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Impaired secretion of an essential blood coagulation factor fibrinogen leads to
hepatic fibrinogen storage disease (HFSD), characterized by the presence of
fibrinogen-positive inclusion bodies and hypofibrinogenemia. However, the
molecular mechanisms underlying the biogenesis of fibrinogen in the endo-
plasmic reticulum (ER) remain unexplored. Here we uncover a key role of
SEL1L-HRD1 complex of ER-associated degradation (ERAD) in the formation of
aberrant inclusion bodies, and the biogenesis of nascent fibrinogen protein
complex in hepatocytes. Acute or chronic deficiency of SELIL-HRD1 ERAD in
the hepatocytes leads to the formation of hepatocellular inclusion bodies.
Proteomics studies followed by biochemical assays reveal fibrinogen as a
major component of the inclusion bodies. Mechanistically, we show that the
degradation of misfolded endogenous fibrinogen Aa, BB, and y chains by
SEL1L-HRD1 ERAD is indispensable for the formation of a functional fibrinogen
complex in the ER. Providing clinical relevance of these findings, SELIL-HRD1
ERAD indeed degrades and thereby attenuates the pathogenicity of two
disease-causing fibrinogen y mutants. Together, this study demonstrates an
essential role of SELIL-HRD1 ERAD in fibrinogen biogenesis and provides
insight into the pathogenesis of protein-misfolding diseases.
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Fibrinogen is a highly abundant plasma glycoprotein complex essen-
tial for blood clot formation and hemostasis (i.e., the cessation of
bleeding), as well as wound healing, inflammation, infection, angio-
genesis, and tumor growth and metastasis®™. It is produced by hepa-
tocytes as three polypeptide chains, Ax, B and y, which undergo
extensive folding, assembly, and maturation processes to form a
340 kDa hexameric (AaxBBy), complex with 29 disulfide bonds in the
endoplasmic reticulum (ER) prior to entering the secretory pathway'’.
Clinically, qualitative or quantitative defects in fibrinogen have been
observed in congenital or acquired hypo-, a- and dys-fibrinogenemia®’.
Hepatic fibrinogen storage disease (HFSD) is a specific type of hypo-
fibrinogenemia condition caused by impaired fibrinogen assembly and
secretion in hepatocytes®’. Patients with HFSD exhibit fibrinogen-
positive inclusion bodies in the liver with hepatic damage and low
circulating fibrinogen levels, yet most cases do not present hemostatic
issues®°, Despite clinical reports of HFSD for over two decades”, the
molecular events regulating the biogenesis of fibrinogen in the ER and
the formation of fibrinogen-positive inclusion bodies remain poorly
understood.

The synthesis, folding, and assembly of secretory and membrane
proteins take place in the ER'®'’. However, a portion of nascent pro-
teins fail to attain their native conformation and are subsequently
targeted for proteasomal degradation via an ER quality control
mechanism known as ER-associated degradation (ERAD)?**. The
SEL1L-HRD1 protein complex represents the most conserved ERAD
machinery®'. Using conditional and cell type-specific SellL-deficient
mice, we have demonstrated an indispensable role of SELIL as an
obligatory cofactor for the E3 ligase HRD1*>**. Subsequently, we and
others have collectively revealed the vital significance of this ERAD
protein complex in a range of cell types during many physiological
processes, including but not limited to, energy, lipid and iron meta-
bolism, immunity, gut and kidney homeostasis, cartilage develop-
ment, and the maintenance of hematopoietic stem cell quiescence®* ™',
Recently, we identified several SELIL and HRDI variants in humans with
ERAD-associated neurodevelopmental disorders with onset in infancy,
in short ENDI syndrome®>*, In the liver, we previously reported that
hepatocyte-specific deletion of SelIL in mice (SelIl™:Albumin-Cre,
Sel1L*?) caused transient growth retardation, altered energy and iron
homeostasis, and predisposed animals to chemically induced liver
tumors*>**>, Nonetheless, our understanding of the importance of
SEL1L-HRD1 ERAD in hepatic protein biogenesis and its pathological
relevance remains very limited.

In this study, we serendipitously uncovered a crucial role of SEL1L-
HRDI1 ERAD in the formation of hepatic intracytoplasmic inclusion
bodies, which surprisingly contained a large amount of fibrinogen
proteins, resembling those found in HFSD. Indeed, subsequent
mechanistic studies revealed that SELIL-HRD1-mediated ERAD of all
three fibrinogen chains was a prerequisite for the biogenesis of mature
fibrinogen protein complex.

Results

Hepatic SEL1L-HRD1 ERAD deficiency leads to the formation of
inclusion bodies in the liver

Histological examination of the livers of wild-type (Selll”®#* WT) and
Selll** cohorts from 2- to 12-weeks of age revealed the presence of
globular inclusion bodies throughout the lobules in Selll*® mice
(arrows, Fig. 1a). The inclusion bodies were round, sharply bordered,
palely eosinophilic, and ranged between 5 and 40 um in diameter (Fig. 1a
and quantitated in Fig. 1b). The inclusion bodies progressively enlarged
in size and increased in numbers with age and were consistently
observed in the livers of both male and female Sell/*® mice (Fig. 1a, b
and Sla, b). Hepatic inclusion bodies were also observed in hepatocyte-
specific HrdI-deficient (Hrd?™*:Albumin-Cre, HrdI"®) mice at 12 weeks
of age® (arrows, Fig. 1c), supporting the notion that this phenomenon is
caused by defects in SELIL-HRD1 ERAD function. The formation of

inclusion bodies in SelIL** mice was not due to developmental defects of
hepatocytes, as acute deletion of SELIL in hepatocytes of adult mice
using liver-tropic adeno-associated virus serotype 8 (AAVS8) expressing
the Cre recombinase driven by a hepatocyte-specific thyroxine-binding
globulin (TBG) promoter (Fig. SIc) also led to the formation of inclusion
bodies within 2 weeks (Fig. 1d, e). A similar observation was made in
Hrd?™"* mice injected with AAVS-Cre (Fig. S1d, e). In addition, circu-
lating levels of liver enzymes, including alanine aminotransferase (ALT)
and alkaline phosphatase (ALKP), but not aspartate aminotransferase
(AST) or serum total bilirubin (TBIL), were mildly elevated in Sell/*?
mice compared to those of WT littermates at 6 weeks of age (Fig. 1f and
S1f). However, there was no histological evidence of cell apoptosis or
fibrosis in SellL*® livers (Fig. S2a, b), pointing to mild liver damage.
Taken together, these data demonstrate that chronic or acute deletion
of hepatic SellL or HrdI leads to the formation of inclusion bodies in the
liver, which progressively enlarge with age.

The induction of CREBH, FGF21, or deficiency of IREl« is insuf-
ficient for the formation of hepatic inclusion bodies

As we previously reported that SELIL-HRD1 ERAD deficiency in hepa-
tocytes is associated with mild unfolded protein response (UPR) and
elevated levels of an ER-resident transcription factor CREBH and stress
hormone FGF21***%, we next investigated their role in the formation
of inclusion bodies. The challenge of a pharmacological ER stress
inducer, cyclopiazonic acid (CPA)*, that depletes ER calcium®, did not
induce visible inclusion bodies in the livers of WT mice (Fig. 1g).
Similarly, acute deletion of a key UPR sensor IREla in hepatocytes via
AAVS-Cre injection into Irela™ mice failed to induce the formation
of hepatic inclusion bodies (Fig. 1h and S2c). Moreover, the over-
expression of CREBH or FGF21 in hepatocytes did not induce hepatic
inclusion bodies (Fig. S2d, e)*>*"*%, Together, these data shows that the
induction of CREBH, FGF21, or deficiency of IREla in hepatocytes is
insufficient to induce the formation of hepatic inclusion bodies.

Formation of single membrane-bound inclusion bodies in
Selll*® hepatocytes

To explore the nature of inclusion bodies, we next performed trans-
mission electron microscopy (TEM). In WT hepatocytes, organelles
such as the ER, mitochondria, and glycogen granules appeared with
normal morphology (Fig. 2a). In contrast, we noted dilated ER (white
arrows) and large cytosolic inclusion bodies with homogeneous elec-
tron density in SelIL** hepatocytes (Fig. 2b—d). The inclusion bodies
were notably bound by single membranes (red arrows, Fig. 2b, c), likely
representing the ER membranes (discussed more below). We also
noted the likely fusion of a small vesicle with the inclusion body (green
arrow, Fig. 2¢), providing a plausible explanation for the progressive
enlargement of the inclusion bodies as shown in Fig. 1. The electron
density of the inclusion bodies was uniformly low, distinct from that of
lipid droplets, excluding the possibility of the inclusion bodies being
lipid-laden (Fig. 2d). Morphologically, mitochondria appeared normal
in Selll*® hepatocytes (Fig. 2a-d). Thus, inclusion bodies in SelI/*?
hepatocytes are single membrane-bound structures in the cytosol
containing non-lipid materials.

ERAD deficiency-associated inclusion bodies contain fibrinogen
We next explored the composition of inclusion bodies. Periodic acid-
Schiff (PAS) staining for polysaccharides showed that, unlike in
glycogen-ladened WT livers, inclusion bodies in Sell[*? livers were
largely PAS negative (Fig. S3a). Staining of al-antitrypsin revealed no
abnormal protein aggregation in Selll*? livers (Fig. S3b). Further-
more, albumin, a highly abundant protein secreted by hepatocytes,
was able to reach to the sinusoidal space of the Selll*® livers
(arrowheads, Fig. S3c). Fibronectin and transferrin receptor 1 (TFR1),
homodimers with multiple intra- and inter-molecular disulfide bonds
from hepatocytes, were both secreted normally, and not present in

Nature Communications | (2024)15:9244


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53639-x

a 2wk

Sel1LAL

d Sel1L#

AAV-Cre

2004 p=0.0079 800, p=0.0062 g Veh
J1501 8 < 600 7 V
S T = 5 owr
=100 g 400 @ Sel1Lab

o Se
2 s0|® = 200
0 0

Fig. 1| Formation of inclusion bodies in SelIL-deficient livers. a-b Representative
images of H&E stained liver sections of male WT (SelIl”) and SelIL*® (Selll””;Albumin-
Cre) littermates at different ages. The size and number of inclusion bodies found in
SelIL** livers are quantitated in b. N=3 per cohort. ¢ Representative images of H&E
stained liver sections of 12-week-old WT and HrdI'" littermates. N=3. d-e Selll””
mice were injected i.v. with AAV8 expressing hepatocyte-specific TBG promoter-
driven Cre or GFP. Representative images of H&E-stained liver sections of mice at
different time points after the injection are shown d. The size and number of
inclusion bodies are quantitated in e. N=4 for GFP cohort, n=3 for 2 wk and 4 wk
post-AAV-Cre, n=5 for 6 wk post-AAV-Cre. In (a), (c) and (d), arrows point to

12wk b c
. kkk ok 12wk
= 50 f I !
g_ 30 Hkk o
ot T
o)
£ .
a 5 -
*k*k
NE 800 e
L |
E 600 5 o
@ o 2
2 400{ =~ == =
£ o e D
3 200 Eéﬂ ° T
(&] 0 E“‘ [
2wk 4wk 8wk 12wk
Age
e d
*kk *k%
o 40 i B= 1500 e ——1
= 30 *kk IS
5 ! g % 1000 DE o
220 S e
1S S 5001 & o ”%
« 10 3
$° & 8
2wk 4wk 6wk 2wk 4wk 6wk
Post AAV-Cre Post AAV-Cre
i/
CPA h Iret1a
. AAV-G AAV-Cre

inclusion bodies. f Serum from 6-week-old WT and Sel1L*" littermates were analyzed
for alanine aminotransferase (ALT) and alkaline phosphatase (ALKP). N=3. g-h
Representative images of H&E stained liver sections of (g) WT mice 4 weeks after i.p.
injections of vehicle (Veh) or cyclopiazonic acid (CPA) at 5 mg/kg body weight every
other day, n=3; and (h) Irela’” mice 6 weeks after an i.v. injection of AAVS expressing
TBG-driven Cre or GFP, n =35. For inclusion body quantitation, 12 to 16 images taken
from indicated number of mice per cohort were analyzed. Values, mean + SEM. *,
p <0.05;**, p<0.001 by one-way ANOVA with Tukey multiple comparison test in (b)
and (e), and by two-tailed Student’s t test in f. Source data are provided as a Source
Data file.

the inclusion bodies (Fig. S3d, e). These data exclude the possibility
of ERAD deficiency-associated inclusion bodies being either
glycogen-containing Lafora bodies or al-antitrypsin inclusions®”¢°,
and more importantly, demonstrate that Se/lIL deficiency does not
cause a general secretion defect in hepatocytes.

We then employed a non-biased proteomics screen of proteins in
the purified microsomes from WT and Selll*® livers (Proteo-
meXchange Dataset PXD035243)*. Two known SELIL-HRD1 ERAD
substrates, IRElx and 0S9**!, were enriched in SelIL*® microsomes
(Fig. 2e). Interestingly, we noted that all three fibrinogen chains were
significantly over-represented in the microsomal fractions of SellL"®
livers compared to those of WT livers (Fig. 2e). Immunofluorescent
staining showed that, in WT livers, fibrinogen was detected largely on
the apical membrane of hepatocytes or sinusoidal space (arrowheads,
Fig. 3a). In contrast, fibrinogen accumulated largely in the inclusion
bodies of SellL** hepatocytes (arrows, Fig. 3a). The abundance of these
fibrinogen-positive inclusion bodies increased with age (Fig. 3a).
Similar observations were obtained in inducible SellL- and HrdI-defi-
cient mice within 2-4 weeks of SELIL or HRD1 deletion (Fig. 3b, c). As
controls, fibrinogen localization to the apical membrane was unaf-
fected by CPA-induced ER stress, inducible /rela deficiency, or FGF21

overexpression (Fig. 3d, e and S3f). Providing clinical relevance to our
findings, these fibrinogen-positive inclusion bodies indeed resemble
those found in the livers of patients with HFSD, exhibiting notable
features such as robust fibrinogen positivity, absence of al-antitrypsin,
albumin, and PAS staining® . Taken together, we conclude that SEL1L-
HRD1 ERAD deficiency in hepatocytes leads to the formation of
fibrinogen-containing inclusion bodies.

Fibrinogen is complexed with ER chaperones in inclusion bodies
We next explored the molecular mechanism underlying the for-
mation of fibrinogen inclusion bodies. We first performed an
exploratory immunoprecipitation-based mass spectrometry, with-
out replication, to analyze fibrinogen interactomes (Proteo-
meXchange Dataset PXD047658). The fibrinogen antibody used
here was highly specific for all three fibrinogen chains (Fig. S4a)®>°.
There were a total of 39 candidate proteins with 2-fold or higher of
peptide-spectrum matches (PSMs) in SelIL*? liver lysates over WT
lysates (Supplementary Data 1, Supplementary Data 2, and Fig. S4b).
Pathway analyses showed that protein processing and folding were
among the top pathways increased in fibrinogen interactomes in
SellL*® liver (Fig. S4c). Indeed, 10 top hits were ER chaperones
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Fig. 2 | Inclusion bodies are encased in ER membrane with the identification of
fibrinogen chains as a possible major component. a-d TEM images of liver tis-
sues from 6-week-old WT and SelIL*” littermates with insets of higher magnification
shown (n =2 mice each genotype). White arrowheads, normal ER; red arrows,
inclusion bodies bounded by a single membrane; white arrows, dilated ER; green
arrow, a vesicle in the process of fusing to a large inclusion body; N, nucleus; m,

mitochondria; IB, inclusion bodies; LD, lipid droplets. Glycogen granules are noted
in both WT and SellL"" livers. e Proteomics analysis of purified microsomes from

WT and SellL*" livers, showing the fibrinogen chains significantly over-represented
in the Selll" samples. Values represent scaled abundances of proteins from tan-

dem mass tag (TMT) labeling-based mass spectrometry. P values were caculated by
two-tailed Student’s t test without adjustments for multiple comparisons.

involved in protein folding and ERAD substrate recruitment such as
0S9, protein disulfide isomerases (PDI), GRP78/BiP, GRP94, and
calreticulin (Fig. S4b). Further co-immunoprecipitation and immu-
nostaining assays confirmed the interaction and colocalization,
respectively, of fibrinogen chains with BiP and GRP94 (Fig. 4a and
S4d-f). Both PDI and OS9 proteins were enriched in the inclusion
bodies as well (Fig. S4f). Furthermore, BiP immunogold-TEM indeed
revealed that while BiP was detected in ER sheets in WT hepatocytes,
BiP was highly enriched in inclusion bodies of SellL** hepatocytes
(Fig. 4b, c). Biochemically, sucrose gradient fractionation of protein
complexes based on the size showed that BiP and PDI co-migrated
with fibrinogen into the last (heaviest) fraction as high molecular
weight (HMW) aggregates in SelIL*” hepatocytes (red arrows, Fig.

S5). Together, our data demonstrate that fibrinogen within the
inclusion bodies is physically associated with various ER chaper-
ones, pointing to a misfolded or folding intermediates stage.

Accumulation and aggregation of all three fibrinogen chains in
Selll"" livers

We next defined the biochemical nature of fibrinogen inclusions.
Fibrinogen is a 340 kDa hexamer formed by three polypeptide chains,
Aa, Bf3 and vy, via a total of 29 inter- or intra-molecular disulfide bonds
(Fig. 5a)"°. BB and y are glycosylated, but not Aa (Fig. 5a). Denaturing
Western blot analyses of individual chains®*“° revealed that all three
chains were increased by -2 folds in Sel1L*? livers compared to those of
WT livers (Fig. 5b, c), independently of gene transcription (Fig. 5d).
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Fig. 3 | Fibrinogen is largely trapped in the inclusion bodies of SEL1L-HRD1
ERAD-deficient hepatocytes. Fibrinogen staining using a rabbit anti-serum
recognizing all chains of fibrinogen in liver sections from: (a) WT and SelIL*" lit-
termates at different ages; (b) Selll”” mice at different time points after an i.v.
injection of AAVS expressing TBG-driven Cre or GFP; (c) Hrd?/ mice 4 weeks after
ani.v. injection of AAV8-TBG-Cre or GFP; (d) WT mice 4 weeks after i.p. injections of

vehicle (Veh) or cyclopiazonic acid (CPA) at 5 mg/kg body weight every other day;
(e) Irelo?” mice 6 weeks after an i.v. injection of AAVS-TBG-Cre or GFP. Insets of
higher magnification shown below. Arrowheads point to apical and sinusoidal
localization of fibrinogen; arrows point to inclusion bodies containing fibrinogen.
Representative data from n=3 mice per cohort.

In addition to monomeric chains, several bands can be detected
around 100, 160 and 340 kDa in non-reducing Western blot, repre-
senting fibrinogen oligomeric complexes including dimeric fibrinogen
Aay or By, trimeric AaBBy, and hexameric (AaBfy),, respectively
(Fig. 5e)’. Of note, we included antibodies specifically recognizing all
fibrinogen chains (labeled as Fib)***® or individual chains in this
experiment (Fig. 5e). These oligomeric forms of fibrinogen were either

unchanged or moderately elevated in SellL*" livers compared to WT
littermates (Fig. Se). The most notable difference was the appearance
of HMW aggregates with MW of over 400 kDa in Sel1L*? livers, but not
WT livers (red arrows, Fig. 5e). Sucrose gradient fractionation analyses
further showed that, unlike in WT livers where fibrinogen Aa formed
largely hexamers, it formed significantly more HMW aggregates in
Sel1L*" livers (Fig. 5f).
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Fig. 4 | Fibrinogen is in a misfolded or folding intermediate state in SellL-
deficient hepatocytes. a Primary hepatocytes were isolated from WT and Selll**
littermates and stained with the indicated antibodies. Note the co-localizations of
fibrinogen and an ER marker KDEL (recognizing BiP and GRP94) in the inclusion
bodies of SellL** hepatocytes (white arrows). White dotted lines outline individual
hepatocytes. Representative data from two independent repeats. b, ¢ TEM couple

to Immunogold labeling of BiP in WT and SelIL*" livers. White arrows mark the
localization of BiP in normal ER in WT hepatocytes. Representitave image of eight
hepatocytes from one mouse per genotype shown. Red arrows mark BiP in inclu-
sion bodies in SelIL*"® hepatocytes. White dotted lines mark the boundary of
inclusion bodies. N, nucleus; m, mitochondria.

Fibrinogen Aa HMW aggregates were sensitive to the treatment of
a reducing agent (3-mercaptoethanol (Fig. 5f), pointing to the invol-
vement of inter-molecular disulfide bonds in the formation of HMW
aggregates. Furthermore, all three fibrinogen chains accumulated in
the detergent-insoluble pellet fraction of Selll*? livers compared to
WT livers (Fig. 5g). Similar observations were consistently obtained in
three other ERAD deficient mouse models, inducible SelIL- (Fig.
S6a-c), and two Hrdl-deficient mouse models (Fig. Sé6d, e), where
fibrinogen chains accumulated and aggregated in the absence of
SELIL-HRD1 ERAD, without concomitant changes in their mRNA levels.
Taken together, we conclude that SELIL-HRD1 ERAD is required for
fibrinogen complex assembly, and that ERAD deficiency leads to the
accumulation and aggregation of all three fibrinogen chains in
hepatocytes.

ER retention of fibrinogen chains in Sel1L*” hepatocytes

We next examined the impact of ERAD on fibrinogen secretion. We
first performed an endoglycosidase H (EndoH) digestion assay to dis-
tinguish fibrinogen pools that are in the ER with high mannose gly-
cosylation (EndoH sensitive) vs. those that have matured and exited
the ER with complex glycosylation (EndoH resistant). In WT hepato-
cytes, about 70% of Bf and 50% of y were EndoH resistant (Fig. 6a, b),
suggesting that they are able to fold and readily exit the ER. In contrast,
~ 65% B and 85% y chains were EndoH sensitive in the absence of
SELIL, suggesting that they are retained in the ER (Fig. 6a, b). The
differential mobility observed in EndoH-treated samples resulted from
glycosylation, as the EndoH-resistant form was sensitive to PNGase F
treatment, which removes all N-linked glycan from glycoproteins
(Fig. 6a). In keeping with these findings, circulating levels of fibrinogen
in Sel1L** mice were significantly reduced by 20-50% as measured by
ELISA and Western blot analyses (Fig. 6¢, d). The reduction is specific

for fibrinogen, as plasma levels of albumin were unaffected by SelIL
deficiency (Fig. 6d), again excluding the possibility that ER retention of
fibrinogen is due to a general secretory defect. Similar observations
were obtained in inducible SeliL-deficient livers (Fig. S7a, b).

Depletion of BiP by the treatment of a BiP-specific protease
SubAB®° led to a marked fibrinogen aggregation in Sell*” hepatocytes,
while exerting a subtle effect in WT hepatocytes, as shown by non-
reducing Western blot (red arrows, Fig. 6e) and sucrose gradient
fractionation (Fig. S7c and quantitated in Fig. 6f), pointing to an
important role of BiP in preventing the aggregation of fibrinogen
chains in inclusion bodies. As circulating levels of fibrinogen were
modestly reduced, the coagulation function measured by pro-
thrombin time was not altered in Selll*® mice (Fig. S7d), which is
consistent with observations made in fibrinogen Aa heterozygous
(Fib”") mice®. Taken together, we conclude that SELIL-HRD1 ERAD is
required for fibrinogen maturation in the ER and that, without ERAD, a
fraction of fibrinogen is trapped as aggregates or BiP-associated fold-
ing intermediates, leading to the formation of hepatic inclusion bodies
and hypofibrinogenemia.

Fibrinogen chains are bona fide endogenous ERAD substrates

To delineate how ERAD controls the maturation of nascent fibrinogen,
we next asked whether fibrinogen is a bona fide endogenous substrate
of SEL1L-HRD1 ERAD. While a previous study showed that fibrinogen is
degraded by the proteasome in vitro®, the molecular nature of this
process, such as the machinery mediating this degradation event,
remains unknown. All three fibrinogen chains interacted with HRD1
and were polyubiquitinated in HRDI-transfected HEK293T cells in an
E3-ligase dependent manner as the polyubiquitination was blocked by
a ligase-dead HRD1 C2A mutant***° (Fig. 7a). Similarly, loss of HRD1 in
cells treated with a proteasome inhibitor MG132 attenuated the
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Fig. 5 | Fibrinogen chains accumulate and form insoluble aggregates in SellL-
deficient livers. a The overall structure of fibrinogen showing a hexamer of Aq,
B and y chains. The 29 highly conserved disulfide bonds are shown as red bars,
and the glycosylation sites on B3 and y are marked in purple. Aa is not glycosy-
lated. Image created in BioRender. Tushi, N. (2024) BioRender.com/I491811. (b-e)
Liver samples from 6-week-old WT and Selll* littermates were analyzed for: (b)
reducing Western blot analysis with quantitation normalized to HSP90 shown in
(c); (d) gPCR analysis; (e) non-reducing SDS-PAGE and Western blot analysis using
the same protein lysates shown in (b). In (b) and (e), fibrinogen proteins were
analyzed by antibodies specific for each chain or all fibrinogen chains (Fib). Red
arrows point to high molecular weight aggregates of fibrinogen. N = 3 for Western
blot analyses, n=>5 for WT and n =6 for Selll*” for qPCR analyses. Values,

mean + SEM. *, p < 0.05; **, p < 0.01 by two-tailed Student’s t test. f Sucrose

gradient fractionation (fractions 1 to 11 from top to bottom) of liver samples from
WT and Selll** littermates analyzed by nonreducing or reducing SDS-PAGE using
an Aa chain-specific antibody. Red arrow points to fibrinogen aggregates. #, a
non-specific band. Quantitation of reduced Aa is shown on the right with frac-
tions with Ao monomers, assembly intermediates and high molecular weight
(HMW) aggregates labeled. HSP90, a loading control. g Liver samples from 6-
week-old WT and Sel1L*" littermates were prepared in lysis buffer containing 0.5%
Nonidet P-40 (NP40) and analyzed for protein distribution in the NP40 soluble
and NP40 insoluble (pellet) fractions by Western blot. The distribution of HSP90
and H2A marks the soluble and insoluble fractions, respectively. Quantitation of
fibrinogen chains normalized to H2A in NP40 insoluble fraction is shown below
the blots. (f-g), representative data from two independent repeats. Source data
are provided as a Source Data file.

polyubiquitination of three fibrinogen chains (Fig. S8). Moreover, the
loss of SELIL in primary hepatocytes caused a marked stabilization of
all three endogenous fibrinogen chains following the treatment of a
translation inhibitor cycloheximide (CHX) (Fig. 7b). Deletion of HRD1
or SELIL in human Huh7 hepatocytes also stabilized endogenous
fibrinogen chains (Fig. 7c), pointing to the conservation of this
degradation event. Hence, we conclude that nascent fibrinogen chains
are highly misfolding prone, ubiquitinated and degraded by SEL1L-
HRD1 ERAD.

The assembly of fibrinogen chains protects them from SELIL-
HRD1 ERAD

A previous study showed that genetic deletion of fibrinogen Ax chain
abolishes the secretion of fibrinogen B3 and y, without causing their
accumulation in the ER®; however, the underlying mechanism
remained unclear. In light of our findings, we next tested whether

unassembled fibrinogen B and y chains are degraded by SEL1L-HRD1
ERAD. To this end, we employed lipid nanoparticle (LNP)-encapsulated
small interfering RNA (siRNA) to knockdown fibrinogen Ac mRNA
(siFga) in the liver, without affecting the mRNA levels of the other two
chains (Fig. S9a)’°”". An siRNA sequence targeting luciferase (siLuc)
was used as a negative control. Consistent with previous reports’®”,
the LNP-siFga treatment effectively reduced the protein levels of
fibrinogen chains in WT livers and led to the depletion of plasma
fibrinogen in WT mice (Fig. 8a and S9b). Strikingly, this reduction was
reversed by ERAD deficiency, as protein levels of fibrinogen chains
were significantly elevated in the livers of Sell[*? mice receiving LNP-
siFga compared to control SelIL* mice (Fig. 8a). This elevation was not
due to gene transcription (Fig. S9a), pointing to the model that orphan
Bf and y chains in the absence of Aa chain are targeted for protea-
somal degradation by SELIL-HRD1 ERAD. This finding is in line with the
ubiquitination of individual fibrinogen chains in transfected
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Fig. 6 | Fibrinogen is retained in the ER of SellL-deficient hepatocytes, with BiP
attenuating its further aggregation. a-b Western blot analysis of fibrinogen B
and y in liver lysates treated with EndoH or PNGase F. R and s, EndoH-resistant and
sensitive, respectively. The percentages of EndoH-sensitive B3 and y chains are
quantitated in b. N=5 per cohort. c-d ELISA (c) and Western blot (d) analyses of
inferior vena cava (IVC) plasma from 6-week-old WT and SelIL"" littermates.
Quantitation of Western blot is shown below the blots. WT, n=15; Sel1L*®, n =10 for
ELISA; n =3 for Western blot. Values, mean + SEM. *, p < 0.05 or as labeled by two-
tailed Student’s t test. (e-f) Primary hepatocytes isolated from WT and Sel1/*®

littermates were treated with 1pug/mL WT SubAB or mutant SubA,,7,B (mut) for
12 hours and analyzed by: (e) non-reducing and reducing SDS-PAGE followed by
Western blot analyses, with red arrow pointing to fibrinogen aggregates; and (f)
sucrose gradient fractionation (fractions 1 to 12 from top to bottom) showing the
quantitation of reduced Bp chain, with monomers, assembly intermediates and
HMW aggregates labeled. Western blot images for (f) are shown in Fig. S7c.
Representative data from two independent repeats. Source data are provided as a
Source Data file.

HEK293T cells (Fig. 7a and S8). Furthermore, Fga knockdown in Sel1[*®
livers caused marked aggregation of Bp and y chains (Fig. 8b). The
accumulated fibrinogen Bf and y chains were nearly 100% EndoH
sensitive, i.e. ER retained (Fig. 8c), leading to further enlarged hepatic
inclusion bodies (Fig. 8d) and abolished fibrinogen secretion (Fig.
S9b). Together, these data suggest that the assembly of fibrinogen
chains may suppress their degradation by ERAD and be a prerequisite
for ER export.

SEL1L-HRD1 ERAD degrades fibrinogen y disease mutants and

attenuates its pathogenicity towards wildtype Ax and B chains
To investigate the pathological importance of SELIL-HRD1 ERAD, we
explored its role in the pathogenicity of two disease-causing fibrinogen
y mutants, C179R and T340P, reported to cause hypofibrinogenemia
and HFSD, respectively'*”, in HEK293T cells that do not express
endogenous fibrinogen. SELIL-HRD1 ERAD was indeed responsible for
the clearance of both mutants from the ER as they were stabilized in
HRDI”~ HEK293T cells compared to that in WT cells (Fig. 9a, b and Fig.
S10a, b). We next asked whether the expression of y-C179R and y-
T340P may alter the maturation and assembly of fibrinogen hexamers.
We co-expressed a combination of fibrinogen Aa-WT and BB-WT with
either WT- or mutant y chains in HEK293T cells followed by non-
reducing and reducing SDS-PAGE and Western blot. In keeping with
the observations described above, fibrinogen y-WT formed trimer and
hexamers with Aaand B in WT and more so in HRDI™ cells (Fig. 9¢).In
contrast, y-C179R mutant failed to form a large amount of trimer and

hexamers with Ax and B, but rather induced the formation of HMW
aggregates of B chain in WT HEK293T cells and much more so in
HRDI™ cells (Fig. 9c). This HMW aggregation was accompanied by the
complete absence of fibrinogen hexamers in the medium (Fig. 9d). The
HMW complexes were formed via aberrant disulfide bonds as they
were sensitive to the treatment of -mercaptoethanol (Fig. 9c). Similar
observations were made for y-T340P (Fig. S10c-d). Taken together, we
conclude that SELIL-HRD1 ERAD negatively controls the pathogenicity
of fibrinogen y mutants.

Discussion

In this study, we reported that the SEL1L-HRD1 ERAD complex prevents
the formation of ER-derived inclusion bodies in hepatocytes. In
studying the nature of inclusions, we found that SELIL-HRD1 ERAD
regulates the biogenesis of an essential blood coagulation factor,
fibrinogen, in the ER of hepatocytes. SELIL-HRD1 ERAD mediates the
degradation of endogenous unassembled, likely misfolded, fibrinogen
chains, a key step in the maturation of the nascent fibrinogen protein
complex. In the absence of SELIL-HRD1 ERAD, fibrinogen accumulates
and aggregates in inclusion bodies together with ER chaperones such
as BiP, leading to hypofibrinogenemia and mild liver damage. We
further demonstrated that SELIL-HRD1 ERAD attenuates the patho-
genicity of two disease-causing fibrinogen y mutants. This study
demonstrates an essential role of SELIL-HRD1 ERAD in fibrinogen
biogenesis and provides insights into the pathogenesis of protein-
misfolding diseases (Fig. 9e).
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Fig. 8 | Assembly of fibrinogen complex prevents SELIL-HRD1 ERAD of indivi-
dual chains. 8-week-old WT and SellL*” littermates were injected intravenously
with lipid nanoparticle (LNP)-encapsulated small interfering RNA against fibrinogen
Aa chain (siFga) or luciferase (siLuc) for control. 11 days after injection, mice were
examined for: (a) reducing Western blot analysis of liver samples with quantitation
normalized to HSP90 shown on the right; (b) non-reducing SDS-PAGE and Western
blot analysis using the same liver lysates shown in a; (c) Western blot analysis of

liver lysates treated with EndoH, with the percentages of EndoH-sensitive Bf and y
chains shown on the right; and (d) H&E and fibrinogen staining of liver sections,
with the size of inclusion bodies in H&E-stained SelIL*"” samples quantitated on the
right. N=3. In (d), 12 to 16 images taken from 3 mice per cohort were analyzed.
Values, mean + SEM. *, p < 0.05; **, p < 0.001 by two-way ANOVA with Tukey mul-
tiple comparison test in (a) and (c), and by student’s t test in d. Source data are
provided as a Source Data file.
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Fig. 9 | SELIL-HRD1 ERAD degrades a disease-causing fibrinogen y variant and
mitigates its pathogenicity. a-b Western blot analysis of fibrinogen y-C179R
decay after a translation inhibitor CHX treatment in WT and HRDI”~ HEK293T cells
transfected with a plasmid expressing y-C179R. The degradation is quantitated
relative to the percentage of control. N =3, indicating independent samples. Values,
mean + SEM. **, p < 0.01 by two-way ANOVA with Sidak multiple comparison test.
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Y-WT or y-C179R. Cell lysates (c) and cell culture medium (d) were analyzed by non-
reducing or reducing SDS-PAGE as indicated. Red arrow points to fibrinogen Bf3
aggregates. Culture medium from non-transfected cells was included as a blank

control in d. Representative data from two independent repeats. e Model showing a
critical role of SELIL-HRD1 ERAD in the biogenesis of mature fibrinogen protein
complex in the ER. SELIL-HRD1 ERAD in hepatocytes mediates the degradation of
endogenous fibrinogen chains, thereby ensuring their proper assembly and sub-
sequent secretion (left). In the absence of ERAD, fibrinogen chains accumulate and
aggregate in ER-derived hepatic inclusion bodies, interfering the folding and
secretion of nascent fibrinogen protein (middle). SELIL-HRD1 ERAD also degrades a
disease-causing fibrinogen y mutant, thereby attenuating its pathogenicity (right).
Image created in BioRender. Tushi, N. (2024) BioRender.com/k40b037. Source
data are provided as a Source Data file.

In this study, we found that fibrinogen is retained in the inclusion
bodies of SellL-deficient hepatocytes, leading to its reduced secretion.
In contrast, ceruloplasmin, another SELIL-HRD1 ERAD substrate, was
found to be increasingly secreted by Selll-deficient hepatocytes®.
Indeed, the secretion of other proteins such as albumin and fibronectin
was unaffected by SELIL-HRD1 ERAD deficiency. Together these
observations highlight the specificity of SELIL-HRD1 ERAD in mediat-
ing the degradation and quality control of fibrinogen, and a selective
retention of misfolded fibrinogen in specialized ER-derived inclusions.
This conclusion is supported by the recent proteomic screens of
endogenous SELIL-HRD1 ERAD substrates, which identified approxi-
mately 100 endogenous proteins in different cell and tissue types’. In
addition to fibrinogen, several ER chaperones were identified in the
inclusion bodies, including but not limited to, BiP, PDI, and OS9. As
previous studies have demonstrated the role of these chaperones in
regulating protein folding and degradation®*°”®, we speculate that
fibrinogen in the inclusion bodies may be in the state of folding
intermediates, misfolded protein, or protein aggregates. It is unclear
whether properly folded or assembled fibrinogen is also present in the

inclusion bodies. Whether other secretory proteins are retained in the
inclusion bodies, and what feature(s) in the proteins dictates their
incorporation into the inclusions, are open and exciting questions.
Previous studies have shown that SELIL-HRD1 ERAD deficiency
induces a very low level of ER stress, without triggering cell death or
inflammation in many cell types*>**’*. How cells adapt to ERAD defi-
ciency remains an open question, which may involve the induction of
ER chaperones and/or activation of ER-phagy’”>. We propose that
inclusion bodies may serve as another adaptive mechanism to
sequester misfolded ERAD substrates when SELIL-HRD1 ERAD func-
tion is impaired. Relevant to this study, recent reports on al-
antitrypsin Z mutant-induced inclusions showed that COPII and
SNARE-mediated vesicle trafficking mediates the transport of Z-al-
antitrypsin between the ER and inclusion bodies, and that Z-al-
antitrypsin undergoes phase transition to a solid state in inclusion
bodies™®”’. Moreover, adipocytes deficient in both SELIL and autop-
hagy were found to form the coalescence of ER fragments (CERFs)
containing misfolded lipoprotein lipase that is able to undergo phase
separation in vitro®. It will be of great interest to examine whether
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similar trafficking and phase transition mechanisms are applicable in
the formation of fibrinogen inclusion bodies.

Hepatic inclusion bodies containing fibrinogen have been repor-
ted clinically in HFSD patients®®”*%°, This abnormality can be caused
either genetically by dominant-negative mutations of fibrinogen Aa
and y chains" %% or acquired under pathological conditions such as
hepatocellular carcinoma, chronic hepatitis B virus infection, and
COVID-19 infection’**®, In both congenital and acquired HFSD,
hepatic inclusion bodies exhibit distinctive protein profiles, featuring
the presence of fibrinogen but the absence of other proteins like al-
antitrypsin, albumin or serum amyloid A*"*%, The direct link between
SEL1-HRD1 ERAD activity and HFSD is yet to be demonstrated in vivo,
requiring the generation of mouse models carrying specific fibrinogen
mutations or diseases. In addition to ERAD, recent reports implicated
autophagy and lysosome-mediated degradation in the clearance of WT
and HFSD-causing mutant fibrinogen chains in vitro®®**%’, Intriguingly,
an autophagy-enhancing drug, carbamazepine, was shown to alleviate
liver damage in HFSD patients, further supporting a possible role of
autophagy in HFSD and hepatic fibrinogen inclusions®**°, While the
relationship between ERAD and autophagy in both normal liver phy-
siology and disease states remains largely unclear, we speculate that
impaired ERAD activity may contribute to the pathogenesis of various
HFSD conditions and that enhancing ERAD function and optimizing
the substrate targeting to ERAD machinery may hold therapeutic
promise for protein-misfolding diseases associated with defects in ER
protein folding and maturation.

Methods

Study approval

All animal procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) of University of Virginia, Wayne State
University, and University of North Carolina at Chapel Hill.

Mouse studies

Hepatocyte-specific SelIL deficient (Selll”*;Albumin-Cre, i.e. SellL*")
mice and wildtype (SelIl™/°%, WT) littermates, hepatocyte-specific
Hrdl deficient (Hrd™*:Albumin-Cre, i.e. Hrd"®) mice and wildtype
(Hrd?™#ex, WT) littermates, Irelo™* mice, as well as hepatocyte-
specific ApoE promoter-driven FGF21 transgenic or WT littermates
were maintained on a C57BL/6) background and described
previously***>*%%° Adenovirus-mediated overexpression of CREBH or
GFP was performed via an intravenous injection of recombinant ade-
novirus as previously described”. For CPA treatment, 8-week-old mice
were injected intraperitoneally with CPA (Sigma 239805) at 5 mg/kg
body weight every other day for 4 weeks®. Mice were fed a standard
rodent chow diet (Inotiv, no.7912) and housed in a temperature-
controlled environment with 12 hour light/dark cycles with free access
to food and water. For inferior vena cava (IVC) plasma collection, mice
were anesthetized with isoflurane and 0.5 mL blood was drawn from
IVC into a syringe with 0.05 mL of 3.2% sodium citrate. Tissues were
collected and immediately either fixed in 10% neutral buffered for-
malin or frozen in liquid nitrogen upon collection.

AAV- and LNP-mediated gene delivery

To induce an acute deletion of SELIL, HRD1 or IREla in the liver, 9-
week-old Selllx, HrdP"*/~, or Irelo™*°* mice were intravenously
injected with AAVS8 expressing hepatocyte-specific TBG promoter-
driven Cre or GFP at a dose of 1x10" viral genome copies per mouse
and euthanized at the indicated time. AAV8 was purchased at the
University of Michigan Vector Core (Ann Arbor, MI). To knockdown
fibrinogen Aa, 8-week-old WT and Selll"" littermates were intrave-
nously injected with 2 mg/kg LNP-encapsulated siRNA against Fga
(siFga) or luciferase (siLuc) and euthanized 11 days later. LNPs were
prepared as previous described”.

Fibrinogen ELISA, blood coagulation, and blood chemistry
measurement

Fibrinogen concentration in citrated IVC plasma was measured using a
fibrinogen assay kit (ICL-Lab E9OFIB) according to the manufacturer’s
instructions. Prothrombin time (PT) was measured by adding throm-
boplastin (Pacific Hemostasis) to citrated IVC plasma. Clotting time
was assessed when mechanical translocation of a bead was inhibited
using the STart machine (Stago). For blood chemistry of the liver
panel, blood serum was analyzed by the Liasys analyzer (AMS Alliance)
at the University of Michigan In-Vivo Animal Core (Ann Arbor, MI) on a
fee-for-service basis.

Isolation of primary hepatocytes

Mice were anesthetized with isoflurane inhalation, 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,
4mM NaOH, and 1mg/ml collagenase (Worthington LS004196).
Digested livers were carefully removed, dispersed in a cold wash
medium (DMEM with 1% sodium pyruvate, 1% penicillin-streptomycin,
10% FBS), and passed through a 100 pm cell strainer. The cells were
then washed three times by centrifugation at 50 x g for 5 minutes at
4 °C. The resulting hepatocyte pellets were resuspended in a hepato-
cyte culture medium (DMEM with 1% penicillin-streptomycin and 10%
FBS) and seeded in collagen-coated plates or chamber slides. 4 hours
after plating, cells were carefully washed with 1x PBS and cultured in a
fresh hepatocyte culture medium overnight. To examine the degra-
dation of endogenous fibrinogen, cells were pre-treated with 1 pg/mL
brefeldin A (BFA, Cayman Chemical 11861) for 30 minutes, then treated
with vehicle or 150 pM cycloheximide (CHX, Sigma 01810) for 2 or
4 hours. For SubAB treatment, cells were treated with 1 ug/mL wildtype
SubAB or mutant SubAx,7,B for 12 hours before analyses.

Cell culture

HEK293T cells were originally obtained from ATCC. Huh7 cells were
originally obtained from JCRB Cell Bank. WT and HRDI”~ HEK293T cells
were generated as previously described®*. WT, HRDI1”", and SELIL™”"
Huh7 cells were generated using lentivirus-carried CRISPR/Cas9
expressing a nontargeting control guide (5-GATCGTTTCCGCT-
TAACGGC-3’), guides targeting human HRDI (5-ACACCAGTTC-
TACCCCACTG-3'), or SELIL (5-ACTGCAGGCAGAGTAGTTGC-3’). Huh7
and HEK293T cells were cultured in DMEM (Gibco) containing 10% FBS
and 1% penicillin-streptomycin. For transfection, HEK293T cells were
transfected with various plasmids using 80 pg/mL polyethylenimine
(PEI, Sigma 408727). Plasmids used for transfection are: pcDNA3-
mFga-HA, pcDNA3-mFgb-HA, pcDNA3-mFgg-HA, pcDNA3-Hrd1-WT-
Myc, pcDNA3-Hrd1-C2A-Myc, and pcDNA3-6His-Ub. Fibrinogen y point
mutations C179R and T340P were generated using site-directed
mutagenesis from pcDNA3-mFgg-HA. To examine protein ubiquitina-
tion or degradation, cells were treated with 10 uM MG132 (Cayman
Chemical 10012628) for 3 hours, or 1 pug/mL brefeldin A (BFA, Cayman
Chemical 11861) for 30 minutes followed by 150 pM cycloheximide
(CHX, Sigma 01810) for 2 or 4 hours before collection as indicated in
the figure legends.

TEM and immunogold labeling

Mice were anesthetized and perfused with fixation buffer containing
2.5% glutaraldehyde, 4% formaldehyde in 0.1M sodium cacodylate
buffer (Electron Microscopy Sciences). Liver tissues were then incu-
bated in the fixation buffer overnight at 4 °C, cut into small pieces
(about 1-22mm cubes) and submitted to the University of Michigan
Microscopy Core for washing, embedding and sectioning at 70 nm.
The grid containing tissue sections was imaged by a JEOL 1400-plus
electron microscope (JEOL) at the University of Michigan Microscopy
Core. Forimmunogold labeling, livers were fixed in a buffer containing
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3% paraformaldehyde, 0.2 M sucrose in 0.1 M Sorensen’s phosphate
buffer (PH=7.2) and cut into small pieces and processed by the Uni-
versity of Michigan Microscopy Core. The ultra-thin sections (80 nm)
were cut, placed on bare nickel grid and stored at 4 °C. For labeling, the
grids were quenched in 80 mM glycine and incubated in blocking
solution (EMS 25599) containing 0.2% Tween-20 for 1 hour at room
temperature followed by overnight incubation with anti-BiP antibody
(1:50, Abcam Ab21685) at 4 °C in a humidifying chamber. The grids
were next incubated with colloidal gold antibodies (1:25, Jackson
ImmunoResearch) for 1 hour at room temperature followed by post-
fixation in 1% glutaraldehyde and contrast staining using 0.5% uranyl
acetate. After carbon evaporation, the grids were imaged by JEOL
electron microscope at the University of Michigan Microscopy Core.

Sucrose gradient fractionation

Sucrose gradient fractionation was performed as reported
previously*. Briefly, primary hepatocytes or liver tissues were lysed by
a dounce homogenizer in 1% NP40 lysis buffer (150 mM NaCl, 1 mM
EDTA, 50 mM Tris-HCI pH 7.5, 1% NP-40, protease inhibitors and 20
mM N-ethylmaleimide). Extracts were centrifuged through 20%-40%
sucrose gradients (in 150 mM NaCl,1 mM EDTA, 50 mM Tris-HCI pH 7.5
and protease inhibitor) prepared freshly by progressively layering
higher to lower density sucrose fractions in 5% increments. Extracts
were centrifuged at 243,000x g. for 17 hours at 4 °C using a SW50.1
Swinging-Bucket Rotor (Beckman Ultracentrifuge L8M). Each 3.5 mL
gradient was divided evenly into fractions 1-10 for livers or 1-11 for
hepatocytes from top to bottom and the pellet was resuspended in
300 pL 1% NP40 lysis buffer as the last fraction. Aliquots of fractions
were subjected to Western blot analyses under reducing or non-
reducing conditions as described below.

NP-40 solubility assay

Frozen liver tissues were weighed and homogenized in 0.5% NP-40
lysis buffer (50 mM Tris-HCI pH 8.0, 0.5% NP-40, 150 mM NaCl, 5 mM
MgCl, and protease inhibitor) as previously described®. The lysate
volume was normalized by tissue weight, centrifuged at 12,000 x g for
10 minutes and the supernatant was collected as the NP-40 soluble
fraction. The pellet was then resuspended in 1x SDS sample buffer
(50 mM Tris-Cl, 2% SDS, 0.29 M 2-mecaptoethanol, 10% glycerol, 0.01%
bromophenyl blue) with the volume normalized to initial tissue weight,
heated at 95°C for 30 minutes, and collected as the NP-40 pellet
fraction.

Immunoprecipitation and mass spectrometry

To analyze the ubiquitination of HA-tagged fibrinogen chains, cells
were lysed in a reducing lysis buffer (150 mM NaCl, 1 mM EDTA, 50 mM
Tris-HCI pH 7.5,1% NP-40, 1% SDS, 5 mM DTT, and protease inhibitors),
denatured at 95 °C for 5 minutes and diluted 10-fold with 1% NP40 lysis
buffer before immunoprecipitation. Lysates were then pre-cleared
with protein A agarose at 4 °C for 1hour and incubated with anti-HA
agarose (Sigma A2095) at 4 °C overnight with gentle rocking. To per-
form immunoprecipitation for protein interactions, cells or tissues
were lysed by sonication in the 1% NP40 lysis buffer (150 mM NacCl,
1mM EDTA, 50 mM Tris-HCI pH 7.5, 1% NP-40, protease inhibitors and
5 mM N-ethylmaleimide). To immunoprecipitate BiP/GRP94 or fibri-
nogen, a total of 2mg tissue lysate was pre-cleared with protein A
agarose at 4 °C for 1hours, then incubated with 2 pg anti-KDEL anti-
body (Novus NBP1-97469) or anti-fibrinogen serum (a gift from Dr.
Matthew James Flick)®>** at 4 °C overnight, followed by an incubation
in protein A agarose at 4 °C for 2 hours. Immuno-complexes were
washed in the 1% NP40 lysis buffer four times and eluted by boiling at
95°C for 5minutes in SDS sample buffer. For Immunoprecipitation
followed by mass spectrometry analysis of fibrinogen interactomes,
~60 mg liver tissues (one per genotype) were lysed in 1% NP40 lysis
buffer by sonication, incubated on ice for 30 minutes, and centrifuged

at 16,000 x g for 10 minutes. 5 mL supernatants with 10 mg protein
were pre-cleared with protein A agarose at 4°C for 2hours, then
incubated with 20 pL anti-fibrinogen serum or normal rabbit IgG at
4 °C overnight, followed by an incubation in protein A agarose at 4 °C
for 4 hours. Immuno-complexes were washed in the 1% NP40 lysis
buffer six times, rinsed by PBS three times, and submitted for mass
spectrometry analysis at University of Michigan Proteomics core on a
fee-for-service basis as recently described®’. Proteins were identified by
searching the MS/MS data using Proteome Discoverer (v2.4, Thermo
Scientific). False discovery rate (FDR) was determined using Percolator
and proteins/peptides with a FDR of <1% were retained for further
analysis. Pathway analysis was performed by searching the 32 enriched
proteins with KEGG pathway annotation against the remaining unen-
riched protens. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE” part-
ner repository with the dataset identifier PXD047658.

Endoglycosidase H (EndoH) and PNGase treatment

EndoH and PNGase F (New England BiolLabs, PO702L and P0O704L)
treatment was performed according to the manufacture’s protocol
and as previously described®”. Briefly, tissue lysates were denatured at
95 °C for 10 minutes with the glycoprotein denaturing buffer, and then
digested with EndoH or PNGase F at 37 °C for 1 hour. The reaction was
stopped by the addition of 5X denaturing sample buffer and boiled at
95 °C for 5 minutes prior to be loaded onto SDS-PAGE.

Western blot

Preparation of cell and tissue lysates and western blotting was per-
formed as previously described*. For non-reducing SDS-PAGE, lysates
were prepared in 5X non-denaturing sample buffer (250 mM Tris-HCI
pH 6.8, 1% SDS, 50% glycerol and 0.05% bromophenyl blue) without
boiling before being separated on an SDS-PAGE gel. The following
antibodies were used in this study: fibrinogen (polyclonal fibrinogen
antiserum targeting the entire fibrinogen complex, gift from Dr. Mat-
thew James Flick, 1:10000)°>%, fibrinogen Ax (Proteintech 20645-1-AP,
1:1000), fibrinogen Bp (Proteintech 16747-1-AP, 1:10000), fibrinogen y
(Proteintech 15841-1-AP, 1:2000), albumin (Proteintech 16475-1-AP,
1:6000), BiP (CST C50B12, 1:3000), SELIL (Abcam ab78298, 1:2000),
HRD1 (Proteintech 13473-1-AP, 1:5000), IREla (CST 14C10, 1:2000),
KDEL (Novus NBP1-97469, 1:2000), PDI (Enzo ADI-SPA-890, 1:2000),
ubiquitin (CST 3933, 1:2000), Myc (CST 2278, 1:2000), HA (Sigma
H3663, 1:2000), H2A (CST 12349S, 1:2000), PActin (Proteintech
66009, 1:2000) and HSP90 (Santa Cruz sc7947, 1:4000). Secondary
antibodies, goat anti-rabbit or mouse IgG HRP (Bio-rad), were used at
1:6000 dilution. For fibrinogen after immunoprecipitation, Trueblot
anti-rabbit IgG HRP (Rockland) was used as secondary antibody at
1:1000 dilution. Western blot membranes were developed using the
Clarity Western ECL Substrate (Bio-rad) and signal was detected with a
ChemiDOC imager (Bio-rad). Quantification was performed using
ImageLab software (Bio-rad).

Histology, immunofluorescence and immunocytochemistry

Tissues were fixed in 10% neutralized formalin and processed for
embedding, sectioning and H&E or PAS staining by the University of
Michigan In-Vivo Animal Core (Ann Arbor, MI) on a fee-for-service
basis. The H&E slides were imaged using an Olympus BX41 miscro-
scope or Aperio Scanscope (Leica). Inclusion body size and number
were quantitated with images taken under 600X magnification using
Image ] software. At least 12 images randomly taken from liver sections
of three or more mice per cohort were used for quantitation. The
minimum diameter of each inclusion body was used as a measurement
of size. The inclusion body number was quantitated by normalizing to
the liver tissue area. Sinus red staining (Electron Microscopy Sciences
26357) was performed according to the manufacture’s protocol. For
immunofluorescent staining, paraffin-embedded liver sections of 5pm
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were deparaffinized in xylene and re-hydrated using graded ethanol
series and distilled water. Antigen retrieval was performed by boiling
the slides in 10 mM citric acid buffer (pH 6.0) for 15 minutes, followed
by blocking (5% normal donkey serum, 0.5% Tween-20 in PBS) at room
temperature for 1hour. Liver cryosections were used for fibronectin
and TFR1 immunofluorescent staining. Briefly, 5 um cryosections were
fixed with 4% paraformaldehyde and permeabilized in 0.5% Triton
X-100 for 10 minutes, followed by blocking (5% normal donkey serum,
0.5% Tween-20 in PBS) at room temperature for 1 hour. For staining,
slides were incubated with primary antibodies at 4 °C overnight, fol-
lowed by secondary antibodies at room temperature for 1 hour using
Alexa fluor 488 or 594 affinipure donkey anti-mouse or rabbit 1gG
(H + L) (Jackson ImmunoResearch). Both primary and secondary
antibodies were diluted in PBS containing 5% normal donkey serum
and 0.5% Tween-20. The nuclei and slides were stained and mounted
by prolong gold antifade reagent with DAPI. Fluorescence images were
captured under a ZeissLSM710 confocal microscope, Zeiss Imager.Z1
fluorescence microscope, Leica DMi8 Thunder Microscope, or a
Cytation C10 Confocal Imaging Reader (BioTek). For immunocy-
tochemistry, primary hepatocytes seeded on chamber slides were
fixed with 4% paraformaldehyde, then permeabilized with permeabi-
lization buffer (0.5% Triton X-100, 0.05% SDS in PBS) for 10 minutes,
followed by blocking, staining and imaging as described above. The
following primary antibodies were used for staining: fibrinogen (from
Dr. Matthew James Flick, 1:1000)>, fibrinogen Aa (Proteintech
20645-1-AP, 1:100), fibrinogen B[ (Proteintech 16747-1-AP, 1:100),
fibrinogen y (Proteintech 15841-1-AP, 1:100), KDEL (Abcam ab12223,
1:500), BiP (CST C50B12, 1:200), PDI (Enzo ADI-SPA-890, 1:100), OS9
(Abcam ab109510, 1:100), al-antitrypsin (Proteintech 16382-1-AP,
1:100), albumin (Bethyl Lab A90-234A, 1:200), fibronectin (Abcam
ab2413, 1:200), and TFR1 (Invitrogen 13-6800, 1:100).

RNA extraction, RT-PCR and quantitative real-time PCR
Liver RNA was isolated as previously described®. Briefly, total RNA
from liver tissues was extracted using RNA-Stat 60 (IsoTex Diag-
nostics), chloroform, and precipitated by isopropanol. RNA quality
was determined by measuring the 0D260/280 and visualized on an
agarose gel. cDNA was generated using the Superscript Il reverse
transcriptase (Thermofisher). Quantitative PCR (qPCR) was performed
using 2X Universal SYBR Green Fast qPCR Mix (Abclonal). 18S was used
as the reference. QPCR primer sequences are listed below:

Mouse Fga (GTCCGGGCTCAGTTGATAGA, TAGCGATGACCTGT
TGAAGC),

Mouse Fgb (TCTTCAGCACGTACGACAGG, TGTAAAGGCCACCC
CAGTAG),

Mouse
CATTAGT),

Mouse 185 (ACCGCAGCTAGGAATAATGGA, GCCTCAGTTCCGA
AAACCA).

Fgg (TGGGACAACGACAACGATAA, CCGTCGTCGAAAC

Statistics

Unpaired two-tailed Student’s t test was used for two-group analyses.
Two-way ANOVA analysis with Tukey or Sidak multiple comparison
test or one-way ANOVA with Tukey multiple comparison test was used
for multi-group analyses (GraphPad Prism). Data were presented as the
mean + SEM; p < 0.05 was considered significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All study data are included in the article and/or SI Appendix. Source
data are provided with this paper. The proteomics data of fibrinogen
interactomes have been deposited to the ProteomeXchange

Consortium with the dataset identifier PXD047658. The previously
published proteomics data of purified microsomes can be found at
ProteomeXchange Consortium with dataset identifier
PXD035243. Source data are provided with this paper.
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