PNAS

RESEARCH ARTICLE CELL BIOLOGY

L)

Check for
updates

s OPEN ACCESS

Hepatic SELIL-HRD1 ER-associated degradation regulates

systemic iron homeostasis via ceruloplasmin

Pattaraporn Thepsuwan?, Asmita Bhattacharya®
Mariana Sierra®, Juncheng Wei?, Deyu Fang®, Yu-ming M. Huang®, Kezhong Zhang®®

, Zhenfeng Song?, Stephen Hippleheuser?, Shaobin Feng?, Xiaogiong Wei®
, Yatrik M. Shah®’, and Shengyi Sun®®"

, Nupur K. Das” (2,

Edited by Miguel P. Soares, Instituto Gulbenkian de Ciencia, Oeiras, Portugal; received July 22, 2022; accepted November 18, 2022 by Editorial Board

Member Brenda A. Schulman

Iron homeostasis is critical for cellular and organismal function and is tightly regulated
to prevent toxicity or anemia due to iron excess or deficiency, respectively. However,
subcellular regulatory mechanisms of iron remain largely unexplored. Here, we report
that SEL1L-HRD1 protein complex of endoplasmic reticulum (ER)-associated degra-
dation (ERAD) in hepatocytes controls systemic iron homeostasis in a ceruloplasmin
(CP)-dependent, and ER stress-independent, manner. Mice with hepatocyte-specific
SellL deficiency exhibit altered basal iron homeostasis and are sensitized to iron defi-
ciency while resistant to iron overload. Proteomics screening for a factor linking ERAD
deficiency to altered iron homeostasis identifies CP, a key ferroxidase involved in sys-
temic iron distribution by catalyzing iron oxidation and efflux from tissues. Indeed, CP
is highly unstable and a bona fide substrate of SELIL-HRD1 ERAD. In the absence
of ERAD, CP protein accumulates in the ER and is shunted to refolding, leading to
elevated secretion. Providing clinical relevance of these findings, SELIL-HRD1 ERAD
is responsible for the degradation of a subset of disease-causing CP mutants, thereby
attenuating their pathogenicity. Together, this study uncovers the role of SEL1L-HRD1
ERAD in systemic iron homeostasis and provides insights into protein misfolding-as-
sociated proteotoxicity.
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Systemic iron metabolism is tightly regulated for cellular and organismal function. Iron
is stored in the hepatocytes and distributed to the peripheral tissues through an intricate
process: Ferrous iron (Fe”*) is exported from hepatocytes via the iron exporter ferroportin
(FPN1) and subsequently oxidized at the plasma membrane by a ferroxidase known as
ceruloplasmin (CP) to ferric iron (Fe*) prior to be loaded onto transferrin (TF) in the
circulation (1-4). Iron-loaded TF can then be endocytosed by cells via TF receptor 1
(TFR1), while TF receptor 2 (TFR2) on hepatocytes senses blood iron levels to modulate
the expression of a key iron-regulating hormone, hepcidin (2, 3). Gain- or loss-of-
function of any of the aforementioned factors such as FPN1, CP, TF, hepcidin, and
TFR1/2 alters systemic iron metabolism, leading to either toxicity or anemia due to
iron excess or deficiency, respectively, in mice and humans (2, 5-7). However, while
most of these factors are synthesized in the endoplasmic reticulum (ER) as either mem-
brane or secreted proteins, molecular details underlying their biogenesis in the ER
remained largely unexplored.

ER-associated degradation (ERAD) is a principal ER quality-control mechanism that
targets misfolded ER proteins for cytosolic proteasomal degradation (8, 9). The SEL1L-
HRDI1 protein complex represents the most evolutionarily conserved ERAD (10-17).
Using conditional and cell type-specific Se/IL-deficient mice, we showed that SELIL is
an obligatory cofactor for the E3 ligase HRD1 (18). Subsequent studies from several
laboratories have collectively demonstrated a critical physiological and pathological impor-
tance of this ERAD complex in various cell types in energy metabolism, food intake,
immunity, gut and kidney homeostasis, cartilage development, and quiescence of hemato-
poietic stem cells (19-33). However, the significance of SELIL-HRD1 ERAD in iron
metabolism remains unknown.

In this study, we report the role of hepatocyte-specific SELIL-HRD1 ERAD in systemic
iron homeostasis by regulating the maturation and turnover of CP in the ER. Mice with
hepatocyte-specific Se/IL deficiency have altered basal iron homeostasis and altered
response to iron deficiency and overload. Mechanistically, SELIL-HRD1 ERAD mediates
the proteasomal degradation of both endogenous and disease mutants of CP proteins,
thereby regulating its abundance in the circulation and limiting their pathogenicity,
respectively.
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Significance

Systemic iron metabolism is

key for cellular and organismal
function. However, the
subcellular regulatory
mechanisms of iron homeostasis
remain poorly understood.

This study highlights the
pathophysiological significance
of a principal cellular protein
quality-control mechanism
known as endoplasmic reticulum-
associated degradation (ERAD)

in systemic iron homeostasis, in
part by regulating the abundance
of ceruloplasmin, a key
ferroxidase. Hence, this study
uncovers a previously
unappreciated regulatory
mechanism in iron metabolism
as well as a function for ERAD.
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Results

Sel1L"“* Mice Have Altered Iron Homeostasis under Basal
Condition. Iron overload induced by a 2-wk feeding of a high
iron diet (HID, containing 800 or 8,800 ppm iron) elevated the
expression of ER chaperone BiP and SellL-Hrdl ERAD by 2 to
5 folds in a dose-dependent manner (Fig. 1A4). Intraperitoneal
injection of iron dextran (Fe-dex) induced similar changes in ERAD
and BiP expression (Fig. 1B). On the other hand, iron deficiency
following a 3-wk feeding of an iron-deficient diet (IDD, containing
<5 ppm iron) failed to affect ERAD and BiP expression (Fig. 1C).
As expected, Hepe gene (encoding hepcidin) in the liver was up- or
down-regulated in iron overload or deficient models (Fig. 1 A-C).

We next explored the importance of hepatic SEL1IL-HRD1
ERAD in iron metabolism using our /previously generated hepat-
ocyte-specific SellL-deficient (Sell /" Albumin-Cre, Sel1 L)
mice (27). On a regular chow diet containing 240 ppm (240 mg/
kg) iron, male Se/! 1% mice exhibited a transient growth retar-
dation at 6 to 9 wk of age as shown previously (27), and appeared
largely normal after 10 wk of age compared with wild-type (WT)
(Sel 11/ WT) littermates (Fig. 1D). Measurement of tissue iron
distribution revealed an altered distribution of non-heme iron in
10-wk-old Se/1L"*“" mice: reduced iron contents by over 30% in
the liver, while elevated by 15% in the heart of Se/IZ*" mice
compared with W7 littermates (Fig. 1£). By contrast, iron con-
tents in other tissues (e.g. spleen, pancreas, kidney, duodenum and
feces) were comparable between the cohorts (Fig. 1£ and
SI Appendix, Fig. S1A), so were the circulating levels of iron and
ferritin (Fig. 1Fand SI Appendix, Fig. S1B). Similar findings were
obtained in the female cohorts fed with a regular chow diet or an
iron-sufficient control diet containing 35 ppm iron (Fig. 1 G-I
and SI Appendix, Fig. S1 C-E): while growth retardation was nor-
malized by 14 wk of age (Fig. 1G), iron contents in both the liver
and spleen were reduced by 40% in 14-wk-old female Se/1L**“"
mice (Fig. 1H and ST Appendix, Fig. S1E). Complete blood count
(CBC) parameters were not affected by the loss of Se/IL
(SI Appendix, Fig. S1F). Moreover, in both genders, hepatic

contents of another essential micromineral, copper, were not
affected by the loss of Sel/1L (SI Appendix, Fig. S1G), uncoupling
reduced hepatic iron levels from possible copper deficiency. In
keeping with the role of SEL1L in SELIL-HRD1 ERAD, hepatic
iron content was also reduced in hepatocyte-specific Hrd1-deficient
(Hrd "7 Albyumin-Cre, Hrd1"*“) mice (28) (Fig. 1)). Taken
together, these results suggest that hepatic SELIL-HRD1 ERAD
may be involved in hepatic and systemic iron metabolism under
basal condition.

Sel1L*"*" Mice Are Hypersensitive to Iron Deficiency-Induced
Anemia. We next explored the pathological significance of
hepatocyte SELIL-HRD1 ERAD in iron deficiency following a
4-wk feeding of IDD. Both W7 and Sel1 L**“* mice grew normally
under iron deficiency (Fig. 24). IDD feeding progressively
depleted hepatic and splenic iron contents to nearly undetectable
levels (Fig. 2B) and induced anemia in both W7 and Sel111%¢
mice as evidenced by significant reductions in hemoglobin (HB),
hematocrit (HCT), mean corpuscular volume (MCV), and mean
corpuscular hemoglobin, along with elevated numbers of red blood
cells and red cell distribution width (Fig. 2C and S/ Appendix,
Fig. S2A4). However, in comparison with W7 littermates, the
response to IDD was more pronounced and rapid in Se//L**“"
mice (Fig. 2 Band C). As a control, iron deficiency had no effect
on other cell types such as blood platelets, eosinophils, or basophils
(SI Appendix, Fig. S2B). Taken together, these data suggest that
hepatic SEL1L deficiency predisposes mice to iron deficiency-
induced anemia.

Sel1L*"*"* Mice Are Resistant to Hepatic Iron Overload. We
next explored the importance of ERAD under iron overload
using the following two experimental models. We first placed
female Sel1L**“* and WT littermates on HID containing 800
ppm iron for a total of 8 wk. Both cohorts grew comparably
under HID feeding and had similar daily food intake (Fig. 2D
and SI Appendix, Fig. S2C). HID dramatically increased hepatic
and splenic iron contents in W7 mice, but to a much lesser extent
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Fig. 1.

Hepatocyte-specific Se/7L deficiency leads to altered iron homeostasis under basal condition. (A-C) gPCR analyses in livers from (A) 7-wk-old WT mice

2 wk post a control (CON, 35 ppm iron) or HID (800 or 8,800 ppm iron) feeding, n = 3 to 4; (B) 8-wk-old WT mice 3 d post an intraperitoneal injection of vehicle
(Veh) or iron-dextran (Fe-dex) at 20 mg/kg body weight, n = 5; (C) 7-wk-old WT mice 3 wk post a control (35 ppm iron) or IDD (<5 ppm iron) feeding, n = 5. (D-/)
Growth curve (D, G), non-heme iron contents in tissues (, H) and blood serum (F, /) of 10-wk-old male (D-F) and 14-wk-old female (G-I) WT and Sel1L4*“"¢ littermates
fed with a chow diet. N > 8 for growth curve, and n =5 to 7 for iron measurements. (/) Non-heme iron content in the livers of 12-wk-old male WT and Hrd14¢re
littermates fed with a chow diet. N =4. Values, mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant by Student's t test for two-group comparisons,

or two-way ANOVA with the Tukey multiple comparison test in D and G.
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Fig. 2. Sel1l*"“* mice exhibit altered response to iron deficiency as well as iron overload. (A-C) 7-wk-old WT and Se/1.**“" female littermates were treated with
control (35 ppm iron) or IDD (<5 ppm iron) for up to 4 wk. Changes in body weight as a percentage of initial weight (A), non-heme iron contents in tissues (B),
and CBC (C) are shown. HB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume. N = 14 for body weight and CBC, n = 5 to 9 for tissue iron content.
(D-G) 7-wk-old WT and Sel11*“"¢ female littermates were treated with control (35 ppm iron) or HID (800 ppm iron) for up to 8 wk. Changes in body weight as a
percentage of initial weight (D), non-heme iron content in livers (E), DAB-enhanced Prussian blue staining of livers (F), and qPCR analysis of livers after 2-wk HID
feeding (G) are shown. In F, arrows point to the periportal deposition of iron stained in brown. N = 9 to 14 for body weight and liver iron content, n = 3 to 4 for
tissue staining, and n = 6 to 7 for qPCR. (H and /) 8-wk-old female or male WT and Se/7.**“"¢ littermates were intraperitoneally injected with vehicle (Veh) or iron-
dextran (Fe-dex) at 20 mg/kg body weight. 3 d later, non-heme iron content in livers were measured (H). gPCR analysis of livers from female littermates are shown
in (/). Females, n =5 to 7; males, n = 4 to 6. Values, mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 by two-way ANOVA with the Tukey multiple comparison test.

in Sel1L%% mice (Fig. 2 E and F and SI Appendix, Fig. S2D). Identification of CP, but Not ER stress, As a Possible Link
In contrast, iron levels in the other tissues such as the kidney =~ Between ERAD and Iron Metabolism. The forementioned data
and serum were comparable between the cohorts, while mildly ~ pointed to either a reduced iron deposition or accelerated iron
clevated in the heart of Se/1L*“ mice (SI Appendix, Fig. S2D).  export from the liver in the absence of SEL1IL-HRD1 ERAD. We
Similar observation of increased resistance to iron overload was ~ next explored how ERAD controls iron metabolism in the liver.
made in male Se/7Z4%“ mice (ST Appendix, Fig. S2E). In keeping Given our previous report of increased cAMP-responsive element-
with these findings, hepatic expression of Hepe was significantly ~ binding protein H (CREBH) activity and expression of fibroblast
elevated in W7 mice, but not in Se/1L*“* mice, following weeks growth factor 21 (FGF21) in Sel11%% mice (27), and given

of HID feeding (Fig. 2G). the reported role of CREBH in iron metabolism (37), we first

To exclude possible contributions from food intake and/or  tested whether elevated CREBH and FGF21 expression affects
enteric iron absorption, we next performed a direct intraperitoneal ~iron deposition. Interestingly, unlike those in Sel1"9* mice,
injection of iron dextran (Fe-dex) (34, 35), which led to iron iron contents were elevated in the livers of mice overexpressing
overload in the livers of both male and female W7 mice (Fig. 2H).  active CREBH (Fig. 34 and SI Appendix, Fig. S3A4) or FGF21
Iron accumulation mainly occurred in macrophages in the liver ~ (Fig. 3Band S/ Appendix, Fig. S3B), hence excluding a major role
(arrowheads, ST Appendix, Fig. S2F) (36). In contrast, hepatic iron of CREBH-FGF21 in altered iron metabolism in Se/7Z*“" mice.

re

content was significantly lower in Se/1Z**“™ mice compared with We next determined the role of unfolded protein response
WT littermates (Fig. 2H and SI Appendix, Fig. S2F). Similar to (UPR) in iron homeostasis, as we previously showed that Se/7L
the HID model, the induction of Hepe expression was abolished ~ deficiency triggers a very mild UPR in the liver (27). We tested
in Se/1L*™“ mice compared with that in W7 mice (Fig. 2/).  two pharmacological ER stress inducers, tunicamycin that inhibits
Taken together, our results indicate that hepatic SELIL-HRD1  ER protein glycosylation (38), and cyclopiazonic acid (CPA) that
ERAD regulates hepatic iron content and partitioning under both ~ depletes ER calcium (39). While tunicamycin induced a strong
basal and pathological conditions of iron deficiency and ~ UPR (8] Appendix, Fig. S3 C and D), CPA induced a mild UPR,
overload. comparable to the level observed in Se/! I Jivers (SI Appendix,
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Fig.3. CP, butnotERstress, is a possible link between SEL1L-HRD1 ERAD and iron metabolism. (A-E) Hepatic iron content in (A) WT mice 5 d after an intravenous
injection of adenovirus overexpressing CREBH or GFP; (B) 4-mo-old hepatocyte-specific ApoE promoter-driven FGF21 transgenic or WT littermates; (C) WT mice
4 h after an intrajperitoneal injection of tunicamycin (Tuni) at 0.1 mg/kg body weight; (D) WT mice 4 h after an intraperitoneal injection of CPA at 10 mg/kg body
weight; () Ire1a” mice 3 wk after an intravenous injection of AAV8-expressing hepatocyte-specific TBG promoter-driven Cre or GFP. N =3to 5. (Fand G) Volcano
plot (F) and table (G) of proteomics analysis of purified microsomes from WT and Sel 114 (KO) livers. In (F), X- and Y-axes correspond to log2 fold change and
-log10 P-value, respectively. The horizontal and vertical dotted lines represent P-value of 0.05 and fold change of 3, respectively. (H) Microarray analysis showing
transcript levels of the same set of genes as (G) in WT and Sel1.4°“"¢ (KO) livers. (/-K) Western blot analysis in 10-wk-old female WT and Sel1L4“"¢ livers, with
quantitation normalized to HSP90 shown in (K). N = 3 each group. (L) gPCR analysis in WT and Sel 114 ivers. WT, n = 8; Sel 114 n = 9. (M) Western blot analysis
in 12-wk-old male WT and Hrd 14" livers, with quantitation of CP normalized to HSP90 shown below the blot. Values, mean + SEM. *P < 0.05; **P < 0.01; ***P <
0.001; n.s. or not labeled, not significant by Student’s t test.
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Sel1L*"“* livers (Fig. 3 Fand G). By contrast, other iron regulatory
proteins such as TFR1, TFR2, TE and hereditary hemochromatosis
protein (HFE) were either unchanged or moderately elevated
(Fig. 3 Fand G). Transcriptomic profiling showed that the Cp
mRNA level was unchanged between the two cohorts (Fig. 3H)
(27). These findings were confirmed by western blot, enzyme-
linked immunosorbent assay (ELISA), and qPCR analyses: CP
protein level was elevated by 16 fold in the livers of Se/1Z**“* mice,
while other iron factors such as TFR1/2, TF, ferritin, HFE, FPN1,
a copper transporter ATP7B, as well as serum hepcidin were
unchanged (Fig. 3 / and /, quantitated in Fig. 3K and SI Appendix,
Fig. S3G). Transcriptionally, Cp, as well as most of other iron fac-
tors, were unchanged in Sel17%% livers, suggesting a posttran-
scriptional regulation of CP (Fig. 31). In addition, the CP protein
was markedly elevated in Se/IL*"“" livers not only under basal
condition, but also under both HID and IDD conditions
(SI Appendix, Fig. S3 Hand ). Further establishing the link
between SEL1L-HRD1 ERAD and CP, similar extent of CP accu-
mulation was observed in the livers of Hrd1**“ mice (Fig. 3M).

Fig. S3 Cand E). Neither CPA or tunicamycin, however, was able
to alter hepatic iron content (Fig. 3 C'and D). Moreover, the acute
deletion of a key UPR sensor inositol-requiring enzyme-la
(IREla) in the hepatocytes did not alter hepatic iron content in
mice fed on a chow diet (Fig. 3F and SI Appendix, Fig. S3F).
Together, these data exclude possible roles of elevated CREBH,
FGF21, or UPR in altered iron homeostasis in Se/7Z*“ mice.
A nonbiased microsomal proteomics screen (40) coupled with
transcriptomics analysis (GSE118658) were performed in the lab-
oratory to identify endogenous protein substrates regulated by
SEL1L-HRD1 ERAD in hepatocytes. A total of 115 and 3 proteins
were significantly up- or down-regulated by over threefolds, respec-
tively, in the ER of Se/IL"“ livers relative to that of W7 livers
(Fig. 3Fand Dataset S1) (40). Expectedly, both SEL1L and HRD1
proteins were reduced, while two known ERAD substrates, UPR
sensor IREla and ER lectin OS9 (29, 41), were significantly over-
represented in the Se/1L*"“* livers compared with W7 livers (Fig. 3
Fand G), thereby validating the analysis. Excitingly, we found that
the CP protein was significantly elevated by ~3.8 fold in the ER of
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Together, these data demonstrate that CP is accumulated in the
livers with impaired SEL1IL-HRD1 ERAD function.

CP Is a Bona Fide Endogenous SEL1L-HRD1 ERAD Substrate. We
next determined the molecular link between CP and SELI1L-
HRD1 ERAD. A previous study showed that CP is degraded
by proteasomes in vitro (42); however, the molecular details
underlying this degradation event remained vague. Indeed, the
endogenous CP protein was unstable with a half-life of about 4 h
in W7 primary hepatocytes, but became stabilized in the absence
of SELIL (Fig. 4A4). The stability of CP was not affected by cellular
iron levels, either with iron overload induced by ferric ammonium
citrate (FAC) or iron depletion induced by deferoxamine (DFO)
(SI Appendix, Fig. S3)). In vitro, the transfected CP-HA protein
pulled down significantly more endogenous SELIL and OS9
in HRD1”~ HEK293T cells than those in W7 HEK293T cells
(Fig. 4B). SEL1IL-HRD1 ERAD were indeed indispensable for
the polyubiquitination of CP-HA (Fig. 4 C and D) and HRD1
overexpression greatly enhanced CP polyubiquitination in an
HRD1-ligase-dependent manner as demonstrated by the use of
HRDI1 ligase-dead mutant C2A variant (29) (Fig. 4E). Together,
these data suggest that endogenous CP is highly misfolding prone
in the ER and targeted for proteasomal degradation by SEL1L-
HRD1 ERAD.

Enhanced Folding and Secretion of CP in the Absence of SEL1L-
HRD1 ERAD. We next asked the significance of SELIL-HRD1
ERAD on the maturation and folding of CP. CPB, a secreted
glycoprotein, is synthesized and folded in the ER of hepatocytes
as an apoprotein with 6 N-glycosylation sites and, upon reaching
the trans-Golgi network, is incorporated with its prosthetic group
(copper ions) to become an active holoprotein (43-45). It is then
distributed either in the liver or peripheral tissues such as the
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spleen to mediate the oxidation reaction of Fe’* to Fe’* thus
iron export (4, 46). We first examined how ERAD affects CP
protein maturation and secretion. To this end, we performed the
endoglycosidase H (EndoH) digestion assay to distinguish CP
pools that are in the ER with high mannose glycosylation (EndoH
sensitive) vs. those that have matured and exited the ER with
complex glycosylation (EndoH resistant). Unlike in W7 livers
where the majority of CP protein (83%) was EndoH resistant
(Fig. 5A), the percentage of EndoH-resistant CP in the Sel11%¢
livers reduced to 31% (Fig. 54). However, as the total CP protein
level was elevated in the Se/7L**“* livers, the absolute amount of
EndoH-resistant CP was increased in Se/1L*“* livers compared
with that of W7 livers (Fig. 5A4). In keeping with these findings,
we observed significant increases of CP protein in both ER and
non-ER fractions of Se/1L*“" livers compared to those of W1
livers (lanes 6 vs. 5 and 4 vs. 3, Fig. 5B). Moreover, splenic CP
protein (derived from the liver) was doubled in Se/7L*““mice
compared with that of W7 mice (Fig. 5C), providing A}i)lausible
explanation for the reduced splenic iron content in SeZ7L*“" mice
(Figs. 1 H and 2B and SI Appendix, Fig. S2D). Of note, the spleen
does not express its own Cp gene (SI Appendix, Fig. S4A). These
data demonstrate that SELIL-HRD1 ERAD limits the amount
of mature CP in the system by mediating its degradation.

The above finding of elevated CP secretion prompted us to test
the hypothesis that misfolded CP protein in the ER of ERAD-
deficient cells gains folding competency and thereby its function
by undergoing additional folding. Indeed, CP protein in Se/! [
livers interacted strongly with a major ER chaperone BiP, while the
interaction was undetectable in W7 livers (Fig. 5D). This points
to a prolonged effort to fold “misfolded” CP in the absence of
ERAD or alternatively (although less likely) target CP for degra-
dation via other mechanism(s). Providing further support for the
elevated secretion of functional CP, CP ferroxidase activity was
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Fig. 4. Wildtype CP is degraded by SEL1L-HRD1 ERAD. (A) Western blot analysis of CP protein decay in primary hepatocytes treated with a translation inhibitor
CHX. The degradation of CP is quantitated relative to the percentage of control. Values, mean + SEM. **P < 0.01 by two-way ANOVA with the Tukey multiple
comparison test. (B) Western blot analysis of immunoprecipitates of HA-agarose in WT and HRD1-deficient (HRD17") HEK293T cells transfected with CP-HA,
showing the interaction between CP, SEL1L and 0S9. (C and D) Western blot analysis of immunoprecipitates of HA-agarose in WTand SEL7L™" or HRD1”~ HEK293T
cells transfected with CP-HA, showing that SEL1L and HRD1 are required for the ubiquitination of CP. (E) Western blot analysis of immunoprecipitates of Flag-
agarose in WTHEK293T cells transfected with indicated plasmids, showing that HRD1 is sufficient for the ubiquitination of CP. HRD1 C2A, E3 ligase dead mutant.
(C-E) Cells were treated with proteasome inhibitor MG132 for the last 3 h prior to immunoprecipitation. (A-£) Representative data from two independent

experiments are shown.
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Fig.5. SEL1L-HRD1 ERAD deficiency causes enhanced folding and secretion of CP. (4) Western blot analysis of CP in WT and Se/7L**“" |iver lysates treated with
EndoH. Quantitation of absolute protein levels and percentages of EndoH-resistant (CP-r) and -sensitive (CP-s) CP from three independent repeats are shown.
(B) Western blot analysis of CP in the ER and non-ER fractions of WT and Se/1.4"“"® livers with quantitation of CP shown below. HSP90 and Calnexin, cytosolic and
ER markers. Representative data from two independent repeats. (C) Western blot analysis of spleens from WT and Se/7.4*"® mice, with quantitation normalized to
HSP90 shown below. (D) Western blot analysis of immunoprecipitates of ER chaperone BiP in WT and Se/1L4"" liver lysates, showing the interaction between CP
and BiP. Mouse IgG, a negative control. Quantitation of CP is shown below the blot. Representative data from two independent repeats. (F) Serum CP ferroxidase
activity in 10-wk-old male and 14-wk-old female WT and Se/114% littermates. WT, n = 5 or 7; Sel 114, n = 7. (F) Serum CP ferroxidase activity in WT and Se/ 7,42
mice fed with control (CON, 35 ppm iron) or HID (800 ppm iron) for up to 4 wk. N = 3 to 8. (G and H) Quantitation of western blot analysis of plasma CP and TF
proteins from WT and Sel1.**“"® mice after a control (CON, 35 ppm iron) or IDD (<5 ppm iron) feeding. Western blot images are shown in S/ Appendix, Fig. S4C.
Values, mean + SEM. *P < 0.05; **P < 0.01; ***P <0.001; n.s., not significant by Student’s t test in A-£, and by one-way ANOVA with the Tukey post hoc test in F-H.

significantly elevated in the serum of both male and female
Sel11%9 mice compared with W7 littermates (Fig. 5E). As CP
is the major copper-binding protein in the serum (4), this finding
was further confirmed by the elevated copper level in the serum of
Sel1L"“ mice compared with W7 littermates (SI Appendix,
Fig. S4B). Elevated CP protein level and activity were also seen in
the circulation of Se/17*“"* mice under both HID and IDD (Fig. 5
Fand Gand SI Appendix, Fig. S4C). In direct contrast, TE another
hepatocyte-derived iron factor, was unaffected by the loss of ERAD
under both basal and IDD conditions (Fig. 5H and SI Appendix,
Fig. S4C), again demonstrating a CP-specific effect of SEL1L-
HRD1 ERAD. Taken together, we conclude that SELIL-HRD1
ERAD plays a key role in systemic iron distribution by regulating
the abundance of CP in the system. In the absence of SEL1L-
HRD1 ERAD, functional CP in the system is elevated as a result
of augmented (re)folding processes in hepatocytes.

CP Links SEL1L-HRD1 ERAD to Systemic Iron Metabolism. We then
asked whether CP is responsible for the altered iron homeostasis
in Sel1L"*“* mice by knocking down CP in the liver using an i.v.
injection of adeno-associated virus serotype 8 (AAV8) expressing
shRNA against Cp (sh-Cp) or scramble control (sh-scramble). Six
weeks after the AAV8 injection, sh-Cp efficiently reduced CP
protein levels by 80 to 90% in the liver (Fig. 6 A4 and B) and
CP activity in the circulation by 40 to 60% in both W7 and
Sel11%9 mice (Fig. 6C). Hepatic iron content was elevated in
W7 and Sel1Z"“* mice receiving AAV8-sh-Cp compared with
those receiving sh-scramble (Fig. 6D). Iron content in the spleen
of Sel1L*"“* mice increased upon CP knock-down, reaching a
level comparable to that of W7 mice (Fig. 6E). Taken together,
our data demonstrate that CP links hepatic SELIL-HRD1 ERAD
to systemic iron homeostasis.

CP Disease Mutants Are SEL1L-HRD1 ERAD Substrates. Loss-of-
function of CP in humans leads to an autosomal-recessive congenital
disorder aceruloplasminemia, where Fe?* cannot be oxidized
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and loaded onto TF in the circulation (46). This defect leads to
pathological deposits of iron in cells such as pancreatic endocrine
cells, hepatocytes, and neurons, while depriving others such as
erythropoietic cells of normal iron partitioning, causing anemia,
tissue iron overload, and progressive retinal and neurological
degeneration (46, 47). Over 50 CP mutations have been found in
humans, a few of which may be secretion incompetent and retained
in the ER, leading to aceruloplasminemia (46-48). To investigate
the pathological importance of SELIL-HRD1 ERAD, we next
explored its role in the pathogenicity of CP mutants.

CP is comprised of six cupredoxin-type domains (1 to 6)
arranged in a triangular array (Fig. 7 A and B). Each domain, with
the exception of the sixth domain, has one disulfide bond (red
lines, Fig. 7 A and B) (49). We chose three ER-retained CP mis-
sense mutations, G176R, G60GE, and G873E, which are located
in different domains of CP for further analyses (Fig. 7 A and B)
(48). We first examined how each mutation may alter protein
conformation by performing 3-ms Gaussian-accelerated molecular
dynamics (GaMD) simulations (50) on the WT and three mutant
CP. In WT CP, G176 formed hydrogen bonds with Y160 to sta-
bilize the interaction between two beta strands (S/ Appendix,
Fig. S5A4). However, in the simulation of G176R mutant, new
electrostatic interactions between G176R and F73 and between
G176R and 1175 formed, while the G176R-Y160 interaction held
(81 Appendix, Fig. S5B). These extensive polar interactions formed
by G176R hinder the motions of nearby residues, which reduces
the flexibility of the local structure. Similar results were found in
the G60GE mutant. New polar interactions were introduced
between GG60GE and Y401 and between GGOGE and K403
(SI Appendix, Fig. S5 C and D), which resulted in the shifted posi-
tion of a nearby loop from P368 to G399 (SI Appendix, Fig. SSE).
Although the G873E mutation did not create new polar interac-
tions, the G873E side chain caused an increased distance between
G873 and 1788 from 6.90 A to 8.18 A, thus disturbing the sta-
bility of local structure (S Appendix, Fig. S5 F-H). Hence, all
three mutations potentially affect the folding of CP.
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Fig. 6. SEL1L-HRD1 ERAD regulates systemic iron metabolism via CP. 7-wk-old WT and Se/7L*"® female littermates were injected intravenously with AAV8
expressing shRNA against Cp or control scramble at a dose of 1 x 10" viral genome copies per mouse. Six week after injection, the liver CP protein (4 and B),
serum CP activity (C), and hepatic and splenic iron levels (D and E) were examined. The quantitation of CP normalized to HSP90 is shown in (B). N = 4 to 7 for CP
activity and tissue iron analyses. Values, mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 by one-way ANOVA with the Tukey post hoc test.

Next, we quantitatively assessed the impact of each mutation
on protein folding efficacy (i.e., the free energy change AAG)
using EvoEF2 analysis (51), a newly developed empirical force
field for protein design and mutation effect analysis. Interestingly,
AAG of the CP mutants ranged from +77.4 kcal/mol (G176R)
to +217.4 kcal/mol (G606E), compared with 0 kcal/mol WT CP
(Fig. 7C). A higher AAG indicates less stability, suggesting that

these missense CP mutations are conformationally unstable and

prone to misfolding. Indeed, all three CP mutants were degraded
by SEL1L-HRD1 ERAD, as their degradation was attenuated or
abolished in HRDI™~ and SELIL”" HEK293T cells compared
with that in W7 cells (Fig. 7D and SI Appendix, Fig. S6A).
Intriguingly, in this overexpression system, the half-lives of CP
mutants were comparable to WT CP (SI Appendix, Fig. S6A),
a likely artifact resulted from overexpression. All three mutants
were ubiquitinated in a SEL1L- and HRD1-dependent manner
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Fig.7. CP mutants found in human aceruloplasminemia disease are degraded by SELT1L-HRD1 ERAD. (A and B) The overall structure and domain organization
of human CP showing six domains, five highly conserved disulfide bonds and three missense mutations found in aceruloplasminemia patients. In (A), SP, signal
peptide. In (B), the mutation sites and copper are indicated by green and blue spheres, respectively. (C) Predicted free energy change for different mutations
using EVOEF algorithm. Lower AAG means higher stability. (D) Western blot analysis of CP protein decay in CHX-treated WT and HRD1~~ HEK293T cells transfected
with plasmids expressing HA-tagged CP variants. The degradation of CP quantitated relative to the percentage of control is shown on the right. Values, mean +

SEM. *P < 0.05 by two-way ANOVA with the Tukey multiple comparison test. (E) Western blot analysis of immunoprecipitates of HA-agarose in WT and HRD1

/-

HEK293T cells transfected with indicated plasmids, showing that HRD1 is required for the ubiquitination of CP with G176R mutation. Cells were treated with
proteasome inhibitor MG132 or vehicle for the last 3 h prior to immunoprecipitation. (D and E) Representative data from two independent experiments are shown.
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(Fig. 7E and SI Appendix, Fig. S6 Band C). Hence, these CP
human variants are bona fide SEL1L-HRD1 ERAD substrates.

SEL1L-HRD1 ERAD Prevents Pathogenic Aggregation of CP Disease
Mutants. Lastly, we investigated the significance of SELIL-
HRD1 ERAD in the pathogenicity of mutant CP. We examined
the configuration of the mutants by separating the mutant-
containing protein complexes on a nonreducing SDS-PAGE. WT
CP formed largely monomers in transfected W7, HRD1”~ and
SELIL”"HEK293T cells (lanes 1 and 2 in Fig. 84, and lanes 2 and
3 in SI Appendix, Fig. S6D). However, three CP mutants formed
significantly more high molecular weight (HMW) aggregates in
HRDI"" and SELIL™" cells compared with those in W7 cells
(lanes 4, 6, 8 vs. 3, 5, 7 in Fig. 84, and lanes 5, 7, 9 vs. 4, 6, 8 in
SI Appendix, Fig. S6D). The HMW complexes were sensitive to the
treatment with a reducing agent f-mercaptoethanol (Fig. 84 and
SI Appendix, Fig. S6D), suggesting that CP mutants form HMW
aggregates via covalent disulfide bonds. Similar observations were
made using sucrose gradient fractionation, where CP-G176R
formed significantly more HMW aggregates in HRDI1”™ cells
compared with that in W7 cells (Fig. 8B and quantitated in
Fig. 8C). Taken together, we conclude that SELIL-HRD1 ERAD
attenuates pathogenic aggregation of CP mutants by targeting
them for proteasomal degradation.

Discussion

In this study, we reported that the SEL1L-HRD1 ERAD complex
regulates systemic iron homeostasis by regulating the maturation
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and turnover of CP in the ER of hepatocytes. We discovered that
SEL1L-HRD1 ERAD degrades endogenous CP protein, thereby
regulating its abundance in the liver and circulation. In the absence
of SELIL-HRD1 ERAD, immature CP accumulates in the ER
where it undergoes (re)folding, leading to elevated secretion into
circulation. This quantity control of CP is an important part of
the homeostatic regulation of iron metabolism and homeostasis
by enhancing iron efflux from hepatocytes. We further demon-
strated that SEL1L-HRD1 ERAD also degrades disease-causing
mutants of CP and thus attenuates their pathogenicity. Together,
this study points to a previously unappreciated role of hepatic
SEL1L-HRD1 ERAD in iron homeostasis (Fig. 8D).

In an unbiased proteomic analysis, over 100 proteins were sig-
nificantly enriched in the purified microsomal/ER fractions from
SellL-deficient livers (40), including CP, TE, ER chaperones, his-
tocompatibility proteins, complement factors, and other secretory
proteins (Fig. 3F and Dataset S1) (40). Further analyses demon-
strated elevated quantity and secretion of CP, which contributed
to the reduced hepatic and splenic iron in Se/1Z**“ mice (Fig. 6).
This effect was CP-specific, as the total protein level and secretion
of TE as well as other iron-regulating proteins, were not altered
in Sel1 1" mice (Figs. 3 I-K and 5H and SI Appendix, Figs. S3G
and S4C). Providing further support for a CP-specific effect of
SEL1L-HRD1 ERAD, many clinical cases and mouse models
have shown that the loss-of-function of other key proteins in iron
metabolism such as FPN1, hepcidin, TE TFR2, and HFE as well
as the gain-of-function of FPNI lead to systemic iron overload
and hemochromatosis (52-54), in direct contrast to what we
reported here for Se/1L**“ mice. Moreover, the ectopic expression
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Fig. 8. SEL1L-HRD1 ERAD of CP mutants prevents their pathological aggregation. (A) SDS-PAGE and western blot analysis of nonreduced or reduced protein
samples from WT and HRD1™~ HEK293T cells transfected with plasmids expressing HA-tagged CP variants as indicated. (8 and C) Sucrose gradient fractionation
(fractions 1 to 11 from top to bottom) of WT and HRD1™~ HEK293T cells transfected with a CP-WT-HA or CP-G176R-HA-expressing plasmids. Samples were
analyzed by nonreducing or reducing SDS-PAGE. Quantitation of reduced CP is shown in (C) with fractions with CP monomers and high molecular weight (HMW)
aggregates labeled. HSP90, a loading control. (A-C) Representative data from two independent experiments are shown. (D) Model showing that SEL1L-HRD1 ERAD
in hepatocytes controls systemic iron homeostasis by regulating the turnover of both WT and disease mutant CP proteins under physiological and pathological

conditions, respectively.
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of CREBH or FGF21 in the liver led to the elevated hepatic iron
content (Fig. 3 A and B) (37), while the pharmacologically induc-
tion of ER stress or disruption of UPR sensor IREla did not
significantly alter the liver iron content (Fig. 3 C-E), further
excluding major roles of CREBH, FGF21, and UPR in iron
defects in Sel1L*"*“"* mice. Of note, a previous study reported that
ER stress induced by tunicamycin is able to drive a trend toward
elevated hepatic iron in mice (37); however, the dose used in that
study was 20-fold higher than the one used in Fig. 3C and
SI Appendix, Fig. S3 Cand D. Further studies are required to
explore whether SEL1L-HRD1 ERAD in hepatocytes regulates
additional proteins in iron homeostasis.

CP is a multicopper ferroxidase known to enhance the efficiency
of iron export across the plasma membrane (4). The reduced iron
content in the spleen (Figs. 1/ and 2B and SI Appendix, Fig. S2D)
and hepatic macrophgges after iron dextran injection (S Appendix,
Fig. S2F) in Sel11%C7 mice suggest a gain-of-function of CP in
an endocrine and paracrine manner, respective(l?r. The elevated
export of iron from the liver and spleen in Se/1**“* mice is poten-
tially relocated to other tissues such as the heart (Fig. 1 £and A and
SI Appendix, Fig. S2D). Although unclear, the specific effect in the
heart may be linked to the cardiac-specific regulation of iron home-
ostasis via cardiomyocyte-autonomous hepcidin signaling (55).
Moreover, there are two isoforms of CP generated by alternative
splicing (56). The soluble isoform of CP is primarily synthesized
by hepatocytes and secreted into blood plasma, while a mem-
brane-bound glycosylphosphatidylinositol (GPI)-anchored isoform
is reported in the central nervous system, testis, retina, as well as
in cultured macrophages and hepatocytes (57-61). In our study,
we found that the GPI-anchored CP isoform was not expressed in
the mouse liver, kidney, or spleen (SIAppendix, Fig. S44). It
remains unclear whether SELIL-HRD1 ERAD may regulate the
biogenesis of GPI-anchored CP in other cell types. In addition,
hephaestin is a membrane-bound homolog of CP that functions
as a ferroxidase for iron absorption in the intestinal enterocytes
(62-64). Given the high similarity between CP and hephaestin
(50% identity) (62), it will be intriguing to examine whether
enteric ERAD regulates hephaestin and thus iron absorption. In
addition to a key role in iron metabolism, CP is also a major copper
transporter in the plasma (65). It is estimated that 95% of copper
is carried by CP in the blood (66). However, CP does not play an
essential role in copper metabolism as evidenced by a normal cop-
per homeostasis in patients with aceruloplasminemia and
C_pf/’ mice (67, 68). In Sel11"*““mice, the loss of SEL1L did not
affect hepatic copper content, but led to an increased copper con-
centration in the blood (S7 Appendix, Figs. S1G and S4B), consist-
ent with the elevated CP secretion and activity in the circulation.
It remains unclear whether elevated copper in the circulation affects
iron metabolism independently of CP. During pathogen infection
and inflammation, iron availability is tightly controlled and CP is
induced as an acute phase protein for its antioxidant activities (46,
69). The role of ERAD in iron homeostasis under various patho-
logical conditions remains an open question.

In the absence of SELIL-HRD1 ERAD, the protein level and
secretion of enzymatically active CP was constantly elevated inde-
pendent of dietary conditions (Figs. 3 and 5 and S/ Appendix,
Fig. S3 Hand /). The degradation of CP by SEL1L-HRDI
ERAD was indeed constitutive, independent of cellular iron con-
tent (SI Appendix, Fig. S3)), pointing to the importance of ERAD
in controlling the abundance and activity of CP. On the other
hand, SELIL-HRD1 ERAD clears misfolded disease-causing
mutants of CP and prevents them from forming HMW aggrega-
tion (Figs. 7 and 8 and S/ Appendix, Fig. S6), thereby mediating
their quality control. These results exemplify the substrate-specific
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effect of ERAD. Indeed, previous studies have identified a list of
protein substrates either qualitatively or quantitatively regulated
by SELIL-HRD1 ERAD. For example, ERAD has been shown
to control the quantity and restrain the activity of signaling pro-
teins such as CREBH, IREla, transforming growth factor f
receptor, nuclear factor erythroid 2-related factor 2, N6-adenosine-
methyltransferase-14, and Ras homolog enriched in brain in dif-
ferent cell types (21, 23, 25, 27-30). WT CP is a secreted
endogenous protein substrate found to be quantitatively regulated
by SELIL-HRD1 ERAD. Meanwhile, a number of misfold-
ing-prone proteins, such as nephrin, pro-arginine-vasopressin,
pro-opiomelanocortin, thrombopoietin receptor, as well as
mutant CB, are cleared by SEL1IL-HRD1 ERAD for quality con-
trol (20, 24, 31, 32). As suggested by our data on both WT and
mutant CP, the intrinsic features of a protein to fold, misfold,
and aggregate may have a significant impact on the outcome of
ERAD-mediated quality and quantity control. We speculate that
SEL1L-HRD1 ERAD may regulate additional proteins associated
with protein-misfolding disease pathogenicity. Future therapeutic
efforts may be developed to target these early folding and degra-
dation events in the ER.

Materials and Methods

Mouse Studies. Hepatocyte-specific Se/1L-deficient (Sel 1"/"; Albumin-Cre,
i.e., Sel11A"°<) mice and WT (Sel 172" W) littermates, hepatocyte-specific
Hrd 1-deficient (Hrd 1721 -Albumin-Cre, i.e., Hrd 7*"°°") mice and WT (Hrd 17
flox ) littermates, IreTa™°* mice, as well as hepatocyte-specific ApoE pro-
moter-driven FGF21 transgenic or T littermates were maintained ona C57BL/6J
background and described previously (27,28,70,71). Adenovirus-mediated over-
expression of CREBH or green fluorescent protein (GFP) was performed via an
intravenous injection of recombinant adenovirus as previously described (72).
For baseline studies, mice were fed a standard rodent chow diet (PicoLab 5L0D,
with 240 ppmiiron).To induce iron deficiency or iron overload, mice were fed with
an iron-deficient (Dyets D115072, with <5 ppm iron), high-iron (Dyets D115858
with 800 ppm iron, or Dyets D115854 with 8,800 ppm iron), or control diet (Dyets
D110700, with 35 ppm iron) for up to 4 or 8 wk, respectively. For iron-dextran
treatment, 8-wk-old mice were injected intraperitoneally with a single dose of
iron-dextran (Sigma D8517) at 20 mg/kg body weight and were examined 3 d
later. For CPA and tunicamycin treatment, 8-wk-old mice were injected intraperito-
neally with a single dose of CPA(Sigma 239805) at 10 mg/kg body weight, tunica-
mycin (Tocris 3516) at 0.1 mg/kg body weight, or vehicle and were examined 4 h
later. Mice were housed in atemperature-controlled environment with 12-h light/
dark cycles with free access to food and water. Decapitation was used to kill the
mice and tissues were immediately either fixed in 10% neutral buffered formalin
orfrozen in liquid nitrogen upon collection. Duodenum epithelium was collected
by scraping the luminal surface of the duodenum as reported before (73).

AAV-Mediated Gene Delivery. To induce an acute deletion of IRETa in the
liver, Irela”" mice were intravenously injected with AAV8-expressing hepat-
ocyte-specific TBG promoter-driven Cre or GFP at a dose of 1.4 x 10" viral
genome copies per mouse and killed 3 wk later. To knockdown Cp, WT and
Sel11A°C™e Jittermates were intravenously injected with AAV8-expressing
shRNA against Cp or control scramble at a dose of 1 x 10" viral genome copies
per mouse and killed 6 wk later. Hairpin shRNA sequences against mouse Cp
(CTAGCCAGTTTACTGACAGCTCATTCTCGAGAATGAGCTGTCAGTAAACTGGTTTTT) and scram-
ble control (CTAGCGCGATAGCGCTAATAATTTCTCGAGAAATTATTAGCG CTATCGCGCTTTTT)
were cloned into pCWB-U6-shRNA-CAG-eGFP vector via Xbal and Sall restriction sites.
AAV8 was generated from these plasmids at the University of Michigan Vector Core
(Ann Arbor, MI) on a fee-for-service basis.

Hematological, Iron/Copper Analyses, Hepcidin ELISA and CP Activity
Measurement. Blood was collected by submandibular bleeding and ana-
lyzed for CBC using Heska HT5 Element analyzer at the University of Michigan
In-Vivo Animal Core (Ann Arbor, MI) on a fee-for-service basis. Tissue non-heme
iron contents were measured as previously reported (74). Briefly, tissues were
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homogenized in a buffer containing 1 M HCl and 10% (wt/vol) trichloroacetic
acid and heated for 1 h at 95 °C. Following a high-speed spin, iron was quan-
titated using a ferrozine solution and compared with a standard. Serum iron,
ferritin, and hepcidin concentrations were measured using the Serum Iron
Assay Kit (Abcam ab239715), Mouse Ferritin ELISAKit (Abclonal RK02793), and
Hepcidin Murine-Compet ELISA Kit (Intrinsic Lifesciences HMC-001), respec-
tively, according to the manufacturer's instructions. Copper content in tissues
and serum was measured using a Copper Assay Kit (Sigma MAK127) according
to the manufacturer's instructions. Serum CP activity was measured using a
Ceruloplasmin Colorimetric Activity Kit (Arbor Assay K035-H1) according to the
manufacturer's instructions.

Isolation of Primary Hepatocytes. Mice were anesthetized with isoflurane inha-
lation, and the liver was perfused first with a warm perfusion buffer (Invitrogen
17701),and then with warm HBSS (Gibco 14025-076) containing 10 mM HEPES,
4 mM NaOH, and 1 mg/mL collagenase (Worthington LS004196). Digested livers
were carefully removed, dispersed in a cold wash medium [Dulbecco's Modified
Eagle Medium (DMEM) with 1% sodium pyruvate, 1% penicillin-streptomycin,
10% fetal bovine serum (FBS)], and passed through a 100-pm cell strainer.The cells
were then washed three times by centrifugation at 50 g for 5 min at4 °C. The result-
ing hepatocyte pellets were resuspended in a hepatocyte culture medium (DMEM
with 1% penicillin-streptomycin and 10% FBS) and seeded in collagen-coated
plates. Four hours after plating, cells were carefully washed with 1x phosphate
buffered saline and cultured in a fresh hepatocyte culture medium overnight. To
examine the degradation of endogenous CP, cells were pretreated with 1 pg/mL
brefeldin A (BFA, Cayman Chemical 11861) for 30 min, then treated with vehicle
or 150 uM cycloheximide (CHX, Sigma 01810) for 2 or 4 h.To induce iron overload
ordepletion, cells were treated with 100 uM FAC (MP Biomedicals 1185-57-5) or
100 pM DFO (Fisher 50-187-4275) for 21 h before the BFA and CHX treatment.

Cell Culture. HRDT™~ and SELTL™"~ HEK293T cells were generated as described
previously (20, 29). HEK293T cells were cultured in DMEM (Gibco) containing
10% FBS and 1% penicillin-streptomycin and were transfected with various plas-
mids using 80 pg/mL polyethylenimine (PEI, Sigma 408727). After transfection,
cells were treated with 10 pM MG132 (Cayman Chemical 10012628) for 3 h, or
1 pg/mL BFA (Cayman Chemical 11861) for 30 min followed by 150 pM CHX
(Sigma 01810) for 2 or 4 h before collection as indicated in the figure legends.
Plasmids used for transfection are: pcDNA3-mCp-Flag, pcDNA3-mCp-HA, pcDNA3-
Hrd 1-WT-Myc, pcDNA3-Hrd 1-C2A-Myc, and pcDNA3-6His-Ub. CP point mutations
(G176R, G606E, G873E) were generated using site-directed mutagenesis from
pcDNA3-mCp-HA.

ER Fractionation for Western Blot Analysis. ER fractionation was performed
as previously described (29). Briefly, liver samples were homogenized in a dounce
grinder with buffer H(20 mM HEPES pH 7.4, 300 mM sucrose, protease inhibitor,
and phosphatase inhibitor) and centrifuged at 14,000 g for 10 min. The same
volume of supernatant (“Total lysate") with a normalized protein concentration
was then centrifuged at 45,000 rpm at 4 °C for 1 h using a SW50.1 Swinging-
Bucket Rotor (Beckman Ultracentrifuge L8M). The resulting supernatant was
collected as "Non-ER" fraction. The pellet was disrupted in 200 pL 1% NP40 lysis
buffer (150 mM NaCl, 1T mM EDTA, 50 mM Tris-HCl pH 7.5, 1% NP-40, protease
inhibitor and phosphatase inhibitor) and collected as the "ER fraction”. The same
amount of the total lysate, ER, and non-ER fractions was loaded onto SDS-PAGE
for western blot analysis.

Sucrose Gradient Fractionation. Sucrose gradient fractionation was performed
as reported previously (29). Briefly, transfected HEK293T cells were lysed by a
dounce homogenizerin 1% NP40 lysis buffer (150 mM NaCl, T mM EDTA, 50 mM
Tris-HCl pH 7.5, 1% NP-40, protease inhibitors and 20 mM N-ethylmaleimide).
Extracts were centrifuged through 20 to 40% sucrose gradients (in 150 mM NaCl,
1 mM EDTA, 50 mM Tris-HCl pH 7.5 and protease inhibitor) prepared freshly
by progressively layering higher to lower density sucrose fractions in 5% incre-
ments. Extracts were centrifuged at 45,000 rpm for 17 h at 4 °C using a SW50.1
Swinging-Bucket Rotor (Beckman Ultracentrifuge L8M). Each 3.5 mL gradient was
divided evenly into fractions 1 to 10 from top to bottom (330 pL each) and the
pellet was resuspended in 330 pL 1% NP40 lysis buffer as fraction 11. Aliquots
of fractions 1 to 11 were subjected to western blot analyses under reducing or
nonreducing conditions as described below.
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Immunoprecipitation. To perform immunoprecipitation for protein interactions,
cells or tissue were lysed by sonication in the 1% NP40 lysis buffer (150 mM
NaCl, 1 mM EDTA, 50 mM Tris-HCl pH 7.5, 1% NP-40, protease inhibitors and
5 mM N-ethylmaleimide). To analyze the ubiquitination of CP, cells were lysed
in a reducing lysis buffer (150 mM NaCl, T mM EDTA, 50 mM Tris-HCl pH 7.5,
1% NP-40, 1% SDS, 5 mM DTT, and protease inhibitors), denatured at 95 °C for
5minand diluted 10-fold with 1% NP40 lysis buffer before immunoprecipitation.
To immunoprecipitate Flag- or HA-tagged proteins, a total of 2 to 4-mg protein
lysate was precleared with protein Aagarose at 4 °Cfor 1 h, then incubated with
anti-Flag M2 agarose (Sigma A2220) or anti-HA agarose (Sigma A2095) at 4 °C
overnight with gentle rocking. To immunoprecipitate BiP, a total of 2-mg tissue
lysate was precleared with protein Aagarose at 4 °Cfor 1h, then incubated with
2 pg anti-KDEL antibody (Novus NBP1-97469) at 4 °C overnight, followed by an
incubation in protein Aagarose at 4 °Cfor 2 h. Immuno-complexes were washed
in the 1% NP4O lysis buffer four times and eluted by boiling at 95 °C for 5 min
in SDS sample buffer.

Endoglycosidase H (EndoH) Treatment. EndoH (New England Biolabs,
P0702L) treatment was performed according to the manufacturer's protocol and
as previously described (75). Briefly, tissue lysates were denatured at 95 °C for
10 min with the glycoprotein denaturing buffer, and then digested with EndoH at
37 °Cfor 1 h.The reaction was stopped by the addition of 5X denaturing sample
buffer and boiled at 95 °C for 5 min prior to be loaded onto SDS-PAGE.

Western Blot. Preparation of cell and tissue lysates and western blotting was
performed as previously described (29). For western blot of FPN1 and TFR1,
lysates were not boiled before SDS-PAGE based on a previous report (76). For
nonreducing SDS-PAGE, lysates were prepared in 5X nondenaturing sample
buffer (250 mM Tris-HCl pH 6.8, 1% SDS, 50% glycerol and 0.05% bromo-
phenyl blue) without boiling before being separated on an SDS-PAGE gel.
The following antibodies were used in this study: CP (Abcam 48614), FTH1
(CST4393S), TFR1 (Invitrogen 13-6800), TFR2 (Alpha Diagnostic TFR21-A), TF
(Proteintech 17435-1-AP), FPN1 (Novus 21502), HFE (Abclonal A1310), ATP7B
(Novus NB100-360SS), IRETax (CST 14C10), 059 (Abcam ab109510), Calnexin
(Enzo ADI-SPA-860-D), BiP (CST C50B12), SEL1L (Abcam ab78298), HRD1
(Proteintech 13473-1-AP), CREBH (Kerafast EWS101), Ubiquitin (CST 3933),
Flag (Sigma F1804 and F7425), Myc (CST 2278 and 2276), HA (Sigma H3663
and CST 3724), and HSP90 (Santa Cruz sc7947). Secondary antibodies, goat
anti-rabbit or mouse IgG HRP (Bio-rad), were used at 1:6,000 dilution. Western
blot membranes were developed using the Clarity Western ECL Substrate (Bio-
rad) and signal was detected with a ChemiDOC imager (Bio-rad). To visualize
total protein in the SDS-PAGE gel, a TGX Stain-Free Gel (Bio-rad) was used
and imaged by the ChemiDOC imager. Quantification was performed using
Imagelab software (Bio-rad).

RNA Extraction, RT-PCR, and Quantitative Real-Time PCR. Liver RNA was
isolated as previously described (77). Briefly, total RNA from liver tissues was
extracted using RNA-Stat 60 (IsoTex Diagnostics), chloroform and precipitated
by isopropanol. RNA quality was determined by measuring the 0D260/280 and
visualized on an agarose gel. cDNAwas generated using the Superscript I1l reverse
transcriptase (Thermofisher). RT-PCR for Xbp 1 splicing (78) and Cp isoforms was
performed using GoTaq PCR Master Mixes (Promega). Quantitative PCR (qPCR)
was performed using 2X Universal SYBR Green Fast qPCR Mix (Abclonal). 78S
was used as the reference. RT-PCR and gPCR primer sequences are listed below:

For RT-PCR:

mouse Cp both isoforms (TGAACACCCTGAGAAAGTAAACAA, TGCATTGTGAGGCCT

TGTAG),

mouse Cp soluble isoform (CCTGGAACCTGGITACTCCA, CGCCAATTTATTTCATT

CAGQ),

mouse Cp GPl-anchored isoform (CCTGGAACCTGGTTACTCCA, GGATGTTCCAGGTC

ATCCTGT),

mouse Xbp T (ACACGCTTGGGAATGGACAC, CCATGGGAAGATGTTCTGGG),

mouse L32 (GAGCAACAAGAAAACCAAGCA, TGCACACAAGCCATCTACTCA).

For gPCR:

mouse Cp (TGAACACCCTGAGAAAGTAAACAA, TGCATTGTGAGGCCTTGTAG),

mouse Hepc (AGAAMGCAGGGCAGACATTG, TTGCAACAGATACCACACTGG),

mouse Fth1 (CTGAATGCAATGGAGTGTGC, TCTTGCGTAAGTTGGTCACG),

mouse FtlT (AATGGGGTAAAACCCAGGAG, GGCTTTCCAGGAAGTCACAG),
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mouse Tfr7 (TCCGCTCGTGGAGACTACTT, ACATAGGGCGACAGGAAGTG),
mouse Tfr2 (GACCCTGCAGTGGGTGTACT, CGACACATACTGGGACAGGA),
mouse Tf (ACCATGTTGTGGTCTCACGA, ACAGAAGGTCCTTGGTGGIG),

mouse Fpn T (TGTGAATGTGGAGCCAGTGT, ACCGTCAAATCAAAGGACCA),
mouse Se/ 1L (TGGGTTITCTCTCTCTCCTCTG, CCTTTGTTCCGGITACTICTTG),
mouse Hrd T (AGCTACTTCAGTGAACCCCACT, CTCCTCTACAATGCCCACTGAC),
mouse BiP (CAAGGATTGAAATTGAGTCCTTCTT, GGTCCATGITCAGCTCTTCAAA),
mouse Xbp1s (GAGTCCGCAGCAGGITG, GTGTCAGAGTCCATGGGA),

mouse Chop (CCAGAAGGAAGTGCATCTTCA, ACTGCACGTGGACCAGGTT),
mouse Fgf21 (CTGGGGGTCTACCAAGCATA, CACCCAGGATTTGAATGACC),
mouse 185 (ACCGCAGCTAGGAATAATGGA, GCCTCAGITCCGAAAACCA).

Histology. Tissues were fixed in 10% neutralized formalin and processed by
the University of Michigan In-Vivo Animal Core (Ann Arbor, MI) on a fee-for-
service basis. For Prussian Blue staining with DAB enhancement, paraffin-em-
bedded liver sections were rehydrated and stained with an iron stain (Abcam
ab150674), then incubated in 3% hydrogen peroxide diluted in methanol
followed by an ImmPACT DAB Substrate (Vector laboratories). DAB-enhanced
Prussian blue-stained slides were photographed using a Cytation C10 Confocal
Imaging Reader (BioTek).

Structure Analysis of CP Mutants. The X-ray crystallographic structure of
human CP was obtained from the Protein Data Bank (4ENZ and 2J5W) (49, 79).
For molecular dynamics simulation, the AMBER 14SB force field (80) and the
AMBER 18(81) package were applied by first performing 500, 5,000, and 5,000-
step energy minimizations on hydrogen atoms, side-chains, and the entire protein
system, respectively, then solvating by the TIP3P water model (82). The water
and the entire system were minimized for 1,000 and 5,000 steps, respectively.
To equilibrate the system, a molecular dynamics (MD) simulation was performed
on the water molecules for 100 ps at 300 K, then the entire system was grad-
ually heated from 50 K to 300 K with the increment of 50 K for 10 ps on each
temperature. The timestep of the MD simulations was 2 fs. After MD simulations,
GaMD simulations (83) was performed with an updated boost potential for 50 ns,
followed by a 3-ps production simulation with a fixed boost potential for all sys-
tems.The average and SD of the system potential energies were calculated every
500 ps.The upper limit of the SD of the potential energy was set to 6.0 kcal/mol.
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The GaMD trajectory every 10 ps was saved for analysis. The analysis of hydrogen
bonding and atom-atom distance was computed by the VMD (84) and CPPTRJ
program (85). C-I-TASSER and EvoEF2 (51, 86) were used to analyze the impact
of mutations on the protein folding in terms of AAG, i.e., the free energy change
caused by single mutation.

statistics. Unpaired two-tailed Student's t test was used for two-group analyses.
Two-way ANOVA with the Tukey multiple comparison test or one-way ANOVA with
the Tukey post hoc test was used for multigroup analyses (GraphPad Prism). Data
were presented as the mean = SEM; P < 0.05 was considered significant.

study Approval. All animal procedures were approved by the Institutional
Animal Care and Use Committee of Wayne State University.

Data, Materials, and Software Availability. All study data are included in the arti-
cleand/or Sl Appendix. Previously published data were used for this work [GSE 118658
from Bhattacharya et al. (27). PXD035243 from Bhattacharya et al. (40)].
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