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a1-Antitrypsin (AAT) encoded by the SERPINA1 gene is an
acute-phase protein synthesized in the liver and secreted into
the circulation. Its primary role is to protect lung tissue by in-
hibiting neutrophil elastase. The Z allele of SERPINA1 encodes
a mutant AAT, named ATZ, that changes the protein structure
and leads to its misfolding and polymerization, which cause
endoplasmic reticulum (ER) stress and liver disease through a
gain-of-function toxic mechanism. Hepatic retention of ATZ
results in deficiency of one of the most important circulating
proteinase inhibitors and predisposes to early-onset emphy-
sema through a loss-of-function mechanism. The pathogenetic
mechanisms underlying the liver disease are not completely
understood. C/EBP-homologous protein (CHOP), a transcrip-
tion factor induced by ER stress, was found among the most up-
regulated genes in livers of PiZ mice that express ATZ and in
human livers of patients homozygous for the Z allele. Compared
with controls, juvenile PiZ/Chop2/2 mice showed reduced he-
patic ATZ and a transcriptional response indicative of decreased
ER stress by RNA-Seq analysis. Livers of PiZ/Chop2/2 mice also
showed reduced SERPINA1mRNA levels. By chromatin immuno-
precipitations and luciferase reporter–based transfection assays,
CHOP was found to up-regulate SERPINA1 cooperating with c-
JUN, which was previously shown to up-regulate SERPINA1, thus
aggravating hepatic accumulation of ATZ. IncreasedCHOP levels
were detected in diseased livers of children homozygous for the
Z allele. In summary, CHOP and c-JUN up-regulate SERPINA1
transcription and play an important role in hepatic disease by
increasing the burden of proteotoxic ATZ, particularly in the pe-
diatric population.

a1-Antitrypsin (AAT) encoded by the SERPINA1 gene is an
acute-phase protein and one of themajor circulating proteinase
inhibitors mainly synthesized and secreted by hepatocytes.
AAT deficiency is a common genetic cause of lung and liver
diseases. The vast majority of patients with AAT deficiency
(;95%) are homozygous for the Z mutation in the SERPINA1
gene (PiZZ), which results in a single glutamic acid–to–lysine

substitution at amino acid position 342 (p.Glu342Lys) (1).
This mutation changes the protein structure, leading to mis-
folding, polymerization, and accumulation of mutant AAT
(ATZ) in the endoplasmic reticulum (ER) (1). In PiZZ indi-
viduals, intrahepatic retention of ATZ results in low circulat-
ing levels of AAT and inadequate anti-protease protection in
the lower respiratory tract that can lead to progressive lung
emphysema (1). PiZZ individuals are also at risk of develop-
ing liver disease due to intracellular retention and accumula-
tion of aberrantly folded ATZ leading to hepatitis, cirrhosis,
liver failure, and hepatocellular carcinoma (2, 3). There is
great variability in the severity of liver disease among PiZZ
homozygotes, and a survey of a unique cohort of homozygote
individuals identified by an unbiased newborn screening car-
ried out in Sweden showed that about 8% of homozygotes de-
velop clinically significant liver disease in the first 4 decades
of life (3). A greater proportion of this population will likely
develop liver injury as they reach older ages. Nevertheless, a
number of PiZZ individuals do not manifest clinical symp-
toms of liver disease throughout their lifetime (4). These data
suggest that genetic and/or environmental modifiers play a
major role in susceptibility to liver disease. Understanding
the mechanisms involved in the pathogenesis of the liver dis-
order is important to identify disease modifiers and to de-
velop preventive and therapeutic strategies.
Combining results in mouse and human livers expressing

ATZ, we identified CHOP as an important transcriptional reg-
ulator of SERPINA1 expression aggravating the liver disease.
For this study, we used transgenic PiZ mice, that have been a
valuable model for studying the liver disease induced by ATZ
because in the livers of these mice, ATZ accumulates within
the ER of hepatocytes as periodic acid–Schiff–diastase–resist-
ant (PAS-D) positive globules, in a nearly identical manner to
livers of human patients (5). Because they have been genetically
engineered to express the human SERPINA1 gene harboring
the Z mutation that includes the human promoter region (6),
they are also useful to investigate SERPINA1 transcriptional
regulation. Importantly, mouse data were validated in human
liver tissues from PiZZ patients of various ages with hepatic
disease.
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Results

CHOP is activated in mouse livers expressing ATZ

We previously found up-regulation of genes related to
response to ER stress in PiZ livers (7). Among differentially
expressed genes, the transcription factor Chop was among the
most up-regulated. Under nonstress conditions, CHOP is typi-
cally not expressed at detectable levels, and its subcellular loca-
tion is mainly in cytoplasm, whereas stress conditions induce
its nuclear translocation (8). Compared with age-matched WT
controls, Chop showed a significant 12-fold up-regulation in 6-
week-old PiZ mouse livers by real-time PCR (Fig. 1A). Greater
Chop up-regulation was detected in 6-week-old compared with
36-week-old PiZmouse livers (Fig. 1A). Increased expression of
CHOP was confirmed at the protein level in 6- and 36-week-
old PiZ mouse livers (Fig. 1B and Fig. S1A). Compared with
WT controls, PiZ mouse livers showed increased CHOP levels
by Western blot analysis also on nuclear extracts, although at
lower levels compared with mice injected with tunicamycin, an
inducer of ER stress and CHOP expression (9) (Fig. 1C and Fig.
S1B). Increased nuclear CHOP in PiZ livers was confirmed by
immunohistochemistry (Fig. 1D), and gene set enrichment anal-
ysis (GSEA) on microarray expression data (7) showed enrich-
ment of up-regulated CHOP target genes compared with WT
controls (enrichment score = 0.58) (Fig. S2, supporting data and
Fig. 1E). Moreover, by immunohistochemistry, CHOP-positive
nuclei were found in hepatocytes, but they were not detected in
infiltrates of inflammatory cells (Fig. 2A). In addition, greater
Chop expression was detected in the parenchymal cell fraction

Figure 1. CHOP is activated in PiZmouse livers. A, Chop expression in livers ofWT and PiZmice of 6 and 36weeks of age. B, Western blotting for CHOP in liv-
ers of WT and PiZmice of 6 and 36 weeks of age (each lane corresponds to an independent mouse). A liver of a WTmouse injected intraperitoneally with 4 mg/
g tunicamycin was used as a positive control. C, Western blotting for CHOP on nuclear extracts of 6-week-old WT and PiZ mouse livers. Lamin A was used as a
nuclear marker and GAPDH as a cytosolic marker. D, representative immunohistochemistry with anti-CHOP antibody in 6- and 36-week-oldWT and PiZ mouse
livers (340 magnification; scale bar, 100 mm; n = 3/group). E, heatmap from GSEA using a set of genes up-regulated by CHOP and differentially expressed
genes between 6-week-old PiZ andWTmouse livers. The set of CHOP target genes was defined by combining ChIP-Seq and RNA-Seq data reported previously
(44) from tunicamycin-treated WT mouse embryonic fibroblasts. Averages 6 S. E. (error bars) are shown. Two-way ANOVA and Tukey’s post-hoc tests were
used: **, p, 0.001. 6w, 6 weeks old; 36w, 36 weeks old; N, nuclear extracts; C, cytosolic extracts; TUNI, tunicamycin.

Figure 2. CHOP expression detected in nuclei of hepatocytes but not of
inflammatory infiltrating cells. A, representative images from immunohisto-
chemistry with anti-CHOP antibody and negative control (NC) in livers of PiZ
mice of 6 and 36 weeks of age. Images on the right correspond to the insets of
the left panels. Scale bar, 20 mm; n = 3/group). 6w, 6 weeks old; 36w, 36 weeks
old. B, Chop expression is greater in the parenchymal fraction enriched for hepa-
tocytes (Hep) comparedwith the nonparenchymal cell (NPC) fraction. C Albumin,
Albumin (Alb) gene expressionwas evaluated to confirm enrichment for hepato-
cytes. Averages6 S. E. (error bars) are shown; t test: *, p, 0.05; **, p, 0.01.
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compared with nonparenchymal fraction obtained by liver per-
fusion of PiZmice (Fig. 2, B andC).
To further investigate CHOP expression and hepatic ATZ

accumulation, we injected 4-week-old PiZ mice with a
recombinant serotype 8 adeno-associated viral (AAV) vector
that incorporates an artificial microRNA targeting the human
SERPINA1 gene (AAV8-CB-mir914) and results in ATZ he-
patic knockdown (10). As controls, mice were injected with the
same dose of an AAV8-CB-GFP expressing the GFP. By 4
weeks postinjection, mice injected with AAV8-CB-mir914
showed a reduction of hepatic ATZ by PAS-D staining (Fig.
S3A), an ;90% reduction of serum ATZ (Fig. S3B), and ;50%
reduction of Chop expression compared with mice injected
with the control vector expressing GFP (Fig. S3, C and D).
Taken together, these data support up-regulation and activa-
tion of CHOP in livers of mice expressing ATZ.

Reduced hepatic ATZ accumulation in Chop-deleted juvenile
PiZ mice

To evaluate the role of CHOP in hepatic ATZ accumulation,
we crossed PiZ mice with Chop2/2 mice (9). Chop2/2 mice do
not exhibit a substantial phenotype unless they are subjected to
stress signals (9). Compared with WT, PiZ mice have reduced
weight (11), but PiZ/Chop2/2 mice showed greater weight
compared with PiZ mice (Fig. S4). Serum ATZ in PiZ/Chop2/2

mice was lower compared with PiZ mice at 6 weeks of age, but
no differences were detected in 36-week-old PiZ/Chop2/2

mice (Fig. 3A). Compared with PiZ, livers of 6-week-old PiZ/
Chop2/2 mice showed marked reduction of hepatic ATZ by
PAS-D staining and immunofluorescence with anti-polymer
antibody (Fig. 3B). However, neither PAS-D staining nor ATZ
polymer immunofluorescence detected any difference in ATZ
accumulation in livers of 36-week-old PiZ/Chop2/2 mice com-
pared with age-matched PiZ controls (Fig. 3B and Fig. S5). PiZ/
Chop2/2 mouse livers did not show increased apoptosis like
PiZ controls, consistent with previous reports (12) (Fig. S6).
Targeted qPCR analysis showed down-regulation of SERPINA1
expression in PiZ/Chop2/2 compared with age- and gender-
matched 6-week-old PiZ mice, and consistent with liver ATZ
content, no significant differences in SERPINA1 expression
were detected in older mice (Fig. 3C). Although CHOP has
been involved in liver fibrosis (13), compared with age-matched
PiZ, liver fibrosis in 69-week-old PiZ/Chop2/2 mice appeared
to be unaffected by Sirius Red staining and expression of
Col1a1, Timp1, and a-Sma (Fig. 3D and Fig. S7). Consistent
with PAS-D staining and ATZ polymer immunofluorescence,
compared with age-matched PiZ controls, PiZ/Chop2/2 mice
showed reduced ATZ protein by immunoblotting performed
on soluble and insoluble fractions at 6 weeks of age but not at
36 weeks (Fig. 3E and Fig. S8).
Unbiased RNA-Seq on liver RNA revealed that PiZ/Chop2/2

exhibited a hepatic gene expression profile different from age-
and gender-matched PiZ mice both at 6 and 36 weeks of age
(Fig. S9). To specifically investigate the effect of CHOP on gene
expression profiles of PiZ mice, we performed a comparison of
all data sets, as shown by the VENN diagrams in which we eval-
uated differentially expressed genes obtained by three different

comparisons: PiZ versus WT, PiZ/Chop2/2 versus WT, and
PiZ/Chop2/2 versus PiZ at 6 and 36 weeks of age. This analysis
allowed us to isolate only genes differentially expressed in PiZ
versusWT and normalized to WT levels in PiZ/Chop2/2 mice.
Whereas at 36 weeks of age no differences in gene expression
were detected, at 6 weeks of age, the analysis revealed 912 genes
differentially expressed (468 up-regulated genes and 444 down-
regulated genes, almost all in opposite correlation) in the inter-
section between PiZ versus WT and PiZ/Chop2/2 versus PiZ
(shown in red in Fig. 4A). Gene ontology functional analysis
was performed by restricting the output to the biological proc-
esses in which differentially expressed genes (up- and down-
regulated, separately) were functionally involved. This analysis
showed several biological processes, mainly including ER stress,
cell proliferation, and immune response for up-regulated genes
and metabolic pathways for down-regulated genes among the
most significant (enrichment score .1.5) (Figs. S10 and S11).
Next, we dissected clusters relevant for the pathogenesis of liver
disease induced by ATZ, including cell cycle, immune
response, ER stress, cell death, and response to oxidative stress,
that were up-regulated in PiZ mouse livers and normalized to
WT levels in PiZ/Chop2/2 mice (Fig. 4B and supporting data).
In contrast, biological clusters of processes related to metabolic
functions were down-regulated in PiZ mouse livers and nor-
malized to WT levels in PiZ/Chop2/2 mice (Fig. 4C and
supporting data). Collectively, these data showed that deletion
of Chop reduces expression of pathways involved ER in stress
and immune response while restoring several metabolic func-
tions induced by ATZ accumulation. CHOP is also involved in
induction of autophagy genes, such as Atg5 and Atg7 upon nu-
trient deprivation (14). However, RNA-Seq studies did not
reveal changes in expression of autophagy genes.

CHOP cooperates with c-JUN to up-regulate human SERPINA1

Human SERPINA1 gene contains regulatory elements at
both the 59-UTR and 39-UTR (15). As described previously, the
59-UTR contains binding sites for AP-1 (shown in green in Fig.
5A) (15). CHOP can make stable heterodimers with the AP-1
complex (e.g. c-JUN and c-FOS), increasing AP-1–mediated
gene expression without binding DNA (16). To investigate
CHOP-mediated regulation of human SERPINA1 expression,
we co-transfected HeLa cells with a plasmid expressing CHOP
and the pAAT-Luc-AAT-39UTR plasmid, which contains the
SERPINA1 regulatory elements included in PiZ transgenic
mice (7) (dashed line in Fig. 5A) upstream from the firefly lucif-
erase coding region and human SERPINA1 39-UTR. As positive
control, cells were co-transfected with a plasmid expressing c-
JUN that transactivates luciferase expression, as shown previ-
ously (7). Compared with cells co-transfected with the negative
control, cells co-transfected with CHOP showed a mild
increase in luciferase levels, suggesting that CHOP up-regulates
SERPINA1 expression (Fig. 5B). In contrast, transfections of
plasmids expressing c-FOS did not significantly increase lucif-
erase expression (Fig. 5B). Co-transfection of CHOP and c-JUN
resulted in greater increase of luciferase levels compared with
cells transfected with plasmids expressing each of the two tran-
scription factors alone (Fig. 5B). Mutagenesis of site 2 but not
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site 1 of the AP-1–binding sites (shown in green in Fig. 5A)
reduced luciferase expression after co-transfection of CHOP
and c-JUN (Fig. 5C). Taken together, these results show that
site 2 of the AP-1–binding sites is required for transactivation
by CHOP and c-JUN. Previous studies showed that CHOP
forms a complex with c-JUN and enhances AP-1–mediated
gene expression without direct binding to the DNA (16). Con-
sistent with these studies, protein co-immunoprecipitation in
HeLa cells co-transfected with plasmids expressing FLAG-
tagged CHOP and MYC-tagged c-JUN showed that CHOP
binds c-JUN (Fig. S12). However, we also found two putative
binding sites for CHOP in the SERPINA1 59-UTR (shown in
red in Fig. 5A) (17) that were confirmed by real-time PCR on
ChIP of PiZ mouse livers using an anti-CHOP antibody.
CHOP-binding sites (shown in red in Fig. 5A) were indeed sig-
nificantly enriched in PiZmouse livers, whereas no enrichment
was detected for AP-1–binding sites (shown in green in Fig. 5A)

(Fig. 5D). As positive control of the ChIP with anti-CHOP anti-
body, p62 promoter region was found to be enriched in PiZ liv-
ers, whereas no signal was detected for the Rpl30 promoter
used as negative control. Both CHOP-binding sites and the p62
promoter region were not enriched by ChIP with anti-CHOP
antibody in PiZ/Chop2/2 mouse livers (Fig. S13). Consistent
with previous findings (7), enrichment of AP-1–binding site
sequences (shown in green in Fig. 5A) was detected in the chro-
matin immunoprecipitates with anti-phospho-c-JUN antibody,
whereas no enrichment was detected for the Gapdh promoter
region used as a negative control (Fig. S14). Mutagenesis of
CHOP-binding site 2 and, to a significantly lower extent, of site
1 (shown in red in Fig. 5A) reduced luciferase expression after
co-transfection of CHOP and c-JUN (Fig. 5E). Mutagenesis of
CHOP-binding site 2 strongly reduced transactivation medi-
ated by CHOP alone, whereas mutagenized AP-1 site 2 abro-
gated transactivation by CHOP (Fig. 5F). Altogether, these

Figure 3. Genetic ablation of Chop reduces hepatic ATZ accumulation in juvenile PiZ mice. A, ELISA for serum ATZ in PiZ and PiZ/Chop2/2mice of 6 and
36 weeks of age (n � 4/group). Serum was collected from the same mice at different ages. Averages 6 S. D. (error bars) are shown. Two-way ANOVA and
Tukey’s post hoc tests were used: *, p, 0.05. B, representative PAS-D staining (320magnification; scale bar, 100mm; n = 19 for 6-week-old PiZ/Chop2/2mice
and n = 10 for 36-week-old PiZ/Chop2/2 mice) and immunofluorescence (IF) for polymeric ATZ (363 magnification; scale bar, 50 mm; n = 3/group) of livers of
PiZ and PiZ/Chop2/2mice of 6 and 36 weeks of age. C, SERPINA1 expression in PiZ and PiZ/Chop2/2mice at 6 and 36 weeks of age (n = 3/group). b2-Microglo-
bulin was used for normalization. Averages6 S. E. (error bars) are shown. Two-way ANOVA and Tukey’s post hoc test were used: *, p, 0.05. D, representative
Sirius Red staining on livers of 69-week-old PiZ and PiZ/Chop2/2mice (310magnification; scale bar, 200mm; n = 10 PiZ and n = 5 PiZ/Chop2/2mice). E, West-
ern blotting on soluble total ATZ and insoluble ATZ polymer of 6- and 36-week-old PiZ and PiZ/Chop2/2mouse livers. GAPDH andH3were used for normaliza-
tion. ns, not statistically significant; 6w, 6 weeks old; 36W, 36 weeks old; 69W, 69 weeks old.
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results show that CHOP binds to the SERPINA1 regulatory
region and cooperates with c-JUN in regulating SERPINA1
expression.

Age-dependent up-regulation of CHOP in human PiZZ livers

To interrogate the clinical relevance of our findings, we
investigated CHOP levels and activation in livers of PiZZ
patients. In liver samples from PiZZ patients of less than 16
years of age with extensive PAS-D staining and end-stage liver
disease requiring liver transplantation (7) (Table S1), increased
CHOP nuclear signals were detected compared with controls
(Fig. 6 and Fig. S15).
Based on the mouse data, showing a role of CHOP in ATZ

accumulation in younger mice but not in older animals, we
investigated CHOP expression in PiZZ children with liver dis-
ease compared with PiZZ adults with liver disease. CHOP up-
regulation was indeed found to be greater in children compared
with adults (Fig. 7 and Table S2). Taken together, these results
supported a role of CHOP in the pathogenesis of ATZ-related
liver disease in children.

Discussion

AAT is an acute-phase reactant, and its circulating levels
may rise several fold in response to several inflammatory stim-
uli and stress conditions (15). However, in subjects carrying the
Z allele, increased synthesis of ATZ augments the burden of
mutant protein, which correlates with the degree of liver injury
and fibrosis (18). To address the factors involved in the patho-
genesis of the liver disease, most studies have been focused on
ATZ protein degradation by the ubiquitin-proteasome system
or autophagy (19), whereas the contribution of transcriptional
regulation of SERPINA1 expression has been neglected for the
most part. In this study, we found that CHOP is an important
regulator of SERPINA1 expression; it is up-regulated and acti-
vated in livers of PiZ mice and PiZZ patients, and juvenile
Chop-deleted mice show marked reduction of liver ATZ accu-

mulation. Moreover, we found an important role of CHOP in
regulating c-JUN–mediated up-regulation of SERPINA1. How-
ever, we also found that the lack of CHOP does not affect the
progression of the hepatic disease because livers of older mice
show ATZ accumulation and liver fibrosis similar to PiZ/
Chop1/1 mice. Finally, we detected higher levels of CHOP in
children with ATZ-related liver disease compared with adults.
Whereas the precise factors responsible for its activation in

livers expressing ATZ remain to be identified, CHOP was
found to play an important role in aggravating ATZ accumula-
tion in juvenile PiZ mice through transcriptional up-regulation
of SERPINA1 expression. CHOP is an important player in the
unfolded protein response and ER-stress response. Moreover,
it is activated by several stimuli, such as amino acid and glucose
deprivation, DNA damage, cellular growth arrest, and hypoxia
(8, 20). Previous studies showed that cells expressing ATZ are
more sensitive to activate ER stress after a second hit (21). We
also found previously that toxic accumulation of ATZ leads to
dysfunctional liver zonation and metabolic alterations (22).
Considering this evidence, we speculate that ATZ accumula-
tion may induce such liver alterations, including perturbed me-
tabolism, which in turn leads to CHOP activation.
We previously found that JNK-mediated activation of c-JUN

results in up-regulation of SERPINA1 in human and mouse liv-
ers expressing ATZ (7). Here, we showed that CHOP enhances
c-JUN–mediated transcriptional up-regulation of SERPINA1.
These findings are consistent with previous studies proposing
that CHOP enhances transcriptional activation of AP-1 by
tethering to the AP-1 complex without direct binding of DNA
(16). Previous data also showed that CHOP and c-JUN also
cooperatively mediate the induction of PUMA (p53–up-regu-
lated modulator of apoptosis) during hepatocyte lipoapoptosis
(23). More broadly, these data raise the question of whether
CHOP can potentiate c-JUN–mediated transcription in other
cell types under different physiologic and disease conditions.
Interestingly, CHOP is transcriptionally positively regulated by
the AP-1 complex (24), suggesting a feedback-positive loop, in

Figure 4. A, Venn diagram comparing the gene data sets of PiZ versusWT, PiZ/Chop2/2 versusWT, and PiZ/Chop2/2 versus PiZ at 6 weeks of age. B and C, heat-
maps showing the most relevant up- (B) and down-regulated (C) pathways in 6-week-old PiZ mouse livers and normalized to age-matched WT levels in PiZ/
Chop2/2mice. DEG, differentially expressed genes;DW, down-regulated;UP, up-regulated.
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which c-JUN activation up-regulates CHOP, whereas CHOP
activation in turn further enhances SERPINA1 expression.
Such a feed-forward mechanism could increase ATZ overload
thus worsening the liver disease. Moreover, JNK-mediated acti-
vation of c-JUN might also result in long-term effects on pro-
gression of the liver disease that deserve further investigation.
Previous studies showed that CHOP activates GADD34,

which dephosphorylates eIF2a and increases protein load (25).
Moreover, CHOP was also found to induce oxidative stress,
which may affect protein folding (26–28). Therefore, in addi-
tion to the transcriptional effect, we cannot rule out a beneficial
effect of CHOP deletion on improved protein folding by reduc-
tion of protein load and oxidative stress. By immunohisto-
chemistry and analysis of parenchymal and nonparenchymal
liver cell fractions, Chop expression was detected largely in he-

patocytes. However, additional effects of CHOP in other cell
types besides hepatocytes cannot be ruled out.
In contrast to older mice, juvenile PiZ mice deleted for Chop

showed marked reduction of ATZ accumulation, suggesting a
different role of CHOP at different disease stages. Interestingly,
levels of blood ATZ in PiZZ patients appear to decline over
time (29), a finding that parallels the mouse data shown in this
and previous studies (21). Themechanisms underlying the age-
dependent reduction of CHOP in livers expressing ATZ are
unknown, but the reduced proteotoxic load due to recently rec-
ognized decreased of HNF-4a is a possible explanation (21).
Clinical data suggest that the human disease has different

features in infants compared with adults. A survey of large
transplantation databases found that AAT deficiency most
commonly causes liver disease requiring liver transplantation

Figure 5. CHOP and c-JUN up-regulate human SERPINA1 expression. A, schematic representation of AP-1–binding sites (1 and 2; shown in green)
and CHOP-binding sites (1 and 2; shown in red) in the 59-UTR of the human SERPINA1 gene (drawn to scale) retained in PiZ mouse genome. Nucleotide
sequence is shown for the binding sites confirmed by luciferase assays. Nucleotide numbering is calculated as distance from the hepatic TSS. Arrows
indicate the position of the primers for the qPCR on the liver chromatin immunoprecipitates shown in D and in Figs. S13 and S14. The dashed line indi-
cates the promoter region cloned upstream of the luciferase reporter gene in the pAAT-Luc-AAT.39UTR plasmid. Underlined nucleotides have been
mutagenized. B, luciferase expression in HeLa cells co-transfected with the pAAT-Luc-AAT.39UTR construct and the plasmids expressing human CHOP,
c-JUN, c-FOS, or their combinations. An empty CMV-3XFLAG plasmid was used as control. Averages 6 S. E. (error bars) are shown. One-way ANOVA
and Tukey’s post hoc test were used: a, p, 0.001 versus CMV-3XFLAG; b, p, 0.0001 versus c-JUN; c, p, 0.0001 versus CHOP; ns, not statistically signifi-
cant versus CMV-3XFLAG. C, luciferase expression in HeLa cells co-transfected with the plasmids expressing human CHOP and c-JUN and the pAAT-
Luc-AAT.39UTR construct with mutagenized sites 1 and 2 of AP-1 sites. An empty CMV-3XFLAG plasmid was used as control. One-way ANOVA and
Tukey’s post hoc test were used: a, p , 0.001 versus CMV-3XFLAG; b, p , 0.0001 versus c-JUN 1 CHOP and versus AP-1 site 1wt-2M c-JUN 1 CHOP. D,
ChIP on PiZ mouse livers using anti-CHOP antibody followed by qPCR on CHOP putative binding sites and AP-1 sites. p62 and Gapdh promoter regions
were amplified as positive and negative control for CHOP enrichment, respectively. t test was used: *, p , 0.01. E, luciferase expression in HeLa cells
co-transfected with the plasmids expressing human CHOP and c-JUN and the pAAT-Luc-AAT.39UTR construct with mutagenized CHOP-binding sites 1
and 2. An empty CMV-3XFLAG plasmid was used as control. One-way ANOVA and Tukey’s post hoc test were used: a, p, 0.001 versus CMV-3XFLAG; b,
p, 0.0001 versus c-JUN1 CHOP; c, p, 0.0001 versus AP-1 site 1wt-2M c-JUN1 CHOP; d, p, 0.05 versus CMV-3XFLAG. F, luciferase expression in HeLa
cells co-transfected with the plasmids expressing human CHOP, and the pAAT-Luc-AAT.3’UTR construct with mutagenized AP-1 site 2 and CHOP-bind-
ing site 2. An empty CMV-3XFLAG plasmid was used as control. One-way ANOVA and Tukey’s post hoc test were used: a, p, 0.001 versus CMV-3XFLAG;
b, p, 0.0001 versus CHOP; c, p, 0.0001 versus AP-1 site 1wt-2M CHOP. IP, immunoprecipitates; ns, not statistically significant.
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in adults, but it also revealed that almost all transplants in chil-
dren were performed under the age of 5 years (30). These differ-
ences suggest that pathogenetic mechanisms vary depending
on the age andmore potentmodifiers play a role in the liver dis-
ease in children (30). Based on our findings, we propose that
CHOP and factors regulating its expression might be among
the modifiers responsible for the more severe disease occurring
in the pediatric population. Interestingly, CHOP is up-regu-
lated by nonsteroidal anti-inflammatory drugs (31), and indo-
methacin given to PiZ mice was previously shown to increase
hepatic injury and SERPINA1 expression, resulting in greater
accumulation of ATZ (32). Moreover, exposure of hepatocytes
to acetaminophen activates JNK and CHOP, and disruption of
Jnk2 or Chop reduces acetaminophen-induced liver injury (33).

Therefore, environmental factors, including drugs, could ag-
gravate ATZ-induced liver injury andmay be dangerous partic-
ularly in children with AAT deficiency.
In conclusion, our study suggests that CHOP is an important

player in aggravating hepatic accumulation of toxic ATZ in
mice and in patients, especially at younger ages. Drugs inhibi-
ting CHOP activitymight have potential for therapy of liver dis-
ease in PiZZ children.

Experimental procedures

Mouse studies

PiZ transgenic mice (6) were maintained on a C57BL/6 back-
ground. Chop2/2 mice were purchased from Jackson Labora-
tory (stock no. 005530) and bred with PiZmice. Genotyping for
the Chop allele was performed by PCR on genomic DNA from
mouse tails. The mutant allele showed a band of 320 bp,
whereas theWT allele was 544 bp. Primers used for genotyping
were ATGCCCTTACCTATCGTG (common oligonucleo-
tide), AACGCCAGGGTTTTCCCAGTCA (knockout reverse),
and GCAGGGTCAAGAGTAGTG (WT reverse). As controls,
C57BL/6 (Charles River Laboratories) were treated with
DMSO (Sigma) or 4 mg/g of tunicamycin (Sigma). Only male
mice were used for all experiments. Blood samples were col-
lected by retro-orbital bleedings. The rAAV8pCB-mir914 and
rAAV8pCB-GFP were generated, purified, and titered by the
University of Massachusetts Gene Therapy Vector Core as
described previously (10). Vectors were diluted in saline solu-
tion and intravenously injected in 4-week-old PiZ mice at the
dose of 13 1013 genome copies/kg.
Liver protein extracts and sections, and serum samples were

analyzed by PAS-D staining, immunofluorescence for poly-
meric ATZ, and ELISA for total human AAT, respectively, as
described previously (7, 34). Stained liver sections were exam-
ined under a Zeiss LSM700 for fluorescence and Leica DM5000
microscope for bright field. The mean area and number of the
ATZ globules by liver PAS-D staining were quantified using the
ImageJ plug-in “Analyze particles” on the segmented images.
Five different fields of view selected randomly for n = 3 PiZ and
PiZ/Chop2/2 mice were used for the quantification. Nuclear
and cytoplasmic protein extracts were prepared using the
NXTRACT kit (Sigma–Aldrich) according to the manufac-
turer’s instructions.
For real-time PCR, total RNAwas extracted using RNeasy kit

(Qiagen), and 1 mg of RNA was reverse-transcribed using a
high-capacity cDNA reverse transcription kit according to the
manufacturer’s protocol (Applied Biosystems). PCR reactions
were performed using SYBRGreenMasterMix (Roche Applied
Science). PCR conditions were as follows: preheating, 5 min at
95 °C; cycling, 40 cycles of 15 s at 95 °C, 15 s at 60 °C, and 25 s at
72 °C. Results were expressed in terms of cycle threshold. Cycle
threshold values were averaged for each duplicate. b2-Micro-
globulin was used as an endogenous control. Data were ana-
lyzed using LightCycler 480 software, version 1.5 (Roche
Applied Science). Primer sequences are listed in Table S3.
For Western blotting, liver samples homogenized in RIPA

buffer with protease and phosphatase inhibitor mixture (Roche
Applied Science) were incubated for 20 min at 4 °C and

Figure 6. Increased expression of CHOP in human livers expressing ATZ.
Representative immunohistochemistry (IHC) with anti-CHOP antibody (top
panels) and corresponding PAS-D staining (bottom panels) in the liver of a
PiZZ patient with end-stage liver disease who underwent liver transplanta-
tion (PiZZ #3) and an age-matched PiMM control (PiMM #4) who also under-
went liver transplantation as control (7) (320 magnification; scale bar, 100
mm; insets,340magnifications). Immunohistochemistry with anti-CHOP anti-
body and PAS-D staining for additional cases are shown in Fig. S15.

Figure 7. Age-dependent up-regulation of CHOP in human livers
expressing ATZ. ddPCR for CHOP expression in human liver biopsies
from healthy controls (adults: n = 6, age 50.7 6 13.3 years; children: n = 12,
age 6.8 6 3.6 years), diseased controls (adults: n = 6, age 50.5 6 13.0 years;
children: n = 10, age 5.9 6 4.3 years), and PiZZ patients (adults: n = 6, age
50.86 13.0 years; children: n = 14, age 6.56 3.7 years). Averages6 S. E. (error
bars) are shown. Two-way ANOVA and Tukey’s post hoc test were used: *, p
, 0.05; **, p, 0.01.
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centrifuged at 13,200 rpm for 10 min. 10–20 mg of lysates were
electrophoresed on a 12% SDS-PAGE. After transfer to nitro-
cellulose membrane, blots were blocked in TBS-Tween 20 with
5% nonfat milk for 1 h at room temperature, and the primary
antibody was applied overnight at 4 °C. Anti-rabbit IgG or anti-
mouse IgG conjugated with horseradish peroxidase (GE
Healthcare; 1:3,000) and ECL (Pierce) were used for detection.
Primary antibodies are listed in Table S4.
For immunohistochemistry, 5-mm-thick sections were rehy-

drated and permeabilized in PBS, 0.5% Triton (Sigma) for 20
min. Antigen unmasking was performed in 0.01 M citrate buffer
in a microwave oven. Next, sections underwent blocking of en-
dogenous peroxidase activity in methanol plus 1.5% H2O2

(Sigma) for 30 min and were incubated with blocking solution
(3% BSA (Sigma), 5% donkey serum (Millipore), 1.5% horse se-
rum (Vector Laboratories), 20 mM MgCl2, 0.3% Triton (Sigma)
in PBS) for 1 h. Sections were incubated with primary antibody
(Table S4) overnight at 4 °C and with universal biotinylated
horse anti-mouse/rabbit IgG secondary antibody (Vector Labo-
ratories) for 1 h. Biotin/avidin-horseradish peroxidase signal
amplification was achieved using the ABC Elite Kit (Vector
Laboratories) according to the manufacturer’s instructions.
3,30-Diaminobenzidine (Vector Laboratories) was used as per-
oxidase substrate. Mayer’s hematoxylin (Bio-Optica) was used
for counterstaining. Sections were dehydrated and mounted in
Vectashield (Vector Laboratories). Image capture was per-
formed using a Leica DM5000 microscope. Three mice per
group and three sections permouse were analyzed.
Sirius Red staining was performed on 5-mm liver sections

rehydrated and stained for 1 h in 0.1% Sirius Red (Sigma) in sat-
urated aqueous solution of picric acid. After two changes of
acidified water (0.5% acetic acid in water), the sections were
dehydrated, cleared in xylene, and mounted in a resinous me-
dium. Image capture was performed using the Leica DM5000
microscope. The METAVIR scoring system (35) was used to
determine the severity of hepatic fibrosis and necro-inflamma-
tory stage. All samples were evaluated by the same pathologist
(S. C.) who was blinded to the laboratory data.
Immunofluorescence staining of apoptotic cells was per-

formed by terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling using the In Situ
Cell Death Detection Kit (Roche Molecular Biochemicals)
according to the manufacturer’s instructions. Mice injected
with 0.5mg/g of body weight of CD95-activating antibody (BD
Biosciences) for 6 h were used as a positive control. The image
capture was performed using Leica DM5000microscope.

Isolation of parenchymal and nonparenchymal cells

Parenchymal and nonparenchymal cells were isolated from
livers of 6-week-old PiZ mice by a modified protocol based on
Pronase/collagenase digestion (36). In brief, mouse livers were
perfused through the inferior vena cava with EGTA solution
followed by enzymatic digestion with Pronase (Sigma–Aldrich)
and then collagenase type D (Roche Applied Science). Next, liv-
ers were harvested, and liver cells were disassociated by diges-
tion with Pronase/collagenase solution and filtered through a
nylon filter (Corning) to remove undigested tissues and debris.

The resulting cell suspension was centrifuged at 70 3 g for 3
min at 4 °C. Supernatant containing nonparenchymal cells was
collected. The cell pellet was washed three times withWilliams’
medium E (Gibco) and centrifuged at 703 g for 3 min at 4 °C to
obtain hepatocytes. The nonparenchymal liver cell fraction was
obtained after the centrifugation at 6003 g for 10 min at 4 °C.
The cell pellet was washed with Hanks’ balanced salt solution
without Ca21 and Mg21 one time (Gibco) and centrifuged at
703 g for 3 min at 4 °C to minimize hepatocyte contamination.
The final cell suspension was centrifuged at 6003 g for 10 min
at 4 °C to obtain the nonparenchymal cell fraction. Real-time
PCR for the albumin gene was performed to evaluate enrich-
ment for the parenchymal fraction, and gene expression was
normalized to 18S rRNA.

ATZ immunoblot

Preparation of soluble and insoluble fractions from livers was
performed according to previous studies (37), and immuno-
blotting was performed using antibodies against total AAT and
ATZ polymer (Table S4).

QuantSeq 39mRNA sequencing

Preparation of libraries was performed with a total of 100 ng
of RNA from each sample using the QuantSeq 39mRNA-Seq
Library prep kit (Lexogen, Vienna, Austria) according to the
manufacturer’s instructions. Total RNA was quantified using
the Qubit 2.0 fluorimetric Assay (Thermo Fisher Scientific).
Libraries were prepared from 100 ng of total RNA using the
QuantSeq 39 mRNA-Seq Library Prep Kit FWD for Illumina
(Lexogen GmbH). Quality of the libraries was assessed by
screen tape high-sensitivity DNA D1000 (Agilent Technolo-
gies). Libraries were sequenced on a NovaSeq 6000 sequencing
system using an S1, 100-cycle flow cell (Illumina Inc.). Ampli-
fied fragmented cDNA of 300 bp in size were sequenced in sin-
gle-end mode with a read length of 100 bp. Illumina NovaSeq
base call files were converted in a fastq file through bcl2fastq
(https://support.illumina.com/downloads/bcl2fastq2-conversion-
user-guide-v2.html) (version 2.20.0.422). For analysis, sequence
reads were trimmed using bbduk software (https://jgi.doe.gov/
data-and-tools/bbtools/bb-tools-user-guide/usage-guide/)
(bbmap suite 37.31) to remove adapter sequences, poly(A) tails,
and low-quality end bases (regions with average quality below 6).
Alignment was performed with STAR 2.6.0a3 (38) on the mm10
reference assembly obtained from the cellRanger website (https://
support.10xgenomics.com/single-cell-gene-expression/software/
release-notes/build#mm10_3.0.0; Ensembl assembly release 93).
Expression levels of genes were determined with htseq-count (39)
using theGencode/Ensembl genemodel.We filtered out all genes
having ,1 cpm in less than n_min samples and Perc MM reads
.20% simultaneously. Differential expression analysis was per-
formed using edgeR (40), a statistical package based on general-
ized linear models, suitable for multifactorial experiments. Gene
ontology and functional annotation clustering analyses were per-
formed using DAVID Bioinformatic Resources (41, 42) on up-
and down-regulated genes separately. Data were deposited in
GEOwith accession number GSE141593.
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Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was performed by
GSEA software (www.broadinstitute.org/gsea) on expression
data from QuantSeq analysis without filtering (43). An expres-
sion microarray of livers from PiZ mice and WT controls was
obtained from previous studies (GSE93115), and the CHOP
target gene set was defined by combining ChIP-Seq and RNA-
Seq data reported previously from tunicamycin-treated WT
mouse embryonic fibroblasts (44).

Protein immunoprecipitation

The pCMV-c-JUN-MYC plasmid was generated by cloning
the human c-JUN coding sequence in the pCMV-MYC plasmid
(Thermo Fisher Scientific). Primers used for generation of the
construct are shown in Table S5. HeLa cells were co-trans-
fected with plasmids expressing CHOP-FLAG and c-JUN-
MYC. Untreated cells or cells co-transfected with the plasmid
expressing CHOP-FLAG were used as controls. 48 h after
transfection, cells were washed with PBS, and then protein
cross-linking was performed using a solution of 1.5 mM dithio-
bis(succinimidyl propionate) (DSP) (Thermo Fisher Scientific)
in PBS added to the dishes. DSP is a bifunctional cross-linking
agent containing amine-reactive N-hydroxysuccinimide esters
that react with primary amines to form stable amide bonds and
is more efficient than formaldehyde as a protein-protein cross-
linker (45). Dishes were incubated with DSP for 2 h at 4 °C, and
the reaction was stopped with the addition for 15 min at room
temperature of 1 M Tris, pH 7.8, to a final concentration of 20
mM. Dishes were washed with PBS and then lysed as described
above. 1 mg of protein lysates was used for the immunoprecipi-
tation with mouse anti-FLAG antibody ormouse IgG overnight
at 4 °C. The day after, 20 ml of Dynabeads Protein G (Thermo
Fisher Scientific) were added and incubated for 2 h at 4 °C. The
flow-through was collected using the magnet, and the complex
Dynabeads-Ab-Ag was washed five times using RIPA buffer
with 0.1% Triton without SDS and once with RIPA buffer with-
out Triton and SDS. Finally, the elution was performed by boil-
ing tubes at 100 °C for 5 min in Laemmli buffer. Samples were
analyzed by SDS-PAGE as described above. Primary antibodies
used for immunoprecipitations are listed in Table S4.

Luciferase assays

The pAAT-Luc-AAT.3’UTR plasmid was generated by clon-
ing SERPINA1 39-UTR downstream of the firefly luciferase
coding region in the previously generated pAAT-Luc vector.
The cDNAs of humanCHOP and c-FOSwere amplified by RT-
PCR from Huh7 cells and cloned into p3XFLAG-CMV-14 vec-
tor. The plasmid expressing human c-JUNwas generated previ-
ously (7). AP-1 sites in the pAAT-Luc-AAT.39UTR plasmid
were mutagenized as described previously (7). Primers used for
generation of the constructs are shown in Table S5. HeLa cells
were cultured in Dulbecco’s modified Eagle’s medium plus 10%
fetal bovine serum and 5% penicillin/streptomycin. Cells were
co-transfected with the plasmid containing the WT or muta-
genized AP-1 consensus sequences and with a plasmid express-
ing the human CHOP and c-JUN. Each well was co-transfected
with the pRL-TK plasmid (Promega) expressing the Renilla lu-

ciferase as control. Lipo D293 (SigmaGen Laboratories) was
used for the DNA transfection according to the manufacturer’s
instructions. Cells were harvested 48 h after transfection and
assayed for luciferase activity using the Dual-Luciferase reporter
(DLRTM) assay system (Promega). Data were expressed relative
to Renilla luciferase activity to normalize for transfection effi-
ciency. Transfections were repeated at least three times.

Chromatin immunoprecipitations

ChIP was performed as described previously (7). Briefly, PiZ
mouse livers were mechanically homogenized in PBS in the
presence of protein inhibitors and then cross-linked by formal-
dehyde to a final concentration of 1% for 10 min at room tem-
perature. The cross-linking reaction was stopped by the addi-
tion of glycine at a final concentration of 0.125 mM for 5 min at
room temperature. After three washes in PBS with protein
inhibitors, liver homogenates were lysed in cell lysis buffer (5
mM PIPES (pH 8.0), 0.5% Igepal, 85 mM KCl) for 15 min. Nuclei
were lysed in lysis buffer (50 mM Tris-HCl (pH 8.0), 10 mM

EDTA, 0.8% SDS) for 30 min. Chromatin was sonicated to yield
DNA fragments of ;200–1,000 bp. DNA was co-immunopre-
cipitated using the ChIP-grade anti-phospho-c-JUN (Ser-73)
and anti-CHOP antibodies overnight at 4 °C. No antibody was
used in the negative control of the immunoprecipitation. Puri-
fied immunoprecipitated DNA samples and inputs were ampli-
fied by quantitative PCR with primers specific for the AP-1–
binding sites of the 59-UTR of the SERPINA1 gene. Antibodies
for ChIP and primer sequences are listed in Tables S4 and S6,
respectively.

Human liver samples

Liver samples for immunohistochemistry were collected anon-
ymously from subjects with end-stage liver disease homozygous
for the Z or M alleles of SERPINA1. Diseased liver controls were
obtained from patients with diagnoses of biliary atresia or cirrho-
sis. Frozen liver powdered samples were homogenized in TRIzol
(Invitrogen), and total RNA was extracted according to the man-
ufacturer’s recommendations. 500 ng of RNA were retrotran-
scribed using a high-capacity RNA to cDNA kit (Applied Biosys-
tems), and 2 ml were used as an input for droplet digital PCR
(ddPCR). For gene expression, the DDIT3 (CHOP) gene (unique
assay ID: dHasEG5002009; Bio-Rad) was used as a target and the
POLR2H gene (unique assay ID: dHasEG5005571; Bio-Rad) as a
reference. ddPCR was run according to the PrimePCR ddPCR
Gene expression assay (EvaGreen®) protocol (Bio-Rad).

Statistical analyses

Data are expressed as averages 6 S.D or S.E. as indicated in
the figure legends. Two-tailed Student’s t test and analysis of
variance (ANOVA) plus Tukey’s post hoc analysis were used as
statistical tests for mean comparisons. A time series was used
for body weight changes.

Study approvals

Mouse procedures were performed in accordance with the
regulations of the Italian Ministry of Health and conformed to
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the Guide for the Care and Use of Laboratory Animals pub-
lished by the National Institutes of Health (NIH publication 86-
23, revised 1985). Human liver samples were obtained from the
St. Louis University School of Medicine (St. Louis, MO, USA)
and University of Massachusetts (Boston, MA, USA). The
ethics committees of St. Louis University School of Medicine
and the University of Massachusetts approved the studies.
Written informed consent was received from participants prior
to inclusion in the study. The studies abide by the Declaration
of Helsinki principles.

Data availability

Data were deposited in the Gene Expression Omnibus
(GEO) with accession number GSE141593. All the other data
described in this study are contained within the article and
accompanying supporting information.
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