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Iron dyshomeostasis is associated with hepatocellular carci-
noma (HCC) development. However, the role of iron in HCC
metastasis is unknown. This study aimed to elucidate the under-
lying mechanisms of iron’s enhancement activity on HCC
metastasis. In addition to the HCC cell lines and clinical samples
in vitro, iron-deficient (ID) mouse models were generated using
iron-free diet and transferrin receptor protein knockout, fol-
lowed by administration of HCC tumors through either ortho-
topic or ectopic route. Clinical metastatic HCC samples showed
significant ID status, accompanied by overexpression of sphin-
gosine-1-phosphate transporter spinster homolog 2 (SPNS2).
Mechanistically, ID increased SPNS2 expression, leading to
HCC metastasis in both cell cultures and mouse models. ID
not only altered the anti-tumor immunity, which was indicated
by phenotypes of lymphatic subsets in the liver and lung of tu-
mor-bearing mice, but also promoted HCC metastasis in a can-
cer cell autonomous manner through the SPNS2. Since germ-
line knockout of globe SPNS2 showed significantly reduced
HCC metastasis, we further developed hepatic-targeting recom-
binant adeno-associated virus vectors to knockdown SPNS2
expression and to inhibit iron-regulated HCC metastasis. Our
observation indicates the role of iron in HCC pulmonary metas-
tasis and suggests SPNS2 as a potential therapeutic target for the
prevention of HCC pulmonary metastasis.

INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the leading causes of can-
cer death worldwide, with more than 625,000 deaths annually.1
Among these, metastasis accounts for approximately 90% of can-
cer-related mortality.” Current treatments include surgical resection,
trans-arterial chemoembolization and radioembolization,’ tyrosine
kinase inhibitor Sorafenib,” liver transplantation,” combined locore-
gional-immunotherapy,’ and integrative traditional therapy.” Unfor-
tunately, HCC harbors highly metastatic properties, accounting for

postoperative recurrence and metastasis. The underlying mechanisms
remain largely unknown.

Iron is an essential nutrient that enables a variety of biological pro-
cesses. Iron metabolism and solid tumor biology are intimately inter-
connected.® Excess iron produces reactive oxygen species through Fen-
ton reaction, which may result in mutagenicity and malignant
transformation. In addition, high amounts of iron are required for ma-
lignant cell proliferation.” Furthermore, iron has multiple regulatory ef-
fects on the immune system, affecting tumor surveillance.'” Iron over-
load is a risk factor for HCC,"" especially in patients with hereditary
hemochromatosis'> and [3—thalassemia.13 Therefore, iron chelator de-
feroxamine (DFO) was proposed and resulted in a 20% overall response
rate in a clinical study of ten patients with advanced HCC,'* prompting
further research of combination treatment.'”> We reported that iron
overload reduces hepatic-specific microRNA122 (miR122) expres-
sion,'® a potential HCC suppressor gene.'”'® Therefore, iron plays a
role both as an initiator in an early phase of HCC, and once malignancy
has occurred, as a promoter for HCC growth. In contrast, there was lit-
tle research aiming to elucidate the role of iron on HCC metastasis.

Recently, a genome-wide in vivo screen identified that lack of sphin-
gosine-1-phosphate (S1P) transporter spinster homolog 2 (SPNS2),
either globally or in a lymphatic endothelial-specific manner, led to
a higher percentage of effector T cells and natural killer cells present
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Figure 1. Low iron was observed in clinical HCC samples and was potentially associated with metastasis

(A and B) Human HCC tumors (T) and their non-tumor (NT) adjacent tissues were subjected to determine (A) iron content and (B) mRNA (left) and protein (right) expression of
iron-related genes. N = 29. (C) Iron content in the human normal (N) liver tissues, NT adjacent tissues, and HCC tumors was determined by magnetic resonance imaging.
Both representative (left) and quantitative data (right) were showed. Red arrow, tumor. N = 10. (D) Human HCC tumors were resected from patients with metastasis (M) or
non-metastasis (NM) 5 year later. Both iron content (left) and the mRNA expression (right) of iron-related genes were determined. N = 15. (E) The mRNA reads of TFRC,
HAMP, and FTL from The Cancer Genome Atlas (TCGA) database. Data from a total of 374 primary solid T samples and 50 adjacent NT samples was analyzed. (F) The
Kaplan-Meier analysis of overall survival for TFRC and HAMP subpanels of HCC patients from the TCGA database. N = 371. Data were presented as mean + SEM. *p < 0.05,
**p < 0.01 versus NT or versus NM. HCC, hepatocellular carcinoma; TFRC, transferrin receptor; HAMP, hepcidin; FTL, ferritin light chain.

in the lung. This allowed for potent tumor cell killing and an overall
decreased metastatic burden.'” It was suggested that targeting SPNS2
is potentially a more promising option for regulating metastatic colo-
nization than existing S1P pathway modulators.”” However, the roles
of hepatic SPNS2 and the outcome of SPNS2 overexpression had
never been elucidated during cancer metastasis.

In this manuscript, we first report that iron deficiency (ID) is a risk
factor for HCC metastasis in patients and is associated with poor
prognosis with shorter overall survival. ID led to HCC metastasis in
various in vitro and in vivo models. Mechanistically, hepatic SPNS2
is a key regulator during the ID-induced HCC pulmonary metastasis.
In addition, our efforts to develop hepatic-targeting recombinant ad-
eno-associated virus (AAV) vectors to knockdown SPNS2 expression
provide a new therapeutic target for the treatment of iron-regulated
HCC metastasis.

RESULTS

Lower iron content is associated with clinical HCC samples

In the first set of experiments, tumor (T) samples and adjacent
non-tumor (NT) tissues were resected from 29 HCC patients.
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The results of iron content assay indicated that tumors had lower
iron (Figure 1A). In addition, the tumor tissues presented higher
transferrin receptor (TFRC) expression, as well as lower hepcidin
(HAMP) and ferritin light chain (FTL) expression, suggesting their
status of low iron (Figure 1B). Furthermore, the results of mag-
netic resonance imaging (N = 10) indicated that normal (N) and
adjacent NT tissues had similar levels of iron, while tumor tissues
had a lower level (Figure 1C). In the second set of experiments, we
obtained additional 15 HCC tissues from patients who had metas-
tasis (M) 5 years later, mostly in the lung, and another 15 HCC
tissues from age-paired patients who had non metastasis (NM).
The iron content and TFRC expression in the tumor with metas-
tasis was significantly lower and higher than that with NM, respec-
tively (Figure 1D). These corroborated the ID statues in the group
with metastasis.

Next, HCC RNA sequencing (RNA-seq) data were retrieved from the
public TCGA database (https://portal.gdc.cancer.gov/). As shown in
Figure 1E, there is significant difference in the level of iron-related
genes, TFRC and HAMP, between tumor tissues (N = 374) and adja-
cent NT liver tissues (N = 50). We also analyzed the 50 adjacent NT
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Figure 2. HCC pulmonary metastasis was increased under ID in vivo

(A-C) C57BL/6 mice were fed with either IA or ID diet at day —7. Mouse HCC H22 cells were orthotopically or intravenously administrated at day 0. All mice were sacrificed at
day 50. n = 3 (A) Protocol for in vivo imaging. (B) Growth of tumor cells over time in the lung of mice. Representative figures were taken at day 50. (C) Ferritin expression in the
liver and lung of the orthotopically injected mice. (D-F) WT (+/+) and TFRC heterozygous knockout (-/+) C57BL/6 mice were fed with |IA diet at day —7. Mouse HCC H22 cells
were orthotopically administrated at day 0. All mice were sacrificed at day 50. n = 6 (D) TFRC expression in the liver. (E) Growth of tumor cells over time in the lung of mice.
Representative figures were taken at day 50. (F) Ferritin expression in the liver and lung. (G) C57BL/6 mice were fed with IA diet at day —7. TFRC-knockdown (shTFRC) mouse
HCC H22 cells or their control counterparts (shNC) were orthotopically or intravenously administrated at day 0. Representative figures were taken at day 50. n = 3. The
quantification data of Figure 2G are presented in Figure S3D. Data were presented as mean + SEM. *p < 0.05, **p < 0.01 versus IA Diet or versus TFRC*/*. IA, iron-adequate;

ID, iron-deficient.

liver tissues with their own malignant tissues. It was evident that 39
out of 50 patients showed higher TFRC expression (Figure S1A) in
the tumor tissues compared to NT tissues, while 47 out of 50 patients
showed lower HAMP expression (Figure S1B) in the T samples. These
data suggested that most HCC tumors were suffering ID status. The
overall survival curves were plotted and compared between the low
expression and high expression groups of each subpanels (Figure 1F).
As a result, the high expression of TFRC, but not HAMP, predicted
worse patient survival (p < 0.001).

ID enhanced HCC pulmonary metastasis

We first observed that in an orthotopic mouse model, the HCC tumor
had less iron than N liver (Figure S2), consistent to the date of above
clinical HCC samples. To study the roles of ID during HCC metasta-
tic colonization in vivo, we fed 4- to 5-week-old C57BL/6 mice with
either iron-adequate (IA) or ID diet, followed by orthotopic or intra-
venous administration of H22 mouse HCC cells (Figure 2A). In both
cases, HCC pulmonary metastasis was significantly enhanced upon
ID (Figure 2B). Tissues and serum were obtained at sacrifice. Iron
indices (Table 1), as well as expression of ferritin light polypeptide

(FTL) in the liver and lung (Figure 2C), showed significant alteration
upon ID diet.

In addition to the diet model, a genetically modified ID mouse model
was generated to heterozygously knock out the TFRC protein 1 in
whole body (TFRC™*), since homozygous knockout is lethal. Signif-
icantly reduced expression of TfR1 in the liver was detected by west-
ern blot analysis (Figure 2D). It was evident that orthotopically
administrated H22 cells in the TFRC™* mice showed greater metas-
tasis than those cells injected in the N mice (Figure 2E). Liver and
serum iron indices were obtained at sacrifice and indicated the statues
of ID (Table 1), which was also confirmed by fluorescent immuno-
staining of FTL in both the liver and lung tissues (Figure 2F).

To exclude the effect of ID on N tissues, we manipulated the H22 cell
line by lenti-vectors to permanently knock down the TFRC gene
(shTFRC). Both mRNA (Figure S3A) and protein (Figure S3B)
expression demonstrated that the knockdown efficiency was more
than 70%. Phen Green-FL fluorescence signal quenching
assay showed significantly decreased iron accumulation in the
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Table 1. Liver, lung, and serum iron indices in various mouse models

C57BL/6 TFRC-KO Nude

IA diet ID diet WT KO IA diet  ID diet
Liveriron (ug/ 7405+ 4810+ 7304 4362+ 7659+ 5132z
g 6.2 1.9 100 2.0¢ 6.6 345
Lung iron (ng/ 1434+ 421 2691+ 1439 +

N/A N/A

9 33 1.2¢ / / 3.9 3.0%
Serum iron 2762+ 1644+ 29.07+ 19.56 = 5112+ 2775+
(wmol/L) 10.0 2.8+ 16 1.4+ 24 310
Serum TIBC 5498+ 5310+ 6596+ 5482+ 6732+ 5774+
(wmol/L) 41 7.6 15 L1 2.7 41

5103+ 3120+ 4696+ 3483+ 7133+ 536+

0y

Serum TS (%) ;¢ 5.8% 34 3.1 43 3.0%
Serum ferritin 2247+ 1869+ 2490 + 1608 £+ 4992 5207 %
(ng/mL) 9985 3196 2177 903 774 283

Note: All tissue and serum samples were obtained from HCC-bearing mice after perfu-
sion at sacrifice. Data from orthotopically and intravenously injected mice were com-
bined. n = 6, mean * SD. *p < 0.05, **p < 0.01.

H22-shTFRC cells (Figure S3C). Then, those cells and their negative
control counterparts were administrated into the C57BL/6 mice. The
H22-shTFRC cells also exhibited significantly increased metastasis
ability with a rout-independent manner (Figure 2G). The quantifica-
tion data of Figure 2G are presented in Figure S3D. Little difference
was observed in the expression of FTL in the N liver and lung, indi-
cating the status of IA of host mice at sacrifice (Figure S3E). These
data suggested that ID could increase in vivo HCC metastasis through
both N and malignant liver cells, regardless of injection routs.

SPNS2 expression was functionally increased under ID in vivo

Recently, S1P transporter spinster homolog 2 (SPNS2) was reported
to be associated with pulmonary metastasis of various cancer cell
types.'” To evaluate the effect of ID on the SPNS2 expression in vivo,
we separated N hepatocytes and HCC tumors from the liver of ortho-
topically administrated mice, which were fed with either IA or ID diet
(Figure 2A). It was evident that ID altered the expression of iron-
related genes in vivo, such as TFRC, HAMP, and FTL (Figure 3A).
Meanwhile, in both N hepatocytes and tumor cells, ID led to signifi-
cantly increased SPNS2 expression at the mRNA (Figure 3A) and
protein levels (Figure 3B). SPNS2 is a significant and physiologically
relevant transporter of S1P, a signaling sphingolipid that is present at
high concentrations in blood. We performed liquid chromatography-
mass spectrometry (LC-MS) assay to detect the S1P content in the
serum of mice under ID. The results showed that ID increased serum
S1P content (Figure S4), consistent with previous reports that overex-
pression of SPNS2 in mammalian cells increased the secretion of
S1P.*! Since SPNS2 is a key regulator for immune cell survival,**
we characterized the phenotype of lymphatic subsets in the liver
and lung of tumor-bearing mice. Flow cytometry assays revealed
that ID led to a profound reduction in the percentage of B, T, and nat-
ural killer (NK) cells (Figure 3C), which is corroborated by immuno-
fluorescence staining against CD8" and CD69" cells (Figure S5).
Further, the ID mice liver contained a significantly lower percentage
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of effector T cells, with a similar phenotype seen in the lung (Fig-
ure 3C). In another ID mouse model, genetically modified TFRC'*
mice, flow cytometry assays also revealed lower percentage of B, T,
and NK cells, as well as that of effector T cells, compared to the
wild-type (WT) mice (Figure 3D). In addition to the mouse samples,
we also analyzed the tumor tissues from patients with or without
metastasis. It was evident that tumors with metastasis tended to ex-
press higher levels of TFRC and SPNS2 than their counterparts
without metastasis (Figures 3E and 3F). To quantify SPNS2-associ-
ated cell-infiltrating patterns in tumor microenvironment, we ob-
tained gene-expression profiles of HCC tissues from the TCGA data-
base and divided patients into two groups based on the lower and
upper quartile of transcripts per million values of SPNS2. The data
were uploaded to the Cell-Type Identification by Estimating Relative
Subsets of RNA Transcripts (CIBERSORT) web portal (http://
cibersort.stanford.edu/) and were analyzed by the algorithm using
the LM22 signature and 1,000 permutations.”” As demonstrated in
the Figure S6, the HCC tissues with low SPNS2 expression showed
less infiltration of CD8-positive T cells, T follicular helper cells, and
activated NK cells compared to the HCC tissues with high SPNS2
expression. Taken together, our data suggested the role of SPNS2 in
tumor microenvironmental regulation during ID-induced HCC
metastasis.

SPNS2 is involved in ID-induced HCC pulmonary metastasis in
an immune-independent manner

Given that TFRC-knockout H22 cells led to enhanced pulmonary
metastasis in mice fed with IA diet (Figure 2G), we hypothesized
that ID may induce HCC metastasis in an immune-independent
manner in vivo. To this end, nude mice with an inhibited immune sys-
tem were fed with either IA or ID diet, followed by orthotopic or
intravenous administration of human Huh?7 liver cancer cells. The
protocols were the same as shown in Figure 2A. Consistent with
the above observations, human HCC pulmonary metastasis was
significantly enhanced upon ID diet, regardless of HCC injection
routs (Figure 4A). Liver and serum iron indices were obtained at sac-
rifice (Table 1) and indicated the statues of ID, which was also
confirmed by the immunostaining of ferritin in the liver and lung
(Figure S7). N hepatocytes and HCC tumors were separated from
the liver of orthotopically administrated mice, both of which were
subjected to qRT-PCR and western blot assays to determine the
expression of iron-related genes and SPNS2 (Figure 4B). ID diet led
to not only alternated expression of the iron-related genes, but also
significantly enhanced SPSN2 expression at both the mRNA and pro-
tein levels.

To restrict the effect of ID on the tumor cells, we knocked down the
TFRC expression (TFRC-KD) in human Huh7 cells. Quantitative
real-time PCR (Figure S8A), western blot (Figure S8B), and Phen
Green-FL fluorescence signal quenching assays (Figure S8C) indi-
cated the reduced TFRC mRNA, TfR1 protein, and iron accumula-
tion, respectively. Most importantly, the TFRC-KD cells showed
significantly increased metastasis in the nude mice (Figure S8D), in-
dependent of the tumor cell administration routes.
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Figure 3. ID was associated with increased SPNS2 expression

(A and B) N and T tissues in the liver were sectioned from the orthotopically administrated mice in Figure 2B. n = 3. (A) mRNA and (B) protein expression of SPNS2 and iron-
related genes were determined. (C and D) Liver and lung tissues were sectioned from the orthotopically administrated (C) C57BL/6 mice in Figure 2B or (D) the WT (TFRC**)
and TFRC-knockout (TFRC™*) mice in in Figure 2E. The percentage of lymphocyte subsets and that of effective T cells in the liver (left) and lung (right) were determined by flow
cytometry assay. Effective: CD 44"9", CD62'°". n = 3. (E) The mRNA and (F) protein expression of TFRC and SPNS2 in the human M and NM HCC tumors in Figure 1D. N =
15. Data were presented as mean + SEM. *p < 0.05, **p < 0.01 versus IA diet, versus N mice, or versus NM. SPNS2, transporter spinster homolog 2.

Furthermore, a recently developed NOD.Cg (NCG) mouse model,
which lacks proper T cell, B cell, and NK cell production, was
used to test our hypothesis. The results demonstrated that the
NCG mice with ID diet phenocopied the pulmonary metastasis of
the nude mice, further validating the importance of an immune-in-
dependent role of SNPS2 in control of pulmonary metastatic burden
(Figure 4C). It is worthy noticing that the tumor-cell-specific TFRC
knockdown, which resulted in ID only in the tumor cells, also led to
significant increased HCC metastasis in the NCG mice (Figure 4D).

The role of ID and SPNS2 in HCC cell lines in vitro

We would like to further investigate the mechanism of ID-enhanced
HCC metastasis in cell cultures in vitro. The ICsqs of two iron che-
lators, Dp44mT and DFO, were determined as 4.986 uM and
60.579 uM, respectively, in the Huh7 cells (Figure S9). Thus,
2 uM Dp44mT and 10 pM DFO were used to treat various HCC
cell lines, which led to cell growth inhibition (Figure 5A; Figure S10),
consistent with previous reports.”* Meanwhile, we observed signifi-
cant increases in the migration and invasion abilities of those cell
lines in vitro (Figure 5B; Figures SI1A and S11B). In agreement
with previous reports, upon ID treatment, the expression of TFRC
was significantly increased, while that of FTL was reduced (Fig-

ure 5C; Figures S12 and S13). Interestingly, the SPNS2 expression
in all the above HCC cell lines was increased upon ID treatment.
As appropriate controls, human and mouse primary hepatocytes
were cultured in vitro and treated with iron chelators. At both
mRNA and protein levels, ID led to elevated SPNS2 expression
and altered expression of iron-related genes in primary hepatocytes
(Figure 5D), which was consistent with the above in vivo studies. It
is worth noticing that upon ID treatment, HAMP levels of hepatic
cell cultures (Figures 5C and 5D; Figure S12) did not respond as
they did in vivo (Figures 3A and4B). In some cases, HAMP expres-
sion was even increased with iron chelator treatment (Figure S12C).
Next, we designed three SPNS2-targeting small interfering RNA
(siRNA) sequences and their negative control (siNC), one of which
showed more than 50% inhibitory efficiency in various HCC cell
lines (Figure S14A). Western blot assay further confirmed that the
SPNS2 expression was significantly reduced upon siRNA treatment
(Figure 5E; Figures S14B and S14C). Co-treatment of human HCC
cell lines with siRNA against SPNS2 and iron chelator rescued the
ID-enhanced migration and invasion abilities of the HCC cell lines
(Figure 5F; Figures S14D and S14E). To explore the potential mech-
anisms for SPNS2-induced metastasis, we analyzed an iron-respon-
sive gene-expression profile in the mice liver that was fed with either
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Figure 4. SPNS2 affected ID-enhanced HCC metastasis in an immune-independent manner in vivo

(A and B) Nude mice were fed with either IA or ID diet at day —7. Human HCC Huh?7 cells were orthotopically or intravenously administrated at day 0. All mice were sacrificed at
day 50. Representative figures were taken at day 50. n = 3. (A) Growth of tumor cells over time in the lung of mice. (B) N and T tissues in the liver were sectioned from the
orthotopically administrated mice. mRNA and protein expression of SPNS2 and iron-related genes were determined. (C and D) Growth of tumor cells over time in the lung of
mice. (C) NCG mice were fed with either IA or ID diet at day —7. Human HCC Huh7 cells (upper) or mouse HCC H22 cells (lower) were orthotopically administrated at day 0. (D)
NCG mice were fed with IA diet at day —7. TFRC-knockdown Huh7 cells (upper) or H22 cells (lower) and their control counterparts were orthotopically administrated at day O.
Representative figures were taken at day 50. Data were presented as mean + SEM. *p < 0.05, **p < 0.01 versus IA diet, or versus shNC.

ID, IA, or IO diet. The Gene Ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) enrichment analysis showed
that the genes involved in migration, angiogenesis, kinase phosphor-
ylation, growth factor activity, and focal adhesion (Figure S15A) and
genes involved in PI3K-Akt, Ras, and mitogen-activated protein ki-
nase (MAPK) signaling pathway (Figure S15B), respectively, were
significantly affected by diet iron. We then validated the top 10
altered genes in the human liver cancer samples (Figure S16A)
and iron chelator treated Huh7 cells (Figure S16B). Interestingly, ex-
pressions of TEK, ENPEP, SIRPA, and BMP2 were consistently
affected. Although further studies are warranted, our results indi-
cated that ID enhanced HCC metastasis in vitro through the
SPNS2 signaling pathway.

Inhibition of SPNS2 expression in vivo abolished ID-promoted
HCC pulmonary metastasis

We first generated germline SPNS2-knockout C57BL/6 mice using
CRISPR-Cas9. Genome typing assay confirmed the loss of intact
SPNS2 gene (Figure 6A; Figure S17). This resulted in an overall
decreased metastatic burden after orthotopic administration with
HCC cells (Figure 6B). While ID induced HCC metastasis in the WT
mice, it has no effect in the tumor-bearing SPNS2-knockout mice (Fig-
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ure 6B). Liver and lung tissues were obtained at sacrifice. In agreement
with previous studies,'” globally deletion of SPNS2 created a lower T
and B cells, as well as higher percentage of effector CD4" and CD8"
T cells present in both the liver and lung (Figure 6C). To further
corroborate our observation, we packaged the short hairpin RNA
(shRNA) against SPSN2 into a recombinant AAV (rAAV) serotype 8
vector (Figure S18A), which is well known to efficiently target mice he-
patocytes.”> The experimental protocol is schematically presented as
Figure S18B. Indeed, the bio-distribution assay at 4 weeks post-viral in-
jection indicated that the majority of viral vector genomes (Fig-
ure S18C) and transgene expression (Figure S18D) were limited in
the liver after tail-vein administration. The functional loss of SPNS2
in the liver was indicated by both western blot assay (Figure 6D) and
flow cytometry assay detecting various immune cell types (Fig-
ure SI8E). The viral vector injected mice were fed with either IA or
ID diet, followed by orthotopic administration with HCC cells. Consis-
tent to our above studies, ID enhanced HCC pulmonary metastasis in
the mice that were injected with control rAAV vectors (Figure 4E).
However, in those injected with rAAV-shSPNS2 vectors, ID had no sig-
nificant effect (Figure 4E). Taken together, our data demonstrated that
loss of SPNS2, either globally or in a hepatocyte-specific manner, abol-
ished ID-induced HCC pulmonary metastasis in vivo.
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Figure 5. ID enhanced HCC cell migration and invasion in vitro

(A-D) Huh7 cells or primary hepatocytes were treated with either dimethyl sulfoxide (DMSQ) or iron chelators, deferoxamine (DFO) and Dp44mT, for 24 h. (A) The number of
dividing Huh7 cells were determined by EdU fluorescence levels. (B) Migration and invasion ability of Huh7 cells under ID. (C and D) The mRNA (left) and protein (right)
expression of SPNS2 and iron-related genes in the (C) Huh7 cells and (D) primary human and mouse hepatocytes under ID. See experiment results using other HCC cell lines
in Figures S8-510. (E) Efficiency of siRNA-mediated SPNS2 knockdown in the Huh7 cells. (F) Huh7 cells were transfected with siRNA against SPSN2 and co-treated with
either DMSO or DFO for 24 h. Migration and invasion abilities of SPNS2 knockdown Huh7 cells under ID. Representative figures were shown. See experiment results using
other HCC cell lines in Figure S12. All in vitro experiments were performed as 3 replications. Both representative figures and quantitative data of western blot assays were
shown. Data were presented as mean + SEM. *p < 0.05, **p < 0.01 versus DMSO, or versus siNC. Edu, 5-ethynyl-2’-deoxyuridine.

DISCUSSION

Increased expression of TFRC and decreased HAMP have been found
in HCC in animal studies,”® and more recently, in clinical sam-
ples.””*® Tt was believed that more aggressive tumors grow more
rapidly and, therefore, have higher iron requirements, resulting in
higher TFRC expression. The results presented here expand the above
understanding, showing that the growing HCC tumors are at the
statues of ID. Most importantly, our data provide a mechanistic
link, SPNS2, between the ID phenotype and HCC metastasis. Previ-
ous studies focused on the functions of SPNS2 in immune system,
which may account for its recently discovered unexpected importance
in cancer metastasis.'” There was little effort to elucidate a role for
SPNS2 in cancer cells themselves. It is worth noticing that in their pio-
neering work, Kawahara et al.”' documented that SPNS2 regulates
myocardial precursor migration. However, how SPNS2 regulates can-
cer cell migration is unknown. The only report suggested the associ-
ation of SPNS2 with increased EGF-mediated invasion of HeLa cells
in vitro.”” Our studies not only demonstrated a direct role of SPNS2 in
HCC metastasis, but also suggested the importance of its potential up-
stream regulator, iron.

Under ID, the reduction of HAMP is a host adaptation mechanism that
facilitates iron absorption in vivo, while in vitro studies have provided
conflicting results. Several independent groups recently documented
that DFO treatment slightly upregulated HAMP mRNA in cultured
cells.”>! Although the exact underlying mechanism requires further
studies, iron chelation appeared to slightly impair signaling to
HAMRP in the DFO-treated cells.>” Thus, in our studies, we also de-
tected TFRC and Ferritin expression to confirm the conditions of ID
in vitro. The understanding of the contribution of iron in carcinogen-
esis and tumor progression has advanced considerably in recent years.
However, a role for iron in cancer metastasis is largely unexplored.
High ferroportin and low HAMP gene expression was suggested as a
favorable cohort of breast cancer patients who have a 10-year survival
of >90%,”* suggesting that the effect of iron on metastasis is cancer-
type-dependent. Nevertheless, the underlying mechanism how iron
disruption regulates SPNS2 expression is currently under evaluation
in our laboratory. In addition, altered expression of proteins of iron
metabolism may affect tumor cells in an iron-independent manner,
such as epithelial mesenchymal transition.”* It is of interest to evaluate
the effect of ID on these biological processes. HCC has a high risk of
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Figure 6. Inhibition of SPNS2 reduced the effect of ID on HCC pulmonary metastasis in vivo

(A) Genome typing of the WT (SPNS2**, 409bp) and SPNS2-knockout (SPNS2~/~, 613 bp) mice. (B and C) WT and SPNS2-KO mice were fed with either IA or ID diet at day
—7. Mouse HCC H22 cells were orthotopically administrated at day 0. All mice were sacrificed at day 50. n = 4. (B) Growth of tumor cells over time in the lung of WT and
SPNS2-KO mice. Representative figures were taken at day 50. (C) The percentage of lymphocyte subsets and that of effective T cells in the liver (left) and lung (right) were
determined by flow cytometry assay. Effective: CD 44™9", CD62°". (D) The SPNS2 expression in the liver of C57BL/6 mice at 1 month-post rAAV vector administration. Both

representative figures and quantitative data of western blot assay were shown. n =3

. (E) Growth of orthotopically injected mouse HCC H22 cells over time in the lung of

C57BL/6 mice, following rAAV8 vector administration. See protocols for in vivo imaging in Figure S5A. Representative figures were taken at day 50. n = 3. Data were

presented as mean + SEM. *p < 0.05, **p < 0.01.

multi-centric (MC) tumor occurrence and intrahepatic metastasis (IM)
due to a strong carcinogenic background in the liver.”> MC and IM tu-
mors are profoundly different in terms of their development, growth,
metastasis, and clinical outcome. In addition, other routes of HCC
spread had been recently revealed due to novel imaging techniques.
For example, although rare, bone metastases in HCC are ultra-aggres-
sive and optimal treatment strategies are warranted.”® Further study is
needed to elucidate whether iron and SPNS2 are involved in these types
of metastasis.

Taken together, we demonstrated here that ID increased pulmonary
metastasis of HCC. Mechanistically, iron depletion increased SPNS2
expression in both N hepatocytes and HCC cancer cells. This increase
may create a lower percentage of effector T cells and natural killer
cells, allowing for an overall enhanced metastatic burden. Meanwhile,
SPSN2 overexpression in the HCC cells promotes their migration and
invasion abilities. While iron chelator DFO was used in clinical trials
to treat various solid cancers’”*® and was proposed for advanced
HCC," the data presented here, on the other hand, suggested that
iron chelation therapy shall be cautiously used to treat HCC patients.
Most importantly, AAV vectors are the leading platform for gene de-
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livery for the treatment of a variety of human diseases, with the recent
FDA approval of two AAV drugs for inherited blindness and spinal
muscular atrophy.*® Considering the extreme complexity and tight
regulation of iron metabolism, instead of directly targeting iron for
treatment, our mechanistic studies suggest SPNS2 as a potential ther-
apeutic target for the prevention of HCC pulmonary metastasis.

MATERIALS AND METHODS

Cells and chemicals

Huh7 and HepG2 cells were cultured in high glucose DMEM
(GIBCO, CA, USA); SMMC-7721 cells and H22 cells were cultured
in RPMI-1640, both containing 10% fetal bovine serum (GIBCO,
CA, USA). Human and mouse primary hepatocytes were cultured
in hepatocyte medium with addition of 10% fetal bovine serum and
hepatocyte growth supplement (ScienCell, CA, USA). All primary
cells were purchased from ScienCell (CA, USA) with STR Authenti-
cation. Iron chelators DFO (Cat#. S6849) and Dp44mT (Cat#. S7909)
were purchased from Selleck Chemicals (TX, USA). Lipofectamine
3000 (Thermo Fisher, USA) was used to transfect siRNA or plasmid
for cells as previously described.” The Phen Green FL reagent for
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fluorescence quenching assay was purchased from Thermo Fisher,
USA

Western blot

Total proteins of tissues or cells were extracted with the protein
extraction kit (Keygene Biotech, Nanjing, China). Antibodies used
in this study were: SPNS2 (1:500, Abcam, USA), TfR1 (1:1,000, Ab-
cam, USA), HAMP (1:500, Abcam, USA) and B-actin (1:2,000, San-
gon Biotech, China). The IRDye secondary antibody (1:10,000, LI-
COR, USA) was used and immunoblots was scanned by Odyssey
dual-color infrared fluorescence imaging system. Grayscale of each
band was obtained from Odyssey software.

Quantitative real-time PCR analysis

Total RNAs were extracted by Trizol (Thermo Fisher, USA), purified
by RNeasy mini kit (QIAGEN, USA) and reverse-transcribed by Pri-
meScript RT Master Mix (Takara, Japan). Quantitative real-time PCR
were performed by the SYBR Green Kit (Toyobo Bio, Japan) using
StepOnePlus system (Applied Biosystems, USA). All primers are
listed in Table S1. The results were normalized to 18 s.

Fluorescence quenching assay

For detection of the intracellular iron, we applied fluorescence
quenching method with the Phen Green FL reagent (Thermo Fisher,
USA), following the manufacturer’s instructions.

Cell proliferation, migration, and invasion

The Click-iT Plus 5-ethynyl-2’-deoxyuridine (EdU) Alexa Fluor 488
Flow Cytometry Assay Kit (Thermo Fisher, USA) was used to deter-
mine proliferation of cells. CytoSelect 96-Well Cell Migration Assay
Kit and Invasion Assay kit (Cell Biolabs, USA) were used to determine
the migration and invasion abilities of HCC cells, respectively.

Animals

Animal experiments were approved by the Ethics Committee of the
Second Military Medical University and all operations followed the
norms of humane care. All mice were operated in specific-path-
ogen-free (SPF) or sterile environment in Animal Center of the Sec-
ond Military Medical university, with N circadian rhythm and food or
water ad libitum. 4- to 5-week old C57/BL6 mice and nude mice were
purchased from Animal Center of the Second Military Medical Uni-
versity. NCG mice were purchased from Model Animal Research
Center of Nanjing University (Cat. T001475, NOD-Prkdc®™°
112rg®™2%). TFRC knockout mice were purchased from Model Animal
Research Center of Nanjing University (Cat. T002444, B6/]-
TERCT™ CN1" heterozygote) with deletion of 202 bp in exon3 by
Cas9 system. The WT product (1,776 bp) and knockout product
(971 bp) were detected by primers TFRC-sg-5in-tF and TFRC-sg-
3in-tR, listed in Table S2. Construction of SPNS2 knockout C57/
BL6 mice were commissioned to Cyagen Biosciences Inc. The
exon3-5 of SPNS2 gene were deleted by Cas9 system. The guide
RNAs were listed in Table S3. The WT product (409 bp) and
knockout product (613 bp) were detected by primers SPNS2-F1/
SPNS2-R1 and SPNS2-F2/SPNS2-R1, listed in the Table S2. At the

end of the experiments, serum was collected through facial bleeding.
All mice were sacrificed, followed by immediate perfusion to mini-
mize blood contamination.

Animal diet and HCC inoculation

Animal diet was purchased from Trophic Animal Feed High-Tech
(Nantong, China). The iron adequate diet (Cat#. TP0304C) and ID
diet (Cat#. TP0304) contained 45 ppm iron and 3 ppm iron, respec-
tively. Mice were 4-6 weeks old when the ID diets were started. The
mice were on diet for 1 week prior to administration of HCC cells.
HCC cells were mixed with matrigel (2 x 10’/mL) and 0.1 mL cells
suspension was orthotopically injected into the liver. The intravenous
injection of HCC cells was carried out with a slow injection (30 s~40
s) of 0.1 mL cells suspension (1 X 107/mL) through the tail vein.

In vivo imaging

Mice were photographed every 10 days after injection of HCC cells.
The tumor-bearing mice were anesthetized by isoflurane inhalation
and intraperitoneally injected with D-Luciferin (150 pL, 10 mg/
mL). The photograph was taken and analyzed by in vivo imaging sys-
tem (IVIS Lumina LT Series III, PerkinElmer, USA). Luciferase Sub-
strates D-Luciferin was purchased from Sigma-Aldrich (USA).

Iron status parameters

Liver iron level was quantitated using an atomic absorption spectro-
photometer (Z-8100, Hitachi, Tokyo, Japan) and normalized to the
wet tissue weight for each sample. Serum iron concentrations, trans-
ferrin binding capacity (TIBC) and transferrin saturation (TS%) in
non-hemolyzed serum samples were determined by Hitachi 7600
Automatic Biochemical Analyzer. Serum ferritin content was de-
tected by ELISA kit (Immunology Consultants Laboratory, USA)
following its instructions. The iron status of the mice was determined
upon sacrifice of mice.

Immunofluorescence analysis

Liver tissues or lung tissues were fixed in 4% paraformaldehyde. Slices
of tissues were cut by a semiautomatic freezing microtome and incu-
bated with ferritin (Abcam, USA), CD8 (Abcam, USA), or CD69 (Ab-
cam, USA). The nucleus was stained by DAPI. After incubation with
secondary antibody of Alexa Fluor 488 (Abcam, USA), the slices were
pictured by an inverted fluorescent microscope (Leica, Germany).

Recombinant AAV vector production

Preparation and purification of recombinant AAV vectors by triple-
plasmid transfection have been described previously.”> All vector
preparations were subjected to quality control tests including western
blot analysis, QPCR, and Southern blot analysis. The highly purified
rAAV vectors were then intravenously via tail vein into IO mice at
10E11 viral genome/mouse.

Determination of iron content by MRI

GE Signa HDX 1.5T MR scanner was used to scan the HCC patients
before surgical operation according to the set parameters as before.*’
T2* weighted scan was conducted and R2* map was created
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accordingly by workstation software to obtain the R2* value, which
could represent iron content, of manually marked area of interest
(AQI) in R2* map.

Detection of lymphocyte subsets proportion

Total white cells of the liver or the lung were extracted by using white
cell extraction kit (Cat#. WBC1092Z, TBDscience, Tianjin, China) ac-
cording to its instructions. Then the white cells were incubated with
different antibodies to lymphocyte surface antigens for 30 min at
37°C. All antibodies were purchased from eBioscience (Thermo
Fisher, USA): CD45 (Cat#. 12-0451-81), CD19 (Cat#, 11-0193-81),
CD3 (Cat#, 17-0032-80), NK1.1 (Cat#, 45-5941-80), CD4 (Cat#,
17-0041-81), CD8 (Cat#, 45-0081-80), CD44 (Cat#, 12-0441-81),
and CD62L (Cat#, 11-0621-82). By detecting fluorescence signals of
cells using flow cytometry (Beckman Coulter, USA), the proportions
of lymphocyte subsets in white cells were obtained. Cells with CD45
positive signal were regarded as white cells, from which CD3",
CD19%, and NK1.1* were used to represent the proportion of T, B,
and NK cells, respectively. CD4*CD44"CD62L°/CD4" and CD8*
CD44"CD62L'°/CD8" were used to represent the proportion of
effector CD4" and CD8" T cells, respectively.

Patients

The enrollment of patients was described before.*' Written informed
consent was received from participants prior to inclusion in the study.
T samples and their NT counterparts were used. Each patient received
a histopathological diagnosis based on the World Health Organiza-
tion criteria. The histological tumor differentiation was determined
according to the system proposed by Edmondson and Steiner. The
Research Ethics Committees of Zhongshan Hospital, Fudan Univer-
sity, Shanghai, China, and of Changhai Hospital, Second Military
Medical University granted ethical approval for the use of human
subjects. We diagnosed tumor metastasis based on computed tomog-
raphy scans, magnetic resonance imaging, digital subtraction angiog-
raphy, and elevated serum alpha-fetoprotein (AFP) level, with or
without histological confirmation. The surviving patients were
censored at the time of the end of follow-up.

Statistics

t test was used for two-group comparison and one-way ANOVA fol-
lowed by Bonferroni’s test was used for multi-group comparison, if
the data obey the normal distribution. In the case that the data do
not obey the normal distribution, Mann-Whitney test was used for
two-group comparison and Kruskal-Wallis test was used for multi-
group comparison. A p value < 0.05 was considered as significantly
different: p < 0.05 (*), p < 0.01 (**).

Ethical approval and consent to participate

Each patient received a histopathological diagnosis based on the
World Health Organization criteria. Research involving human ma-
terial has been performed in accordance with the Declaration of Hel-
sinki. The Research Ethics Committees of Zhongshan Hospital, Fu-
dan University, Shanghai, China, and of Changhai Hospital, Second
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Military Medical University granted ethical approval for the use of
human subjects.

Availability of data and materials

All data generated or analyzed during this study are included in this
published article and its supplemental information files. The datasets
are available from the corresponding author on reasonable request.
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