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Abstract

Pathogenic variants in HFE and non-HFE genes have been identified in hemochro-
matosis in different patient populations, but there are still a certain number of
patients with unexplained primary iron overload. We recently identified in Chi-
nese patients a recurrent p.(Arg639GIn) variant in SURP and G-patch domain con-
taining 2 (SUGP2), a potential mRNA splicing-related factor. However, the target
gene of SUGP2 and affected iron-regulating pathway remains unknown. We
aimed to investigate the pathogenicity and underlying mechanism of this variant
in hemochromatosis. RNA-seq analysis revealed that SUGP2 knockdown caused
abnormal alternative splicing of CIRBP pre-mRNA, resulting in an increased normal
splicing form of CIRBP V1, which in turn increased the expression of BMPER by
enhancing its mRNA stability and translation. Furthermore, RNA-protein pull-
down and RNA immunoprecipitation assays revealed that SUGP2 inhibited splic-
ing of CIRBP pre-mRNA by a splice site variant at CIRBP c.492 and was more sus-
ceptible to CIRBP c.492 C/C genotype. Cells transfected with SUGP2 p.
(Arg639GIn) vector showed up-regulation of CIRBP V1 and BMPER expression
and down-regulation of pSMAD1/5 and HAMP expression. CRISPR-Cas9 medi-
ated SUGP2 p.(Arg622GIn) knock-in mice showed increased iron accumulation in
the liver, higher total serum iron, and decreased serum hepcidin level. A total of
10 of 54 patients with hemochromatosis (18.5%) harbored the SUGP2 p.
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(Arg639GiIn) variant and carried CIRBP c.492 C/C genotype, and had increased
BMPER expression in the liver. Altogether, the SUGP2 p.(Arg639GIn) variant
down-regulates hepcidin expression through the SUGP2/CIRBP/BMPER axis,

which may represent a novel pathogenic factor for hemochromatosis.

1 | INTRODUCTION

Hemochromatosis is caused by pathogenic variants in genes regulat-
ing iron metabolism and is associated with iron overload characterized
by excessive absorption and the toxic accumulation of iron in multiple
organs such as liver, pancreas, myocardium, and skin.>? The liver is
the most affected organ where the toxic accumulation of iron may
lead to cirrhosis and hepatocellular carcinoma.®#

Variants in classical hemochromatosis-related genes (HFE, HJV,
HAMP, and TFR2) in HFE-related and non-HFE-related hemochromatosis,
can cause downregulation of HAMP/Hepcidin, a central regulator for iron
metabolism through the degradation of ferroportin, whereas variants in
SLC40A1 non-HFE-related hemochromatosis can result in a gain of func-
tion for ferroportin.>~” In the Caucasian population, HFE-related hemo-
chromatosis is the most frequent type and is caused by a homozygous p.
(Cys282Tyr) or compound heterozygous p.(Cys282Tyr)/p.(His63Asp) vari-
ants in the HFE gene.® However, the morbidity of hemochromatosis is
less reported in East Asian countries, where the HFE p.(Cys282Tyr) vari-
ant is rarely identified. Gene variants in hemochromatosis patients in the
Asia-Pacific region are quite different from those in patients from Amer-
ica and European countries, and non-HFE variants are the most frequent
type of gene variant in hemochromatosis patients.” 1!

Several variants in non-HFE genes have been reported in Chinese
patients with hemochromatosis, including HJV p.(lle287Ser), p.
(Cys321%), and p.(lle281Thr); TFR2 p.(Ala356fs*)/p.(Gly430Arg) and p.
(Gly430Arg)/p.(Tyr320%); and SLC40A1 p. (Cys326Phe).'*"'* In a
multi-center study, we have recently identified a series of variants in
hemochromatosis in non-HFE genes, including HJV p.(His104Arg) and
p.(Val274Met); TFR2 p.(Ala302Glu) and p.(Leu745Arg); and SLC40A1
p.(Tyr333His).*>¢ However, there are still many unexplained cases of
primary iron overload with no causative variant in known
hemochromatosis-related genes. By whole exome sequencing, we
have identified novel genetic variants in genes involved in iron
metabolism,” 157
2 (SUGP2), a known splicing-related factor. The recurrent SUGP2 p.
(Argb639GiIn) variant (NM_001017392.5) was observed in patients

with primary iron overload in our follow-up study.*®

including in SURP and G-patch domain containing

Removal of intron sequences from nascent transcripts is mediated
by the spliceosome, a large multicomponent complex. SUGP2 encodes
a SURP and G-patch domain containing 2, which carries an N-terminal
region that is rich in arginine/serine residues, indicating SUGP2 to be
a novel pre-mRNA processing factor and a component of the spliceo-
some.*® However, few studies have investigated its role as a splicing-
related factor. In hereditary myopathy with lactic acidosis, SUGP2 is

reported as one of the five nuclear factors that are associated with

abnormal splicing of intron 4 of iron-sulfur cluster assembly (ISCU).1?
However, the role of SUGP2 in the splicing process remains unknown.
Additionally, loss of function of a SUGP2 paralog, SUGP1, stimulates
alternative splicing (AS) and decreases the stability of the HMGCR
transcript, which is involved in the regulation of cholesterol metabo-
lism.2° We have shown that silencing SUGP2 expression decreases
pSMAD1/5 level and HAMP expression.> However, the role of
SUGP2 in the regulation of iron metabolism, especially the role of the
SUGP2 p.(Argb639GIn) variant in hemochromatosis pathogenesis
remain unclear.

In this study, we used in vitro and in vivo models to investigate
the role of SUGP2 in the regulation of iron metabolism and the func-
tional consequence of the SUGP2 p.(Arg639GlIn) variant in hemochro-
matosis. We found that SUGP2 splicing targeted the gene of cold-
inducible RNA-binding protein (CIRBP)?~2%, thereby regulating the
expression of bone morphogenetic protein-binding endothelial regula-
tor (BMPER), forming a SUGP2/CIRBP/BMPER axis to regulate iron
metabolism. Furthermore, the SUGP2 p.(Arg639GlIn) variant may acti-
vate splicing by c.492 of CIRBP exon 6, resulting in increased expres-
sion of the CIRBP V1 transcript, thereby upregulating BMPER and
downregulating HAMP expression. This may constitute one of the

major etiological factors of hemochromatosis in China.

2 | MATERIALS AND METHODS

21 | Clinical samples

Patients with primary iron overload were enrolled at the China
Registry of Genetic/Metabolic Liver Diseases (CR-GMLD, Clinical-
trials.gov: NCT03131427) for the genetic analysis of variants in
the SUGP2 gene. Among the enrolled patients, 31 showed variants
in hemochromatosis-related genes,17 and an additional 23 hemo-
chromatosis patients were shown in Table S1. Hemochromatosis
was diagnosed based on the American Association for the Study of
Liver Diseases 2011 practice guidelines on hemochromatosis.?
Study participants were consented under an institutional review

board-approved research protocol.

2.2 | Sanger sequencing for SUGP2 gene and
CIRBP c.492T>C variant

Sanger sequencing was conducted as described previously.?” All
exons of SUGP2 were PCR-amplified with SUGP2-associated
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boundary regions using primers designed with Primer 6 software
(Table S2). In addition, primers were designed also for PCR amplifi-
cation of the gene sequence between CIRBP (NM_001280) exon
6 to 7 (Table S2).

2.3 | Exome sequencing

For the identification of accompanied variation in other iron meta-
bolic related genes in patients with SUGP2 p.(Arg639GlIn) in het-
erozygosity, exome sequencing was conducted as described

previously.'”

24 | Cell culture

The human liver cell lines, Huh-7 and HCCLM3, were obtained
from the Cell Bank of the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). Human HepG2 and Hep3B
cell lines were obtained from the Cell Resource Center of the Chi-
nese Academy of Medical Sciences (Beijing, China). Huh-7 and
HCCLM3 cells were cultured in Dulbecco's modified Eagle's
medium, and HepG2 and Hep3B cells were cultured in minimum
essential medium (Sigma, USA) supplemented with 10% fetal
bovine serum (Gibco-BRL, USA) and 1% penicillin/streptomycin at
37°C with 5% CO.,. All the above cell lines do not carry the SUGP2
p.R639Q variant.

2.5 | SUGP2, CIRBP, and BMPER siRNAs treatment
and construction and transfection of CIRBP and SUGP2
and SUGP2 p.(Arg639GlIn) plasmids

Huh-7, HCCLMS3, Hep3B, and HepG2 cells were transfected with
20 uM siRNAs (SUGP2 siRNA1 and SUGP2 siRNA2, Thermo,
AM16708) using lipofectamine RNAIMAX Reagent (Invitrogen),
and CIRBP and BMPER were knockdown with CIRBP-siRNAs
(Sangon Biotech) and BMPER-siRNAs (RIBOBIO), respectively. The
siRNAs sequences of SUGP2, CIRBP, and BMPER are shown in
Table S3. The expression plasmid for full-length human CIRBP tran-
script V1 (NM_001280.3) and V3 (NM_001300829.2), wild-type
and mutant [harboring p.(Arg639GIn)] SUGP2 were constructed
from the pcDNAS3.1 plasmid using the QuikChange Lightning Site-
Directed Mutagenesis Kit (Agilent Technologies). Transient trans-
fection was performed with Roche Transfection Reagent (X-
tremeGENE Transfection Reagent, Roche) according to the manu-

facturer's protocol.

2.6 | RNA sequencing

To analyze the AS event and the differentially expressed genes related

to iron regulation caused by SUGP2 silencing in Huh-7 cells, RNA-seq

was conducted as described previously.?> Genes with AS were
screened using rMATs software (http://rnaseqg-mats.sourceforge.
net/).

2.7 | Mini-gene assay

Mini-gene splicing vectors were constructed to confirm the AS caused
by SUGP2 siRNAs and the SUGP2 p.(Arg639GIn) mutant. The
sequence between exon 6 and exon 7 of CIRBP was synthesized and
cloned into the pETO1 vector (MoBiTec GmbH, Gottingen, Germany).
Cells were transfected with the pETO1-CIRBP vector using Lipofecta-
mine LTX Reagent (Thermo Fisher Scientific, CA, USA) and treated
with SUGP2 siRNAs or transfected with the SUGP2 p.(Arg639GIn)
mutant. After 24 h, the cells were harvested and total RNA was iso-
lated using TRIzol RNA Isolation Reagent (Invitrogen, CA, USA) and
reverse-transcribed to cDNA using a Prime-Script™ RT Reagent Kit
(Takara, Shiga, Japan). After PCR amplification using Premix Taq
(Takara), agarose gel electrophoresis was performed to identify the
splicing changes. Sanger sequencing was performed by Tianyi Huiyuan
Biotech Co., Ltd. (Wuhan, China). The primers used were: pETO1-Fw,
5'-ATAGCAGCCGGAGTCAGAGT-3 and pETO1-Rv, 5-TTCAGC-
GAAGCTCCCACAAT-3'.

2.8 | RNA-protein pull-down and mass
spectrometry

RNA-pull-down was performed using a PureBinding™ RNA-Protein
Pull-Down Kit (Geneseed, cat. no. P0201) according to the manufac-
turer's instructions. Briefly, nuclear extracts were prepared from Huh-
7 cells. Mutant and wild-type RNA oligomers (5-ACAGAGACA-
GUUAU/CGACAGUUACGGUA-3') corresponding to CIRBP c.492 T/C
were designed, synthesized, and end-labeled. The RNA probes were
then incubated with beads and Huh-7 cells nuclear extracts. Protein
bound to the RNA probes was purified according to the manufac-
turer's instructions. Eluted protein-RNA complexes were separated
on a precast gel and detected by Western blot for SUGP2. Bands
were excised and subjected to mass spectrometry (MS) to identify
proteins binding to the CIRBP splicing site. The MS analysis and pro-
tein identification were performed by Medical Experimental and Test
Center, Capital Medical University (Beijing, China).

2.9 | RNA immunoprecipitation assays

Huh-7 cells were transfected with SUGP2 plasmids for 48 h. RIP
assays were performed using the Imprint® RNA Immunoprecipitation
Kit (Sigma-Aldrich, USA), following the manufacturer's instructions.
Acquired RNA was subjected to RT-PCR. PCR products were sepa-
rated by electrophoresis and sequenced. CIRBP primers (CIRBP-h F/R-
6-7) used for RT-PCR and Sanger sequencing are presented in
Table S4.
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210 | Analysis of mRNA stability of BMPER

Huh-7 cells transfected with CIRBP V1 and SUGP2 p.(Arg639GlIn)
mutant plasmid were grown to 70% confluency before being trypsi-
nized and transferred to 12-well plates at 250 000 cells per well. After
48 h, actinomycin D (1 pg/mL, MedChemExpress) was added to the
cells incubated for O, 1, 3, 6, 12, and 24 h. The cells were harvested
for RNA extraction, and BMPER (NC_000075.7) mRNA was detected
by g-RT-PCR.

211 | Generation of Sugp2~/~ and
Sugp2R4??Q mice

Wild-type (WT) C57BL/6 mice and ICR mice were supplied by the
Institute for Laboratory Animal Resources, National Institutes for
Food and Drug Control (Beijing, China). All studies were conducted
in compliance with the “Guide for the Care and Use of Laboratory
Animals.” The license number of the Animal Use Certificate is
23-2023.

The SUGP2 knock-out (Sugp2~/~) mouse was constructed using
CRISPR/Cas9 technology. Two sgRNAs target exon 2 of Sugp2 were
designed (sgRNA1: AGGCACTCTACTAGGAAAGG and sgRNA2:
GGAGTGTATTCACTAGACAT).

For the generation of Sugp2R®3?? knock-in mouse, analysis
of human (transcript-203, NP_001017392.2) and mouse SUGP2
(transcript-214, NP_001161762.1) protein data showed that the
639th residue (p.Arg639) in human SUGP2 was conserved as the
622nd residue (p.Arg622) in mouse Sugp2. sgRNAs were
designed in intron 4 and 5 of Sugp2 (Table S5), and the sgRNAs
with the highest activity were screened using UCATM CRISPR
activity assay kit (Biocytogen, China). Then, the target vector
was constructed. After confirmation of the target vector by
restriction enzyme digestion and sequencing, it was injected into
zygotes together with Cas9 mRNA and sgRNA.

For the identification of Sugp2~/~ and Sugp2R¢?2Q mice, a two-
step PCR strategy was used. The primers used are shown in
Table S6. WT mice yielded an amplified product of 1503 bp, while
the Sugp2 deficient mice failed to amplify the same product as the
wild-type. The products amplified from Sugp2R22Q mice were
2886 and 3629 bp using primers L-F/L-R and R-F/R-R, respec-
tively (Table Sé). Southern blotting for the identification was con-
ducted following manufacturer's instructions (Roche, Basel,

Switzerland).

212 |
in mice

Serum iron and ferritin measurements

2WT 2R622Q

Blood collected from Sugp mutant mice fed a

high-iron (Fe) diet (2% carbonyl iron, 2% Fe) for 3 days and 2 weeks.

and Sugp

Serum iron and ferritin measurements were measured as described

previously.t”

2.13 | Tissue iron assay and serum hepcidin
measurements in mice

Liver tissue from WT and Sugp2 p.(Arg622GIn) mutant mice fed 2%
Fe for 3 days and 2 weeks was homogenized in extracting solution
and centrifuged. Tissue iron assay and serum hepcidin measurements

in mice were measured as described previously.”

214 | Western blot analysis

Cells and tissues were lysed in lysis buffer (RIPA lysis buffer 10x,
Merck) with protease and phosphatase inhibitors and applied to 10%
SDS-PAGE gels and probed with antibodies. Blots were visualized using
ECL (Bio-Rad) Plus reagents. Antibodies used are listed in Table S7.

215 |
time PCR

RNA extraction and quantitative real-

Total RNA was extracted from liver or cells using Trizol reagent
(Sigma) and reverse-transcribed into complementary DNA
(Transcriptor cDNA Synth kit 2, Roche). Quantitative real-time PCR
was performed using a SYBR green-based assay on the 7500 fast
Real-Time System (Applied Biosystems). The sequences of primers for
real-time PCR are listed in Table S4.

2.16 | Agarose gel electrophoresis of CIRBP RT-
PCR products

All the CIRBP RT-PCR products were separated by electrophoresis in
2% agarose stained with Midori Green Advance DNA Stain solution fol-
lowing manufacturer's instructions (Bio-Rad, Feldkirchen, Germany).
Their images were captured and processed in the Gel Doc 2000 system
using the Quantity One (Bio-Rad) program. Fragments of DNA were
separated along with the size marker (100-2000 bp DNA size marker,
Solis BioDyne, Estonia) in every separation round.

217 | Immunohistochemistry, histology, and
Prussian blue staining for iron measurements

Immunohistochemistry (IHC) analysis of BMPER/Bmper, histology, and
Prussian blue staining for iron measurements was conducted as described
previously.” Primary antibodies used were the following Table S7.

Masson's trichrome was used to evaluate collagen deposition.
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2.18 | Statistical analysis

GraphPad software version 8.0 was used to conduct all statisti-
cal comparisons. Non-parametric statistics were applied for the
comparison of results in all experiments unless stated otherwise.
The Wilcoxon signed-rank test was applied to paired data, and
the Mann-Whitney test was applied to unpaired data. p <.05

was considered to be statistically significant.

3 | RESULTS

3.1 | SUGP2 knockdown caused abnormal AS of
CIRBP pre-mRNA, resulting in an increased normal
splicing form of CIRBP V1 associated with
down-regulation of HAMP expression

To screen the target genes of SUGP2, we conducted RNA sequenc-
ing (RNA-seq) of Huh-7 cells treated with SUGP2-siRNAs (siRNA1
and siRNA2). In cells treated with either of the SUGP2-siRNAs and
thereby down-regulated HAMP expression (Figure S1A-C), SUGP2
knockdown did not affect the splicing of any iron regulation-related
genes but caused abnormal AS of two retained introns (RIs) in
CIRBP and SUGP2 and one mutually exclusive exons (MXEs) in
VGLL3 (Figure 1A). Specifically, the normal splicing form of CIRBP
transcript variant V1 (NM_001280.3) was increased, whereas
CIRBP transcript variant V3 (NM_001300829.2) with intron 6-7
retained was decreased (Figure 1B,C). Further study of the factors
with AS showed the CIRBP V1 down-regulated HAMP expression
(Figure 1D).

Furthermore, we conducted a mini-gene assay to verify the
increased CIRBP V1 caused by SUGP2 knockdown in liver cell lines
with different endogenous SUGP2 expression (Figure 1E,
Figure S2). Increased expression of the CIRBP V1 and/or decreased
CIRBP V3 were observed in Huh-7, Hep3B, and HCCLM3 cells
treated with SUGP2-siRNAs but less increased expression of the
CIRBP V1 was observed in HepG2 cells (Figure 1F, Figure S3),
whereas decreased expression of the CIRBP V1 and/or increased
CIRBP V3 were observed in Huh-7 and Hep3B cells overexpressing
SUGP2 (Figure 1G).

The results indicated that the SUGP2 acted as a splicing inhibition
factor and loss of SUGP2 function may result in activated splicing and
increased expression of the CIRBP V1.

3.2 | The SUGP2 inhibited splicing of CIRBP pre-
mRNA by a splice site variant at CIRBP c.492 and
CIRBP c.492 C/C genotype was more susceptible for
SUGP2 function

To further characterize abnormal SUGP2-mediated splicing of
the CIRBP gene, we determined the gene sequence between
CIRBP exon 6 and 7 in Huh-7, HCCLMS3, Hep3B, and HepG2

cells lines. A CIRBP c.492 C/T variant in exon 6, which was
close to the 5’ Donor site, was identified in HepG2 and Hep3B
cells, while Huh-7 and HCCLM3 showed the CIRBP c.492 C/C
genotype (Figure 1H,l). Interestingly, consistent with a predic-
tion by MutationTaster that CIRBP c.492 site may be a potential
splicing site for CIRBP pre-mRNA (Figure 1)), the knockdown of
SUGP2 increased the splicing of CIRBP transcript V3 to tran-
script V1 in CIRBP c.492 C/C genotype cell lines compared with
in CIRBP c.492 T/C genotype cell lines (Figure 1K,L). This indi-
cated that CIRBP c.492 C/C genotype is more susceptible for
SUGP2 function.

To test this hypothesis, RNA oligomers probes correspond-
ing to the CIRBP c.492 site (C/T) were used to conduct RNA-
protein pull-down experiments combined with MS. In addition
to SUGP2, we identified 234 proteins binding to the CIRBP
c.492 C/C site, including a series of splicing-related factors
(Figure 1M and Figure S4 and Table S8). Notably, compared
with the CIRBP-C group, results of the CIRBP-U group showed
significantly elevated interaction between the SUGP2 protein
and CIRBP transcripts (Figure 1N), indicating that the CIRBP
c.492 C/C genotype was more susceptible to SUGP2 function
as a splicing inhibitor factor.

To further address the direct relationship between SUGP2
protein and CIRBP transcripts, we measured the CIRBP transcripts
bound to SUGP2 protein using RNA-binding protein immunopre-
cipitation assays. The results showed increased CIRBP V3 and
decreased CIRBP V1 in the cells treated with SUGP2, and the iden-
tification of the CIRBP transcripts common sequence (Figure 10),
confirming further the direct interaction between the SUGP2 pro-
tein and the CIRBP transcript and abnormal AS between CIRBP
exon 6 and 7.

3.3 | SUGP2 knockdown increased BMPER
expression, and the CIRBP V1 increased the mRNA
stability and translation of BMPER and inhibited BMP-
SMAD signaling

RNA-seq of SUGP2 knockdown Huh-7 cells showed altered
expression of five iron regulation-related genes, BMPER,
BMPé6, FTH1, HAMP, and SLC40A1 in SUGP2 knockdown cells
(Figure S5A, Table S9). Specifically, as CIRBP V1/V3 did not regu-
late FTH1 and SLC40A1, whereas BMPé6 is mainly expressed in
liver sinusoidal endothelial cells (LSECs) and is a binding protein of
BMPER (Figure S5B-D), we focused on BMPER and qRT-PCR con-
firmed the significant increase of BMPER expression in SUGP2
knockdown Huh-7 (Figure 2A), and notably, the CIRBP knockdown
suppressed the expression of BMPER and improved pSMAD1/5
and HAMP levels in SUGP2-slienced Huh-7 cells (Figure 2B-D,
Figure S6A). Specifically, in the CIRBP V1-transfected but not
V3-transfected cells, we found that the BMPER expression was
increased in both mRNA and protein levels, meanwhile,

pSMAD1/5 protein levels and the HAMP expression were
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decreased (Figure 2E-G, Figure S6B). Notably, mRNA stability (Figure 2H). Therefore, CIRBP V1 may increase the mRNA stability
assay showed that CIRBP V1 increased the level of BMPER mRNA and translation of BMPER and thereby inhibits BMP-SMAD signal-

in Huh-7 cells after treatment with actinomycin D for 24 h ing and HAMP expression.
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3.4 | The SUGP2 p.(Arg639GIn) variant increases
the level of CIRBP V1, leading to up-regulated BMPER
mRNA and protein expression, and the inhibition of
pSMAD1/5 and HAMP levels

To further investigate the mechanism by which the SUGP2 p.
(Arg639GIn) variant is involved in iron metabolism, we analyzed CIRBP
V1 and BMPER expression in SUGP2 p.(Arg639GIn) plasmid transfected
Huh-7 cells. Minigene assays showed the SUGP2 p.(Arg639GlIn) variant
increased the level of CIRBP V1 (Figure 2I, Figure S7A,B), which was con-
sistent with what was observed in SUGP2 siRNA treated cells. Moreover,
increased expression in both BMPER mRNA and BMPER protein levels
was observed in SUGP2 p.(Arg639GIn) mutant cells (Figure 2J,L,
Figure S7C), as the upregulated BMPER mRNA in SUGP2-silenced cells
(Figure 2A). Similar to observed in CIRBP1 treated cells, no significant
change of FTH1 and SLC40A1 expression but increased BMP6 expression
were observed in SUGP2 p.(Arg639GIn) plasmid transfected Huh-7 cells
(Figure S8A-C). We also found that pSMAD1/5 protein and HAMP
mRNA levels were significantly decreased in SUGP2 p.(Arg639GiIn) cells
(Figure 2K,L, Figure S7C). Notably, significantly higher BMPER and lower
pSMAD1/5 and HAMP expression were observed in cells with SUGP2 p.
(Arg639GlIn) variant but not in BMPER knockdown cells (Figure 2M-0O,
Figure S9). However, increased HAMP and pSMAD1/5 expression was
not observed by the dual function of SUGP2 overexpression and BMPER
knockdown (Figure 2N,0). In addition, mRNA stability assay also showed
the SUGP2 p.(Arg639GiIn) increased the level of BMPER mRNA in Huh-7
cells after treatment with actinomycin D for 24 h (Figure 2P). Therefore,
the SUGP2 p.(Arg639GlIn) variant may increase the mRNA stability and
translation of BMPER and thereby inhibit BMP-SMAD signaling and
HAMP expression.

3.5 | Sugp2Ré??Q mice showed down-regulated
Hamp expression and more iron overload in mice fed
an iron-rich diet

To further verify the role of the SUGP2 p.(Arg639GIn) variant in

(Figure S10). We next investigated the iron-regulation function
of SUGP2 p.(Arg622GlIn) variant and performed a detailed anal-
ysis of the iron metabolism phenotype (Figure 3A). Prussian
blue staining of mice liver tissue showed significant differences
in liver iron overload between Sugp2W" and Sugp2R¢?2R mice
fed 2% iron diet for 3 days and 2 weeks (Figure 3B), which is
consistent with the results of iron ion detection in liver tissues
of 2 weeks high-iron mice (Figure 3C), and the serum ferritin
and iron were also elevated in Sugp2®¢22Q mice (Figure 3D,E).
Reduced hepcidin levels were observed in the serum of
Sugp2R4?2Q mice fed 2% iron diet for 2 weeks (Figure 3F). In
addition, we found that Bmp6 and Hamp mRNA levels were sig-
nificantly decreased in the liver of Sugp2R4222 mice fed 2% iron
diet for 2 weeks (Figure 3G,H). However, compared with
Sugp2™'T mice, the Sugp2R®?2Q mice displayed no significant dif-
ference in serum ALT/AST levels, and obvious liver injury or
fibrosis in Sugp2R®?2Q mice fed 2% iron diet for 2 weeks
(Figure S11). Anyway, our animal study indicated that the
mutant Sugp2 may function in the suppression of Hamp expres-
sion and the induction of iron overload.

We also generated Sugp2 knockout (Sugp2~/~) mice (Figure $12),
which also showed the down-regulated Hamp expression and more

iron overload in mice fed an iron-rich diet (Figure S13A-E).

3.6 | The SUGP2 p.(Arg622GIn) variant in mice
may down-regulate the Bmp/Smad pathway via Cirbp/
Bmper

To further validate the functional effect of the SUGP2 p.
(Arg622GiIn) variant in vivo, we analyzed Bmper expression and
the Bmp/Smad pathway in the Sugp2R¢22Q mice. Compared with
Sugp2™T mice, more up-regulated Bmper and Fth1 expression and
down-regulated p-Smad1/5 and Bmpé expression were observed
in Sug;oZR622Q mice fed 2% iron diet for 2 weeks but not in the
mice fed 2% iron diet for 3 days or with normal diet, and the simi-
lar results were observed in the Sugp2~/~ mice (Figure 3IJ,

2R622Q

iron overload, an Sugp mouse model was generated Figure S13F-H). RT-PCR and IHC analysis revealed higher

FIGURE 1 SUGP2 knockdown caused abnormal alternative splicing of CIRBP pre-mRNA, resulting in an increased normal splicing form of CIRBP V1
associated with down-regulation of HAMP expression, and CIRBP c.492 C/C genotype was more susceptible for SUGP2 function. (A) Depiction of four
RNA splicing events in cells transfected with two SUGP2 siRNAs. Venn diagram showing the common RNA splicing-related genes in cells transfected
with the two SUGP2 siRNAs. (B) Schematic diagram represents CIRBP pre-mRNA splicing. (C) Spatial structure of CIRBP V1 and V3 protein;

(D) Quantitative RT-PCR analysis of HAMP expression in CIRBP V1 plasmid transfected cells. GAPDH was used as the internal control. (E) Schematic
diagram showing construction of the CIRBP mini-gene exon-trap vectors. (F) and (G) Agarose gel electrophoresis of CIRBP transcripts of the mini-gene
assays showing CIRBP transcript V1 and V3 content in SUGP2 knockdown and SUGP2 over-expressed Huh-7 and Hep3B cells. (H) and (1) Sanger
sequencing of CIRBP exon 6-7 in HepG2 and Hep3B (H) and Huh-7 and HCCLMS cells (I), differences in base sequences are indicated by arrows (c.492).
(J) MatationTaster software predicts CIRBP c.492 site is a potential splicing site for CIRBP pre-mRNA. (K) and (L) Agarose gel electrophoresis of the CIRBP
RT-PCR products from HepG2, Hep3B, HCCLMS3, and Huh-7 cells (K). Quantitative ratio analysis of CIRBP transcripts V1 and V3 in different cells (L).

(M) Mass spectrometry (MS) assays of protein binding to the CIRBP RNA oligomers identified a SUGP2 protein fragment. (N) The SUGP2 protein binding
to CIRBP mutant (c.492) or wild-type RNA oligomers (CIRBP-C and CIRBP-U) probes was detected by Western blot with a SUGP2 antibody. (O) RNA
immunoprecipitation assays were used to analyze the interaction of SUGP2 protein and CIRBP transcripts. Agarose gel electrophoresis of CIRBP RT-PCR
products and Sanger sequencing showed increased CIRBP V3 in SUGP2 over-expressed cell and the identification of the CIRBP transcripts common
sequence. A5SS, alternative 5’ splice site; MXE, mutually exclusive exons; R, retained intron; SE, skipped exon. [Color figure can be viewed at
wileyonlinelibrary.com]
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(Figure 4A,B, Table S10). Sequence comparison showed that residue
639 of SUGP2 is conserved among different species (Figure 4C).

One patient was homozygous for SUGP2 p.(Arg639GlIn), while
other patients carried only a single SUGP2 p.(Arg639GIn) heterozy-
gous variant. Exome sequencing of five cases with a single SUGP2 p.
(Arg639GIn) heterozygous variant (54, S5, S6, S8, S9) identified het-
erozygous variants in the other iron metabolism-related genes in all
five patients (Table S11).

Abdominal magnetic resonance imaging (MRI) revealed iron over-
load in the liver with different degree; representative results of
patient S2 homozygous for the p.(Argé639GIn) variant and patient S3
heterozygous for the SUGP2 p.(Argé639GlIn) variant were shown in
Figure 4D. Iron staining in patient S2 showed severe iron deposition
in the liver, whereas patient S3 had mild hepatic iron (Figure 4E).
Immunohistochemical staining of BMPER revealed significant up-
regulation in patient S2 and S3 (Figure 4F).

As the target gene of SUGP2, the sequence between CIRBP exon
6 and 7 was sequenced in the cases with primary iron overload. All
cases carrying SUGP2 p.(Arg639GIn) had the CIRBP c.492 C/C geno-
type (Figure 4G).

4 | DISCUSSION

Hemochromatosis morbidity in Asian countries is rarely reported,
and the general pattern of variant in haemochromatosis-related
genes in these populations remains to be explored. Through a mul-
ticenter study, we recently identified a series of variants in non-

HFE genes in hemochromatosis,”-1>1¢

and by whole exome
sequencing, we identified a high rate of p.(Arg639GIn) variant in
the SUGP2, a known splicing-related factor that is associated with
regulation of the BMP/SMAD pathway and HAMP levels.?® In the
present study, we identified CIRBP to be a target gene for SUGP2
splicing function as an inhibitor factor; the SUGP2 p.(Arg639GIn)
variant may lead to an increased normal splicing form of CIRBP V1.
The CIRBP V1 increased the mRNA stability and translation of

BMPER, and thereby down-regulated pSMAD1/5 and HAMP

expression. This may constitute a major etiological factor of hemo-
chromatosis in China.

SUGP2 is a component of the spliceosome and may be involved
in the abnormal splicing of the ISCU gene, a causative gene of heredi-
tary myopathy with lactic acidosis, as one of the splicing-related fac-
tors.2®1? However, the exact role of SUGP2 in pre-mRNA splicing, as
well as the target gene of SUGP2 and the subsequent effect on signal-
ing associated with the regulation of iron metabolism remains
unknown. To investigate the pathogenic role of SUGP2 p.(Arg639GlIn)
variant in hemochromatosis, we performed RNA-seqg-based AS analy-
sis of SUGP2 knockdown cells and identified CIRBP as the target gene
for SUGP2. Furthermore, RNA-seq analysis identified several known
iron metabolism-related genes among hundreds of significant up- or
down-regulator genes, and subsequently analysis identified BMPER
and its binding protein BMP6, which was mainly expressed in LSECs,
but not FTHI and SLC40A1 as the downstream gene of CIRBP. CIRBP
is a RNA-binding protein that can promote the stability of mRNAs of
downstream genes.?®2” QOur results showed that increased levels of
CIRBP V1 may increase the stability and translation of BMPER mRNA,
a known competitive inhibitor of BMP-SMAD signaling, and nega-
tively regulated pSMAD1/5 and hepcidin expression.?82? Therefore,
BMPER is probably the main factor involved in the regulation of iron
metabolism by SUGP2, and SUGP2 may regulate iron metabolism
through the SUGP2/CIRBP/BMPER axis.

In the present study, CIRBP was identified as the target gene for
SUGP2 splicing. It is interesting that CIRBP is located at 19p13.3, very
close to the SUGP2 gene, which is located at 19p13.11, indicating the
possibility of clustering of functionally related genes.> CIRBP is
induced after cells are exposed to a moderate cold shock and
is responsible for the post-transcriptional regulation of specific genes,
while other cell stresses, such as ultraviolet light radiation and hyp-
oxia, can also increase its expression.?’” Under stress conditions,
CIRBP can regulate its own expression by self-transcriptional activa-
tion of alternative promoters.?” After relocating to the cytoplasm from
the nucleus, CIRBP assists cells in adapting to novel environmental
conditions by stabilizing specific mRNAs and facilitating their
translation through interaction with the 5- or 3’-UTRs of target

FIGURE 2 SUGP2 knockdown and the SUGP2 p.(Arg639GlIn) variant increased BMPER, CIRBP V1, and HAMP expression, and the CIRBP V1
increased the mRNA stability and translation of BMPER and inhibited BMP-SMAD signaling. (A) Quantitative RT-PCR analysis of BMPER in SUGP2
silenced cells. GAPDH was used as the internal control. (B) and (C) Quantitative RT-PCR analysis of BMPER and HAMP mRNA in SUGP2-siRNA
cells with CIRBP-siRNA treatment. (D) Western blot and densitometric analysis of BMPER and pSMAD1/5 proteins in SUGP2-siRNA cells with
CIRBP-siRNA treatment. (E) and (F) Quantitative RT-PCR analysis of BMPER and HAMP mRNA in CIRBP-V1- and CIRBP-V3-transfected cells.

(G) Western blot and densitometric analysis of CIRBP, BMPER, pSMAD1/5, and tSMAD1 proteins in extracts from CIRBP-V1 and CIRBP-
V3-transfected and control cells. (H) Analysis of mRNA stability of BMPER. BMPER mRNA levels in the CIRBP V1 transfected cells treated with
actinomycin D were detected by g-RT-PCR. Fold changes were calculated as the ratio of BMPER mRNA levels at 24 and O h. (l) Agarose gel
electrophoresis of the RT-PCR products obtained from CIRBP mRNA showed the expression of CIRBP transcript V1 and V3 in SUGP2 p.
(Arg639GlIn) cells compared with that in SUGP2 WT cells. (J) and (K) mRNA levels of BMPER and HAMP in cells transfected with SUGP2 and
SUGP2 p.(Arg639GlIn) plasmids detected by quantitative RT-PCR. (L) Protein levels of BMPER and pPSMAD1/5 were analyzed by western blot.
GAPDH was used as the loading control. (M) and (N) mRNA levels of BMPER and HAMP in BMPER-siRNA cells transfected with SUGP2 and
SUGP2 p.(Arg639GlIn) plasmid detected by quantitative RT-PCR. (O) Protein levels of pPSMAD1/5 in BMPER-siRNA cells transfected with SUGP2
and SUGP2 p.(Arg639GlIn) plasmid detected by Western blot. (P) Analysis of mRNA stability of BMPER. BMPER mRNA levels in the SUGP2 and
SUGP2 p.(Arg639GlIn) plasmid transfected cells treated with actinomycin D were detected by g-RT-PCR. Fold changes were calculated as the ratio
of BMPER mRNA levels at 24 and O h. (*P < .05; **P < .01). [Color figure can be viewed at wileyonlinelibrary.com]
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gene MRNAs.242731 CIRBP has been reported involved in multiple
processes, such as the stress response, carcinogenesis, the inflamma-
tory response, cell cycle progression, and cell adhesion.?1223233 How-
ever, no study has reported its role in an inherited metabolic disorder.

The present reported for the first time that the CIRBP was involved in

the regulation of iron metabolism, and consistently, the CIRBP V1
may increase the expression and translation of BMPER through the
stabilization of BMPER mRNA.

To further explore the underlying mechanism of SUGP2 on CIRBP
pre-mRNA AS and if there is a potential site related to the splicing of
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FIGURE 4 High rate of the SUGP2 p.(Arg639GlIn) variant in hemochromatosis cases with CIRBP c.492 C/C and increased expression of
BMPER. (A) Representative sequencing of the missense variant c.1916G>A, p.(Arg639GIn) in exon 5 of SUGP2 in patients with primary iron
overloads. (B) Spatial structure of p.(Arg639GIn) SUGP2 protein; (C) Alignment of residue sequences of human, rhesus, mouse, dog, elephant, and
chicken SUGP2 with regions flanking the p.(Arg639GIn) variant site. The position of the p.(Arg639GlIn) variant was indicated by the red box.
Alignment was performed by http://genome.ucsc.edu/. (D) MRI of patient S2 with homozygous SUGP2 p.(Arg639GlIn) showed low signal intensity
in the liver and spleen in a T2-weighted image showing severe iron overload in the liver and spleen, whereas the MRI of patient S3 with
heterozygous SUGP2 p.(Arg639GIn) showed low signal intensity in the liver but normal signal intensity in the spleen in a T2-weighted image
indicating iron overload in the liver but not in the spleen. (E) Liver Fe staining (Prussian blue) of patients S2 and S3. (F) BMPER
immunohistochemistry in the liver tissue of patients S2 and S3. (G) Representative sequencing between CIRBP exon 6 and 7 in the cases with
primary iron overload. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3  Sugp2R®??Qyariant knock-in mice suppress Hamp expression and induced more iron overload in mice fed an iron-rich diet, and the
SUGP2 p.(Arg622GiIn) variant in mice may down-regulate the Bmp/Smad pathway via Cirbp/Bmper. (A) The schematic diagram of the animal
experiment. (B) Prussian blue staining in 4 um paraffin sections of livers from Sugp2"'T and Sugp2R?22 mice fed iron for 3 days and 2 weeks,
respectively. Scale bars: 500 pm; 200 pum; 100 um. Blue represents iron staining (green arrow). (C) Enzymatic-based iron content measurement in
liver extracts from Sugp2"VT and Sugp2R4??2 mice fed iron for 3 days and 2 weeks. (D) Enzyme-linked immunosorbent assay (ELISA) for
determination of serum ferritin concentration in mice. (E) and (F) Serum iron and hepcidin concentration in Sugp2"WT and Sugp2R¢??2 mice fed
with or without 2% iron diet for 2 weeks. (G) and (H) Real-time RT-PCR analysis of liver Bmpé and Hamp mRNAs from Sugp2™VT and Sugp2R¢?2Q
mice fed iron for 2 weeks. (I) and (J) Representative Western blot assays for the detection of Bmper, Bmpé, pSmad1/5, tSmad1, and Fth1
proteins expression in the liver of Sugp2R¢22Q mice fed iron for 3 days and 2 weeks. (K) Hepatic Bmper mRNA levels were measured in the
indicated mice. (L) Measurement of liver Bmper levels by immunohistochemistry. The scale bars are 100 and 50 um. (M) Sanger sequencing of
Cirbp exon 6-7. (N) Agarose gel electrophoresis of Cirbp V1 and V3 transcripts in Sugp2V'T and Sugp2R¢??2 mice. Cirbp transcript V1/V3
quantification ratio was shown. (*P < .05; **P < .01). [Color figure can be viewed at wileyonlinelibrary.com]
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CIRBP pre-mRNA, we conducted sequencing of CIRBP between exon
6 and 7 in a series of cell lines. Our in vitro study confirmed that
SUGP2 leads to abnormal splicing of CIRBP pre-mRNA by the splice
site variant at CIRBP c.492, and the CIRBP c.492 C/C genotype is
more susceptible to SUGP2 function. Notably, although the
sequences around CIRBP c.492 were different among different spe-
cies, such as human, mouse, rat, and zebrafish, our Sugp2R<522Q mice
model showed that the SUGP2 p.(Arg622GlIn) variant resulted in
increased Cirbp V1 transcripts and the negative regulation of corre-
sponding downstream hemochromatosis-related pathways. However,
further study in animal models will help determine the detailed mech-
anism of the CIRBP c.492 in abnormal Cirbp splicing.

Our RNA-seq analysis also identified BMPER as a downstream gene
of SUGP2. BMPER can suppress hepcidin promoter activity and reduce
hepcidin levels in liver cells as a competitive inhibitor of the BMP/SMAD
pathway.2”>* Bmper binds to Bmpé inhibiting BMP signaling, and soluble
Bmper is a negative regulator of HAMP and inhibiting BMP signaling and
thus down-regulate Hamp expression in mice.>* Notably, as in some situ-
ations, Bmper has been shown to elicit pro-BMP responses, a function
that may be dependent on whether the protein is membrane-associated
or soluble. In this respect, BMPER may function in the manner that the
soluble form is anti-BMPs and membrane form is pro—BMP.34’35 Thus, in
Sugp2 R622Q and Sugp2 Knockout mice, the soluble Bmper expression
may inhibit BMP signaling and down-regulate Hamp whereas the mem-
brane form of BMPER may promote BMP6 expression, as observed in
the SUGP2 knockdown Huh-7 cell.

In addition, the level of BMPé6 in vivo exhibits mis-regulation when
the BMP signaling pathway has been disrupted. For example, in HJV
knockout mouse, hepatic BMP6 expression increases significantly, and
hepatic BMP6 mRNA expression is closely correlated with hepatic iron
loading but the regulation of hepatic BMP6 expression by iron is inde-
pendent of HJV.2¢ As a BMP antagonist, BMPER may also affect the
expression of BMPé6 in vivo probably due to BMP signaling pathway
was hampered. However, the expression of BMP6 was significantly
increased after SUGP2 knockdown in vitro. Therefore, there may be
another possibility that the down-regulation of BMP6 in SUGP2
mutant mice may not directly due to the SUGP2, and the detail mecha-
nism needs to be further explored. Anyway, the anti-BMPs characteris-
tics of BMPER may constitute the main cause of hepcidin deficiency
and iron overload in SUGP2 knockout and mutant mice. Our in vitro
and in vivo models confirmed that the SUGP2 p.(Arg639GlIn) variant
may up-regulate the expression of BMPER via CIRBP and was consis-
tent with what was observed in hemochromatosis patients with SUGP2
p.(Arg639GlIn) variant and increased BMPER expression.

As the major pathogenic factor for hemochromatosis, the HFE
p.C282Y variant was identified in approximately 5% of the general
Caucasian population®” but rarely reported in the East-Asian popula-
tion (0.0001 in gnomAD database). Similarly, the SUGP2 p.(Arg639GIn)
heterozygous variant was identified in 5% of the general Chinese pop-
ulation (5/100, data not shown) but is rare in the general Caucasian
population (0.0003 in a non-Finnish European population in gnomAD
database). Notably, most patients were only heterozygous for SUGP2
p.(Arg639GIn). However, exome sequencing identified heterozygous

variants in other iron metabolism-related genes that directly or indi-

7173839 indicating a variant pat-

rectly correlate with iron metabolism,
tern combining heterozygosity for SUGP2 p.(Arg639GIn) with variants
in other iron metabolism-related genes, as observed in the pedigree
analysis of patients H1, H25, H35 in our previous study.*®

Notably, the present study identified CIRBP c.492 C/C genotypes
in all hemochromatosis cases that carried SUGP2 p.(Arg639GIn). Inter-
estingly, the NCBI genomeAD database shows the allele frequency of
CIRBP c.492 C to be 0.9807 in an Eastern-Asian population but
0.7732 in a non-Finnish European population, indicating that although
CIRBP ¢.492 C/C may not lead to the hemochromatosis disease phe-
notype, SUGP2 p.(Arg639GIn) may result in alternative CIRBP tran-
scripts and may therefore increase the risk for hemochromatosis,
especially in Asian populations.

In summary, SUGP2 functioned as a splicing inhibitor factor and
may regulate iron metabolism through the SUGP2/CIRBP/BMPER
axis, and the SUGP2 p.(Arg639GIn) variant may be one of the major
etiological factors of hemochromatosis in China.
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