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Highlights Lay summary

� PDIA4 is upregulated and involved in alpha 1-

antitrypsin deficiency (AATD)-mediated liver dis-
ease in adults.

� Knockdown of PDIA4 by siRNA or inhibition upon
cysteamine treatment leads to improvements in
features of AATD.

� RNA interference against PDIA4 or cysteamine
represent approaches for treatment of AATD-
mediated liver disease.
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Protein disulfide isomerase (PDI) family members, and
particularly PDIA4, are upregulated and involved in
alpha 1-antitrypsin deficiency (AATD)-mediated liver
disease in adults. PDI inhibition upon cysteamine
treatment leads to improvements in features of AATD
and hence represents a therapeutic approach for
treatment of AATD-mediated liver disease.
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Background & Aims: A single point mutation in the Z-variant of alpha 1-antitrypsin (Z-AAT) alone can lead to both a protein
folding and trafficking defect, preventing its exit from the endoplasmic reticulum (ER), and the formation of aggregates that
are retained as inclusions within the ER of hepatocytes. These defects result in a systemic AAT deficiency (AATD) that causes
lung disease, whereas the ER-retained aggregates can induce severe liver injury in patients with ZZ-AATD. Unfortunately,
therapeutic approaches are still limited and liver transplantation represents the only curative treatment option. To overcome
this limitation, a better understanding of the molecular basis of ER aggregate formation could provide new strategies for
therapeutic intervention.
Methods: Our functional and omics approaches here based on human hepatocytes from patients with ZZ-AATD have enabled
the identification and characterisation of the role of the protein disulfide isomerase (PDI) A4/ERP72 in features of AATD-
mediated liver disease.
Results: We report that 4 members of the PDI family (PDIA4, PDIA3, P4HB, and TXNDC5) are specifically upregulated in ZZ-
AATD liver samples from adult patients. Furthermore, we show that only PDIA4 knockdown or alteration of its activity by
cysteamine treatment can promote Z-AAT secretion and lead to a marked decrease in Z aggregates. Finally, detailed analysis of
the Z-AAT interactome shows that PDIA4 silencing provides a more conducive environment for folding of the Z mutant,
accompanied by reduction of Z-AAT-mediated oxidative stress, a feature of AATD-mediated liver disease.
Conclusions: PDIA4 is involved in AATD-mediated liver disease and thus represents a therapeutic target for inhibition by
drugs such as cysteamine. PDI inhibition therefore represents a potential therapeutic approach for treatment of AATD.
Lay summary: Protein disulfide isomerase (PDI) family members, and particularly PDIA4, are upregulated and involved in
alpha 1-antitrypsin deficiency (AATD)-mediated liver disease in adults. PDI inhibition upon cysteamine treatment leads to
improvements in features of AATD and hence represents a therapeutic approach for treatment of AATD-mediated liver
disease.
© 2021 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Alpha 1-antitrypsin deficiency (AATD) is a rare genetic disorder
that leads to lung and liver diseases during childhood and
adulthood.1 This deficiency results from point mutations in the
SERPINA1 gene that affect the correct folding of its encoded
protein, alpha 1-antitrypsin (AAT). This leads to retention of AAT
in the endoplasmic reticulum (ER) of hepatocytes.2 Over 100
mutant AAT proteins have already been identified, and among
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these the most severe and most common disease-causing allele
is the Z variant.3–5 This variant is caused by mutation of gluta-
mate to lysine at position 342. This amino acid change not only
leads to inefficient export of soluble Z-AAT monomers out of the
ER, but also contributes to the formation of insoluble polymers
that accumulate in the ER. Approximately 10% of the ZZ popu-
lation develop clinically significant liver disease that can prog-
ress to end-stage liver disease requiring liver transplantation.3,4

This clinical outcome is closely associated with Z-AAT aggre-
gate load in hepatocytes.6

Aggregate formation is caused by Z-variant mutation that
induces b-sheet opening, favouring partial loop insertion of
another AAT molecule and formation of a loop-sheet dimer that
then extends to form aggregates.7 This model was recently
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developed by Ronzoni et al.8 who observed that Z-AAT aggre-
gates are also caused by the formation of aberrant intra- and
inter-molecular disulfide bonding with other AAT variants and
potentially with other ER-resident proteins. These disulfide
bonds stabilise aberrant AAT conformations and contribute to its
pathogenic ER retention and impede its transport to distal
compartments of the secretory pathway.8

Disulfides are covalent bonds produced by the oxidation of 2
free thiols. In proteins they form between 2 cysteine residues.
This rate-limiting step takes place in the ER and plays an
important role in protein folding and stability.9–11 The process is
assisted and catalysed by members of the protein disulfide
isomerase (PDI) family that are responsible for the formation,
breakage, and rearrangement of disulfide bonds in proteins (e.g.
isomerase/oxidative refolding/reductase activities). Indepen-
dently of their disulfide isomerase activity, some PDIs recognise
misfolded polypeptide regions via their chaperone-like substrate
domain, thereby preventing protein aggregation.9–11 In addition,
it is also well appreciated that PDI can cause oxidative stress by
increasing, for instance, the levels of reactive oxygen species
(ROS), a major inducer of oxidative damage and stress during
protein disulfide bond formation.12

Members of the PDI family represent the most abundant
proteins among the ER lumen proteins.9–11 Regarding AAT, it has
been shown in mouse models that Z-aggregate excess can induce
a shift in the activity of P4HB (prolyl 4-hydroxylase subunit beta/
PDIA1, one of the PDI members), leading to a change in the ER
redox balance.13 Moreover, knockdown of the oxidoreductase
Ero1L, a PDI co-factor, corrects the Z-AAT trafficking defect.14

Finally, oxidative stress has been identified as a contributing
factor in the development of liver disease in a mouse model of
AATD.15 Altogether, these data suggest that the PDI family could
be involved in the ER retention of Z-AAT and in the cellular stress
pathways associated with ER accumulation of Z-AAT, both
mechanisms thus potentially underlying the lung and liver dis-
eases associated with AATD.

In this study we report the upregulation of PDIA4 (protein
disulfide isomerase family A member 4/ERP70/ERP72) in hepa-
tocytes from adult patients with ZZ-AATD and demonstrate that
PDIA4 silencing corrects the defects associated with Z-AAT-
mediated AATD (traffic, secretion, aggregation). Further charac-
terisation enabled us to demonstrate that PDIA4-dependent
correction functions, at least in part, by modulating the Z-AAT
interactome. This is via promoting Z-AAT interactions that form a
more conducive protein environment for the folding and traf-
ficking of the Z mutant, but also by decreasing the oxidative
stress associated with Z-AATD. Accordingly, inhibition of PDI
following treatment with the FDA-approved cysteamine drug led
to a reduction in Z-AAT insoluble forms, accompanied by a
decrease in oxidative stress associated with AATD-mediated liver
disease.
Materials and methods
Materials
PDI inhibitors (16F16, bacitracin, cystamine, cysteamine, hypo-
taurine, PACMA 31) and cycloheximide were purchased from
Sigma-Aldrich (Saint-Louis, Missouri, USA), P1 was obtained
from Tocris Bioscience and tunicamycin was purchased from
Calbiochem (San Diego, CA, USA). These inhibitors were dis-
solved in DMSO (16F16/cystamine/cysteamine/PACMA 31/P1/
tunicamycin/cycloheximide) or in cell culture medium
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(bacitracin/hypotaurine). Small RNA interference [siRNA] were
obtained from Ambion (Austin, TX, USA) and plasmids from
Origene (Rockville, MD, USA). All antibodies and siRNA used in
this work have been described in tables included in the
Supplementary data. These tables indicate providers and cata-
logue number of each antibody and also the sequences of all the
siRNA (Table S5).

Study approval
All the human samples were obtained from the ‘Tissu-Tumor-
othèque Est, CRB-HCL’ according to standard protocols and
written informed consent was obtained from all participants or
their legal guardians included in the study. These samples are
from subjects homozygous for the Z or wild-type (WT) alleles of
SERPINA1 (Table S1). Paediatric liver control samples were ob-
tained from patients with diagnoses of oxalosis. The study pro-
tocol conforms to the ethical guidelines of the 1975 Declaration
of Helsinki as reflected in a priori approval by the institution’s
human research committee.

Statistical analysis
All experiments were performed in at least 3 independent rep-
licates. Data were reported as the mean ± SEM of at least 3 ex-
periments. Statistical analyses were performed using the
GraphPad Prism 5.0 application (GraphPad Software, San Diego,
CA, USA). The differential protein expression between the cell
lines was validated by a t test *p <0.05. One-way ANOVA analysis
of variance followed by the Bonferroni post-test was used for the
comparison of means in experiments containing 3 groups or
more.

Proteomic analysis for interactome
Steps of sample preparation and protein digestion were per-
formed as previously described.16 Online nanoLC-MS/MS ana-
lyses were performed using an ultimate 3000 RSLC Nano-UPHLC
system (Thermo Fisher Scientific, Waltham, Massachusetts, USA)
coupled to a nanospray Q-Exactive hybrid quadruplole-Orbitrap
mass spectrometer (Thermo Scientific). Each peptide extract
was loaded on a 300 lm IDx5 mm PepMap C18 precolumn
(Thermo Scientific) at a flow rate of 10 ll/min. After 3 min
desalting, peptides were online separated on a 75 lm IDx25 cm
C18 Acclaim PepMap® RSLC column (Thermo Scientific) with a
4–40% linear gradient of solvent B (0.1% formic acid in 80%
acetonitrile [ACN]) in 108 min. The separation flow rate was set
at 300 nl/min. The mass spectrometer operated in positive ion
mode at a 1.8 kV needle voltage. Data were acquired using
Xcalibur 3.1 software (Thermo Fisher Scientific Inc., Waltham,
MA, USA) in a data-dependent mode. MS scans (m/z 350–1600)
were recorded at a resolution of R = 70,000 (@ m/z 200) and an
AGC target of 3x106 ions collected within 100 ms. Dynamic
exclusion was set to 30 s and the top 12 ions were selected from
fragmentation in HCD mode. MS/MS scans with a target value of
1x105 ions were collected with a maximum fill time of 100 ms
and a resolution of R = 17,500. Additionally, only +2 and +3
charged ions were selected for fragmentation. Other settings
were as follows: no sheath and no auxiliary gas flow, heated
capillary temperature, 200�C; normalised HCD collision energy
of 27% and an isolation width of 2 m/z. Mascot 2.5 algorithm
through Proteome Discoverer 1.4 Software (Thermo Fisher Sci-
entific Inc., , CA, USA) was used in batch mode by searching
against the UniProt Homo sapiens database (70,632 entries,
Reference Proteome Set, release date: June 29, 2016) from the
2vol. 3 j 100297



http://www.uniprot.org/ website. Two missed enzyme cleavages
were allowed. Mass tolerances in MS and MS/MS were set to 10
ppm and 0.02 Da. Oxidation of methionine, acetylation of lysine,
and deamidation of asparagine and glutamine were searched as
dynamic modifications. Carbamidomethylation on cysteine was
searched as static modification. Raw LC-MS/MS data were im-
ported in proline studio17 for feature detection, alignment, and
quantification. Proteins identification was accepted only with at
least 2 specific peptides with a rank = 1 and with a protein false
discovery rate value less than 1.0% calculated using the ‘decoy’
option in Mascot. Label-free quantification of MS1 level by
extracted ion chromatograms (XIC) was carried out with pa-
rameters indicated previously.16 We considered a protein
enriched by co-immunoprecipitation if its immunoprecipitation
ratio to a control was >−2. The mass spectrometry proteomics data
have been deposited to the proteomeXchange Consortium via
the PRIDE18 partner repository with the dataset identifier
PXD022994.

Hepatocytes proteome
Microdissected tissues were incubated in a Tris-HCl pH 6.8 so-
lution for 2 h at 95�C. Samples were loaded on a 10% acrylamide
SDS-PAGE gel. Migration was stopped when the samples entered
the resolving gel and the proteins were visualised by colloidal
blue staining. Steps of sample preparation and protein digestion
were performed as previously described.16 Online nanoLC-MS/
MS analyses were performed using an ultimate 3000 RSLC
Nano-UPHLC system (Thermo Scientific) coupled to a nanospray
Orbitrap FusionTM LumosTM TribridTM Mass Spectrometer
(Thermo Fisher Scientific). Each peptide extract was loaded on a
300 lm IDx5 mm PepMap C18 precolumn (Thermo Scientific) at a
flow rate of 10 ll/min. After a 3-min desalting step, peptides
were separated on a 50-cm EasySpray column (75 lm ID, 2 lm
C18 beads, 100 Å pore size, ES803, Thermo Fisher Scientific) with
a 4–40% linear gradient of solvent B (0.1% formic acid in 80%
ACN) in 55 min. The separation flow rate was set at 300 nl/min.
The mass spectrometer operated in positive ion mode at a 2.0 kV
needle voltage. Data were acquired using Xcalibur 4.1 software in
a data-dependent mode. MS scans (m/z 375–1,500) were recor-
ded at a resolution of R = 120,000 (@ m/z 200) and an AGC target
of 4x105 ions collected within 50 ms, followed by a top speed
duty cycle of up to 3 s for MS/MS acquisition. Precursor ions (2–7
charge states) were isolated in the quadrupole with a mass
window of 1.6 Th and fragmented with HCD @30% normalised
collision energy. MS/MS data was acquired in the orbitrap cell
with a resolution of R = 30,000 (@m/z 200), AGC target of 5x104

ions and a maximum injection time of 100 ms. Selected pre-
cursors were excluded for 60 s. Mascot 2.5 algorithm through
Proteome Discoverer 2.4 Software (Thermo Scientific) was used
in batch mode by searching against the UniProt Homo sapiens
database (73,950 entries, Reference Proteome Set, release date:
November 17, 2018) from the http://www.uniprot.org/ website.
Two missed enzyme cleavages were allowed. Mass tolerances in
MS and MS/MS were set to 10 ppm and 0.02 Da. Oxidation of
methionine, acetylation of lysine, and deamidation of asparagine
and glutamine were searched as dynamic modifications. Carba-
midomethylation on cysteine was searched as static modifica-
tion. Raw LC-MS/MS data were imported in proline studio17 for
feature detection, alignment, and quantification. Protein identi-
fication was accepted only with at least 2 specific peptides with a
pretty rank = 1 and with a protein FDR value less than 1.0%
calculated using the ‘decoy’ option in Mascot. Label-free
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quantification of MS1 level by extracted ion chromatograms
(XIC) was carried out with parameters indicated previously16 The
normalisation was carried out on median of ratios. The inference
of missing values was applied with 5% of the background noise.
The mass spectrometry proteomics data have been deposited to
the ProteomeXchange consortium via the PRIDE18 partner re-
pository with the dataset identifier PXD022994.

RNA isolation, qRT-PCR, Western blotting, and immunohis-
tochemistry (IHC) analysis were performed as described in the
Supplementary Materials and methods.
Results
The PDI family is upregulated in liver samples from adults
with AATD
AATD-mediated liver disease displays a biphasic pattern with the
first peak in early childhood and the second peak in adulthood
(50–65 years of age). It represents the most common inherited
metabolic disease leading to liver transplantation.19 However,
according to several existing transplantation databases in the
USA, over the past 20 years adults have accounted for a larger
proportion of patients having undergone liver transplantation
for this diagnosis compared with children.19,20 Consequently, we
aimed to identify factors and potential PDIs underlying the
outcome of AATD-mediated liver disease in adults. To do this, we
performed an in situ proteomic analysis combining laser micro-
dissection of hepatocytes and mass spectrometry analysis on
human formalin-fixed paraffin-embedded (FFPE) liver tissues16

from 4 paediatric and 4 adult patients with ZZ-AATD (referred
to as ZZ patients) that underwent liver transplantation
(Table S1). For comparison we performed the same analysis on 3
and 4 WT paediatric and adult samples, respectively. Overall, we
were able to compare proteins differentially expressed in pae-
diatric vs. adult patients with ZZ-AATD. Protein expression was
considered a potential marker if the protein count ratio in ZZ vs.
WT was <−0.5 or >−2. Statistical analysis revealed that 65 proteins
were exclusively upregulated in adult ZZ patients (Fig. 1A and
Table S2). Kyoto Encyclopedia of Genes and Genomes (KEGG)
analyses on these 65 proteins revealed that the most enriched
and significant network was related to ‘protein processing in the
endoplasmic reticulum’ (Fig. S1A). More precisely, in agreement
with gene ontology molecular function analysis, the 12 proteins
that constitute this network (Fig. S1A) belong to subnetworks
associated with protein disulfide isomerase activity (GO:
0003756) (Fig. S1B). Among these proteins are 4 PDI members:
PDIA4, PDIA3 (protein disulfide isomerase family A member 3/
ERP57), P4HB (prolyl 4-hydroxylase subunit beta/PDIA1), and
TXNDC5 (thioredoxin domain containing 5/PDIA15). These were
found upregulated in adult ZZ patients (adults) compared with
paediatric ZZ patients (children) (Fig. 1B). These results suggest
that PDI members are involved in adult Z-AATD-mediated liver
disease.

PDIA4 is involved in Z-AAT biogenesis: traffic, secretion, and
aggregation
We took this hypothesis further by addressing the role of PDIA4,
PDIA3, P4HB, TXNDC5, and other PDI members in Z-AATD
biogenesis by examining the effect of siRNA-mediated knock-
down of individual PDIs in 2 cell line models of AATD14,21,22: a
human bronchial epithelial cell line (IB3), expressing non-tagged
WT or Z-AAT (referred to as WT-IB3 and Z-IB3), and a human
hepatocellular carcinoma (HCC) cell line (Huh7), expressing N-
3vol. 3 j 100297
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Fig. 1. PDIA4 expression in AATD liver disease. (A) Proportional Venn dia-
gram depicting the overlap of proteins identified in ZZ hepatocytes from adults
and children. This Venn diagram indicates the number of proteins significantly
upregulated in ZZ paediatric patients (left – 33 upregulated only in hepato-
cytes of paediatric ZZ patients) and proteins significantly upregulated in ZZ
adult patients (right – 65 upregulated only in hepatocytes of ZZ adult patients)
and those 3 proteins detected as commonly upregulated in ZZ patients. (B)
Expression level of PDIA4, PDIA3, P4HB, and TXNDC5 in hepatocytes from ZZ
children (n = 4/left) and ZZ adult (n = 4/right) patients based on data from
hepatocyte proteome analysis. In the box plot, the boxes indicate the median
and interquartile range of data, and the error bars represent the minimum and
maximum values. *p <0.05 as determined by 2-tailed t test using ZZ/WT chil-
dren ratio as reference. P4HB, prolyl 4-hydroxylase subunit beta/PDIA1; PDIA3,
protein disulfide isomerase family A member 3/ERP57; PDIA4, protein disulfide
isomerase family A member 4/ERP70/ERP72; TXNDC5: thioredoxin domain
containing 5/PDIA15; WT, wild-type; ZZ, homozygosis for the Z mutant allele.
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terminal flag-tagged WT or Z-AAT (referred to as WT-Huh7 and
Z-Huh7). Following this PDI siRNA screen, we observed that the
silencing of numerous PDIs led to a correction of Z-AAT traf-
ficking and secretion (Fig. 2A), thus confirming that several PDIs
play a role in mutant Z-AAT retention in the ER. Moreover, we
noted that the silencing of PDIA4 exhibited one of the most
pronounced effects on the improvement of Z-AAT maturation
and secretion relative to control siRNA silencing (scramble [scr])
(Fig. 2A). This result consolidates our identification of PDI
expression in the adult ZZ hepatocyte proteome (Fig. 1B). The
same result was also observed using multiple siRNA sequences and
in Z-Huh7 cells (Fig. S1C and siRNA Table S5). We decided thus to
focus our study on PDIA4 given it was identified via both of our
different approaches (PDI siRNA screening and hepatocyte pro-
teome) (Figs. 1B and 2A).

We next investigated the potential effects of PDIA4 on Z-AAT
aggregate load to examine our hypothesis that PDIA4 is involved
in Z-AATD-mediated liver disease. To do this, we obtained sol-
uble and insoluble fractions by centrifugation23 from Z-IB3 cell
lysates following control (scr) or PDIA4 silencing using siRNA
treatments (Fig. 2B). As expected, we detected a large amount of
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Z-AAT aggregates following scr treatment (Fig. 2B). In contrast,
insoluble Z-AAT fractions showed a significant decrease in
PDIA4-silenced cells compared to in scr-treated cells (Fig. 2B).
Additionally, PDIA4 silencing corrected Z-AAT-mediated AATD
(traffic, secretion, and aggregation) without exhibiting toxicity or
any effects on cell proliferation (Fig. 2C).

As we observed beneficial effects on Z-AAT aggregation and
secretion in response to PDIA4 silencing, we wanted to deter-
mine whether PDIA4 overexpression mediated the opposite ef-
fects on features of Z-AAT (aggregation and secretion). As
expected, and conversely to what we observed upon PDIA4
silencing, PDIA4 overexpression induced a slight increase in Z-
aggregate levels (Fig. S1D) and a decrease in Z-AAT secretion
(Fig. S1E). Altogether, these data support that PDIA4 is involved
in Z-AATD-mediated liver disease and its inhibition could
therefore represent a therapeutic approach for the treatment of
AATD.

PDIA4 expression and staining in liver patients with different
aetiology
To go further and to confirm our proteome analysis (Fig. 1B), we
measured and compared the expression of PDIA4 by IHC using an
anti-PDIA4 antibody in all the aforementioned AATD patient
samples previously analysed by proteomics. PDIA4 expressionwas
slightly detected in both paediatric and adult WT liver samples as
well as in paediatric ZZ-AATD liver samples (Fig. 3A and B).
Conversely, and as expected, PDIA4 immunostaining was stronger
in adult ZZ-AATD liver samples (Fig. 3A and Fig. S2A). Staining was
homogeneous and positive for all adult ZZ-FFPE liver samples
analysed (Fig. S2A). However, less staining was observed in all
paediatric compared with adult ZZ-FFPE liver samples (Fig. S2A).
Upregulation of PDIA4 expression was also confirmed using a
semi-quantitative analysis of IHC images,24 PDIA4 expression is
statistically significant higher in adult samples than in paediatric
samples (Fig. 3B) confirming the upregulation of PDIA4 exclu-
sively found in adult ZZ-FFPE samples (Fig. 1B). Interestingly, this
same result was also obtained regarding the other PDIs, P4HB and
PDIA3, pinpointed in our proteome analysis (Fig. S2B and C),
confirming then our initial analysis (Fig. 1B). We additionally
analysed the genome-wide RNA sequencing dataset created by
Segeritz et al.25 on human-induced pluripotent stem cells derived
from adult patients with ZZ-AATD and the corresponding isogenic
WT cells. We also detected an upregulation of PDIA4 in ZZ-hIPSCs
with a log2-fold change of 0.9 for differential gene expression
between ZZ andWT (Table S3). Finally, in agreement with another
2 microarray datasets available,26,27 we also found that PDIA4
mRNA remains unchanged in other liver diseases such as HCC,
cholangiocarcinoma, viral hepatitis, non-alcoholic fatty liver
disease/non-alcoholic steatohepatitis, fibrosis/cirrhosis, hepato-
cellular adenoma, and biliary atresia (http://hepamine.digital-
biotop.org/view/1/7?search_key=Vibrio%20Cholerae%20Infection
%20(KEGG)) (Fig. S2D). Collectively, these data confirm the role of
PDIA4 in Z-AATD-mediated liver disease. PDIA4 could be tested at
a larger scale in patients with AATD-mediated liver disease in light
of putting it forward as a potential biomarker.

PDIA4 silencing leads to Z-AAT interactome remodelling
To identify the molecular mechanisms by which Z-AAT rescue is
achieved, we carried out a cycloheximide-chase analysis to
monitor whether Z-AAT trafficking and secretion rescue upon
PDIA4 silencing is attributable to a new corrected steady state
equilibrium of Z-AAT disposal (Fig. S3A). We did not observe a
4vol. 3 j 100297
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difference in the stability or disposal of Z-AAT upon PDIA4
silencing (Fig. S3A), suggesting that PDIA4 is not involved in the
disposal of the Z mutant. Intracellular co-aggregation and di-
sulfide bonding of Z-AAT with other AAT variants has already
been demonstrated,8 suggesting that this result could corre-
spond to the Z mutant co-aggregating with other ER proteins by
forming disulfide bonds, in turn favouring its retention in the ER.
Thus, given the role of PDIA4 in formation and rearrangement of
protein disulfide bonds, its silencing could prevent Z-AAT co-
aggregation by impeding its formation of disulfide bonds with
other ER proteins, therefore promoting novel protein associa-
tions that could favour Z-AAT trafficking and secretion. To
identify these new key interactions that potentially drive
silenced PDIA4-mediated Z-AAT rescue, we performed Z-AAT
immunoprecipitation (IP) coupled to mass spectrometry ana-
lyses for control (scr) or PDIA4 silencing (siPDIA4) (Fig. S3B) in Z-
JHEP Reports 2021
Huh7 cells. We first determined the changes that occurred be-
tween scr and siPDIA4 Z-AAT interactomes. These 2 interactomes
comprised 850 and 1,051 proteins, respectively, with an overlap
of above 82% (Fig. 4A). These 698 shared proteins formed the
‘core Z-AAT interactome’ and represented direct and indirect Z-
AAT interactors. Within this core group we identified 3 PDIs:
PDIA4, TXNDC5, and PDIA3. We also previously identified these
same PDIs as being upregulated in the adult ZZ hepatocyte
proteome (Fig. 1B), reinforcing again that PDI members play an
important role in Z-AATD-mediated liver disease.

We confirmed the interaction of Z-AAT with PDIA4 by co-IP in
both Z-Huh7 (Fig. 4B) and Z-IB3 cells (Fig. S3C). Interestingly,
WT-AAT was not able to bind with PDIA4 (Fig. 4B and Fig. S3C) in
the Huh7 cell line model of AATD, suggesting that Z-AAT is a
selective substrate for PDIA4 with direct effects on Z-AAT
retention in the ER. Thus, modulation of the PDIA4/Z-AAT
5vol. 3 j 100297
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interaction could be a promising strategy for correcting Z-AAT
trafficking and secretion defects.

The FKBP10 interactor restores Z-AAT function
We detected an additional 152 and 353 interactors considered as
specific in the WT-AAT and Z-AAT interactomes upon PDIA4
silencing, respectively (Fig. 4A). Further gene set enrichment
analysis on the interactome data revealed that many of the
specific Z-AAT interactors identified following PDIA4 silencing
belong to an ER-associated network (Fig. 4C). Indeed, the 67
proteins that constitute this network (Fig. 4C) belong to sub-
networks related to protein folding and intracellular transport
(Fig. 4D), suggesting that Z-AAT biogenesis is affected by deple-
tion of PDIA4, enhancing its folding and secretion. To determine
the most accurate candidates from this list of 353 specific Z-AAT
interactors, we only selected proteins harbouring a minimum of
2 peptides identified by mass spectrometry and that co-
immunoprecipitated in the 3 independent Z-AAT-siPDIA4 IP
experiments. Finally, proteins were selected if their ratio of Z-
AAT scr vs. Z-AAT PDIA4 silencing was statistically significant and
<−0.5. Candidates that fulfilled these parameters included 18
proteins (Table S4) from which we selected 3: surfeit 4 (SURF4),
FK506-binding protein (FKBP) isoform 10 (FKBP10), and SIL1
(nucleotide exchange factor). We selected these 3 proteins based
on the fact that they are all ER-resident proteins and are involved
in protein folding and secretion. SURF4 and FKBP10 are also
required for the trafficking and function of some specific mis-
folded proteins, such as the DF508 mutant of the cystic fibrosis
transmembrane conductance regulator (CFTR) protein, a variant
that is responsible for the most common clinical presentation of
cystic fibrosis (CF).28,29 We selected the SIL1 protein here as a
negative control. Indeed, it has already been shown that SIL1
knockdown has no effect on the degradation of another AAT
variant: the null Hong Kong (NHK).30 Consequently, we per-
formed silencing of these 3 candidates using siRNA and moni-
tored the Z-AAT trafficking pattern in Z-IB3 cells. Knockdown of
both SIL1 or SURF4 proteins exhibited minor effects on Z-AAT
biogenesis (Fig. S4A), whereas knockdown of FKBP10 led to
reduced Z-AAT trafficking and secretion (Fig. S4B). These results
suggest that FKBP10 is important for the folding of Z-AAT.

PDI inhibitors rescue the Z-AAT secretion defect
Given that PDI members, and in particular PDIA4, are involved in
Z-AATD-mediated liver disease in adults, these candidates are
JHEP Reports 2021
molecular targets of interest for the management of AATD,
especially in the prevention and treatment of liver disorders
associated with AATD. Accordingly, we examined the potential
therapeutic strategy of targeting PDIs by testing the effects of PDI
inhibitor (PDIi) treatments (16F16, bacitracin, cystamine, hypo-
taurine, P1, and PACMA 31)31–35 on the trafficking of the mis-
folded Z-AAT variant (Fig. S5). We detected a statistically
significant increase in trafficking and secretion of Z-AAT only in
response to treatment with cystamine (Fig. S5A).

Driven by the positive outcome of the cystamine treatment
results, we next investigated the possibility that cysteamine, the
reduced form of cystamine, could also rescue Z-AAT trafficking
and secretion. Cysteamine is an FDA-approved drug for the
treatment of cystinosis, the most common hereditary cause of
renal Fanconi syndrome in children,36,37 with a known safety
profile and good bioavailability upon oral administration. In
agreement, we did not observe a lag of proliferation or toxicity
associated with cysteamine treatment in Z-IB3 cells (Fig. 5A).

To better characterise the cysteamine-mediated correction of
Z-AAT, both Z-Huh7 and Z-IB3 cells were treated with increasing
concentrations of cysteamine for 24 h (Fig. 6A). Cysteamine
improved Z-AAT secretion in a dose-dependent manner, and
correction was observed at concentrations as low as 100 lM,
with maximal response at 250 lM (Fig. 6A). We performed a
treatment time course using the optimal 250 lM cysteamine
dose to analyse the kinetics of cysteamine-mediated rescue of Z-
AAT secretion. We observed an increased level of Z-AAT secretion
after only 2 h of treatment and a maximal response after 18 h of
treatment (Fig. S6B). Thus, at the optimal dose and time (250 lM
and 18 h), we showed that cysteamine treatment led to a sig-
nificant increase in Z-AAT secretion (Fig. 5B and Fig. S6C) and
strongly reduced the formation of Z-AAT aggregates. This is
shown by the marked decrease of Z-AAT in the insoluble fraction
following cysteamine treatment (Fig. 5C and Fig. S6D) in Z-IB3
and Z-Huh7 cells. This suggests that cysteamine treatment could
provide better elimination of the insoluble and hepatotoxic
forms of Z-AAT.

Cysteamine reduces the oxidative stress associated with Z-
AATD-mediated liver toxicity
In light of the aforementioned beneficial effects of PDI silencing
and cysteamine treatment on Z-AAT aggregation and secretion,
we examined if these 2 treatments could also have beneficial
outcomes on autophagy and ER stress induction.21,38,39 Following
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were then incubated all along the indicated time (h). The IncuCyte® caspase-3/
7 apoptosis assay green reagent couples the activated caspase-3/7 recognition
motif (DEVD) to NucViewTM 488, a DNA intercalating dye to enable quantifi-
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cell analysis system. (B) Immunoblot analysis (above) of AAT expression from
culture media following treatment of Z-Huh7 cells with 250 lM of cysteamine
for 18 h and quantification (below) of Z-AAT secreted forms following DMSO/
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Data denote the fold change in the protein expression of the indicated Z-AAT
secreted form relative to DMSO/vehicle treatment (mean ± SD, n = 3 inde-
pendent experiments). (C) Immunoblot analysis of Z-AAT, PDIA4 and Hsp90
proteins expression in cell lysate soluble and insoluble (pellet) fractions upon
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PDIA4 silencing or cysteamine treatments in our 2 cell line
models used to study AATD, we did not see a change in the 2
standard markers used to assess autophagy40: p62 (autophagy
substrate) and LC3 cleavage (autophagosome marker) (Fig. S7).
We obtained the same results when we examined the ability of
these treatments to reduce the induction of ER stress/unfolded
protein response (Fig. S8). Briefly, even if we noted a reduction in
JHEP Reports 2021
BiP/Grp78 expression level after co-treatment with tunicamycin
and cysteamine or tunicamycin and PDIA4 silencing in Z-Huh7
cells, these decreases were not statistically significant (Fig. S8). In
all, these results suggest that PDIA4 silencing and cysteamine
treatments do not have significant effects on autophagy or ER
stress induction.

Given the known antioxidant role of cysteamine and the role
of PDIA4 in oxidative stress,12,41 we examined next whether
these 2 treatments could have a beneficial effect on AATD-
mediated oxidative stress.15 First, we directly measured the
level of hydrogen peroxide ROS in our cell line models (Fig. 6A).
We showed a clear decrease in hydrogen peroxide level after
cysteamine treatment of WT and Z-AAT expressing cells (Fig. 6A,
left). This same result was confirmed upon PDIA4 silencing. We
observed a statistically significant decrease in hydrogen peroxide
level following PDIA4 knockdown in cells exclusively expressing
the Z variant (Fig. 6A, right). These results suggest a therapeutic
potential for PDIA4 silencing and cysteamine treatment in
oxidative stress in AATD-mediated disease progression.

Additionally, we examined the effects of these two treatments
on the expression of 86 genes related to oxidative stress by qPCR
array in WT and Z-IB3 cells. Ten genes (CCL5, CYGB, NCF2, PTGS1/
2, AKR1C2, GPX2, GCLM, SEPP1, and GCLC) exhibited a differ-
ential mRNA expression in Z-IB3 cells compared with WT-IB3
cells (Fig. 6B). From this short list of genes, we detected 3
genes (CYGB, AKR1C2, SEPP1) with altered expression upon
PDIA4 silencing and 6 genes (CCL5, NCF2, CYGB, GCLM, SEPP1,
GCLC) upon cysteamine treatment. The expression of these latter
5 genes was similar to or equal to those observed in WT-IB3 cells
following treatments (Fig. 6B). Overall, these results suggest that
PDIA4 contributes to oxidative stress associated with Z-AATD
and that cysteamine treatment restores more physiological levels
of oxidative stress/ROS. Cysteamine should therefore be consid-
ered for treatment of AATD-mediated liver disease.
Discussion
In this study, we provide original evidence showing that PDIA4/
ERp72 is important in AATD-mediated liver disease. We report
the improvement of Z-AAT trafficking and secretion, along with a
marked decrease in Z-AAT aggregates in response to both PDIA4
silencing and treatment with a PDI inhibitor known as cyste-
amine. The mechanism of action of this PDIA4 knockdown-
mediated correction is in part attributable to the modulation of
the interaction of Z-AAT with new components of the ER pro-
teostasis network that promote Z-AAT folding and secretion.
Finally, we report that treatment with cysteamine can improve
Z-AAT biogenesis (secretion and Z aggregation) and reduce the
oxidative stress involved in AAT-mediated liver disease.

Members of the PDI superfamily comprise a multi-domain
structure varying in length, domain arrangement, and substrate
specificity.11 They all however contain a thioredoxin (TRX)-like
domain and a KDEL (ER-retrieval signal) sequence.9 PDIA4 is one
of the largest PDI family members and comprises 645 amino
acids and 5 TRX domains, including 3 Cys-Gly-His-Cys (CGHC)
classical active site motifs.11 The role of the PDIA4 domain in Z-
AAT interaction and correction requires further investigation.
PDIA4 is a part of the chaperone multi-protein complex that
includes Hsp70, BiP, Grp94, PDI, and ERp29.42 Moreover, PDIA4
sequence analysis has revealed that it is most highly similar to
PDIA3/Erp57, with approximately 40% sequence identity.11 This
observation consolidates our results showing that: (i) PDIA3
8vol. 3 j 100297
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Fig. 6. Oxidative stress and AATD. (A) Cysteamine treatment (Cyst) and PDIA4 silencing (si PDIA4) caused a significant decrease in cellular H2O2 levels in Z-AAT
(black bars) expressing cells compared with WT-AAT (purple bars) expressing cell lines. Each bar represents mean ± SD of three independent experiments per
conditions (*p <0.05). (B) qPCR analysis of the effect of Z-AAT protein expression, siRNA-mediated silencing of PDIA4 (siA4) and 250 lM cysteamine treatment on
the mRNA levels of 10 genes related to oxidative stress in Z-IB3 cells. The data are presented as a fold change in expression relative to WT-IB3 (mean ± SD, n = 3)
and genes with a statistically significant difference between WT-AAT and Z-AAT in expression (p <0.05), as determined by Student’s t test, are shown. AAT, alpha
1-antitrypsin; AATD, alpha 1-antitrypsin deficiency; PDIA4, protein disulfide isomerase family A member 4/ERP70/ERP72; siRNA, small RNA interference; WT,
wild-type; Z-AAT, alpha 1-antitrypsin Z variant.
interacts with Z-AAT, (ii) PDIA3 silencing can rescue Z-AAT
trafficking and secretion (Fig. 2A), and (iii) as observed for PDIA4,
PDIA3 expression is upregulated in adult ZZ patients (Fig. 1B).

Regarding the pathology, Z-AAT-mediated liver disease is
highly variable with a prevalence of intermediate liver fibrosis
JHEP Reports 2021
(F >− 2) in ZZ adults of approximately 30–40%,6,43 and a prevalence
of advanced liver fibrosis, and consequently life-threatening liver
diseases (cirrhosis, fatty liver, HCC), of approximately 10% in ZZ
patients.2,7,44–46 Liver disease in adults is still under-recognised
and under-diagnosed owing to the fact that biochemical and
9vol. 3 j 100297
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histopathological analyses can be similar to those underlying
other liver diseases.6,45 Thus, our data (Fig. 3 and Fig. S2B and
Table S3) suggest that PDIA4 could represent a potential marker
or diagnostic tool (using IHC or proteomic analysis) for Z-AATD-
mediated severe liver disease in adults. This hypothesis supports
the need of larger scale screening of PDIA4 expression in patients
with AATD as well as in patients presenting other liver diseases.

Several questions regarding Z-AATD-mediated liver disease
remain unanswered.45 Here, we complete the current knowledge
with respect to Z-AAT aggregate formation and the role of PDIs in
ZZ-AATD-mediated severe liver disease in adults. Indeed, based
on our proteomic analysis (Fig. 1A), the proteins found upregu-
lated in adult samples were significantly enriched in the ‘Protein
processing in the endoplasmic reticulum’ network (Fig. S1A).
This is conversely to the 33 proteins upregulated in the paedi-
atric samples that enriched preferentially in peroxisome or
metabolic networks (Fig. S9 and Table S2). This result is in
agreement with the hypothesis that AATD most frequently cau-
ses liver disease in adults by similar mechanisms underlying age-
dependent degenerative diseases, and more rarely in children via
powerful modifiers.19 This in turn explains why PDIs are specif-
ically upregulated in the hepatocytes of adult ZZ patients and not
in paediatric ZZ patients.

It is obvious that genetic modifiers and/or environmental
factors play a significant role in the development of Z-AATD-
mediated liver disease, but these modifiers still remain to be fully
identified.21,45,47–49 Given the important role of PDIA4 and
potentially other PDIs, such as PDIA3, it would be interesting in a
subsequent study to sequence the genes encoding PDIs. This
could potentially identify mutations and/or modifications un-
derlying the variability observed in the liver disease.

Mechanistically, we show that the correction of Z-AAT traf-
ficking and secretion following PDIA4 inhibition is at least partly
mediated by promoting its interaction with key ER components.
Indeed, detailed analysis of this specific interactome identified
novel interactors of Z-AAT involved in ER protein folding and
trafficking. Interestingly, many of the proteins that differentially
bind Z-AAT upon PDIA4 silencing have already been implicated
in other misfolding diseases. We noticed differential binding of
SURF4, PDIA4, and FKBP10 proteins to Z-AAT in patients with
AATD, and these proteins are also involved in CF mediated by
DF508-CFTR.28 This supports the idea that similar disease
mechanisms could underlie these 2 rare genetic diseases, sug-
gesting that CF and AATD could be studied side-by-side in the
same research project. In addition, FKBP10 is a molecular chap-
erone located in the ER50 and our data suggest that FKBP10 is a
key component of the ER proteostasis network, mediating the
correct folding and maturation of Z-AAT. Therefore, FKBP10, and
potentially other FKBP members, could be new and important
targets for consideration in the therapeutic management of
AATD.

We also describe for the first time the Z-AAT interactome and
the identification of 698 individual Z-AAT interactors. Based on
the analysis of this ‘core’ interactome, we demonstrated that
PDIA4 is able to interact with Z-AAT and not with WT-AAT
(Fig. 4B). In light of our previous comment above on CF, PDIA4
is also able to bind to and rescue the trafficking of the most
common CFTR mutant, the well-known DF508.28 Together these
data suggest that PDIA4 plays a general role in ER retention of
misfolded proteins by direct interaction with them. PDIA4 thus
JHEP Reports 2021
represents a key target for the therapeutic treatment of protein
misfolding diseases.

To date, there are unfortunately no specific PDIA4 inhibitors,
and more generally there is a lack of potent and selective PDI
inhibitors under clinical development owing to their uncon-
trolled off-target toxicity.11,51 However, our findings here provide
evidence that cystamine and cysteamine, the FDA-approved
reduced form of cystamine, have significant effects on Z-AAT
biogenesis (secretion and aggregation) (Fig. 5 and Figs. S5 and
S6). Cysteamine treatment has already been shown to rescue,
favour, and conserve the expression of functional DF508-CFTR at
the epithelial surface of respiratory cells by restoring autophagy
in a mouse model and human patients.52,53 Thus, this inhibitor
has already been identified as a candidate drug for the treatment
of patients with CF harbouring the DF508-CFTR mutation.52,53

With respect to AATD, we only observed beneficial effects of
cysteamine treatment on AATD-mediated oxidative stress
(Fig. 6A and B). We did not observe changes in the 2 standard
markers used to assess autophagy40 (p62 [autophagy substrate]
and LC3 cleavage [autophagosome marker]) following cystamine
or cysteamine treatments (Fig. S7A, B, and E). Conversely to in CF,
the autophagic properties of cysteamine did not account for the
beneficial effects on Z-AAT biogenesis we observed, suggesting
that this treatment effect was indeed linked to PDI inhibition.

We additionally observed that cysteamine treatment and
PDIA4 knockdown implicate the regulation of genes related to Z-
AAT-mediated oxidative stress. A ‘2-hit model’ was previously
postulated to explain the pathogenesis underlying AATD-
mediated liver disease. The first ‘hit’ corresponds to the accu-
mulation of Z-AAT aggregates and the second ‘hit’ can include
oxidative stress. Indeed, in a mouse model of AATD this stress
has been considered a contributing factor in the development of
AATD-mediated liver disease.15 In agreement with this, we
detected a deregulated expression of 10 genes related to oxida-
tive stress in Z-IB3 versus WT-IB3 cells, and this deregulation
was partially improved upon PDIA4 silencing and cysteamine
treatment (Fig. 6B). This suggests that PDIA4 induces at least
some of the oxidative stress developed in AATD, and it corrob-
orates with the increasing evidence that PDIs cause oxidative
stress.12,54 Thus, it would be interesting to determine next if the
role of PDIA4 in the induction of oxidative stress is related to its
interaction with Z-AAT and/or to its role in retention of Z-AAT in
the ER via aberrant disulfide bond formation.

We found that cysteamine treatment reduced oxidative stress
to a greater extent than PDIA4 silencing (Fig. 6A and B). Even
though we cannot exclude that other cellular events are
involved, this result is consistent with our PDI siRNA screening
(Fig. 2A) showing that silencing of different PDI members, such
as Erp27, was also able to improve Z-AAT trafficking and secre-
tion. In all, this suggests that pharmacological intervention tar-
geting the PDI family is more relevant for reducing oxidative
stress. Overall, our findings are of critical importance as there is
currently no specific treatment for AATD-mediated liver disease
other than standard supportive care and liver transplantation for
severe cases.2,7

In conclusion, we demonstrate a role for PDIA4 in the path-
ogenic retention of Z-AAT in the ER and in oxidative stress
associated with Z-AATD, both effects that can be corrected upon
PDIA4 silencing and cysteamine treatments. Moreover, after
larger scale validation, the use of PDIA4 as an immunomarker or
10vol. 3 j 100297



PDIA4 expression quantification by mass spectrometry could
represent potential therapeutic options for the diagnosis of ZZ-
AATD in atypical presentations of AATD-mediated liver disease
JHEP Reports 2021
in adults. Overall, our study provides promising advances in the
diagnosis, prognosis, and therapeutic management of AATD-
mediated liver disease.
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