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Background:�1-Antitrypsin (�1AT) deficiency (�1ATD) is a consequence of defective folding, trafficking, and secretion of
�1AT.
Results: SAHA restores the secretion of an active form of Z-�1AT in part through a calnexin- andHDAC7-sensitive dependent
mechanism(s).
Conclusion: SAHA may represent a potential therapeutic approach for �1ATD.
Significance: SAHA is a regulator of the proteostasis biology of Z-�1AT, favoring export of a functional form to serum.

�1-Antitrypsin (�1AT) deficiency (�1ATD) is a consequence
of defective folding, trafficking, and secretion of �1AT in
response to a defect in its interaction with the endoplasmic
reticulum proteostasis machineries. The most common and
severe form of �1ATD is caused by the Z-variant and is charac-
terized by the accumulation of �1AT polymers in the endoplas-
mic reticulum of the liver leading to a severe reduction (>85%)
of �1AT in the serum and its anti-protease activity in the lung.
In this organ �1AT is critical for ensuring tissue integrity by
inhibiting neutrophil elastase, a protease that degrades elastin.
Given the limited therapeutic options in �1ATD, a more
detailed understanding of the folding and trafficking biology
governing �1AT biogenesis and its response to small molecule
regulators is required. Herein we report the correction of
Z-�1AT secretion in response to treatment with the histone
deacetylase (HDAC) inhibitor suberoylanilide hydroxamic acid
(SAHA), acting in part through HDAC7 silencing and involving
a calnexin-sensitive mechanism. SAHA-mediated correction
restores Z-�1AT secretion and serpin activity to a level 50% that
observed for wild-type �1AT. These data suggest that HDAC
activity can influence Z-�1AT protein traffic and that SAHA
may represent a potential therapeutic approach for �1ATD and
other protein misfolding diseases.

Proper protein folding is essential to maintain cellular func-
tion and organismal health. The pathways that generate and
protect the fold collectively make up the proteostasis network
(PN)2 (1), a complex system of chaperones, folding enzymes,

and degradative components (2–9). The PN is controlled by
numerous signaling pathways such as the unfolded protein
response (10, 11) and the heat shock response (12, 13) as well as
Ca2�-sensing signaling pathways (5), autophagy (14, 15), inte-
grated oxidative stress and inflammatory signaling pathways
(16–21), and the acetylation proteostasis system (22). The PN
includes components required for folding both cytosolic pro-
teins and those found within the exocytic compartments, such
as the endoplasmic reticulum (ER). Genetic disorders, includ-
ing missense mutations, alter polypeptide chain folding ener-
getics (4, 23), often putting protein folding out of reach of the
folding capacity of the prevailing PN, triggering misfolding dis-
ease (2, 5, 6, 9, 24–27).
We now appreciate that �1AT deficiency (�1ATD) is a dis-

order of proteostasis-mediated protein folding and trafficking
pathways (2, 14, 22, 27–32).�1AT is a soluble 52-kDa glycopro-
tein and the most abundant member of the serine protease
inhibitor (SERPIN) family in plasma. It is delivered to the lung
where �1AT is critical to prevent degradation of elastin, a key
component ensuring the maintenance of lung elasticity. �1AT
is considered as a metastable protein that is produced and
secreted primarily by hepatocytes, with a poorly characterized
contribution from lung macrophages and type II lung alveolar
cells (14, 27, 33). �1AT acts as an inhibitor of serine proteases
such as human neutrophil elastase (HNE), cathepsin G, and
proteinase-3 by capturing these proteins in an irreversible,
higher molecular weight suicide complex through loop-sheet
insertion and proteolytic cleavage (33–35).
The reduced serum concentration of �1AT is a universal

characteristic of �1ATD, reflecting the failure of folding and
trafficking of �1AT through the secretory pathway (14, 33, 35,
36). The most common causes of inherited �1ATD are the Z-
and S-variants of �1AT, which are caused by the E342K and
E264V mutations, respectively, with the homozygous Z-�1AT
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being themost severe form of the disease (37, 38). The accumu-
lation of Z-variant polymers in the ER can result in proteotoxic
stress and associated chronic liver disease (27, 33, 39, 40). In
contrast, a defect in ER export of all disease-associated �1AT
variants leads to substantially reduced levels in the serum with
severe consequences for anti-protease activity in the lung. As
such, most �1AT variants found in �1ATD patients trigger
lung symptoms with varying times of onset and sensitivity to
the environment, particularly smoking, �1AT deficiency being
one of the most important risk factor for onset of chronic
obstructive pulmonary disease/emphysema (14, 27, 28, 33).
Histone acetyltransferases and deacetylases (HDACs) have

recently been shown to play an important role in liver and lung
physiology (16, 41–49). Histone acetyltransferase and HDAC
mediate, respectively, the post-translational acetylation and
deacetylation (50, 51) of histones as well as numerous other
luminal and cytosolic proteins, including PN components (22,
52–56) and proteostasis regulatory pathways such as the key
heat shock factor 1, involved in regulation of the cytosolic PN
(57, 58). Recent studies have suggested that targeting HDAC
activity with chemical HDAC inhibitors (HDACi) can provide
substantial benefit for type II diabetes (50, 59, 60), cancer (61–
63), rheumatoid arthritis (64), and chronic obstructive pul-
monary disease/emphysema and asthma-associated airway
inflammation (2, 27, 46, 65–67). Additionally, we have previ-
ously shown that HDACi can promote trafficking and function
of the �F508 mutant of the cystic fibrosis transmembrane con-
ductance regulator (CFTR) protein, a variant that is responsible
for themost common clinical presentation of cystic fibrosis (47,
68). HDACi have also been shown to correct the folding, traf-
ficking, and function of ER-localized mutants of �-glucocer-
ebrosidase, a lysosomal protein that when mutated is responsi-
ble for the onset of Gaucher disease, a lysosomal storage
disorder (69). The combined studies have led us to propose that
HDACi could strongly impact lung biology by altering the
acetylation/deacetylation equilibrium (3) to improve traffick-
ing and function (22) of the Z-variant.
Herein we identify an HDACi-sensitive pathway(s) involved

in the correction of the defect(s) associated with Z-�1AT traf-
ficking. We demonstrate that the suberoylanilide hydroxamic
acid (SAHA)-dependent correction of Z-�1AT secretion oper-
ates, at least in part, throughHDAC7 bymodulating a calnexin-
sensitive proteostasis pathway. Further characterization of
SAHA-mediated correction of Z-�1AT revealed secretion of a
functional Z-�1AT into the medium. The emerging evidence
that HDACi can be effectively used to manage multiple mis-
folding phenotypes in cell andmousemodel systems (47, 60, 68,
70–73) leads us to suggest that HDACs are proteostasis regu-
lators (1, 4) that could have an important impact on �1ATD
pathobiology and in the management of the misfolding disease
in the clinic (22).

MATERIALS AND METHODS

Cell Culture—Wild-type (WT) and Z-variant IB3 cells (pro-
vided by T. Flotte, University ofMassachusettsMedical School,
Worcester, MA) were cultured in LHC-8 medium containing
10% (v/v) fetal bovine serum (FBS) and 200 �g/ml G418.

HCT116 cells were purchased fromATCC (Manassas, VA) and
cultured in DMEM containing 10% (v/v) FBS.
DNA Constructs and Generation of Stable HCT116 Cell

Lines—Human WT and Z-variant (bases 73–1257) of �1AT
were PCR-amplified using the following primers: forward
(5�-TA CTC GAG GAG GAT CCC CAG GGA GAT-3�) and
reverse (5�-GTC AGC GGC CGC TTA TTT TTG GGT GGG
ATT-3�) and cloned into the XhoI and NotI sites of the pOZ
bicistronic retroviral expression plasmid, introducingN-termi-
nal FLAG and HA tags. The �1AT signal peptide (bases 1–72)
was cloned upstream of the FLAG tag at the BglII site of the
pOZ vector using annealed oligonucleotides. The HCT116 sta-
ble cell lines were generated as described previously (74–76).
siRNA-mediated Silencing—IB3 orHCT116 cells were plated

in 12-well tissue culture dishes and grown to 40% confluency.
Silencing of individual HDACs, EDEM3, ERO1L, and calnexin
were performed by transfecting cells with RNAiMax (Invitro-
gen) and a final concentration of 50 nM siRNA according to the
manufacturer’s protocol and as previously described (47).

�1AT [35S]Methionine Pulse-labeling—HCT116 cells were
incubated for 24 h in the absence or presence of 5 �M SAHA.
The cells were washed with 3 changes of PBS and starved for 45
min inmethionine-freeMEMmedium. Starvationmediumwas
replaced with FBS-free growth medium containing 60 �Ci of
Easy Tag Express [35S]methionine (PerkinElmer Life Sciences),
and cells were pulse-labeled for 15min. The labelingmedia was
subsequently replaced with FBS-free growth media and chased
for the indicated times. Cell lysates and media were collected,
�1AT was immunoprecipitated, and �1AT was identified by
SDS-PAGE as described under “Immunoblotting” below.

�1AT Secretion Assays—2 h before measurement of �1AT
secretion kinetics, cells were washed with PBS and incubated
with 350 �l (12-well plate) or 700 �l (6-well plate) of FBS-free
culturemedium. After the 2-h incubation, cells were harvested,
and the corresponding media were centrifuged at 1500 rpm for
30 min at 4 °C to separate cells and medium. After lysis of the
cells, the amount of �1AT in the immature to mature forms in
the lysate or secreted into the culture media was analyzed as
described under “Immunoblotting” below.

�1AT-mediated HNE Inhibition Assay—To determine the
activity of secreted �1AT, a fixed amount of media (20 �l) col-
lected in each experiment was incubated with increasing
amounts of human neutrophil elastase (0–10 ng) for 30 min at
37 °C. The binding reaction was terminated by the addition of
SDS-PAGE buffer, and the samples were subsequently incu-
bated at 95 °C for 5 min. The samples were then resolved by 8%
(v/v) SDS-PAGE, transferred to nitrocellulose, and immuno-
blotted with anti-human �1AT antibody. The densitometry of
the SDS-resistant complexes formed between either Z- or
WT-�1AT and HNE (5 ng) were quantified using the software
ImageJ in the linear region of the exposure.
Immunoblotting—Cell lysates were prepared in lysis buffer

(50 mM Tris-HCl, 150 mM NaCl, 1% (v/v) Triton X-100, and
protease inhibitors at 2 mg/ml of lysis buffer), and protein con-
centrations were determined by the Bradford protein assay
(Thermo Scientific, Rockford, IL). Total protein and media
were resuspended in 1� SDS sample buffer containing �-mer-
captoethanol and incubated at 95 °C for 5 min. The samples
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10–50 �g of total protein and 10–15 �l of media were then
separated on a 10% (v/v) SDS-PAGE, transferred to nitrocellu-
lose, and immunoblotted with anti-human �1AT antibody
(Immunology Consultants Laboratory, Newberg, OR) or the
indicated antibody.Detectionwas performedusing chemilumi-
nescence and the appropriate horseradish peroxidase-conju-
gated secondary antibodies. For native gel electrophoresis, 30
�l of cell media was separated on a 3–20% native gel according
to the manufacturer’s instructions (Expedeon Inc., San Diego,
CA), and immunoblotting was performed as described above
for SDS-PAGE. Hsp90 was used in general as loading control.
Analysis of Human Plasma Samples—Plasma samples from

Z/Z (Z-�1AT) and M/M (WT-�1AT) individuals were sepa-
rated on a 3–20% gradient native gel, and an immunoblot anal-
ysis of �1AT was performed as described above.

RESULTS

SAHA Corrects Secretion of Z-�1AT—Of the commonly
available hepatic and lung cell lines, none endogenously express
Z-�1AT but rather exhibit elevated levels of endogenous
WT-�1AT, impeding our ability to analyze exogenously
expressed Z-�1AT trafficking and secretion. To overcome this
limitation, we generated cell culture models to study the con-
tribution of proteostasis management on Z-�1AT trafficking.
These include a human epithelial colorectal carcinoma cell line
(HCT116) expressing N-terminal FLAG-tagged WT- or
Z-�1AT, referred to as WT- and Z-HCT116, and a human
bronchial epithelial cell line (IB3) expressing non-tagged WT-
or Z-�1AT, referred to as WT- and Z-IB3. Traffic of the �1AT
glycoprotein through the secretory pathway can be monitored
by a change in its migration on SDS-PAGE in response to the
processing of ER-acquired N-linked oligosaccharides (the
immature form (I)) during trafficking through theGolgi to gen-
erate the slower migrating, mature glycoform (M). The latter is
secreted into the serum (secreted form (S)) by the cell.
Both HCT116 and IB3 cell lines promoted maturation, traf-

ficking, and constitutive secretion ofWT-�1AT (supplemental
Fig. S1, A and B), suggesting that the N-terminal FLAG tag has
no impact on �1AT processing. Additionally, both cell lines
recapitulated the ER retention of the Z-variant (supplemental
Fig. S1, A and B), suggesting that both represent models for
studying Z-�1AT deficiency.

HDACi have been shown to modulate multiple protein fold-
ing pathways and promote a significant level of correction to
numerous protein misfolding diseases (22, 47, 61, 68, 69, 71,
77). Therefore, we examined the impact of HDACi treatment
on the trafficking of the misfolded Z-�1AT variant. There are
18 human HDACs that cluster into four classes by sequence
homology (16, 78, 79): Zn2�-dependent class I (HDAC1,
HDAC2, HDAC3, and HDAC8), class II (HDAC4-HDAC7,
HDAC9, and HDAC10) and class IV (HDAC11) enzymes,
and the NAD�-dependent class III enzymes (sirtuins). We
screened a panel of knownpanHDACi that interfereswith class
I, II, and IVHDACs to assess their ability to alter the trafficking
of Z-�1AT in Z-HCT116 cells. We detected an increase in the
trafficking (Fig. 1A, left) and secretion (Fig. 1A, right) of
Z-�1AT in response to the pan-HDACi: trichostatin A (TSA),
Scriptaid, and SAHA aswell as the class I-specificMS-275, with

SAHA and Scriptaid exhibiting the highest level of benefit in
restoring the secretion of Z-�1AT into the culture medium
(Fig. 1A). Identical results were observed for SAHA and
Scriptaid treatments in the Z-IB3 cell line expressing non-
tagged �1AT (supplemental Fig. S1C), thereby indicating that
the N-terminal FLAG tag used in HCT116 had no effect on the
observed SAHA and Scriptaid-mediated correction. Because
SAHA promoted efficient trafficking and is also an Food and
Drug Administration-approved drug for management of met-
astatic disease, we focused our study on this compound.
To better characterize the SAHA-mediated correction of

Z-�1AT, both Z-HCT116 and Z-IB3 cells were treated with
increasing concentrations of SAHA for 24 h (Fig. 1B and sup-
plemental Fig. S1C). SAHA improved Z-�1AT trafficking and
secretion in a dose-dependent manner, and correction was
observed at concentrations as low as 0.5 �M, with maximal
response observed at 5 �M (Fig. 1B and supplemental Fig. S1C).
We also observed a dose-dependent increase in Z-�1AT
mRNA starting at 0.5 �M (supplemental Fig. S1D), suggesting
that the SAHA-mediated correction could, at least in part, be
due to an increase in Z-�1AT transcription. WT-�1AT was
equally responsive to SAHA, exhibiting an increased secretion
at the 5 �M dosing (supplemental Fig. S1, E–F). Because both
the WT and Z-variant exhibited increased trafficking and
secretion in response SAHA treatment suggests that the
SAHA-mediated correction of the Z-variant trafficking occurs
via a conserved on-pathway mechanism.
To analyze the kinetics of the SAHA-mediated rescue of

Z-�1AT in HCT116 cells, we performed a time course analysis
using the optimal 5 �M dosing (Fig. 1C). We observed an
increased level of the ER-localized immature (I) Z-�1AT after
8 h of treatment (Fig. 1C and supplemental Fig. S1G) and the
appearance of both the mature (M) glycoform and secreted (S)
Z-�1AT after 12 h of treatment (Fig. 1C and supplemental Fig.
S1G). An apparent 1.5- and 1.8-fold increase in �1AT mRNA
was seen at 8 and 12 h, respectively, as compared with DMSO
(supplemental Fig. S1H). The difference in mRNA levels
between these two time points was not statistically significant.
However, an examination of the Z-�1AT protein levels in this
same 4-h window revealed some important differences includ-
ing 1) a statistically significant (�50%) increase in the level of
the ER-associated immature glycoform, 2) restoration of intra-
cellular trafficking of Z-�1AT as evidenced by the appearance
of the steady-state level of mature Golgi processed glycoform,
and 3) a 7-fold increase in the secretion of the Z-variant relative
to the basal level seen upon DMSO treatment (Fig. 1C and sup-
plemental Fig. S1G). A significant increase in histone H3 acety-
lation was also observed as early as 2 h post-dosing with drug,
consistent with the known epigenetic changes induced by
SAHA (Fig. 1C). In contrast, no change in �1AT mRNA could
be detected until 8 h post-treatment. These results suggest that,
in addition to the apparent slight increase in expression or sta-
bility of Z-�1ATmRNA in response to SAHA, additional com-
ponents could be transcriptionally and/or post-translationally
impacted by SAHA through an HDAC-mediated mecha-
nism(s), thereby contributing to the increased trafficking and
secretion of Z-�1AT.
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Given the elevated expression of the intracellular pool of
Z-�1AT seen in response to SAHA treatment (Fig. 1A), we
wanted to determine if the observed correction reflected a pro-
portional “leak” of the misfolded ER pool into the secretory
pathway or if we had achieved an increase in trafficking effi-
ciency. An analysis of Z-�1AT trafficking when overexpressed
at a level similar to that seen after SAHA treatment (supple-
mental Fig. S2A) revealed a level of maturation and secretion

that was substantially lower than that observed in the presence
of SAHA (supplemental Fig. S2A). To further characterize the
differences in secretion between Z-�1AT overexpression and
SAHA treatment, we analyzed the fractional distribution of
Z-�1AT between the immature, mature, and secreted pools.
Despite achieving a similar level of total Z-�1AT expression
with both conditions (supplemental Fig. S2A), we observed that
the mature and secreted pools of Z-�1AT were significantly

FIGURE 1. Correction of Z-�1AT trafficking in response to SAHA treatment. A, immunoblot analysis of �1AT and Hsp90 protein expression from cell lysates
(I, immature; M, mature) (left) and culture media (S, secreted) (right) after treatment of Z-HCT116 cells with 5 �M SAHA, 5 �M MS-275, 0.1 �M trichostatin A (TSA),
1 �M Scriptaid, and DMSO is shown. Quantitative analysis of the mature �1AT (left) and secreted �1AT (right) is shown (mean � S.D., n � 3). B, immunoblot
analysis of Z-�1AT, HDAC7, and Hsp90 protein expression from cell lysates and culture media after SAHA treatment of Z-HCT116 cells at the indicated
concentration is shown. Quantitative analysis of the -fold increase in secreted Z-�1AT relative to DMSO treatment (0 �M) is shown (mean � S.D., n � 3).
C, immunoblot analysis of �1AT, acetylated (Ac-H3), and total histone H3 (H3), and Hsp90 protein expression after treatment of Z-HCT116 cells with 5 �M SAHA
for the indicated time (h) is shown. D, pulse-chase analysis of Z-HCT116 cells after treatment with DMSO (top) or 5 �M SAHA (bottom) from cell lysates (upper)
and culture media (lower) for the indicated chase time (min) is shown. E, quantitative analysis of the pulse-chase experiments in D for the immature (left axis,
closed symbols) and combined mature and secreted (right axis, open symbols) forms of Z-�1AT after treatment with DMSO (squares) or 5 �M SAHA (circles) is
shown. Data shown denote the -fold change relative to t � 0 (mean � S.D., n � 2). In all panels asterisks indicate p � 0.05 as determined by two-tailed t test using
DMSO as the reference.
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higher in response to SAHA treatment, which was accompa-
nied by a concomitant decrease in the immature glycoform
(supplemental Fig. S2B). Conversely, the overexpression of
Z-�1AT did not alter the fractional distribution of the various
glycoforms as compared with that seen in the control condi-
tions. These results indicate that the SAHA-mediated correc-
tion of Z-�1AT does not occur as a result of a proportional leak
in response toZ-�1AToverexpression but rather froman alter-
ation in the efficiency of Z-�1AT synthesis, folding, and/or traf-
ficking, leading to productive maturation and secretion from
the cell.
To confirm the above results, we performed a pulse-chase

analysis using optimized SAHA dosing conditions (5 �M for
24 h) in Z-HCT116 cells (Fig. 1D). We observed that SAHA
treatment caused an initial delay in the decay of the ER pool of
Z-�1AT (Fig. 1E), supporting our hypothesis that this HDACi
mediates an increased stability of the Z-variant. This initial
increased stability was followed by a linear decay of the imma-
ture glycoform that was more rapid than that seen with vehicle
treatment alone, suggesting either increased degradation or ER
export. When the mature glycoform and secreted pool of
Z-�1AT from these pulse-labeled cells were analyzed, a 4-fold
increase in the rate ofmaturation and secretion of the Z-variant
was observed after SAHA treatment as compared with that
seen with DMSO (3.8� 10	5 min	1 (SAHA) versus 0.9� 10	5

min	1 (DMSO); Fig. 1E). This indicated that increased ER
export largely contributes to the more rapid disappearance of
the immature glycoform.Taken together, the above data (Fig. 1,
A–E, supplemental Figs. S1,A–H, and S2,A and B) suggest that
SAHA treatment corrects the trafficking defect associated with
the Z-variant of �1AT and restores its secretion to the cell
surface.
Chronic Low Dose Treatments Stabilize Z-�1AT Secretion

after Removal of SAHA—We next tested whether a lower, daily
chronic dosing schedule could sustain and/or enhance the
observed increased trafficking and secretion in Z-HCT116 cells
as previously shown for CFTR (47). To test this possibility, we
first demonstrated a robust dose-dependent correction of
Z-�1AT in response to 0.2 and 1 �M SAHA after a 120-h daily
dosing regimen (Fig. 2A). Maximal levels of mature Z-�1AT
were observed at the 24-h time point with a 1�M dose of SAHA
and remained constant over the entire 120-h period in both
Z-HCT116 andZ-IB3 cells (Fig. 2B and supplemental Fig. S2C).
Given that �1AT is constitutively secreted, the observed intra-
cellular level of mature Z-�1AT suggests that a steady-state
equilibrium of synthesis, degradation, and secretion was
achieved in response to the chronic SAHA-dosing regimen
after the first 24 h. In agreement with this interpretation, the
level of Z-�1AT secreted in a 2-hwindowat each indicated time
point revealed a steady-state level of secretion in the presence of
SAHA in both Z-HCT116 and Z-IB3 cells (Fig. 2B and supple-
mental Fig. S2C).

To determine whether this new corrected, steady-state equi-
libriumof Z-�1AT synthesis, folding, trafficking, and secretion,
achieved with the chronic low-dose protocol, would persist
after drug withdrawal as previously observed for CFTR (47), we
monitored the trafficking and secretion of Z-�1AT in
Z-HCT116 cells following a washout after an initial treatment

period of either 1 or 5 days with 1 �M SAHA (Fig. 2, C and D).
After SAHAwithdrawal, an overall decrease in the level of both
thematureGolgi processed and secretedZ-�1ATwas observed
for both the 1 and 5 days pretreatment schemes. However, the
decay of the SAHA-mediated correction exhibited dramatically
different kinetics depending on the length of the initial treat-
ment (Fig. 2,C andD). Specifically, when Z-HCT116 cells were
pretreated with SAHA for only 1 day (1 �M), an exponential
decrease in the accumulated mature glycoform and secreted
pool of Z-�1AT was observed, leading to the levels seen in
DMSO-treated cells after only a 24-h washout period (Fig. 2, C
and D). In contrast, the disappearance of the intracellular pool
of the mature glycoform of Z-�1AT exhibited linear decay
kinetics after withdrawal of drug after the 5-day pretreatment
scheme, suggesting a clear difference in how this pool is pro-
tected by the PN. Additionally, a statistically significant
increase in the levels of both themature glycoform and secreted
Z-�1AT remained even after a 72-h washout when cells were
exposed to the 1 �M chronic dosing regimen (Fig. 2, C and D).
These data demonstrate that the SAHA-mediated correction of
Z-�1AT persists even after compound withdrawal after a
chronic treatment regimen, thereby suggesting that a SAHA-
mediated correction of Z-�1AT secretion extends beyond sim-
ple transcriptional or translational regulation of �1AT expres-
sion. The latter effect was not expected to persist in the absence
of the compound as observed in acute dosing regimens reflect-
ing efficient washout of drug.
SAHA Partially Corrects Z-�1AT Trafficking Defect through

HDAC7—The dose-dependent correction of Z-�1AT by
SAHA in Z-HCT116 cells correlated with reduced levels of
HDAC7 (Fig. 1B), a result consistent with previous reports on
the effect of SAHA on HDAC7 expression (47, 80). To address
the role of HDAC7 and possibly other HDACs (81) in the
SAHA-mediated correction of Z-�1AT trafficking defect, we
examined the effect of siRNA-mediated HDAC silencing in
both the Z-HCT116 and Z-IB3 cell models. Upon examining
the 11 members that make up the class I, II, and IV HDACs,
only the silencing of HDAC7 (supplemental Fig. S3, A and B)
resulted in correction of Z-�1AT in both Z-HCT116 (Fig. 3A)
and Z-IB3 cells (Fig. 3B), yielding a 3- and 6-fold increase in
Z-variant secretion, respectively (Fig. 3,A and B). The silencing
of HDAC7 resulted in an �2.5-fold increase in �1AT mRNA
expression (supplemental Fig. S3C) similar to the �3-fold
increased observed after SAHA treatment (supplemental Fig.
S3C).
To provide additional support for our interpretation that the

observed SAHA-mediated correction of Z-�1AT can act
through HDAC7, we compared the effect of SAHA treatment
alone or in combination with HDAC7 silencing (supplemental
Fig. S4). Both siHDAC7 and SAHA treatments increased the
stability of the immature pool of the Z-variant and restored
maturation and secretion of Z-�1AT (supplemental Fig. S4).
Combining the SAHAand siHDAC7 treatments did not further
increase the stability of the ER-localized immature glycoformof
the Z-�1AT compared with that seen with SAHA treatment
alone (supplemental Fig. S4), raising the possibility that the
increased stability of the Z-variant in the ER seen in response to
SAHA acts through HDAC7. The combined treatment did
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result in an increase in maturation and secretion of Z-�1AT
compared with either treatment alone (supplemental Fig. S4),
but these effects were less then additive, suggesting that the
SAHA-mediated trafficking correction also acts, at least in part,
through an HDAC7-dependent mechanism. An analysis of the
level of HDAC7 silencing seen in response to SAHA treatment
alone or in combination with siHDAC7 treatment revealed a
significant difference in the extent ofHDAC7 knockdown (sup-
plemental Fig. S4, upper) under these two conditions with the
combined having a greater silencing (supplemental Fig. S4,
upper). This differential HDAC7 silencing could explain the
variable correction of Z-�1AT secretion seenwith SAHA treat-

ment alone or in combination with siHDAC7 treatment, with
the latter having a more pronounced corrective benefit as well
as an increased HDAC7 knockdown.
SAHA/siHDAC7-mediated Correction of Z-�1AT Acts

through the Calnexin Glycoprotein Cycle—A number of signal-
ing pathways are activated by protein misfolding in the ER,
including the unfolded protein response, which can be moni-
tored by the phosphorylation state of eIF2�, the ER-overload
response, which can be monitored by the phosphorylation
state and degradation of I�B (p-I�B), and autophagy, which
can be monitored by the amount of cleavage of LC3. Neither
SAHA nor siHDAC7 treatments activated these pathways

FIGURE 2. Chronic low dose SAHA treatment sustains correction of Z-�1AT. A, Z-�1AT expression in cell lysates (I, immature; M, mature) (upper panel) and
culture media (S, secreted) (middle panel) after a chronic, daily (every 24 h) treatment with DMSO, 0.2 or 1 �M SAHA for 120 h. B, immunoblot analysis of Z-�1AT
protein expression in cell lysates (upper panel) and culture media (middle panel) after a chronic daily dosing scheme (below) of Z-HCT116 cells with 1 �M SAHA
or DMSO for the indicated times (h). C, immunoblot analysis of Z-�1AT protein expression in cell lysates and culture media after a chronic daily pretreatment
with 1 �M SAHA for 1 or 5 days and subsequent drug washout for the indicated time (h). D, quantitative analysis of the amount of mature (left) and secreted
(right) forms of �1AT after a 1 (closed squares)- and 5-day (closed circles) pretreatment with 1 �M SAHA as in C. Data are plotted as the -fold change of �1AT
relative to the 5-day DMSO treatment control (open squares) (mean � S.D., n � 3). The inset in panel D (right) represents an enlargement of the 24 –72-h washout
period. The asterisk indicates p � 0.05 as determined by two-tailed t test using DMSO as the reference.
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(supplemental Fig. S5A) nor did they alter the protein
expression levels of calnexin, ERGIC53, protein disulfide
isomerase, the ER-associated binding immunoglobulin pro-
tein (BiP), and valosin-containing protein (VCP/p97),
known �1AT interacting partners thought to facilitate its
folding, trafficking, and degradation (35, 82–87) (supple-
mental Fig. S5B).

Given that �1AT is a luminal glycoprotein, we focused our
attention on PN pathways unique to the ER that manages gly-
coprotein folding. We first investigated the relationship
between Z-�1AT folding and the calnexin cycle in response to
SAHA because calnexin is a major regulator of glycoprotein

folding in the ER (11), and it has recently been suggested to
affect the trafficking of �1AT (82) as well as many other pro-
teins including, for example, �F508-CFTR, the latter variant of
which is corrected by both SAHA and siHDAC7 (47). Although
wedid not detect any change in the expression levels of calnexin
in response to SAHA (supplemental Fig. S5B), we did detect a
statistically significant 2- and 1.2-fold reduction in the recovery
of calnexin with Z-�1AT by co-immunoprecipitation, in
response to SAHAor siHDAC7 treatment, respectively (Fig. 4A
and supplemental Fig. S5C). This decreased level of interaction
was not due to a saturation of the available calnexin pool due to
increased expression of Z-�1AT, as a significant (
99%)
amount of the total calnexin remained in the unboundmaterial,
whereas 99% of the Z-�1AT was recovered in the immunopre-
cipitate (supplemental Fig. S5D). Given that SAHA and siH-
DAC7 are able to restore the trafficking of�F508CFTR (47, 87)
(supplemental Fig. S6, A and B), we monitored the binding of
calnexin to �F508-CFTR. As for Z-�1AT, we also observed a
decreased recovery of calnexin in response to both SAHA and
siHDAC7 treatments (supplemental Fig. S6, A and B).
To further address the role of calnexin in the SAHA-medi-

ated correction of Z-�1AT,we examined the effect of two drugs
known to alter the affinity of nascent proteins for calnexin: 1)
miglustat, an inhibitor of glucosidases I and II, both of which
are necessary for the proper cycling of calnexin from the nas-
cent polypeptide chain during folding (88), and 2) kifunensine,
an inhibitor of the ER �-1,2-mannosidase, whose activity is
required to allow improperly folded proteins to exit the cal-
nexin cycle and enter the degradation pathway (89, 90). As pre-
viously demonstrated (91–93), kifunensine treatment resulted
in a modest increase in Z-�1AT secretion, whereas miglustat
had no significant effect (Fig. 4B). When the SAHA and kifu-
nensine treatments were combined, a decrease in Z-�1AT
secretion was observed relative to that seen with SAHA alone,
whereas miglustat again had no effect (Fig. 4B). Because the
action of �-1,2-mannosidase is critical for the exit of client pro-
teins from the calnexin cycle (82, 90), these results suggest that
the SAHA-mediated correction proceeds through a similar
pathway. These results are also consistent with the observation
that SAHA-mediated disruption of the calnexin-�1AT interac-
tion is inhibited in the presence of kifunensine but not in the
presence of miglustat (Fig. 4C and supplemental Fig. S6C).
Therefore, we raise the possibility that the calnexin/�1AT
interaction represents a mechanistic target for the SAHA-me-
diated correction of Z-�1AT trafficking. For example, one pos-
sibility is that SAHA generates a more favorable ER folding
environment that allows the Z-�1AT to acquire a stable fold
and hence avoid the glycoprotein ERAD (GERAD) (93).
To provide further support for our interpretation that reduc-

ing the interaction of Z-�1AT with calnexin can restore the
trafficking and secretion of the Z-variant, we tested the effect of
silencing calnexin (siCANX) on Z-�1AT biogenesis. After cal-
nexin silencing, we observed a 3-fold increase in the level of the
immature form (Fig. 5,A and B), a 2-fold increase in themature
form (Fig. 5,A andC), and a 3-fold increase in the secreted pool
(Fig. 5, A and D) of Z-�1AT relative to the siScramble (Scr)-
transfected control. The level of correction seen upon calnexin
silencing was similar to that seen with SAHA treatment alone

FIGURE 3. Silencing of HDAC7 corrects Z-�1AT maturation and secretion.
Immunoblot analysis of Z-�1AT protein expression in cell lysates (upper pan-
els: I, immature; M, mature) and culture media (middle panels: S, secreted) after
siRNA-mediated silencing of HDACs 1–11 in Z-HCT116 cells (A) and Z-IB3 cells
(B). Quantitative analysis of the level of secreted Z-�1AT in response to silenc-
ing of the indicated HDAC in Z-HCT116 (A) and Z-IB3 (B) cells. Data shown
denote the -fold change in secreted Z-�1AT relative to scramble (Scr) control
(mean � S.D., n � 3). In all panels asterisks indicate p � 0.05 as determined by
two-tailed t test using Scr control as the reference.
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(Fig. 5, A–D). When SAHA treatment was combined with cal-
nexin silencing, we observed an additive effect (Fig. 5, A–D),
suggesting that disruption of the calnexin-client interaction is
not solely responsible for the observed effect of SAHA in cor-
recting the defect associated with the Z-�1AT.
Modification of the ER Proteostasis Environment upon SAHA

Treatment—Given the above observations, we next attempted
to identify additional components of the ER PN that could
affect the trafficking of Z-�1AT. To identify changes in the ER
PN, we investigated the effect of SAHA on the expression of 84
genes involved in ER-associated folding, degradation, post-
translational modification, and signaling (supplemental Table
S1). We observed that 7 genes exhibited a reduced expression,
and 9 genes showed an increased expression (
2-fold) in
response to SAHA treatment (Fig. 6A). An analysis of the func-
tional relationship between these genes revealed that �1AT is
tightly linked to the glycoprotein ERAD machinery through
EDEM3, OS9, and SEL1L, whose expressions were increased
uponSAHA treatment. This pathwayhas already been reported
to be involved in the degradation of misfolded, ER-localized
glycoprotein including another �1AT mutant, the Null Hong-
Kong (NHK) species (94, 95). Thus, it is reasonable to conclude
that EDEM3-OS9-SEL1Lwould also contribute to the degrada-
tion of the Z-variant. The results above reveal that although
SAHA mediates an increased expression of Z-�1AT itself, it is
also offset with an increased expression of the glycoprotein
ERAD pathway charged with its degradation should it fail to

fold properly. This suggests that the observed correction in
response to SAHA is not a result of simply overwhelming the
ER retention pathways typically associated with the Z-variant.
Moreover, when EDEM3-silenced cells were treated with
SAHA, we observed a synergistic effect on Z-�1AT correction
(supplemental Fig. S7A), suggesting that SAHA and siEDEM3
target the Z-variant correction via parallel pathways. These
results once again support a model of the SAHA-mediated cor-
rection of Z-�1AT without interfering or saturating the degra-
dation pathway of the Z-variant.
To confirm a potential role for SAHA as a more general pro-

teostasis regulator of �1AT biology, we further analyzed the
contribution of ERO1L in the biogenesis of �1AT. We first
analyzed the effect of SAHA on ERO1L expression levels (sup-
plemental Fig. S7B). Both ERO1L mRNA and protein expres-
sion were reduced after SAHA treatment (Fig. 6A and supple-
mental Fig. S7B). To addresswhether the reduced ERO1L levels
contribute to the observed SAHA-mediated rescue of Z-�1AT,
we next monitored the trafficking ability of the Z-variant after
siRNA-mediated silencing of ERO1L (siERO1L). The silencing
of ERO1L caused an increase in the level of immature (1.8-fold),
mature (2.3-fold), and secreted (1.8-fold) Z-�1AT relative to
that seen in scramble control (Fig. 6B), which was further
increased upon the addition of SAHA (Fig. 6B). This result indi-
cates that SAHA acts, at least in part, through silencing of
ERO1L and provides evidence that it represents a general pro-
teostasis regulator capable of targeting key pathwaysmediating

FIGURE 4. SAHA treatment alters calnexin binding to Z-�1AT. A, immunoblot and quantitative analyses of Z-�1AT and calnexin (CANX) from an immuno-
precipitation (IP) of Z-�1AT from Z-HCT116 cells treated with DMSO or 5 �M SAHA for 24 h are shown. B, immunoblot and quantitative analyses of the level of
secreted Z-�1AT after treatment of Z-HCT116 cells with 100 �M miglustat (MIG), 2 �g/ml kifunensine (KIF), or vehicle (Veh) for 24 h in the presence (white bars)
or absence (black bars) of 5 �M SAHA. The data represent the -fold change relative to vehicle control (mean � S.D., n � 2). C, immunoblot and quantitative
analyses of Z-�1AT and CANX from an immunoprecipitation of �1AT from Z-HCT116 cells treated with vehicle (Veh), 2 �g/ml kifunensine, or kifunensine � 5
�M SAHA for 24 h. The data in A and C are shown as a ratio of recovered calnexin to immature (I) Z-�1AT (mean � S.D., n � 3) relative to DMSO. In all panels, #
and * indicate p � 0.05 as determined by two-tailed t test using SAHA � vehicle (#) or vehicle (*) as the reference.
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the biogenesis of Z-�1AT and correction of its trafficking
defect.
SAHA Restores Z-�1AT Anti-protease Activity—Because we

observed correction of Z-�1AT secretion in response to SAHA
treatment, we tested whether the secreted Z-variant had anti-
protease activity. Tomonitor this activity, we exploited the abil-
ity of �1AT to form an SDS-resistant complex with HNE, lead-
ing to a slower migration of the �1AT-HNE complex on
SDS-PAGE (91, 96). Briefly, increasing quantities of HNE were
incubated with a fixed amount of media recovered from
WT-�1AT- or Z-�1AT-secreting cells. The resulting com-
plexes were analyzed by SDS-PAGE for evidence of �1AT
supershift to a higher molecular weight species representing
the HNE complex. As expected, the WT-�1AT secreted by
WT-HCT116 cells formed a higher molecular weight complex
with HNE (Fig. 7A, top panel). Because SDS-resistant com-
plexes were not observed when conditionedmedia from paren-
tal HCT116 cells was used, these complexes arise from the
secretion of WT-�1AT (supplemental Fig. S8A). In contrast to
the WT-�1AT result, no supershift was detected when the
media fromDMSO-treated Z-HCT116 cells were used (Fig. 7A,
middle panel) or, surprisingly, siHDAC7-treated cells (supple-
mental Fig. S8B). However, given the sensitivity of the assay to
HNE-mediated degradation of even WT-�1AT (Fig. 7A, top
panel), we cannot rule out the possibility that the low level of
secretion of the endogenous pool of Z-�1AT (DMSO vehicle)
or that observed in the presence of siHDAC7 was degraded,

precluding detection of the complexes. In contrast, in SAHA-
treated cells the secreted Z-�1AT showed significant incorpo-
ration into SDS-resistant complexes when compared with that
observed with theWT-�1AT (Fig. 7A, bottom panel). To iden-
tify the fraction of this SAHA-stimulated pool of Z-�1AT that
retained SERPIN activity, we quantified the SDS-resistant com-
plexes formed between Z- orWT-�1AT in the presence of sim-
ilar levels of �1AT in the media and 5 ng HNE (Fig. 7B). We
detected a 50% recovery of SDS-resistant Z-variant complexes
relative to that seen with WT-�1AT (Fig. 7B), indicating that
whereas the SAHA-mediated secreted pool does not restore the
full level of activity seen with WT-�1AT, it retains sufficient
activity to give a robust response in theHNEbinding assay. This
difference could be explained by the fact that Z-�1AT is
secreted largely as a polymeric pool after SAHA treatment (Fig.
7C), consistent with the polymeric state found in plasma of
Z-variant patients (Fig. 7D).

DISCUSSION

Herein, we report the improved secretion of an active species
of Z-�1AT in response to SAHA. The mechanism of action for
this HDACi-mediated correction is sensitive in part to the
reduction of the levels of HDAC7 and to the modulation of the
interaction of Z-�1ATwith the ER glycoprotein chaperone cal-
nexin that is likely linked to the activity of other ER PN compo-
nents including ERO1L and the EDEM3-OS9-SEL1L complex.
Our results are in agreement with the increasing evidence

that the cellular acetylome balance, managed through the
opposing activities of histone acetyltransferases and HDACs,
plays an important role as a key regulator of protein folding.
Indeed, there is increasing evidence that HDAC pathways play
a critical role in managing multiple protein structure relation-
ships. HDACs are particularly well characterized for their
impact on the quaternary structure of histones, controlling the
dynamics of nucleosome assembly, leading to their ability to
control access of DNA to the activity of transcription factors.
Moreover, it is also now appreciated that HDACs have a strong
influence on the activity of Hsp90 and the activity of heat shock
factor 1 (6, 13, 57), the key transcription factor controlling the
heat shock response favoring increased protection to protein
misfolding. We have suggested that both histone and non-his-
tone post-translational acetylation events represent only small
part of the total cellular acetylome now recognizes to be man-
aged by the acetylation proteostasis system (22, 97, 98).
Our characterization of the mechanism of action for the

HDACi-mediated correction indicates that SAHA, at least in
part, modulates the interaction between the N-glycans of
Z-�1AT and the calnexin folding machinery. The latter is a key
ER proteostasis component that recognizes glycoprotein-fold-
ing intermediates including �1AT and manages their folding
(35, 82, 99–101). Thus, our data are consistent with the idea
that SAHA targets a very early folding intermediate. Several
different mechanisms could account for the ability of SAHA to
alter the calnexin/client interaction and/or its interaction with
additional ER PN components including degradative and/or
redox-coupled components associated with folding steps. Cal-
nexin is reported to be acetylated at Lys-137, a post-translation
modification that localizes to the lectin domain of the protein

FIGURE 5. Calnexin silencing restores Z-�AT maturation and secretion. A,
immunoblot analysis of Z-�1AT, CANX, and HDAC7 protein expression in cell
lysates (M and I) and culture media (S) after siRNA-mediated calnexin silenc-
ing in the presence or absence of 5 �M SAHA in Z-HCT116 cells for 24 h. Two
exposures are shown to highlight the separate effects of siCANX on the
immature and mature bands. Quantitative analyses of the immature (B),
mature (C), and secreted (D) forms of Z-�1AT after calnexin silencing (gray bar
graph) relative to scrambled control (white bar graph) in the presence of a 5
�M SAHA or DMSO treatments of Z-HCT116 cells for 24 h. Data denote the
-fold change in the protein expression of the indicated Z-�1AT form relative
to DMSO � Scr control (mean � S.D., n � 4). In all panels, the * and # indicate
p � 0.05 as determined by two-tailed t test using DMSO � Scr (*) and SAHA �
Scr (#) as reference, respectively.
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(51). Therefore, a possible model whereby the acetylation state
of calnexin alters the conformation of the lectin motif and
inhibits its ability to associate with thematuring glycan chain of
client proteins remains possible. This hypothesis is supported
by the recent discovery of a class I HDAC(s) in the lumen of the
ER (102), although a mechanism of their putative translocation
into the ER lumen remains to be explained. Alternatively,
and/or in addition, the trafficking of theZ-variant protein could
be corrected in response to SAHA treatment through known
proteostasis events discussed above and/or unknown HDACi-
sensitive pathways. The latter could involve ER and/or cytosolic
acetylation proteostasis system-sensitive trafficking compo-
nents thatmust be aligned early in the folding process for effec-
tive ER export (7, 22, 47, 68). In agreement with this view, our
preliminary systems level assessment of SAHA-mediated
changes in gene expression of ER-associated PN components

revealed altered expression of multiple proteins known to be
functionally coupled to calnexin and that could contribute to
the overall folding environment of the ER promotingWT fold-
ing and trafficking. Moreover, a model involving histone mod-
ification and correction through epigenetic pathways that
affect trafficking is consistent with the persistence of the cor-
rective effect of a low dose, chronic SAHA treatment regimen
after compound withdrawal.
The role of SAHA as a regulator of PN biology affecting

�1AT export is similar to our recent proposal for SAHA-
mediated correction of �F508-CFTR (47), where alterations
in the PN pathways contribute to the restoration of mutant
function. Moreover, the need to energetically stabilize
Z-�1AT for export through the PN is consistent with the
recent use of the tetrapeptide chemical chaperone, TTAI,
that binds the loop-sheet cleft defective in disease and that

FIGURE 6. Silencing of ERO1L restores Z-�1AT maturation and secretion. A, quantitative PCR analysis of the effect of a 5 �M SAHA treatment on the mRNA
levels of 84 genes related to ER PN pathways in Z-HCT116 cells. The data are presented as -fold change in expression relative to DMSO treatment (mean � S.D.,
n � 3), and genes with a statistically significant difference in expression (p � 0.05), as determined by Student’s t test, are shown. B, immunoblot analysis of
Z-�1AT, ERO1L, and HDAC7 protein expression in cells extracts and culture media (S) after the silencing of ERO1L (siERO1L) in the presence or absence of 5 �M

SAHA in Z-HCT116 cells for 24 h. Quantitative analysis of the effect of ERO1L silencing (gray bar) on the immature, mature, and secreted forms of Z-�1AT relative
to Scr control (white bar) in the presence of 5 �M SAHA or DMSO treatments of Z-HCT116 cells for 24 h is shown. Data are presented as -fold change in the
expression of the indicated Z-�1AT form relative to DMSO � Scr control (mean � S.D., n � 4). In all panels, the * and # indicate p � 0.05 as determined by
two-tailed t test using DMSO � Scr (*) and SAHA � Scr (#) as reference.
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significantly improves the export of an HNE reactive
Z-�1AT to the medium (103).
Our combined results lead us to suggest a model for the cor-

rection of Z-variant disease that reflects the role of multiple
�1AT folding intermediates in the ER (Fig. 8) that contribute to
degradative, polymer prone, and/or export pathways impacted
by treatmentwith SAHA. In non-treated conditions (Fig. 8, left)
Z-�1AT could in principle be found in up to four different
biosynthetic pools, likely reflecting steps normally transiently
occupied by WT �1AT. These include: 1) the pool being
actively managed through the calnexin cycle (orange circles); 2)
the major (
85%) pool targeted for degradation by the ERAD
pathway (including its links to EDEM3-OS9-SEL1L) after
hand-off from calnexin (blue circles); 3) aminor but cumulative
toxic aggregated pool triggering liver disease (clustered black
circles) (14, 29, 104–106); 4), an inefficiently secreted but
potentially partially active polymeric Z-�1AT pool that can be
found in serum of Z-variant patients (clustered orange circles in
Golgi and extracellular pools) (107). After SAHA treatment
(right), we suggest that Z-�1AT is redistributed between the
various pools in a fashion that favors export. We observed a
decrease in the soluble, ER-retained Z-�1AT pool, particularly

its ability to populate the calnexin-sensitive pool (35, 90, 108,
109).Moreover, we observed a specific increase in the secretion
efficiency of what was recovered as a functional Z-�1AT pool
with a level approaching the activity WT-�1AT (50%) (Fig. 8,
green circles). Thus, in the case of �1ATD, acetylation proteos-
tasis systemmanagement by SAHAappears to promote a global
remodeling of the ER and, potentially, supportive cytosolic PN
pathways that promote an increase in functional serum levels
(Fig. 8, post-translation modification) (22).
Curiously, targeting the pathway(s) that alters the cell capac-

ity to correct trafficking defect of Z-�1AT by SAHA did not
alleviate the aggregate pool nor activate autophagy pathways
and thus may not reduce liver pathophysiology as occurs with
carbamazepine (105). Rather, we would suggest that SAHA
would have its main effect on the protection and/or restoration
of lung function through the increased generation of a soluble
secreted, functional pool (14, 105, 110). However, because
HDACi have recently been reported to induce autophagy (111),
the potential impact of select HDACi on aggregate load in the
hepatocyte diseasewill require further investigation.Moreover,
the impact of correction by SAHAon the propensity of Z-�1AT
to generate a more monomeric versus the polymeric species
that can be detected in serum of patients remains to be further
explored (107) (Fig. 8, orange versus green circles (37)). Interest-
ingly, combining EDEM3 silencing, which attenuates the glyco-
protein ERAD pathway, with SAHA treatment, which modu-
lates the calnexin-�1AT interaction favoring export, had a
synergistic effect on the secretion of Z-�1AT. This observation
suggests that the joint modulation of these pathways, both of

FIGURE 7. Effect of SAHA on Z-�1AT activity. A, immunoblot (IB) analysis of
�1AT after incubation of HNE with secreted WT (top) or Z-�1AT from HCT116
cells treated with DMSO (middle) or 5 �M SAHA (bottom) for 24 h. Supershift of
�1AT (arrowhead) relative to secreted �1AT (asterisk) indicates the presence
of SDS-resistant complexes with HNE. B, quantitative analysis of -fold change
in the amount of secreted �1AT bound to 5 ng of HNE for WT-�1AT and
Z-�1AT after treatment with 5 �M SAHA (black) (mean � S.D., n � 3). C, native
gel analysis of secreted Z-�1AT and WT-�1AT after the treatment of HCT116
cells with DMSO or 5 �M SAHA for 24 h. D, native gel analysis of plasma sam-
ples from three individuals wild-type (WT-�1AT) and Z-variant (Z-�1AT)
patients.

FIGURE 8. A model for SAHA mediated effects on �1AT folding and traf-
ficking. In non-treated conditions (left panel) Z-�1AT can be recovered in 4
pools. These include: 1) the pool being actively managed through the cal-
nexin cycle (orange circles); 2) the major (
85%) pool targeted for degrada-
tion by the ERAD pathway (including its links to EDEM3-OS9-SEL1L) after
hand-off from calnexin (blue circles); 3) a minor but cumulative toxic aggre-
gated pool triggering liver disease (clustered black circles) (14, 29, 104 –106);
4), an inefficiently secreted but partially active polymeric Z-�1AT pool that
can be found in serum of Z-variant patients (clustered orange circles in Golgi
and extracellular pools) (107). After SAHA treatment (right panel), we suggest
that Z-�1AT is redistributed between the various pools to promote export.
We observe a decrease in the ER retained Z-�1AT accompanied by an increase
in the ERAD pathway as well as increased secretion of a functional form
Z-�1AT (green circles). We suggest that the HDACi SAHA promotes remodel-
ing of the ER proteostasis network either transcriptionally and/or post-trans-
lationally (PTM) to partially restore the secretion of functional Z-�1AT.
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which may limit the effective recovery of the Z-variant for
export from ER, will provide a more significant therapeutic
benefit for �1ATD than either alone.
In summary, our results show that SAHA and potentially

other Zn2�-dependent class I, II, and/or IV pan HDACi can
manage the activity of key pathways that influence the export of
Z-variant �1AT in a fashion that can restore biological extra-
cellular function (Fig. 8). Because SAHAandHDAC7 also over-
come other disease-causingmutations including the correction
of the trafficking and function of the �F508 CFTR variant
responsible for cystic fibrosis (47), we propose that histone
acetyltransferases/HDACs may function as more general pro-
teostasis regulators (1).
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