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CRISPR (clustered regularly interspaced short palindromic repeats) genome editing holds promise in the
treatment of genetic diseases that currently lack effective long-term therapies. Patients with alpha-1 antitrypsin (AAT) deficiency develop progressive lung disease due to the loss of AAT’s antiprotease function and
liver disease due to a toxic gain of function of the common mutant allele. However, it remains unknown
whether CRISPR-mediated AAT correction in the liver, where AAT is primarily expressed, can correct either
or both defects. Here we show that AAV delivery of CRISPR can effectively correct Z-AAT mutation in the liver
of a transgenic mouse model. Specifically, we co-injected two AAVs: one expressing Cas9 and another encoding
an AAT guide RNA and homology-directed repair template. In both neonatal and adult mice, this treatment
partially restored M-AAT in the serum. Furthermore, deep sequencing confirmed both indel mutations and
precise gene correction in the liver, permitting careful analysis of gene editing events in vivo. This study
demonstrates a proof of concept for the application of CRISPR-Cas9 technology to correct AAT mutations
in vivo and validates continued exploration of this approach for the treatment of patients with AAT deficiency.
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INTRODUCTION
ALPHA -1 ANTITRYPSIN (AAT, SERPINA1) deficiency
(AATD) is one of the most common genetic diseases
in North America, with a carrier frequency of approximately 4% in the U.S. population. AAT, a
plasma glycoprotein secreted predominantly by
hepatocytes, is in the serine proteinase inhibitor
super family.1 In healthy individuals, wildtype
AAT (M-AAT) is secreted from hepatocytes, resulting in normal serum levels of 570–1,500 lg/mL.
Secreted M-AAT is transported to the lung, where
it inhibits the serine proteinases such as neutrophil elastase, which left unregulated can degrade
and damage the connective tissue matrix of the
lung. The Glu342Lys (Z-AAT or PiZ) mutation is
the most common variant among AATD patients.

Homozygous PiZ mutation results in failed secretion from hepatocytes and a subsequent aggregation of mutant Z-AAT. AATD is unique in that
mutations commonly cause both a gain-of-function
toxicity in the liver and loss-of-function disease in
the lung secondary to failed excretion of AAT protein into the serum. Previous studies have suggested that a minimum serum concentration of
570 lg/mL M-AAT is required to protect against
lung damage.2 Currently, the only specific therapy
for AATD-related lung disease is weekly or biweekly intravenous injection of plasma enriched
for AAT (aka ‘‘protein augmentation therapy’’).3,4
In some liver diseases, such as hemophilia, restoration of 3–7% functional protein can provide
therapeutic benefits. A much higher level of gene
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correction is required to generate sufficient serum
M-AAT level in AATD.
Gene therapy approaches for AATD are challenging because mutant AAT must be corrected to its
wildtype form and be sufficiently secreted in order to
fully rescue the lung disease. Previous studies have
demonstrated proof-of-concept gene augmentation
of AAT in animal models.5,6 In addition, RNAi have
been used to downregulate Z-AAT within hepatocytes to decrease the accumulated mutant protein.7
In clinical trials, M-AAT cDNA has also been delivered via adeno-associated virus (AAV) from the
muscle to restore M-AAT in the serum.8 In comparison to AAV-based M-AAT augmentation and
Z-AAT knockdown, in vivo genome editing is a most
direct method to permanently correct Z-AAT mutation into M-AAT, which has the potential to provide
long-term therapeutic benefit. Recently a targeted
gene editing approach using a nuclease free targeted
homologous recombination of an AAV expressing
microRNA to silence mutant AAT along with a
microRNA-resistant wildtype AAT cDNA into the
albumin locus was described.9 The authors showed a
selective advantage for corrected hepatocytes
achieving both serum AAT level correction and liver
disease amelioration.
A transgenic mouse model for the study of AATD
was generated in the 1980s and has been widely
used for preclinical studies for gene therapy of AATDrelated disease.10,11 A *14 kb human Z-AAT transgene was introduced into the germline of mice,
resulting in a mouse strain (PiZ mice) that expresses artificially high levels of human Z-AAT.
These transgenic mice recapitulate multiple components of the human PiZ liver disease, including
hepatic accumulation of Z-AAT and failed secretion
of AAT into the blood stream. PiZ mice do not have
AATD-related lung disease because endogenous
mouse Serpina1 loci are still present—an important limitation of the model. Nonetheless, this
system provides a genetic model for exploring gene
correction of PiZ mutation, with potential toward
human application.12
CRISPR (clustered regularly interspaced short
palindromic repeats)/Cas9 has emerged as a transforming genome editing tool with powerful therapeutic applicability.13,14 Single guide RNA (sgRNA)
guides the Cas9 endonuclease to complementary 20
nucleotide genomic sequences that must possess
a downstream NGG protospacer-adjacent motif
(PAM). Catalytic activity of Cas9 generates doublestranded DNA breaks at that locus, which are
typically repaired by either nonhomologous end
joining or the more precise homology-directed repair (HDR) pathway.

Many groups have demonstrated correction of
genetic disease genes by CRISPR in cells or mouse
models.15–18 We have recently developed CRISPR
delivery for correcting a disease point mutation in
the mouse liver.19–23 Although CRISPR/Cas9 has
proven an attractive approach for therapeutic
genome editing, correction of CRISPR-mediated
Z-AAT correction in vivo has yet to be investigated.
In this study, we applied dual AAV vectors to
deliver Cas9 and sgRNA/HDR template into PiZ
transgenic mice to explore the effectiveness of
Z-AAT genome editing and HDR correction in the
liver. We observed that CRISPR treatment restored M-AAT to 45–71 lg/mL in the serum, suggesting that our dual AAV vector strategy has
potential to be optimized for exploring the treatment of AATD.

MATERIALS AND METHODS
CRISPR vectors
Single guide RNA sequences (Supplementary
Table S1; Supplementary Data are available online
at www.liebertpub.com/hum) were designed as described.13 sgRNA oligos (IDT) were annealed and
cloned into the pX330 vector (addgene 42230). The
AAV vector was cloned by Gibson cloning.
Cell culture, transfection, and
sgRNA evaluation
Cell culture conditions were as previously described.24 Human 293T cells were cultured in Dulbecco’s modified Eagle’s medium +10% fetal bovine
serum and transfected in 24-well plates with 300 ng
pX330.sgAAT plasmid DNA using Mirus LT1. Total
cellular DNA was collected with the QuickExtract
reagent. For sgRNA evaluation with surveyor assay, PCR products were purified and treated with
the Surveyor nuclease kit (Transgenomic). DNA
was electrophoresed on a 4–20 % Novex TBE Gel
(Life Technologies) and detected after ethidium
bromide staining. All data are repeated in at least
two independent transfections.
Animal experiments
All animal protocols were approved by the
UMass Medical School Institutional Animal Care
and Use Committee. AAV vector was constructed
using Gibson assembly. AAV virus was prepared
and purified by UMASS Medical School Viral Vector Core. Two hundred microliters of virus liquid mixture including AAV9-Cas9 (2 · 1011) and
AAV8-HDR (1.2 · 1012) was delivered to *8-weekold PiZ mice by tail vein injection or 1-week-old PiZ
mice by intraperitoneal injection. Mice were humanely sacrificed by CO2 for analysis.

GENOME EDITING PARTIALLY RESTORES AAT DEFICIENCY

Downloaded by 69.118.233.169 from www.liebertpub.com at 07/03/18. For personal use only.

Histology and Immunohistochemistry
Livers were fixed in 4% (v/v) formalin overnight
and embedded in paraffin. Four micrometer liver
sections were stained with hematoxylin and eosin
or with Myc tag antibodies (ab19234, Abcam, 1:800
dilution) using standard immunohistochemistry
protocols. The percentage of Myc+ cells was measured at low magnification lens from at least three
regions per liver (4 mice).
CRISPR-induced insertion/deletion
detection and AAT correction
Genomic DNA was purified from mouse liver followed by the protocol of the High-Pure PCR Template
Preparation Kit (Roche). sgRNA target sites were
PCR amplified through two-step PCR with the
primers shown in Supplementary Table S2 and subjected to deep sequencing on Illumina NextSeq500.
BWA 0.7.5 and SAMtools 0.1.19 were used for mapping the identified reads to the reference genomic
sequence. Insertions and deletions were identified
and detected by VarScan2 (version 2.3). The HDR
rate was based on the ratio of reads of corrected MAAT over the total mapped reads.
Myc tagged M-AAT ELISA
High binding extra 96-well plates were coated
with goat anti-Myc tag antibody (1:1,000; ab19234,
Abcam) in Voller’s buffer at 4!C overnight, and 5%
bovine serum albumin was used to block the plates
at 37 !C for 1 hour. The concentration of Myc tagAAT in the serum was then quantified as previously described7 using a Myc tag-AAT standard
curve.
Statistics
Student’s t-test and One-Way ANOVA were
used to determine P values.

RESULTS
To determine whether CRISPR can edit the AAT
locus in human cells, we designed two sgRNAs,
sgAAT.1 and sgAAT.2, targeting the AAT coding
sequence adjacent to the PiZ mutation (Supplementary Fig. S1). We transfected human 293T cells
with pX330 vectors co-expressing Cas9 and sgAAT
and observed CRISPR-induced indel bands of predicted molecular weights by surveyor nuclease assay (Supplementary Fig. S1). sgAAT.2 was chosen
for in vivo study because it demonstrated higher
editing efficiency than sgAAT.1. All sgRNAs with
NGG PAM within the 60 bp region flanking the PiZ
mutation is listed in Supplementary Table S3. Notably, sgAAT.2 does not have high score predicted
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off-target sites in the human genome (Supplementary Table S4). Together these results suggest that
CRISPR genome editing was achieved in cells.
Due to size limitations two AAV vectors were
utilized to deliver CRIPSR in vivo. One AAV vector
harboring a U1a-Cas9 expression cassette25 was
packaged using an AAV9 serotype (termed AAV9Cas9 hereafter), which has broad tropism, and can
target hepatocytes. We chose AAV9 because of the
potential to investigate the safety profile of systemic Cas9 delivery. The second AAV vector, containing a U6-sgRNA expression cassette and HDR
template (Fig. 1A) was packaged using an AAV8
serotype (termed AAV8-HDR hereafter), which
mainly targets hepatocytes. We designed an HDR
template containing a 1.6-kb sequence homologous
to the AAT genomic region to (1) correct the mutant
‘‘A’’ nucleotide to wild-type ‘‘G’’ in order to effect an
amino acid change from mutant 342Lys(AAG) to
342Glu(GAG); (2) change the ‘‘GGG’’ PAM into
‘‘GGC’’ to prevent recleavage of the repaired chromatid following the initial HDR event; (3) insert a
30 nt Myc tag before STOP codon (Fig. 1A). The
Myc tag facilitates M-AAT detection in tissue and
serum.7
To explore whether the dual-vector HDR approach can repair the Z-AAT mutation in vivo, we
co-injected 1-week-old young PiZ mice (n = 4) with
AAV8-HDR and AAV9-Cas9 (Fig. 1B), and the
treated mice were euthanized for analysis after
3 weeks (Fig. 1B). Age-matched untreated mice were
used as controls. To examine whether CRISPR
generates M-AAT positive hepatocytes in vivo, we
stained liver sections with a Myc tag–specific antibody by immunohistochemistry. Around 14% of
hepatocytes stained Myc-tag positive in CRISPRtreated PiZ mice (Fig. 1C, D). To determine whether
Myc tagged M-AAT can be efficiently secreted into
serum, we performed ELISA on the serum of both
treated and non-treated mice. Whereas the control
mice had undetectable M-AAT levels, we detected
that the amount of M-AAT in the serum was
45 – 8 lg/mL in treated PiZ mice (Fig. 1E). Although
it is difficult to compare the M-AAT levels between
PiZ mice with multiple AAT gene copies and patient
with two copies, this level of Myc tag M-AAT is
comparable to approximately 8% of the 570 ug/mL
M-AAT required to improve lung disease in AATD
patients.2
To examine the efficiency of genome editing at
the human AAT locus in the liver, we performed the
deep sequencing of the human Z-AAT gene locus in
total PiZ liver genomic DNA. We observed an average of 22.3% small indels (insertions or deletions)
at the predicted sgRNA target region (Fig. 2A–D,
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Figure 1. In vivo delivery of Cas9 and adeno-associated virus–homology-directed repair (AAV-HDR) template in 1-week-old PiZ mice partially restores
wildtype alpha-1 antitrypsin (M-AAT) in the serum. (A) The design of AAV-HDR template and experiments. The common Glu342Lys AAT mutation (Z-AAT, or
PiZ) harbors a G to A point mutation in exon 5, resulting in loss of antiprotease function. AAV9-Cas9 harbors a U1a promoter-Cas9 expression cassette. A dualfunction AAV8 vector harbors U6 sgAAT and an HDR template (1.6 kb) with the ‘‘G’’ nucleotide to repair the ‘‘A’’ mutation. A Myc-tag was added before the stop
codon (STOP). (B) AAV8-HDR and AAV9-Cas9 were co-injected into 1-week-old PiZ mice with human Z-AAT transgene by intraperitoneal injection. Three
weeks later, liver and serum were harvested for genomic DNA analysis and ELISA, respectively. (C) Wild-type AAT Immunohistochemistry by Myc-tag
antibody in PiZ liver. Scale bar, 25 lm. (D) Myc-positive cells were counted to determine percentage of the edited hepatocytes. (E) Myc-tag M-AAT level in the
serum by ELISA. The average M-AAT is *8% of the 570 lg/mL threshold2. ***p < 0.001 (n = 4 mice) using one-way ANOVA. Error bars: mean – SD.

Supplementary Fig. S2, and Supplementary Table
S5). Of note, a one nucleotide G insertion was the
most abundant pattern observed in our analysis
of genome editing outcomes, which may lead to
truncated AAT (due to a shift in the reading frame
and introduction of a premature ‘‘TGA’’ stop codon
after the sgRNA PAM region). Because the truncated AAT may still be toxic to hepatocytes, we did
not study the AAT liver phenotype. To minimize
PCR bias, we designed a pair of primers (shown in
Fig. 2F; red color) located outside the two homology arms, permitting specific amplification of the
Z-AAT gene locus from the PiZ liver genome. A
second primer pair (Fig. 2F; blue color) was chosen
to generate a relatively unbiased genome-editing
template without Myc tag. The analysis of deep
sequencing data confirmed a corrected ‘‘G.C’’
pattern at the human AAT locus in 1.9 – 0.2% of

the total liver DNA (n = 4 mice) (Fig. 2E–F). These
data indicate that CRISPR induced both indel
mutations and precise gene correction in the PiZ
mouse liver.
To perform an initial off-target analysis in
mouse livers after long-term AAV expression of
Cas9, we chose the top three predicted off-target
(OT) sites in the mouse genome (Supplementary
Table S6). The sgAAT.2 target and OT sites were
PCR amplified and analyzed by Surveyor nuclease
assay. On-target site showed indel bands (Supplementary Fig. S2). All three off-target sites OT1,
OT2, and OT3 did not have detectable indel bands,
indicating that the off-target effect is below the
detection limit of this method. Future studies are
required to explore sgAAT’s off-target effects using
deep sequencing methods in mouse tissue and
human cells.
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Figure 2. CRISPR treatment generates both indel mutations and precise gene correction in the liver. (A) The predicted outcomes of CRISPR editing at PiZ loci.
(B) Indels in total DNA from liver by Illumina sequencing (n = 4 mice). Error bars represent the mean – SD. (C) Top six indels in the treated (n = 4) mice are
shown. (D) Distribution of indel length in a representative liver. (E) HDR rate, as measured by deep sequencing. (F) Scheme for detection of HDR events.
Schematic demonstrating ‘‘G.C’’ HDR pattern. Red arrows outside the HDR template (1.6 kb) indicate the first PCR primers. Blue arrows indicate second PCR
primers to generate unbiased targeted AAT genome library for HDR analysis.

To further explore whether AAV-mediated HDR
is also feasible in adult PiZ mice, we co-injected the
same amount of AAV9-Cas9 and AAV8-HDR into
2-month-old adult PiZ mice (Fig. 3A). Two months
later, we detected *18% Myc-tag positive hepatocytes (Fig. 3B–C) and 71 – 14 lg/mL M-AAT in the
serum (*12% of the 570 lg/mL level) (Fig. 3D). To
measure the genome editing efficiency, we used the
same primers as in Fig. 2F to amplify the genomic
DNA and performed Tracking of Indels by DEcomposition analysis to measure indel rate.26
*15% indels were observed in the treated mice
(Fig. 3E). Collectively, these data suggest that
CRISPR treatment can partially restore M-AAT in
adult PiZ mice.

DISCUSSION
Therapeutic editing has broad potential to treat
a range of diseases through permanent correction
of genetic mutations. We demonstrated that Cas9
delivered in tandem with sgRNA/HDR template
using AAV vectors can correct the common Z-AAT

mutation and partially restore M-AAT in the serum in both day-7 pups and 2-month-old adult PiZ
mice. HDR was confirmed by deep-sequencing
analysis. In line with a previous work demonstrating the application of CRISPR/Cas to correct
the PiZ mutation in human cells,27 our study is a
proof of concept for CRISPR-mediated correction
of a human-derived AAT mutation in a mouse
model.
While serum levels of M-AAT failed to reach the
suggested therapeutic threshold, our CRISPR AAV
vectors offer a platform that may be further optimized to increase the efficiency of gene correction.
A 30-nt Myc tag in the HDR template enabled the
careful quantification of serum M-AAT levels by
ELISA to assess successful M-AAT correction. Up
to 85 lg/mL M-AAT in the serum can be detected
after only a single round of treatment. Although
the M-AAT level in treated mice is only 8–12% of
the 570 lg/mL threshold, further improvement of
HDR efficiency may be achieved by leveraging
strategies to optimize HDR template design and
nonhomologous end joining pathway inhibition.28
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Figure 3. In vivo delivery of Cas9 and AAV-HDR template in adult PiZ mice partially restore M-AAT in the serum. (A) Two-month-old PiZ mice were injected
with AAV-HDR and AAV9-Cas9 by tail vein injection. Liver genome and serum were harvested 2 months later for DNA analysis and ELISA, respectively. (B)
Immunohistochemistry with Myc-tag antibody. Scale bar, 25 lm. (C) Myc-tag positive cells in liver sections. (D) Myc tagged M-AAT level in the serum. Error
bars represent the mean – S.E.M. (E) indels in total DNA from liver. Error bars represent the mean – SD. ***p < 0.001 (n = 4 mice) using one-way ANOVA.

The partial restoration of M-AAT levels in the
blood serum of CRISPR-treated mice suggests that
this approach may be effective in the treatment of
AATD-related lung disease. We have not formally
excluded MYC tag expression from nonintegrated
or randomly integrated rAAV vector sequences
mediated by the minimal inverted terminal repeats
(ITR) promoter activity. The MYC tag levels we
observed far surpass either the levels of ITRmediated expression observed in the past in the
liver or the levels of random-site integration of
rAAV vectors previously reported.29 Notably, the
sgAAT targeting exon 5 may generate truncated
AAT instead of depleting PiZ, preventing the investigation of liver phenotype in this study
(Fig. 2A). Shen et al.30 (co-submitted) showed that
sgAAT targeting exon 2 can effectively deplete

Z-AAT in PiZ mice, suggesting that CRISPR targeting exon 2 also improves Z-AAT liver disease.
More effective sgRNA may help increase the gene
editing and correction rate.
Previous studies have reported that the ratio of
hepatocytes expressing gene-corrected protein can
be higher than the ratio of HDR DNA level.22 Because PiZ mice have *16 copies of Z-AAT transgenes,9 only one corrected allele per dipoid or
polyploid hepatocyte cell is sufficient to yield an
M-AAT positive cell. It is also possible that a fraction
of M-AAT was secreted to neighboring hepatocytes
and was detected by immunohistochemistry. Future work is required to determine whether multiple copies of the PiZ transgenes help to increase
HDR rate in this model compared with an endogenous gene locus.
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It would seem likely that a higher efficiency of
gene editing would be required to reverse or prevent AAT liver disease than to treat lung disease,
since PiZ AAT acts within the cells that secrete it
and could trigger inflammation in a subset of uncorrected cells, even if the production of PiM AAT
from the corrected cells were sufficient to protect
the lungs from protease-mediated injury. Offsetting this consideration is the fact that the introduction of indels capable of inactivating the PiZ
allele could prevent expression of PiZ AAT and
thus protect hepatocytes from injury even if HDR
does not occur.
In addition to optimizing the CRISPR system,
future studies should address the safety profiles of
AAV and CRISPR. For example, CRISPR can induce off-target indels, and Cas9 has potential immune response in vivo.31,32 The livers of AATD
patients with PiZ alleles are overburdened by PiZ
accumulation and consequently more prone to inflammation and to the development of hepatocellular carcinoma.33 Since AAV integration has also
been linked to an increased risk of hepatocellular
carcinoma in some rodent models,34 any increase in
risk due to CRISPR-mediated mutagenesis also
bears careful examination. Thus, the safety of AAV
and CRISPR must be determined especially carefully in order to further evaluate the translational
applicability of this platform.
Because AAV is a clinically relevant delivery
vehicle, this study provides proof of principle for
correction of AATD mutations in a mammalian
system. The sgRNA for human AAT and related
rAAV vectors will be valuable for future studies.
Because AAV serotypes can target a wide range of
tissues besides liver, our approach has broad basic
research and clinical applications for other genetic
diseases. In this study, we applied the combination
of AAV8 and AAV9, future studies are required to
test other AAV serotype combinations. In summary, our delivery vehicles and genome editing
tools will provide a blueprint to guide future de-
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velopment of safe and effective CRISPR-mediated
AAT gene therapy.
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