected with DEN at 25 mg/kg for one time. Rats or 
mice were injected with an equal volume of phosphate 
buffered saline for negative controls. Mice were sacri-
ficed at 1 month, 3 months, 5 months, 7 months, and 9 
months to observe tumorigenesis and iron metabolism. 
Serum alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) contents were determined by 
Hitachi 7600 Automatic Biochemical Analyzer (Hitachi). 
Serum alpha-fetoprotein (AFP) content was measured 
by an enzyme-linked immunosorbent assay kit (Cat. 
ab210969; Abcam).

Clinic liver tumor tissues

The liver tumor tissues and nontumor counterparts 
used in this study were identical to our previous re-
port.[13] Written informed consent was received from 
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participants before inclusion in the study. Research 
Ethics Committees of Changhai Hospital, Second 
Military Medical University, granted ethical approval for 
the use of human liver tumor samples. Sample sizes 
are reported in the figure legend.

Cells and chemicals

Hepatoma cell lines Huh7 cells, HepG2 cells, and 
Hepa1-6 cells were cultured in Dulbecco's modified 
Eagle's medium (Hyclone; GE Lifesciences) containing 
10% fetal bovine serum (Cat. 10099141; Gibco). Cells 
were obtained from Stem Cell Bank, Chinese Academy 
of Sciences, with STR authentication and detected 
without mycoplasma by the Myco-Lumi Luminescent 
Mycoplasma Detection Kit (Cat. C0298 M; Beyotime 
Biotech). Holo-Tf (Low Endotoxin, Cat. 616424) was 
purchased from Merck Millipore. Hemin (Cat. 51280) 
and deferoxamine (DFO; Cat. D9533) were purchased 
from Sigma-Aldrich.

Cell transfection

Small interfering RNAs (siRNAs) and plasmids were 
transfected by Lipofectamine 3000 reagent (Cat. 
L3000015; Thermo Fisher) according to its protocols. 
Nonsense oligos or empty plasmids were used as neg-
ative control (NC). Forty-eight hours following transfec-
tion, cells were used for downstream applications. The 
synthesis of siRNAs and plasmids was commissioned 
to GenePharma. The sequences of siRNAs were given 
in Table S1.

SLC46A1 overexpression

Hepa1-6 cells were cocultured with lentivirus-NC or 
lentivirus-SLC46A1 for 48 h at the approximate ratio of 
1:1000. After expansion to sufficient amount, the cells 
were treated with puromycin for 48 h to clear uninfected 
cells. Then the infected cells were detected for expres-
sion of SLC46A1. The lentivirus vectors, with EF-1a 
promoter and resistance to puromycin, were packaged 
with nonsense oligos (lentivirus-NC) or SLC46A1 
messenger RNA (mRNA) (NM_026740.2, lentivirus-
SLC46A1) by GenePharma Biotech and validated by 
sequencing and titer determination.

Orthotopic implantation of liver tumor

Hepa1-6 cells were mixed with Matrigel (Cat. 356237; 
Corning) to 5 × 107 cells/ml and kept at 4°C. Mice were 
anesthetized and an aseptic micro-incision was cut 
along the lower edge of the left rib to show out the liver. 

Then 20-μl cell suspension was slowly injected into 
the largest liver lobe and held for 10 s to concrete the 
Matrigel. If bleeding, we pressed with a gelatin sponge 
for 30 s and then sutured the abdominal muscles and 
the skin layer by layer.

Iron content determination

The intracellular iron content and tumor iron content 
were determined by the Iron Colorimetric Assay Kit 
(Cat. K390-100; BioVision). Briefly, cells or tissues 
were homogenized in the Iron Assay Buffer. Then ferric 
iron was reduced to ferrous iron by Iron Reducer and 
the total ferrous iron was measured by Iron Probe. The 
iron content was calculated according to the standard 
curve.

Real-time polymerase chain reaction

RNA was extracted from cells or tissues using Trizol 
reagent (Cat. 15596–026; Invitrogen) following its pro-
tocol. A total of 1 μg RNA proceeded to be reverse-
transcribed using PrimeScript RT Master Mix (Cat. 
RR037A; Takara). Real-time quantitative polymerase 
chain reaction was performed by the SYBR Green Kit 
(Cat. QPK201; Toyobo Bio Inc.) using the QuantStudio 
1 (Applied Biosystems). The mRNA expressions of tar-
get genes were normalized by internal reference 18 s. 
All primers were synthesized and high-performance 
liquid chromatography–purified in Sangon Biotech. The 
sequences of primers are provided in Table S2.

Western blot

Total proteins were extracted by the total protein ex-
traction kit (Keygene Biotech). Western blot assays 
were performed and analyzed as before.[22] Antibodies 
used in this study were β-actin (Cat. ab8227; Abcam), 
SLC46A1 (Cat. ab25134; Abcam), STEAP3 (Cat. 
ab180770; Abcam), DMT1 (Cat. ab55735; Abcam), 
TfR1 (Cat. ab84036; Abcam), FPN (Cat. ab85370; 
Abcam), HAMP (Cat. ab30760; Abcam), and ferritin 
(Cat. ab75973; Abcam). The IRDye secondary antibody 
(LI-COR) was used, and immunoblots were scanned 
by Odyssey dual-color infrared fluorescence imaging 
system. The grayscale of each band was obtained from 
Odyssey software.

Staining of tissue slices

Hematoxylin and eosin (H&E) staining and immuno-
histochemical staining were described previously.[23] 
Briefly, tissues were perfused with 0.9% NaCl, fixed 
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in 4% paraformaldehyde overnight, and embedded 
in paraffin. The slices were dewaxed for H&E stain-
ing. For immunohistochemical staining, slices were 
repaired antigen in antigen repair buffer (Cat. C1032; 
Solarbio Science & Technology), blocked by Normal 
Donkey Serum (Cat. ab7475; Abcam), and incubated 
by primary and secondary antibodies. The images of 
all slices were taken by an inverted fluorescence mi-
croscope (Leica).

Statistics

The t test was used for two-group comparisons, and 
one-way or two-way analysis of variance was used for 
multigroup comparison if the data obeyed the normal 
distribution. The Mann–Whitney test was used for two-
group comparisons, and the Kruskal-Wallis test was 
used for multigroup comparisons if the data did not 

obey the normal distribution. Tukey's multiple compari-
sons test was used for post hoc tests. The difference 
was significant when p < 0.05.

RESULTS

Decreased iron content and dysregulated 
iron-metabolic molecules in primary liver 
tumor tissues of rats and mice

We used DEN to induce primary hepatocarcinoma in 
rats and mice to investigate changes in the contents 
of iron and expressions of iron-metabolic molecules. In 
rats, DEN was used at 50 mg/kg intraperitoneally (i.p.) 
for 16 weeks, once a week. At the end of treatment, 
the liver presented obvious oncogenesis (Figure  1A). 
The serum contents of ALT, AST, and liver/body weight 
ratio were significantly increased (Figure  1B–D). The 

F I G U R E  1   Iron content and expressions of iron-metabolic molecules in liver tumor of rats. (A) The liver and hematoxylin and eosin 
(H&E) staining of liver slices of rats received intraperitoneal (i.p.) injection of 50 mg/kg DEN for 16 weeks, once a week. Scale bar: 100 μm. 
Serum alanine aminotransferase (ALT) content (B) and serum aspartate aminotransferase (AST) content (C), as well as liver/body weight 
ratio (D), were increased in rats with diethylnitrosamine (DEN)–induced liver cancer. (E) Liver iron content was decreased in rats with DEN-
induced liver cancer. Messenger RNA (mRNA) expression (F) and protein expressions of TFRC (transferrin receptor 1 [TfR1]), ferroportin 
(FPN), hepcidin (HAMP), ferritin, six-transmembrane epithelial antigen of prostate 3 (STEAP3), divalent metal transporter 1 (DMT1), and 
SLC46A1 (G) were altered in rats with DEN-induced liver cancer. Compared with the negative control (NC) group: **p < 0.01; ***p < 0.001; 
tested by unpaired t test.
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iron content in liver tumor tissues was significantly 
reduced (Figure 1E). The mRNA and protein expres-
sions of iron-metabolic molecules, including TFRC 
(TfR1), STEAP3, DMT1, SLC46A1, HAMP, FPN, and 
ferritin, were changed in iron-deficient tumor tissues 
(Figure  1F,G). The TFRC (TfR1) was increased, and 
the STEAP3, DMT1, SLC46A1, HAMP, and FPN were 
decreased. However, the protein expression of FPN 
was decreased while its mRNA level was increased, in 
line with previous findings,[24] probably due to the post-
transcription inhibition by iron deficiency through iron-
responsive elements.[25]

In mice, we set five timepoints to analyze changes 
in iron-metabolic molecules during the oncogenesis 
of hepatocarcinoma. DEN was given at 25 mg/kg i.p. 
at the age of 2 weeks of mice for one time. Not until 
7 months in our experiment did the mice show tumor 
tissues in the liver (Figure 2A). The serum AFP level 
was increased from 5 months (Figure 2B), earlier than 
the macroscopic tumor tissues (Figure 2A) and the in-
creases in serum ALT (Figure  2C), AST (Figure  2D), 
and liver/body weight ratio (Figure 2E). The liver iron 
contents were not significantly changed in 1 month, 
3 months, and 5 months (Figure S1) but decreased at 7 
months and 9 months (Figure 2F). The iron-metabolic 
molecules, TFRC (TfR1), HAMP, FPN, SLC46A1, 
STEAP3, DMT1, and ferritin, were also changed from 
7 months, both at mRNA levels (Figure 2G,H) and pro-
tein levels (Figure 2I,J). Same as in the tumor tissues 
of rats, the expression of TFRC (TfR1) was increased 
in tumor tissues compared with normal liver tissues or 
surrounding nontumor tissues, while the expressions 
of HAMP, FPN, SLC46A1, STEAP3, DMT1, and fer-
ritin were decreased. These molecules were not sig-
nificantly altered at 1 month, 3 months, and 5 months 
(Figure S2). Noteworthy, the earlier change in AFP level 
than iron content and iron-metabolic molecules hinted 
that the transformation of hepatocytes to tumor cells 
was earlier than its dyshomeostasis of iron metabolism.

SLC46A1, STEAP3, and DMT1 were altered 
iron-independently in liver tumor tissues

In line with others' reports, our previous study con-
firmed that iron content was decreased in human liver 
tumor tissues compared with adjacent nontumor tis-
sues (n = 29).[13] To further investigate the alterations 
of iron-metabolic molecules in HCC, we first retrieved 
the RNA-sequencing date of liver tumor in The Cancer 
Genome Atlas (TCGA) database. Iron-related genes 
were classified as iron ion homeostasis, iron ion trans-
port, regulation of iron ion transport, and response 
to iron ion, according to Gene Ontology functions 
(Figure  3A). The expression profiles of these iron-
related genes were significantly changed in tumor tis-
sues (n = 371) compared with control tissues (n = 50), 

suggesting that iron metabolism was dysregulated in 
the liver tumor. Then we validated the protein levels 
of TfR1, STEAP3, DMT1, SLC46A1, HAMP, and FPN 
in the same batch samples of our previous study. The 
protein expressions of TfR1 and FPN were increased 
in tumor tissues (T) compared with non-tumor tissues 
(NT), while the protein expressions of STEAP3, DMT1, 
SLC46A1, and HAMP were decreased (Figure 3B).

To determine whether these alterations of iron-
related molecules in human liver tumor tissues were 
induced by iron deficiency, we tested their expressions 
in iron chelator–treated human liver cancer Huh7 and 
HepG2 cells (Figure 3C,D). Interestingly, we found that 
three transporters, STEAP3, DMT1, and SLC46A1, 
changed oppositely in iron-deficient liver tumor tissues 
and iron chelator–treated hepatocarcinoma cells, as 
they were decreased in the former but up-regulated in 
the latter. The rest of the iron-related molecules showed 
the same direction of change in tumor tissues and iron-
deprived cells. Thus, these three proteins were proba-
bly the cause, rather than the result, of iron deficiency 
in tumor tissues.

SLC46A1, not STEAP3 or DMT1, regulated  
the intracellular iron content of HCC cells 
in vitro

Next, we observed the effects of silencing these three 
proteins on the intracellular iron content in Huh7 and 
HepG2 cells. Validation of the silencing efficacy is 
shown in Figure S3. The silence of STEAP3 or DMT1 
did not influence the entrance of transferrin-binding 
iron (Holo-Tf), nor the combination silence of STEAP3 
and DMT1 (Figure 4A). Surely, the silence of SLC46A1 
did not inhibit the transport of Holo-Tf (Figure 4B), as 
it is the transporter of heme.[21] The heme treatment 
could significantly increase intracellular iron content 
in human liver cancer cell lines Huh7 and HepG2, 
and mouse liver cancer cell line Hepa1-6 (Figure 4C), 
showing that heme could be transported into the cy-
toplasm in hepatocarcinoma cells like hepatocytes. In 
this circumstance, both silence and overexpression of 
SLC46A1 could manipulate the intracellular iron con-
tent in Huh7, HepG2, and Hepa1-6 cells (Figure 4D,E; 
validation of SLC46A1 silence or overexpression is 
shown in Figure S3). These results showed that the low 
expression of SLC46A1, rather than STEAP3 or DMT1, 
might lead to iron deficiency in liver tumor tissues.

Overexpression of SLC46A1 restored 
tumor iron homeostasis

To validate the role of SLC46A1 in regulating tumor iron 
metabolism in vivo, mouse liver cancer Hepa1-6 cells 
were transfected with lentivirus-carrying SLC46A1 
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protein-coding sequence (SLC46A1). The lentivirus-
carrying nonsense sequence was used as negative 
control (NC). After transfection and killing untrans-
fected cells, the cells stably overexpressing SLC46A1 
were used for the next experiments (Figure 5A,B). In 
vitro, the SLC46A1-overexpressed cells had more 
iron content in the hemin-added medium (Figure 5C). 

The iron-metabolic molecules also responded to the 
increase of intracellular iron content, especially the 
HAMP mRNA expression, in Hepa1-6-SLC46A1 cells 
compared with Hepa1-6-NC cells (Figure S4). In vivo, 
the immunohistochemistry staining of SLC46A1 exhib-
ited weak staining in mice primary liver tumor tissues 
and orthotopic implantation of Hepa1-6-NC cells, while 

F I G U R E  2   Iron content and expressions of iron-metabolic molecules during hepatic tumorigenesis in mice. (A) The liver and H&E 
staining of liver slices of mice received i.p. injection of 25 mg/kg DEN at 2 weeks of age for one time. From 7 months, the liver exhibited 
obvious tumor tissue. Scale bar: 100 μm. Serum alpha-fetoprotein (AFP) content (B), serum ALT content (C), and serum AST content (D) 
were escalated during the tumorigenesis of mice. (E) The liver/body weight ratio was increased in DEN-injected mice at 7 months and 9 
months. (F) Iron content was decreased in DEN-induced tumor tissue (DEN-T) compared with non-tumor liver tissue (DEN-NT) and liver 
tissue in the NC group. (G,H) mRNA expressions of TFRC, FPN, HAMP, SLC46A1, FTL, STEAP3, and DMT1 were disrupted in tumor 
tissues (TT) of DEN-injected mice at 7 months and 9 months, compared with tumor surrounding tissues (ST) and normal tissues in the NC 
group. (I,J) Protein expressions of TfR1, FPN, HAMP, ferritin, STEAP3, DMT1, and SLC46A1 were similarly changed in TT of DEN-injected 
mice at 7 months and 9 months. Compared with the NC group: *p < 0.05; **p < 0.01; ***p < 0.001; tested by one-way analysis of variance 
(ANOVA) or unpaired t test.
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it was regained in tumor tissues of Hepa1-6-SLC46A1 
cells (Figure  5D). The implanted tumor iron content 
(Figure 5E) was increased by the recovery of SLC46A1 
expression (Figure 5F,G), followed by the changes in 
mRNA (Figure 5F) and protein (Figure 5G) expressions 
of iron-metabolic molecules TfR1, FPN, HAMP, ferritin, 
STEAP3, and DMT1. These results further confirmed 
that SLC46A1 regulated tumor iron homeostasis, and 
the loss of SLC46A1 decreased tumor iron content.

DISCUSSION

Iron deficiency in liver tumor tissues was noticed but 
not well understood in past decades. It was, to some 
extent, paradoxical to another reality that iron excess 
acted as an independent initiator or cofactor to induce 
and promote liver cancer. An interesting thing was that, 
even in iron overload–induced primary hepatocarci-
noma of patients with hemochromatosis and high iron 
feeding rats, the iron content in tumor tissues was lower 
than surrounding tissues, exhibiting iron-free neoplastic 
nodules.[10–12] Evidence in non–iron overload–induced 
hepatocarcinoma was more. A systematic review had 

indicated that iron content was lower in HCC than in 
surrounding tissues or normal controls.[26] Our last 
and present studies also showed that iron content was 
lower in tumor tissues than adjacent normal tissues in 
liver cancer[13] and in DEN-induced hepatocarcinoma 
of rats and mice. Noteworthily, during the oncogenesis 
of our mice model, we found that the increase of AFP 
(at 5 months) was earlier than the changes in iron reg-
ulatory genes (at 7 months). These findings declared 
that iron metabolism was disturbed by the oncogenic 
mutation of hepatocytes.

Previous studies had observed the changes in ex-
pressions of iron regulatory genes in liver tumor tis-
sues[7,24]; however, it was hard to dictate the reason for 
iron deficiency due to the complicated mutual regula-
tory pathways. For example, the TfR is the main route 
of iron entering cells; hence, its increase will definitely 
lead to more intracellular iron content. However, iron 
deficiency also counter-leads to its overexpression; 
moreover, the increase of soluble TfR in serum is the 
most reliable indicator for iron deficiency anemia.[27] 
Thus, the up-regulation of TfR1 and down-regulation 
of HAMP in liver tumor tissues were more likely the 
results of iron deficiency. In 2009, two independent 

F I G U R E  3   Expressions of iron-metabolic molecules in liver cancer and iron-deprived HCC cells. (A) Disruption of iron-metabolic 
molecules expressions in liver tumor tissues (n = 371) compared with control tissues (n = 50). Data were retrieved from The Cancer 
Genome Atlas (TCGA). The iron-metabolic genes with significant differences (tested by Welch's T-test) were plotted by the R package. 
The genes that were validated by protein expressions were marked by rectangles. Solute carrier family 11 member 2 (SLC11A2): DMT1; 
solute carrier family 40 member 1 (SLC40A1): FPN. (B) Protein expressions of iron-metabolic molecules TfR1, STEAP3, DMT1, SLC46A1, 
FPN, and Hepcidin in liver tumor tissues (T) compared with surrounding nontumor tissues (NT) (n = 29). (C,D) Protein expressions of TfR1, 
STEAP3, DMT1, SLC46A1, FPN, and Hepcidin in Huh7 (C) and HepG2 (D) cells treated by 0, 50, 100, and 200 μM iron chelator DFO for 24 h 
(n = 6). The changes in expressions of STEAP3, DMT1, and SLC46A1 in iron-deprived HCC cells were opposite to those in iron-deficient 
human liver tumor tissues. Compared with control group: *p < 0.05; **p < 0.01; ***p < 0.001; tested by one-way ANOVA or unpaired t test.
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groups reported that expressions of STEAP3 and 
DMT1 were altered independently of iron status in liver 
tumor tissues.[7,9] Unfortunately, subsequent studies on 
DMT1 knockout[28] and STEAP3 knockout[29] mice in-
dicated that their absences did not affect iron content 
in the liver. Our in vitro results also supported these 
findings. Recently, we reported that SLC46A1 was iron-
responsive in the liver, shown to be increased by iron 
deficiency and decreased by iron overload.[21] However, 
its expression in liver tumor tissues was also decreased 
independently by iron deficiency. The recombinant 
adeno-associated virus–mediated silence decreased 
the liver iron content in vivo.[21] In liver cancer cells, both 
silence and overexpression of SLC46A1 could result in 
corresponding changes in intracellular iron content. 
Moreover, its overexpression effectively increased the 
iron content of implanted tumors. Considering the loss 
of its expression in liver tumor tissues of patients, rats 
and mice, it was reasonable to propose that its down-
regulation led to iron deficiency in liver tumor tissues.

HAMP, together with FPN, control iron homeostasis 
in the body. In the normal physiological condition, it is 
predominantly produced in hepatocytes. However, its 
expression was down-regulated in liver tumor tissues, 
while increased in tumor tissues of almost all other 
cancer types (Figure  S5, retrieved from TCGA data-
base by GEPIA2[30]). This difference was in line with 

the decreased tumor iron content in liver tumor tissues 
but increased in tumor tissues of breast cancer,[31–34] 
lung cancer,[35,36] prostate cancer,[37,38] colorectal can-
cer,[39–41] and so on. Iron deficiency inhibits the produc-
tion and secretion of HAMP to disable the degradation 
of FPN, thus increasing the absorption of exogenous 
iron into the body.[14] Also, iron deficiency decreases 
the translation of FPN mRNA through its 5′ UTR iron-
response element to achieve a dynamic balance of 
FPN expression.[42] Therefore, the down-regulation of 
HAMP in liver tumor tissues and up-regulation of HAMP 
in other types of tumor tissues were more likely the re-
sponses to iron conditions. The expression profiles of 
FPN, both at mRNA level and protein level, were not 
totally coincident in liver tumor tissues of patients,[7,43] 
rats,[24] and mice,[44] suggesting different regulatory 
mechanisms of FPN in the oncogenesis of different 
species. Importantly, as recorded by TCGA, the down-
regulation of HAMP was correlated with poor prognosis, 
implying potential influences of iron deficiency on liver 
cancer progressions.[13] In addition, the HAMP-FPN 
axis, the main regulators of iron homeostasis in vivo, 
was identified to influence tumor malignancy, progress 
and prognosis, which highlighted the importance of iron 
metabolism in tumor biology.

In our last study, we found that iron deficiency pro-
moted pulmonary metastasis of liver cancer through 

F I G U R E  4   Validation of SLC46A1, STEAP3, and DMT1 in regulating intracellular iron content of HCC cells. The silencing or 
overexpression efficacy is shown in Figure S3. Nonsense oligos or empty plasmids were used as NC. (A) Silence of STEAP3 or DMT1 or 
co-silence of them did not influence intracellular iron content in Huh7 and HepG2 cells treated with 30 μM Holo-Tf. (B) Silence of SLC46A1 
did not influence intracellular iron content in Huh7 and HepG2 cells treated with 30 μM Holo-Tf. (C) 30 μM hemin treatment increased 
intracellular iron content in Huh7 and HepG2 cells and mouse liver cancer cell line Hepa1-6 cells. (D) Silence of SLC46A1 decreased 
intracellular iron content in Huh7, HepG2, and Hepa1-6 cells treated with 30 μM hemin. (I) Overexpression of SLC46A1 increased 
intracellular iron content in Huh7, HepG2, and Hepa1-6 cells treated with 30 μM hemin. Compared with the NC group: *p < 0.05; **p < 0.01; 
***p < 0.001; tested by one-way ANOVA or unpaired t test.
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immunosuppression and immune-independent mech-
anisms.[13,45] Indeed, iron deficiency led to inhibition of 
the immune system, especially the T cells' immune re-
sponses.[46] The observations on patients with iron de-
ficiency anemia and iron-deficient mice demonstrated 
the decreased amounts and the inhibited maturation of 
immune cells, as well as the reduced synthesis of cy-
tokines.[47–49] The immune-independent mechanism of 

metastasis probably involved the decreased degrada-
tion of hypoxia inducible factor 1 alpha subunit protein 
by iron deficiency, which is important for epithelial–
mesenchymal transition, migration, and invasion of 
cancer cells.[50] In the present study, we showed that 
the loss of SLC46A1 in HCC tissues led to the de-
creased tumor iron content, which was restored by 
SLC46A1 overexpression. Therefore, it is worthwhile 

F I G U R E  5   Overexpression of SLC46A1 increased tumor iron content and restored tumor iron homeostasis. mRNA expression (A) and 
protein expression (B) of SLC46A1 in Hepa1-6 cells after being transfected with lentivirus-carrying mouse SLC46A1 protein code sequence 
and (SLC46A1) or nonsense sequence (NC). (C) Intracellular iron content in Hepa1-6-SLC46A1 cells with the addition of 30 μm hemin for 
2 h. (D) Immunohistochemistry staining of SLC46A1 in liver slices of mice injected with DEN at 7 months and 9 months (up) and in orthotopic 
implantation tumor tissues from Hepa1-6-NC cells and Hepa1-6-SLC46A1 cells (down). Scale bar: 100 μm. (E) Iron content was increased in 
Hepa1-6-SLC46A1 cell–implanted tumor tissues compared with Hepa1-6-NC cell–implanted tumor tissues. (F) mRNA expressions of TFRC, 
HAMP, FPN, ferritin, SLC46A1, STEAP3, and DMT1 in implanted tumor tissues. (G) Protein expressions of TfR1, FPN, HAMP, ferritin, STEAP3, 
DMT1, and SLC46A1 in implanted tumor tissues. Compared with the NC group: *p < 0.05; **p < 0.01; ***p < 0.001; tested by unpaired t test.
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to further investigate the roles and mechanisms of re-
balance of iron homeostasis in HCC metastasis and 
the effective measures targeting tumor iron metabo-
lism, including SLC46A1 manipulation.

CONCLUSIONS

The results of the present study revealed the dys-
regulated iron metabolism in HCC tissues and the 
key role of SLC46A1 in the tumor iron metabolism of 
HCC. Loss of SLC46A1 expression decreased the 
tumor iron content, while its overexpression effec-
tively restored the iron homeostasis of liver cancer. 
The role of targeting iron homeostasis by SLC46A1 
in HCC metastasis and the functional mechanisms 
need to be further explored.
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