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Variants in autophagy genes MTMR12 and FAM134A
are putative modifiers of the hepatic phenotype
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Abstract

Background and Aims: In the classical form of α1-antitrypsin deficiency, a

misfolded variant α1-antitrypsin Z accumulates in the endoplasmic reticulum

of liver cells and causes liver cell injury by gain-of-function proteotoxicity in a

sub-group of affected homozygotes but relatively little is known about

putative modifiers. Here, we carried out genomic sequencing in a uniquely

affected family with an index case of liver failure and 2 homozygous siblings

with minimal or no liver disease. Their sequences were compared to

sequences in well-characterized cohorts of homozygotes with or without liver

disease, and then candidate sequence variants were tested for changes in

the kinetics of α1-antitrypsin variant Z degradation in iPS-derived hepato-

cyte-like cells derived from the affected siblings themselves.

Approach and Results: Specific variants in autophagy genesMTMR12 and

FAM134A could each accelerate the degradation of α1-antitrypsin variant

Z in cells from the index patient, but both MTMR12 and FAM134A variants

were needed to slow the degradation of α1-antitrypsin variant Z in cells from

a protected sib, indicating that inheritance of both variants is needed to

mediate the pathogenic effects of hepatic proteotoxicity at the cellular level.

Analysis of homozygote cohorts showed that multiple patient-specific

variants in proteostasis genes are likely to explain liver disease susceptibility

at the population level.

Abbreviations: AT, α1-antitrypsin; ATD, α1-antitrypsin deficiency; ATZ, α1-antitrypsin variant Z; CPVL, carboxypeptidase vitellogenic like; DNAJC12, DNAJ heat
shock protein family (Hsp40) member C12; EC, extracellular; ER, endoplasmic reticulum; ERAD, endoplasmic reticulum-associated degradation; FAM134A, family
with sequence similarity 134 member A; HOOK2, Hook microtubule tethering protein 2; HTO, HeLa tet-off cell line; IC, intracellular; iHeps, induced hepatocyte-like
cells; KI, knock-in; MAF, minor allele frequency; MAN1B1, mannosidase alpha class 1B member 1; MTM1, myotubularin protein 1; MTMR12, myotubularin-related
protein 12; PSMB2, proteasome 20S subunit beta 2; SORL1, sortilin related receptor 1.
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Conclusions: These results validate the concept that genetic variation in

autophagy function can determine susceptibility to liver disease in α1-anti-
trypsin deficiency and provide evidence that polygenic mechanisms and

multiple patient-specific variants are likely needed for proteotoxic pathology.

INTRODUCTION

The classical form of α1-antitrypsin deficiency (ATD) is
a rare, autosomal co-dominant disease caused by a
point mutation that impairs the folding of the secretory
glycoprotein, α1-antitrypsin (AT). AT is predominantly
synthesized in the liver and constitutes one of the most
abundant glycoproteins in the circulating bloodstream.[1]

A sub-population of affected homozygotes develop
chronic obstructive pulmonary disease, exclusively
adult in onset, by a loss-of-function mechanism in
which loss of the protease inhibitory function of AT
allows neutrophil proteases to damage the lung
connective tissue matrix.[2]

A smaller sub-population of affected homozygotes
develop chronic liver disease, and work in transgenic
mice has proven that this sequelae is determined by a
gain-of-function proteotoxic mechanism. Accumulation
of the misfolded and aggregation-prone α1-antitrypsin Z
variant (ATZ) in the endoplasmic reticulum (ER) initiates
a series of reactions that result in liver cell dysfunction,
fibrosis, and carcinogenic liver cell hyperproliferation.[1]

The disorder can cause liver disease in infancy and
childhood that is severe enough to require liver
transplantation, but recent analysis has shown that
most of the cases requiring liver transplantation occur in
homozygotes at 50–65 years of age and may be
exacerbated by other cause of liver disease in that age
group.[3] There is still not complete certainty on the
incidence and severity of liver disease among ZZ
homozygotes, but it is clear that most completely
escape clinically significant liver disease.[1] An important
study using nationwide screening of newborns in
Sweden indicated that only 8%–10% of affected
homozygotes have clinical liver disease up to the fourth
decade of life.[4,5]

In numerous studies in mammalian cell line and
mouse models we have shown that ATZ accumulation
in the ER is mitigated by proteostasis mechanisms,
including, most notably, endoplasmic reticulum-asso-
ciated degradation (ERAD) and autophagy.[1] In most
of those studies, the capacity of ERAD appears to
be limited, and autophagy plays a dominant role.
Recent studies have shown that ATZ degradation
may also involve vesicular pathways that are called
ER-phagy pathways, and several of them have subtle
differences from canonical macro-autophagy, includ-
ing a pathway that has been called ER-to-lysosome-

associated degradation and another that involves the
action of p62 with the E3-ubiquitin ligase tripartite-
motif containing 13.[6] We have hypothesized that
genomic variants in the molecular components of
these pathways would be ideal candidates for genetic
modifiers of the liver disease phenotype in ATD
homozygotes.[1]

There is still relatively limited knowledge about
genetic and environmental modifiers of liver disease
susceptibility in ATD homozygotes. In 1 study, a single
nucleotide polymorphism in the MAN1B1 gene was
found to be over-represented statistically in a cohort of
infants with end-stage liver disease.[7] This variant
was shown to reduce intracellular (IC) levels of the
mannosidase. Subsequent experiments showed that
mannosidase alpha class 1B member 1 (Man1B1) is
localized to the Golgi and plays a role in how the Golgi
may participate in ERAD,[8] but this Man1B1 variant has
not been tested on the kinetics of ATZ degradation in a
human model system and publicly available reference
databases of genetic variations from global populations
that have become available more recently, such as
genome aggregation database and NHLBI’s Trans-
Omics for Precision Medicine (TOPMed) database,[9]

show that this variant is very common in the general
population. A single nucleotide polymorphism in the
upstream flanking region of the AT gene has also been
implicated in susceptibility to liver disease in ATD
homozygotes,[10] but statistical validation of the variant
could not withstand a reasonable re-classification of
patient sub-populations.

Because the incidence of this disorder has been
estimated at 1 in 3000–5000 and a much smaller
number of affected individuals have severe liver
disease, it has been challenging to approach the
modifier issue using classical population genetic strat-
egies. In the following study, we carried out genomic
sequencing of a unique family to identify potential
genetic modifiers of the liver disease phenotype. The
index subject, homozygous for the ATZ allele, under-
went liver transplantation for liver failure at 18 months of
age. His older brother was also homozygous and had
elevated liver enzymes in the first few years of life,
but these were normalized by early childhood. The
younger, also homozygous, brother never developed
abnormalities of liver enzymes or clinical signs of liver
disease. The studies were done when the brothers had
reached 19–22 years of age with induced pluripotent
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stem cell-derived hepatocyte-like cells (iHeps) derived
from peripheral blood mononuclear cells obtained at
that time and also iHeps derived from skin fibroblast
samples that had been obtained from the index subject
and his older brother when they were infants. We
reasoned that the sibling relationships would allow us to
optimize the signal-to-noise ratio for selecting putative
modifiers. We focused on genes with known function in
proteostasis mechanisms and variants predicted to
damage protein function. The strategy also assumed
that pathogenic variants would impact the cell biological
mechanism of ATZ accumulation. Further, because we
predicted that such variants would have relatively subtle
effects on the fate of the ATZ variant, we used classical
pulse-chase radiolabeling in iHeps from the brothers to
detect changes in the kinetics of ATZ secretion and
degradation.

METHODS

Exome sequencing

We sequenced DNA samples from the unique family,
including the 3 brothers and parents, 30 ATD homozy-
gous Z allele individuals with liver disease (cases), and
50 ATD homozygous Z allele carriers with no liver
disease (controls) using established procedures at the
McDonnell Genome Institute at Washington University
in St. Louis. A detailed description of the sequencing
technique, sequence alignment, variant calling, quality
control, annotation, gender confirmation, population
estimation, and relatedness checks is provided in the
Supplemental Materials section, http://links.lww.com/
HEP/I396.

Variant filtering and prioritization

We undertook this discovery process in several stages.
At each stage, evidence suggested slightly different
candidate genes and variants.

Initially, we had data from a trio of 3 siblings, each of
which was homozygous for the Z allele, but only 1 of
whom had accompanying liver disease. Following
exome sequencing and annotation, we examined
filtered variants based on allele frequency in the ExAC
database using an allele frequency < 1%, then further
filtered variants to keep only those exonic protein-
coding variants (nonsense, splice, missense, and
frameshift) predicted to be damaging by Polyphen 2
and SIFT. For the variants meeting these criteria, we
then assessed 3 potential inheritance models to identify
candidate genetic variants underlying liver disease:
homozygous, heterozygous, and compound heterozy-
gous using Mendelscan (http://gmt.genome.wustl.edu/
2014/03/10/mendelscan_v1.2.1_released.html). In the

heterozygous model, a variant needed to be present in
a single copy in the affected brother but absent in both
unaffected siblings. For the homozygous model, the
affected sibling needed to be a homozygous carrier for
the alternate allele, while the unaffected siblings both
were either homozygous for the reference allele or
heterozygous. For the compound het model, we
identified genes in which the affected brother contained
at least 2 deleterious variants with evidence the variants
are carried on opposite haplotypes, while the unaffected
siblings do not. After initial identification, we examined
each candidate variant for genotype quality across each
individual.

The heterozygous model generated 17 potential
candidate variants in 16 genes, the heterozygous 5
variants in 3 genes, and the compound het model
identified a further 2 genes (4 variants). In silicovisual-
ization was performed to further remove false positive
variant calls using the Integrative Genomics Viewer.[11]

After incorporating an additional 30 similarly affected
ATD cases with accompanying liver disease, we again
attempted to filter variants absent in the 2 unaffected
siblings for functional consequence (CADD score > 18,
PolyPhen> 0.15 or SIFT < 0.05) and global frequency
in ExAC populations (minor allele frequency [MAF]
< 0.01). Stratifying these individuals by age of onset
(infants, juveniles, adolescents, and adults), no qualify-
ing putatively functional variants were common to all
age groups. Within each age group, we identified
several genes containing either variants with multiple
carriers and/or multiple variants. We saw 2 genes with
variants only in infants, 17 genes with variants in
juveniles, 6 genes with variants only in adolescents, and
2 genes with variants only in adulthood.

With the addition of 50 control individuals homozy-
gous for the Z allele but without liver disease, we
relaxed some of the stringent assumptions of global
allele frequency and took a more objective approach
to variant discovery by performing 2 main analyses:
(1) single variant case/control analysis and (2)
identifying variants uniquely carried only by cases or
only by controls. We then tested genetic variants for
association between cases with ATD and liver
disease and controls with ATD but no liver disease.
Due to the relatedness identified among our cases
and controls, we ran association testing both using an
unrelated subset of individuals, prioritizing cases and
otherwise randomly selecting 1 individual from each
family, and also including all individuals using a linear
mixed model approach, which uses a relationship
matrix created from the genetic data (genetic rela-
tionship matrix) to adjust for both known and cryptic
relatedness within our study sample.

In the analysis of unrelated individuals, we use Firth-
bias corrected logistic regression,[12] which corrects for
low counts for rare variants, to test for association
between cases with liver disease and controls with no
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liver disease. This analysis consisted of 28 cases and 46
controls. For analysis of all individuals taking the
relationship into account, we used a linear mixed model
approach, EMMAX, that treats case/control values on a
linear scale, which provides reliable p-value estimates for
the association, though beta estimates are not appropri-
ately interpretable. Both Firth logistic regression and
EMMAX[13] are implemented in the EPACTS software
(https://genome.sph.umich.edu/wiki/EPACTS).

Following the identification of genes in each of the
methods proposed above, we further prioritized candi-
dates for additional follow-up experiments based on the
overlap of genes implicated in autophagy pathways. We
used 3 sources of identified autophagy genes: a
proteomics selection experiment to define the human
autophagy system,[14] genes in the human autophagy
database, and proteins differentially expressed in
mouse models of ATD.[15]

For 3 candidate variants, we sought further validation
of genotype results through an orthogonal technology.
We validated each of these variants, rs141977664
(chr1:36074927 G/A, p.Ala123Val in PSMB2),
rs140836761 (chr5:32230027 G/A, p.Arg701Cys in
MTMR12), and rs150609294 (chr11:121384931 A/C,
p.Asn371Thr in SORL1), with Sanger sequencing at
GENEWIZ followed by manual inspection of both
forward and reverse sequence traces. Except for
genotypes not called through exome sequencing, we
validated all genotypes, and no additional initially
uncalled samples were carriers for these rare variants.

Mammalian cell models and immunoblot
analysis

We used the HTO/Z cell line[15] with inducible expres-
sion of ATZ and then engineered for KI of variants in
specific autophagy genes using the Genome Engineer-
ing & Stem Cell Center (GESC@MGI) at Washington
University in St. Louis. Steady-state levels of ATZ were
analyzed by immunoblot and densitometric quantifica-
tion as described.[15]

Generation of iHeps

Fibroblasts and blood mononuclear cells were reprog-
rammed using lentiviral-mediated gene transfer and
nucleofection as described.[16] Directed differentiation of
iPScs into iHeps was carried out by plating cells on
growth factor reduced Matrigel and using 4 steps of
endoderm induction, hepatic specification, hepatic
induction, and hepatic maturation with various concen-
trations of activin A, bone morphogenic protein 4, FGF2,
HGF, and oncostatin M as described.[16] Each of the
lines was evaluated after differentiation by expression
of albumin, asialoglycoprotein receptor, alpha-feto

protein, ultrastructural features characteristic of primary
hepatocytes, and relative secretion of albumin in
pulse-chase experiments. Despite the different origins
of the lines (skin fibroblasts versus peripheral blood
mononuclear cells) and the manipulations that were part
of the CRISPR-mediated editing, the differentiated state
of the lines was similar in terms of each of these
parameters.

HTO/Z cells and iHeps that underwent CRISPR-
mediated editing were subcultured to generate single-
cell clones, and the selected clones were shown to
have the appropriate mutation in the target site region
by NGS in each case. Other details on CRISPR-
mediated editing of HTO/Z cells and iHeps are
described in the Supplemental Methods section, http://
links.lww.com/HEP/I396.

Pulse-chase radiolabeling of iHeps

Methods for biosynthetic labeling with 35S methionine,
immunoprecipitation, sodium dodecyl sulfate poly-
acrylamide gel electrophoresis/fluorography, and densi-
tometric analysis have been published.[17] The pulse
period was 1 hour and the chase for various time
intervals up to 4 hours. All fluorograms were subjected
to densitometric analysis using ImageJ software with
the relative densitometric value of T0 set at 100% and
the remainder of the data set expressed as % of
this value.

RESULTS

Potential modifiers of liver disease
phenotype from sequence analysis of
unique family

We analyzed whole-exome sequence data from the 3
siblings and their parents to identify variants that were
found differentially in the siblings (Figure 1A). Filtering was
carried out to identify variants based on allele frequency
and likely to be damaging to protein function (loss-of-
function), and this narrowed the number of variants to 115
in 113 genes (Figure 1B). From this list, we narrowed
further to genes that were known to have some function in
proteostasis and variants that were expressed
heterozygously, that is, present as heterozygote in the
index case and absent in the protected sibs. Second, we
used a control cohort to determine the MAF of variants in
the candidate proteostasis genes. The control cohort
consisted of 101 ATZ homozygous subjects over the age
of 30 years with no lung disease (by spirometry) and no
signs or symptoms of liver disease (by questionnaire) from
the AAT Genetic Modifier Study.[18] Exome chip analysis
for selected variants was carried out on all of these
subjects, and whole-exome sequencing on a sub-group of
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Z/+

Z/Z

Z/+

Z/Z Z/Z

Liver disease
No liver disease

• Exome sequencing of DNA from PBMCs
• RNA sequencing of RNA from PBMC and CD14+ cells 

(A)

(C)

(B)

Proteostasis
Lipid/fatty
acid
metabolism

Growth
factor/
hormone
signaling

Inflamma
tion/immune

Membrane
protein/
transport/
channel

Protein
trafficking

Cell
adhesion/
migration

Matrix

ESYT2 ACSF2 AHNAK ACKR2 ANO1 APIS3 CDHRP2 CILP
FAM134A AGPAT9 BMP2K IGLJ2 CNGB1 BPIFB6 CNTN5 FBN1
MARCH7 CHPT1 PDGFRL IGSF22 MUC4 HFE CERS6 GLMN
MTMR12 SMPD4 PTGFR MASP2 SLC22A14 TGM6 DIDO1 ILK
WDR41 SCUBE1 NCR3LG1 SLC22A18 TMEM139 LAMA1

ZFAND2B STK36 OAS3 TMEM234 VNN3 MICALCL

TNFAIP6 TLR8 VIT
ZBP1

Cytoskeleton
Cell
growth/pro
liferation

Trans
cription
factors

Neuronal
signaling

Nucleic
acid
metabolism

Mitochondria DNA repair Unknown/
misc.

DMD CAAP1 CNOT4 CHRNB4 CPEB4 MICU3 ALPK2 AAMDC
FSIP2 CDK10 LHX5 NPSR1 DHX38 MRPS5 FAM175A C11orf48
LMO7 INSC NOTO OR1F1 DIS3L2 C16orf46
NEB SAMD9L TCOF1 OR2B11 HARS C5orf60
SHROOM3 TP53BP2 TOX2 OR2C1 LOXL2 CCDC158
SPECC1L TP53I11 ZNF282 OR2M5 PCNT CCSER1
SPECC1L-
ADORA2A

TRAF31P3 ZNF501 OR4D6 POLK
CTC-
241N9.1

TBC1D10C ZFHX4 ZNF831 OR52B4
RP11-
1766F14.2

PRSS46

TPM2 OR52D1 SBDS TRGV11
TTC21A OR6M1 TCEB3B TSSK2

OR8D4 TET3
OR9G2 UPP2

WDR33

AHNAK rs112663
C11orf48 rs127922
Cdk14 rs894598
Cpeb4 rs117250
Esyt2 rs230547
FAM134A rs142234
GGT2P rs128168
MMTR12 rs189441
NEB rs772352
NEB rs141930
POM121C rs782242
SLC22A18 rs289170
STK36 rs341287
TBC1D10 rs783201
TRAF3IP3 rs147791

Dominant
ZNF527 rs774047
TLR8 rs368213

Recessive
CNTNAP3 rs373962
CNTNAP3 rs921467
FCGBP rs724752
FCGBP rs129097

Compound

Consequence of variant
Splice region
Regulatory
3’ UTR
Downstream gene
Non coding exon
Intron
Frameshift
Upstream gene
5’ UTR
Synonymous
Splice donor
Missense
In frame insertion
TF binding site
In frame deletion
Splice acceptor
Stop gained
Mature miRNA
Coding sequence
Stop lost
Intergenic
Stop retained
Initiator codon
NC transcript variant
Incomplete terminal codon
NMD transcript
Feature truncation
Feature elongation

F IGURE 1 Unique family (A), potentially damaging variants (B), and those prioritized for further analysis (C) are described in the text. The
variants in fibrillin-1 (FBN) and homeostatic iron regulator (HFE) are described as “ conflicting interpretation of pathogenicity” by the ClinVar
database. Abbreviaton: PBMC, peripheral blood mononuclear cells.
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50 subjects. Single nucleotide variants in 2 genes were
prioritized for further analysis——MTMR12rs140836761
(Chr5:32229921 G>A); FAM134Ars142234261 (Chr2:21
9182235A>G) (Figure 1C and Supplemental Tables 1-3,
http://links.lww.com/HEP/I397). In each case, the variant
was heterozygous in the index subject and completely
absent in the protected siblings. First, myotubularin-
related protein 12 (MTMR12) functions in autophago-
some-lysosome fusion, and a sequence variant in that
gene (distinct from the variant identified here) has been
implicated in a degenerative myopathy.[19,20] It has an
MAF of 0.003 in the control cohort. Second, FAM134A
has recently been shown to play a role in ER-phagy,
both working in concert with, and independently of,
FAM134B,[21] and its MAF in the control cohort was 0.

Interestingly, the MAN1B1 single nucleotide variant
rs4567that had been identified as a modifier of the liver
disease phenotype[7,8] was found to be homozygous for
the minor allele (A/A) in all 3 siblings (Supplemental
Fig. S1, http://links.lww.com/HEP/I398) and so could
not be implicated as a putative modifier in this
experimental paradigm.

To determine if variants in MTMR12 and FAM134A
could be potential modifiers of the liver disease pheno-
type, we first investigated the effects of knocking down
their expression with small interfering RNA on steady-
state levels of ATZ in the HTO/Z cell line, a HeLa-based
cell line engineered for inducible expression of ATZ that
has been extensively characterized in previous studies by
our team (Figure 2). The results show dose-dependent
increases in ATZ levels in HTO/Z cells treated with
that small interfering RNA to MTMR12 (Figure 2A)
and FAM134A (Figure 2B) but no effect for small
interfering RNA to a negative control protein extended
synaptotagmin 2, known to play a role in tethering of
vesicles from the ER to the plasma membrane
(Supplemental Fig. S2, http://links.lww.com/HEP/I398).

Next we examined the possibility of knocking in the
specific variants for MTMR12 and FAM134A in the HTO/
Z line to determine the effect on ATZ levels. We were
only able to establish clones with the KI on a knockout
background. Immunoblot analysis (Figure 2C, D) in these
KI/knockout lines shows decreased levels of either
MTMR12 or FAM134A in the designated line and
increased accumulation of ATZ in each case. These
results were consistent with the possibility that the
MTMR12 and FAM134A variants could accentuate ATZ
accumulation and potentially qualify as liver disease
susceptibility modifiers.

MTMR12 is a member of the myotubularin-related
protein family of conserved lipid phosphatases. It is
catalytically inactive but has been shown to stabilize the
myotubularin myotubularin protein 1 (MTM1), which is
catalytically active as a lipid phosphatase and known to
function in autophagosome-lysosome fusion.[19,20] A var-
iant in MTMR12 associated with centronuclear myopathy,
distinct from the variant we found in the index patient here,

has been shown to destabilize MTM1 in a zebrafish
model.[19] To determine whether the same phenomenon
occurs with the variant of MTMR12 identified in our index
patient, we investigated steady-state levels of MTM1 in the
HTO/Z cell line with KI/knockout of MTMR12. The results
show a significant reduction in levels of MTM1 when the
MTMR12 variant is engineered (Figure 2C and E),
validating the concept that de-stabilization of MTM1 is
the mechanism by which this variant impacts the
autophagy pathway in the index patient.

We also investigated autophagic function in the HTO/
Z cell lines with the editing of the MTMR12 and
FAM134A genes (Supplemental Fig S3, http://links.
lww.com/HEP/I398). The results show that the putative
damaging variants reduce the LC3II/LC3I ratio in the
absence and presence of bafilomycin, indicating that
autophagic flux is suppressed by the damaging effect
of these variants on the function of MTMR12 and
FAM134A in autophagy.

Analysis of variants in MTMR12 and
FAM134A in iHeps from the unique family

Next, we examined the possibility that the impact of the
MTMR12 and FAM134A variants could be evaluated in
iHeps from the unique family. Our study had shown that
iHeps from ZZ homozygotes with severe clinical liver
disease had reduced kinetics of IC degradation of ATZ
compared to ZZ homozygotes with no liver disease.[16]

We reasoned that it would be ideal for determining the
impact of the putative modifiers in the cells derived from
the 3 siblings. iHeps were derived from skin fibroblasts
of the index patient and his older sibling obtained when
they were infants. iHeps were derived from peripheral
blood mononuclear cell samples from all 3 sibling
20 years later. The iHeps were subjected to pulse-
chase radiolabeling and immune capture for the ATZ
polypeptide (Figure 3). The results show slower kinetics
of disappearance for ATZ in the IC contents from the
index case as compared to his siblings, and this was
apparent at the 2 different ages for the index case
and older sibling. The separation in kinetics was
apparent at chase time points of 3 and 4 hours. When
multiple replicates were compared, the differences were
significant at both of these chase time points (composite
results, lower right of Figure 3). The time of appearance
of ATZ in the extracellular (EC) fluid was not
significantly different except for a delay from 2 to
4 hours in the iHeps from the younger “protected”
sibling, which could only be explained by more robust IC
degradation in that case. Taken together, these results
provide strong evidence for the conclusion that liver
disease susceptibility in this family correlates with
impairment in IC degradative mechanism(s). The fact
that the difference in the rate of disappearance from the
IC compartment of the index case as compared to his
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older “protected” sibling is seen in samples from early
infancy and adulthood is most consistent with a
mechanism that is likely to be genetic or epigenetic.

With this data, we used iHeps from the index case to
investigate the effect of correcting the putative modifier
variants on the kinetics of degradation of ATZ. This was

done by genome editing of the iPSCs from the index case
such that they were converted to the MTMR12 allele that
characterized the protected siblings. The results in this
edited line showed an acceleration of the degradation of
ATZ (Figure 4A). The rate of disappearance of ATZ in the
iHeps from the index case with correction of theMTMR12
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F IGURE 2 Immunoblot analysis of the effect of knocking down and/or knocking in the MTMR12 and FAM134A variants in the HTO/Z cell line
with inducible expression of ATZ. (A) Knocking down MTMR12 with siRNA (relative densitometric values for ATZ levels compared to GAPDH
levels are shown at the top and relative densitometric values for MTMR12 levels are shown above the MTMR12 blot); (B) Knocking down
FAM134A with siRNA (relative densitometric values for ATZ levels compared to GAPDH levels are shown at the top and relative densitometric
values for FAM134A levels are shown above the FAM134A blot); (C) ATZ, MTMR12, MTM1 and β-actin levels in HTO/Z cell line with MTMR12
variant knock-in/knockout background (relative densitometric values for ATZ levels compared to β-actin levels are shown at the top and relative
densitometric values for MTM1 levels compared to β-actin levels are shown above the MTM1 blot); (D) ATZ, FAM134A and β-actin levels in HTO/Z
cell line with FAM134A variant knock-in/knockout background (relative densitometric values for ATZ levels compared to β-actin are shown at the
top); (E) MTM1 levels in HTO/Z cell line after removal of dox for 3 weeks, parent on the left and with MTMR12 variant knock-in/knockout
background on the right (relative densitometric values on the vertical axis; n = 4 separate experiments for each bar; *p < 0.001 for students t-test).
Abbreviations: ATZ, α1-antitrypsin variant Z; FAM134A, family with sequence similarity 134 member A; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; HTO, HeLa tet-off cell line; MTMR12, myotubularin-related protein 12; siRNA, small interfering RNA.
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variant was similar to that in the iHeps from the
youngest “protected” sib. The effect of the correction
was demonstrated in 2 independent clones from the
gene editing, and statistical analysis of the n = 4
replicates showed significant differences from the
index control at both 3 and 4 hours of the chase
period. Analysis of the timing of the appearance of
ATZ in the EC fluid showed a delay in 1 of the edited
replicates but, if anything, this is consistent with the
conclusion that an increased rate of IC degradation is
occurring in the edited clones. There was no difference
in the rate of disappearance from IC and appearance
in EC for albumin in the independent clones of iHeps
from the index patient with or without the correction of
the MTMR12 variant and as compared to his protected
sib (Supplemental Fig. S4A, http://links.lww.com/HEP/
I398), also providing evidence that the relative
differentiation of the iHeps was similar for each of
the comparisons.

The results were similar when we investigated the
effect of correcting the FAM134A variant in iPSCs from the
index case (Figure 4B). This was done by genome editing
that converted the FAM134A allele to that of the protected
siblings, and then the cells were differentiated into iHeps.
The results show that degradation of ATZwas accelerated
and reverted almost identically to the kinetic profile of
iHeps from the protected sibling with distinct differences at
the 3 and 4-hour time points. The kinetics of albumin were
identical in each of these clones (Supplemental Fig. S4B,
http://links.lww.com/HEP/I398). Taken together, these
results were consistent with a conclusion that variants in
MTMR12 and FAM134A could each represent modifiers
of the liver disease phenotype.

Next we investigated the effects of introducing the
putative pathogenic variants in MTMR12 and FAM134A,
characteristic of the index subject, into the iHeps of the
protected sibs. We first used genome editing for the
MTMR12 variant into the cells from the younger sibling
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F IGURE 3 Kinetics of ATZ fate in index versus protected subjects. Analysis of pulse-chase radiolabeling in iHeps from index subjects and
protected siblings. Fluorograms are shown at the top and densitometric analysis at the bottom. The densitometric results for each line are shown at
the left bottom, and the composite for index versus protected at the right bottom. The lines were derived from skin fibroblasts collected during
infancy for index and protected 2 subjects and separate PBMCs collected from the index and both protected subjects as adults. The younger
sibling is referred to as “protected” and the older sib as “protected 2”. Multiple replicates are shown in the graph at the lower left. The composite of
replicates (n = 3 for index; n = 4 for protected) is shown in the graph at the lower right. Bars represent SEM. The difference between the index
and protected subjects for the composite of replicates is significant at 3 hours (*p = 0.0092) and 4 hours (**p = 0.0096). Abbreviations: ATZ,
α1-antitrypsin variant Z; EC, extracellular; iHeps, induced hepatocyte-like cells; IC, intracellular; PBMC, peripheral blood mononuclear cells.
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(Figure 5A). Interestingly, this editing had no effect on the
kinetics of ATZ degradation. Indeed the kinetic profile was
identical to that in the unedited cells from the younger
sibling (Figure 5A). To determine if this surprising result
was peculiar to this iHep line, we also evaluated iHeps
from the older sibling (labeled “protected 2”). After editing
the MTMR12 variant of the index subject, the kinetics of
ATZ degradation were identical to those of the unedited
cells from the older sib (Figure 5B). Furthermore, using the
same approach, the FAM134A variant had no effect on
the kinetics of ATZ degradation in the iHeps of the younger
protected sibling (Figure 5C). There were some variations
in the timing of the appearance of ATZ in the EC fluid
among the edited clones, but these could not account for
the differences in the rate of IC degradation from the
unedited clones. Kinetics of albumin secretion were not
affected in these lines (Supplemental Fig. S5, http://links.
lww.com/HEP/I397).

To examine the possibility that the modifier effect
might require both variants, we next introduced the
FAM134A variant from the index subject into the iHeps
of the protected younger sibling into which we had
previously engineered the index MTMR12 variant

(Figure 5D). These results were striking. In 2 separate
clones, the kinetics of ATZ disappearance reverted to
the susceptible pattern with a significant delay at the 3
and 4-hour time points, almost identical to the rate in the
iHeps from the index case. Kinetics of albumin secretion
were not affected (Supplemental Fig. S6, http://links.
lww.com/HEP/I397). These results provide robust evi-
dence that variants in MTMR12 and FAM134A together
can slow the degradation of ATZ and conceptually
model accentuation of the proteotoxic consequences of
homozygosity for the ATZ variant.

We also investigated autophagic flux in the iHep
model cells (Supplemental Fig S7, http://links.lww.com/
HEP/I397). In each case, the LC3II to LC3I ratio
increased with bafilomycin treatment (Supplemental Fig
S7A, http://links.lww.com/HEP/I397). When comparing
the ratio in iHeps from the index case with and without
editing, there is a marked increase when the MTMR12
variant is corrected and a lesser, but still considerable,
increase when the FAM134A variant is corrected
(Supplemental Fig S7B, http://links.lww.com/HEP/I397).
The ratio was increased in the iHeps from the protected
compared to the index subject but the introduction of both
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F IGURE 4 Effect of correcting MTMR12 (A) and FAM134A (B) variants in the index subject on the kinetics of ATZ fate. Fluorograms for the
edited clones are shown at the top, and densitometric analysis compared to unedited iHeps from the index and protected subjects is shown in the
graphs at the bottom. Bars represent SEM. In (A), the difference between the index control (n = 3) and index-edited cells (n = 4) was significant at
3 hours (*p = 0.0006) and at 4 hours (**p = 0.0096). In (B), the difference between index control (n = 3) and the total (n = 6) of index-edited
together with protected control was significant at 3 hours (p < 0.01) and 4 hours (p < 0.01). Abbreviations: AT, α1-antitrypsin; ATZ, α1-antitrypsin
variant Z; EC, extracellular; FAM134A, family with sequence similarity 134 member A; iHeps, induced hepatocyte-like cells; IC, intracellular;
MTMR12, myotubularin-related protein 12.
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MTMR12 and FAM134A variants in the iHeps from the
protected subject did not lead to a reduction in the ratio.
This may mean that the introduction of these variants is
sufficient to slow the selected degradation of ATZ but not
sufficient to slow bulk autophagic flux.

Whole-exome sequencing for the MTMR12
and FAM134A variants in a cohort of ATD
subjects with severe liver disease

Next, we carried out whole-exome sequencing analysis on
a cohort of 30 well-characterized ATD ZZ homozygotes
who had undergone liver transplantation. This liver disease
cohort includes subjects ranging in age from 6.7 months to
55 years of age (3 less than 1 y of age; 10 at 1–5 y of age;
8 at 5–10 y of age; 5 at 10–20 y of age; 4 at 20–55 y). We
detected the identical MTMR12 variant in a single male
child who underwent liver transplantation at 5.8 years of
age. This subject had damaging variants in 2 other
proteostasis genes (PSMB2, DNAJC18) but not in
FAM134A. We did not detect the FAM134A variant in
any of the other subjects of the liver disease cohort. We
analyzed the DNA sequences from the liver disease cohort
for other damaging variants, including protein-coding
variants (nonsense, splice, and missense) predicted as
deleterious by both SIFT and Polyphen, in proteostasis
genes unique to the index subject but not in his siblings—
none were discovered. We also analyzed the DNA
sequences from the liver disease cohort for other proteo-
stasis genes with variants predicted to be damaging and
which had allele frequencies below 0.01 in the control
cohort. There were 31 variants that fit these criteria and at
least 1 in each of the 30 subjects. One of these variants
was present in 4 subjects in the liver disease cohort,
HOOK2, but its MAF in the control cohort was 0.14. Three
of the variants, PSMB2, SORL1, and CPVL, were each
present in 2 of the patients but only PSMB2 and SORL1
had a MAF less than 0.01 in the control cohort. Twelve
other variants were present in 2 subjects from the liver
disease cohort, but none of these had known proteostasis
functions.

Taken together with the above studies of MTMR12
and FAM134A, these results suggest genetic modifiers
of the liver disease phenotype in ATD, which have
known proteostasis function, are likely to be due to
numerous different variants akin to locus heterogeneity.

DISCUSSION

In this study, we use exomic sequencing analysis of a
unique family to identify potentially damaging variants in
proteostasis genes that could increase susceptibility to
liver disease in homozygotes for the ATZ variant in the
classical form of ATD. The analysis used a uniquely
rigorous approach to determining the pathogenicity of

candidate variants by testing them in the iHeps derived
from the affected subjects themselves and furthermore
by testing them for kinetic differences. Only 1 of 3
brothers who were ATZ homozygotes had severe liver
disease requiring liver transplantation at 18 months of
age. Analysis of genome sequences from this family
provided a favorable signal-to-noise background for
prioritizing putative variants, and kinetic studies of iHeps
from the 3 siblings showed that there was a specific
and “hard-wired” difference in rate of degradation that
correlated with the liver disease phenotype. Variants in
2 proteostasis genes that were identified in the index
case but not in his siblings met the criteria for being
genetic modifiers of liver disease susceptibility using a
functional genomics analytical strategy. The most
stringent of these criteria was accelerating the degra-
dation of ATZ by correcting each of these variants in
iHeps from the index case himself and by slowing the
degradation of ATZ when introducing both variants in
iHeps from one of the siblings. These results suggest
that a combination of at least 2 variants in proteostasis
genes may be necessary for predisposing the host to
liver disease and, further, suggest that the genetic
modifier mechanism is likely “polygenic”. One of the
variants was detected in another child with severe liver
disease from homozygous ZZ ATD who required liver
transplantation at age 5. Variants of other proteostasis
genes that could potentially meet criteria for liver
disease modifiers varied widely among a well-charac-
terized cohort of 30 ATZ homozygotes who underwent
liver disease, with most in individual patients and a few
in 2 patients at most, providing evidence that genetic
modifiers that can account for conversion to the liver
disease phenotype by exacerbating cellular accumula-
tion of ATZ are likely to be heterogeneous.

The results of this study provide the most powerful
validation to date of 2 concepts that have been
proposed to explain the marked variation in liver
disease phenotype among ATZ homozygotes. In
addition to the rather obvious concept that genetic and
environmental modifiers determine liver disease sus-
ceptibility, we have hypothesized that variation in
proteostatic mechanisms, and more specifically in
autophagy genes, would influence the relative degree
of IC ATZ accumulation or the cellular response to ATZ
accumulation and lead to more or less proteotoxicity.

It is not surprising that the first 2 variants that have the
capability to modify ATZ accumulation and liver disease
by gain-of-function proteotoxicity are involved in auto-
phagic function. We have shown that autophagy is the
dominant mechanism for disposal of ATZ in a variety of
model systems and that drugs that enhance autophagy
reduce the accumulation and toxicity of ATZ in vivo in
pre-clinical animal models.[17] In unique systems with
inducible expression of ATZ, we have shown that the
contribution of the other major disposal pathway, ERAD,
is limited,[6] and it remains highly unlikely that the
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proteasome can accommodate large polymers and/or
aggregates of ATZ. The variant in MTMR12 was selected
for further study because it was predicted to lead to
functional damage, and other studies have shown that
loss of MTMR12 function leads to instability in myotubu-
larin MTM1 and, in turn, reduced lipid phosphatase
activity for autophagy function.[19,20] Likewise, FAM134A
was selected because it is known to be a receptor for
autophagic regulation of the ER,[21] also called the ER-
phagy pathway, and would therefore be likely to
contribute to the autophagic disposal of ATZ from the
ER. Linkage to autophagy also provides an explanation
for why there is a peak in the incidence of liver failure
from ATD at ages 50–65 years,[3] a timing consistent with
a physiological decline in autophagic function.

There are several limitations of this study that need
to be considered in its conclusions. For 1 thing, we
only analyzed variants that were in coding regions and
were predicted to damage protein function and not
mutations that act by gain-of-function or arise from
non-coding regions, including regulatory elements.
Second, our study design is only applicable to variants
that affect the primary pathology of hepatocellular
proteotoxicity or what could be called ATD-specific
variants. There are likely to be genetic modifiers that
impact the response of the liver to ATZ accumulation
in ways that are not ATD-specific, including, for
example, variants that affect the cholestatic, inflam-
matory and/or fibrotic responses. Third, our conclu-
sions are also limited by the criteria used in the study
in which we are comparing the absence of the liver
disease phenotype to the most severe form of liver
injury, in which liver transplantation is required. This
means that there are likely to be other variants that
account for the wide variation in the severity of liver
disease that is known to occur in patients with ATD. In
other words, our approach could not assess for
common variants, including those that lead to varia-
tion in the severity of liver disease in non-ATD
disorders. Recent approaches using polygenic risk
scores, coupled with a large, well-phenotyped cohort,
could provide valuable insight into these types of other
considerations for genetic effects underlying this
disease.

One of the surprising results of the study is that
correcting the MTMR12 and FAM134A variants each
accelerated the degradation of ATZ in the iHeps from
the index subject, but both variants were required to
slow the degradation of ATZ in the iHeps from the
protected subject. The most likely explanation for this
lies in the overall capacity, multiplicity, and temporally
adaptive properties within the different autophagolyso-
somal mechanisms that participate in the degradation of
ATZ[6] such that correcting 1 gene is sufficient to
accelerate the process but impaired functioning of 2
genes is necessary to slow it down. Indeed, the fact that
most ATD homozygotes escape severe liver disease is

consistent with the prediction that multiple variants
would be needed to predispose to hepatic proteotoxic
consequences.

In summary, using a stringent functional genomics
strategy, we identified a combination of variants in
proteostasis genes that could modify the primary
pathology and liver disease susceptibility in a unique
family affected by the classical form of ATD. These
determinations provide powerful proof-in-principle for a
2-hit conceptual model for liver disease progression in
ATD and, at a more general level, for the role of
proteostasis mechanisms in the clinical manifestations
of a proteotoxic genetic disease. Further studies of
many more patients with ATD with liver failure will be
needed to determine if these 2 variants affect other
families with this genetic disease, but the current results
provide a basis for further considering the autophagy
pathway as a therapeutic target using the personalized
medicine paradigm.
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