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Abstract

Induction of the detoxifying enzyme heme oxygenase-1 (HO-1) is a critical protective host
response to cellular injury associated with inflammation and oxidative stress. We previously found
that HO-1 protein expression is reduced in brains of HIV-infected individuals with HIV-associated
neurocognitive disorders (HAND) and in HIV-infected macrophages, where this reduction
associates with enhanced glutamate release and neurotoxicity. Because HIV-infected macrophages
are a small component of the cellular content of the brain, the reduction of macrophage HO-1
expression likely accounts for a small portion of brain HO-1 loss in HIV infection. We therefore
investigated the contribution of astrocytes, the major pool of brain HO-1. We identified
immunoproteasome-mediated HO-1 degradation in astrocytes as a second possible mechanism of
brain HO-1 loss in HIV infection. We demonstrate that prolonged exposure of human fetal
astrocytes to interferon-gamma (IFNvy), an HIV-associated CNS immune activator, selectively
reduces expression of HO-1 protein without a concomitant reduction in HO-1 RNA, increases
expression of immunoproteasome subunits, and decreases expression of constitutive proteasome
subunits, consistent with a shift towards increased immunoproteasome activity. In HIV-infected
brain HO-1 protein reduction also associates with increased HO-1 RNA expression and increased
immunoproteasome expression. Finally, we show that IFN-y treatment of astrocytic cells reduces
HO-1 protein half-life in a proteasome-dependent manner. Our data thus suggest unique causal
links among HIV infection, IFNy-mediated immunoproteasome induction, and enhanced HO-1
degradation, which likely contribute to neurocognitive impairment in HAND. Such IFN~y-
mediated HO-1 degradation should be further investigated for a role in neurodegeneration in
inflammatory brain conditions.
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Brief Summary

Kovacsics et al. identify immunoproteasome degradation of heme oxygenase-1 (HO-1) in
interferon gamma-stimulated astrocytes as a plausible mechanism for the observed loss of HO-1
protein expression in the brains of HIV-infected individuals, which likely contributes to the
neurocognitive impairment in HIV-associated neurocognitive disorders.
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Introduction

We recently identified decreased expression of the phase 11 detoxifying enzyme heme
oxygenase-1 (HO-1) in the brain prefrontal cortex of individuals with HIV-associated
neurocognitive disorders (HAND), a spectrum of neurocognitive impairment that is
diagnosed using neuropsychological testing and functional status assessments, and we
further showed that HO-1 loss is linked to glutamate dysregulation in cultured HIV-infected
macrophages (Gill et al. 2014; Gill et al. 2015). The heme oxygenase family consists of two
expressed isoforms, HO-1 and HO-2, each of which catalyzes the degradation of free heme
and generates equimolar amounts of carbon monoxide, bilirubin, and iron (Bauer et al. 2008;
Morse and Choi 2002; Morse and Choi 2005; Ryter et al. 2000; Ryter et al. 2002). The
HO-1 isoform is highly inducible with limited basal expression in most cell types among
which neurons may express the lowest levels (Ambegaokar and Kolson 2014), while the
HO-2 isoform is constitutively expressed in all cell types, including neurons (Munoz-
Sanchez and Chanez-Cardenas 2014). Induced expression of HO-1 serves a critical function
in the host’s response to acute cellular injury, including that resulting from inflammation and
oxidative stress. (Ambegaokar and Kolson 2014; Gozzelino et al. 2010; Morse and Choi
2002; Morse and Choi 2005). The cytoprotective effects of HO-1 have been linked to its
enzymatic degradation of the pro-oxidant heme and subsequent generation of carbon
monoxide and bilirubin, which have anti-inflammatory and antioxidant properties;
nonenzymatic cytoprotective functions have also been proposed (Gozzelino et al. 2010; Hori
etal. 2002; Lin et al. 2007).
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HO-1 expression is tightly controlled through transcriptional regulation by both repressive
and activating factors associated with oxidative stress, including the antioxidant response
activator, nuclear factor erythroid 2-related factor 2 (Nrf2) (Alam and Cook 2007; Salinas et
al. 2004). Nrf2 binds to the antioxidant response element (ARE) present within the promoter
of HO-1 (HMOX1) and other antioxidant genes, and induces expression of more than 200
cytoprotective and detoxifying effector genes, including NAD(P)H dehydrogenase [quinone]
1 (NQOYI), and glutathione peroxidase 1 (GPXI) (Ishii et al. 2000). The net effect of Nrf2-
driven transcriptional responses is the promotion of cell survival through restoration of
cellular homeostasis, redox stability, and removal of injurious products.

Our previous /n vivo studies showed reduced HO-1 protein expression in brain specimens
from patients with a clinical diagnosis of HAND as well as in patients with a pathological
diagnosis of HIV-encephalitis (HIVE) (Gill et al. 2015). HIVE is characterized by the
presence of HIV-infected cells in the brain parenchyma, accompanied by formation of multi-
nucleated giant cells, microglial nodules, microgliosis, astrogliosis, and perivascular
inflammation (Gelman 2015). This loss of HO-1 protein expression in the brain of HIV-
infected individuals is not accompanied by a lower protein expression of other ARE
proteins, including NQO1 and GPX1, which suggests that the loss of HO-1 protein in HIV
infection is relatively selective among the ARE proteins. This further suggests that
transcriptional down-regulation of the ARE promoter element is not likely to be the driving
force for the selective lowering of brain HO-1 in HAND (Cross et al. 2011; Gill et al. 2014).
In contrast, our /n vitro studies of HIV infection of macrophages (a major reservoir for HIV
replication in the brain) showed that HIV replication results in selective reduction of both
HO-1 RNA and protein expression; the parallel decrease in HO-1 RNA and protein suggests
a transcriptional mechanism of HO-1 suppression that is relevant specifically to HIV
infection of brain macrophages (Gill et al. 2015). However, macrophages represent a
relatively small fraction of the total cellular content of the brain and neurons express very
little to no basal HO-1. Astrocytes, which have detectable basal and rapidly inducible HO-1
expression, represent a large cellular pool of brain HO-1. We therefore sought to identify
possible mechanisms of HIV-associated dysregulation of HO-1 expression in astrocytes,
which are not a source of productive HIV replication (Boutet et al. 2001), but which could
be modulated by inflammatory pathways triggered by HIV replication in brain macrophages.

Given the associations between HIV infection, brain prefrontal cortex HO-1 protein loss and
markers of immune activation, we hypothesized that HIV-driven neuroinflammation can
dysregulate astrocyte HO-1 expression in HIV infected brain (Gill et al. 2014). We
determined the effects of several HIV-relevant immune mediators, including TNFa, IFNvy,
and lipopolysaccharide (LPS) on heme oxygenase expression in primary human fetal
astrocytes under conditions of both short- and long-term exposure, to mimic conditions of
acute and chronic HIV brain infection relevant to HAND pathogenesis (Schrier et al. 2015).
We considered both transcriptional and post-transcriptional mechanisms for the selective
HO-1 loss. Through additional analyses of human brain tissue specimens and examination of
cultured astrocytes, we have demonstrated the following: /) low HO-1 protein expression in
HIV-infected brain tissue is accompanied by increased HO-1 RNA expression and induction
of the immunoproteasome; /i) prolonged exposure to IFNy in cultured human fetal
astrocytes reduces HO-1 protein expression and increases HO-1 RNA and
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immunoproteasome expression; and //7) IFNy decreases HO-1 protein half-life in cultured
astrocytic cells and this effect is blocked by proteasome inhibitors. In fetal astrocytes the
effects of IFN+y are biphasic, with an initial induction of HO-1 expression and a later (~15
days) sustained reduction of HO-1 expression, accompanied by a sustained induction of
immunoproteasome subunit expression and reduction in constitutive proteasome subunit
expression. This suggests that the reduction of HO-1 expression in the brain can be mediated
by chronic effects of IFNy exposure in astrocytes. Clincopathological effects of IFN-y
expression in the CNS in HIV-infected individuals are supported by the demonstration of a
strong correlation between the presence of IFNy-expressing CD8+ T lymphocytes in
cerebrospinal fluid and the severity of neurocognitive impairment in such individuals
(Schrier et al. 2015). Thus, our studies have identified a plausible, novel mechanism of HO-1
loss in HIV-infected brain that is modulated by chronic IFN+y-induction of
immunoproteasome-mediated degradation in astrocytes.

Materials and Methods

Supplemental Materials and Methods

Detailed descriptions of human cohort characteristics and additional protocols used can be
found in Supplemental Methods and Supplemental Tables 1 and 2.

National NeuroAIDS Tissue Consortium (NNTC) brain autopsy cohort

A cohort consisting of 90 HIV-positive individuals and 66 HIV-negative individuals was
selected from the NNTC autopsy cohort and was assembled by the Texas NeuroAIDS
Research Center (Morgello et al. 2001; Nguyen et al. 2010). Among the 90 HIV-positive
cases, 14 subjects had pathologically confirmed encephalitis (HIVE) and 76 subjects did not
have HIVE (HIV*/HIVE™). NNTC site neuropathologists assigned the diagnosis of HIVE by
the criteria of Budka et al. (Budka et al. 1991). The neurocognitive diagnosis of HAND was
assigned by the supervising neuropsychologist according to the Frascati Criteria as reviewed
by an experienced neurologist (Antinori et al. 2007; Woods et al. 2004). Sixty-three percent
of HIV-positiveindividuals were antiretroviral therapy (ART)-experienced. HIV-negative
subjects were significantly older than HIV-positive subjects (6.6 years), but did not
significantly differ from HIV-positive subjects in gender, ethnicity, race, or post-mortem
interval. Further details on demographic and clinical data of this cohort were described
previously (Gill et al. 2014; Nguyen et al. 2010).

Cell culture and treatment of human primary fetal astrocytes and U251 cells

Cultures of primary human fetal astrocytes were generously provided by the Temple
University Comprehensive NeuroAIDS Center (Supplemental Methods). Human primary
fetal astrocyte cultures were prepared by the Comprehensive NeuroAIDS Center at Temple
University School of Medicine. Astrocyte cultures were fed with astrocyte growth media
(DMEM/F-12 supplemented with 15% FBS, 50ug/mL Gentamicin, 5ug/mL Fungizone, 2
mM L-glutamine, and 10ug/mL insulin) and maintained at 37°C and 5% CO,. The human
U251 MG cell line, derived from human glioblstoma astrocytoma, was cultured in growth
medium (DMEM supplemented with 10% FBS, 2 mM L-glutamine, 10 mM HEPES, 100
U/mL penicillin, and 100 pg/mL streptomycin) and maintained at 37°C and 5% CO,. Stock
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solutions of purified LPS (Sigma-Aldrich), recombinant human TNFa (Peprotech), and
recombinant human IFNy (Peprotech) were prepared in sterile phosphate buffered saline
(PBS). Cells were exposed to vehicle (PBS), LPS (1 pg/mL), TNFa (10 ng/mL), and IFNy
(10 ng/mL) alone or in combination for indicated lengths of time and medium and
treatments were replaced every 3 days. Stock solutions of the cell-permeable proteasome
inhibitor MG132 (Sigma-Aldrich) were prepared in sterile DMSO and cells were treated
with MG132 (5 uM) 2 hours prior to and throughout pulse-chase assays to inhibit
proteasome activity.

[35S] Pulse-chase assay

U251 cells transiently expressing FLAG-HO-1 and continuously exposed to IFNy (or
vehicle) for 72 hours were used in pulse-chase assays. Detailed transfection methods are
available in Supplemental Methods. Cells were treated with 5 uM of the cell permeable
proteasome inhibitor MG132 (or dimethyl sulfoxide vehicle) for 2 hours, washed in HBSS,
and starved for 25 minutes in labeling media (DMEM without L-glutamine/L-methionine/L-
cystine (Corning) supplemented with 3% dialyzed FBS (HyClone), 2 mM L-glutamine, 1
mM sodium pyruvate, and 10 mM HEPES). Cells were then pulsed for 25 minutes with ~85
HCi [3°S]L-methionine/L-cysteine (Perkin Elmer) diluted into 1 mL fresh labeling media,
washed once with chase medium containing excess unlabeled L-methionine/L-cysteine
(DMEM supplemented with 10% FBS, 2 mM L-Glutamine, 10 mM HEPES, and 5 mM each
of L-methionine and L-cysteine (Calbiochem), and either immediately lysed (O hour) or
incubated in fresh chase medium at 37°C, 5% CO», for indicated times (2, 4, 8, 12 hours).
Cells were continuously exposed to IFNy, MG132, and appropriate vehicles throughout
each pre-treatment, starve, pulse, and chase period.

At indicated time points, cells were lysed for 30 minutes on ice in immunoprecipitation
buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100)
supplemented with Complete Protease Inhibitor Cocktail (Roche Applied Science),
PhosSTOP Phosphatase Inhibitor Cocktail (Roche Applied Science), and 20 mM
iodoacetmide (Sigma-Aldrich) and lysates were spun at 12,000 x g for 15 minutes at 4°C.
An aliquot of the resulting supernatant fractions was used to determine total cellular protein
degradation using [3°S] liquid scintillation counting (see Supplemental Methods). Equivalent
amounts of protein from supernatant fractions were incubated with anti-FLAG M2 affinity
gel (Sigma-Aldrich) overnight at 4°C to isolate FLAG-HO-1 and eluted proteins were
separated by SDS-PAGE. Dried gels were exposed overnight to a storage phosphor screen
(Molecular Dynamics) and [3°S]-labeled FLAG-HO-1 was detected by phosphorimaging
with Typhoon FLA 7000 (GE Healthcare). Background-corrected signal intensity of bands
was determined using Image Studio Lite (LI-COR Biosciences). Signal intensity across time
was calculated relative to 0 hour within each treatment condition and data were combined
from three independent biological replicates.

Statistical Analysis

All quantifications are expressed as mean + standard error mean (SEM) and protein and
RNA expression data were log transformed. In the NNTC brain autopsy cohort, HIV
subgroups were compared by one-way ANOVA followed by Holm-Sidak post-test and linear
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trends were analyzed by Pearson’s correlation with line of best fit determined by linear
regression. In cell culture experiments, statistical comparisons of two groups were made by
paired t-test and comparisons of three or more groups were made by repeated measures one-
way ANOVA with Holm-Sidak post test. Data from pulse-chase experiments were fit with
one-phase exponential decay and extra sum of squares F test was used to compare the rate of
decay (k). Effects of MG-132 were analyzed by two-way RM-ANOVA with Holm-Sidak
post test. All statistical analyses were performed using GraphPad Prism 7 software
(GraphPad Software). Significance was defined as £ <0.05.

Study Approvals

Results

Handling of NNTC-derived human autopsy specimens was in accordance with human
subject protection protocols at participating institutions. Written consent was obtained for
subjects at four collection sites in the USA: (a) The University of Texas Medical Branch,
Galveston, Texas; (b) Mount Sinai Medical Center, New York, New York; (c) University of
California, San Diego, California; and (d) University of California, Los Angeles, Los
Angeles, California. Human fetal astrocyte cultures provided by the Temple University
Comprehensive NeuroAIDS Center were prepared from fetal brain tissue obtained in full
compliance with National Institutes of Health and Temple University ethical guidelines and
approved by the IRB of Temple University.

Reduced HO-1 protein in the prefrontal cortex is accompanied by increased HO-1 RNA in
HIV-infected individuals

To determine whether transcriptional suppression of brain HO-1 in HIV infection was likely,
HO-1 RNA expression was quantified in the dorsolateral prefrontal cortex (DLPFC) from
the same HIV autopsy cohort that was studied previously (HIV-negative, HIV—-, n=66; HIV-
infected without encephalitis, HIV+/HIVE-, n=76; HIV-infected with encephalitis, HIVE+,
n=14). HO-1 RNA was significantly increased in HIV+/HIVE- individuals as compared to
HIV- individuals, with a further increase in HIVE+ individuals (Fig. 1A). In contrast, as we
previously reported, HO-1 protein expression was significantly reduced in both HIV+/HIVE
- and HIVE+ individuals in comparison with HIV- individuals (Fig. 1B) (Gill et al. 2014).
HO-1 protein expression negatively correlated with HO-1 RNA expression in HIV+
individuals (HIV+/HIVE- and HIVE+), but there was no correlation in HIV- individuals
(Fig. 1C). The discordance between HO-1 protein and RNA expression in HIV+ individuals
suggested that CNS HIV infection might reduce HO-1 protein expression through a post-
transcriptional mechanism.

Induction of immunoproteasome subunits is associated with reduced expression of HO-1
protein in the brains of HIV-infected individuals

The observed discordance between HO-1 protein and RNA expression could result from
decreased HO-1 RNA translation or enhanced HO-1 protein degradation. Prior work showed
that there is higher expression of immunoproteasome subunits within the DLPFC of HIV-
positive individuals compared with HIV-negative individuals (Nguyen et al. 2010), so we
hypothesized that HIV-driven induction of immunoproteasomes might enhance HO-1
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degradation and ultimately reduce HO-1 protein expression. We correlated HO-1 RNA and
protein levels with expression of immunoproteasome protein subunits LMP7 and PA28a.,
quantified previously by Western blot. HO-1 RNA correlated positively and significantly
with LMP7 (Fig. 2A) and PA28a (Fig. 2D) protein in both HIV-positive and HIV-negative
individuals. In contrast, in HIV-positive individuals, but not HIV-negative individuals, HO-1
protein negatively correlated with LMP7 (Fig. 2B) and PA28a (Fig. 2E) protein, which
supported the hypothesis that HO-1 protein reduction and immunoproteasome induction
may be functionally related and mediated by an HIV-driven process within the brain. HO-2
protein was not significantly correlated with LMP7 (Fig. 2C) or PA28a. (Fig. 2F) protein in
either HIV-positive or HIV-negative individuals, which suggested a relatively specific
relationship between HO-1 isoform expression and immunoproteasome induction.

To further define the association between immunoproteasome expression and HIV infection
we attempted to localize subunit expression using immunohistochemistry and indirect
immunofluorescence labeling. LMP2 immunoreactivity in frontal white matter was
increased in subjects with HIVE compared with HIV-negative subjects (Fig. 2G) and in
tissue from individuals with HIVE, LMP2 and PA28a colocalized with the astrocyte marker
GFAP (glial fibrillary acidic protein) (Fig. 2H). LMP2 and PA28a. expression was also
detected in other glial cell types in frontal white matter in subjects with HIVE, as
demonstrated by colocalization with the oligodendrocyte marker OMG (oligodendrocyte
myelin glycoprotein) and the macrophage marker CD68 (Cluster of Differentiantion 68)
(data not shown). These experiments suggested that in HI\-infected brain tissue
immunoproteasome subunits are increased not only in those lineages that support HIV
infection (macrophages and microglia), but also in lineages incapable of harboring
productive HIV infection (astrocytes, oligodendrocytes). We therefore wanted to determine
the effects of HIV-associated immune activators on HO-1 and proteasome subunit expression
in cultured cells and focused specifically on astrocytes, as they are the major cellular source
of HO-1 in the brain.

Prolonged IFNy exposure reduces HO-1 protein, but not RNA, in human primary fetal

astrocytes

Astrocytes are known to respond to various inflammatory stimuli associated with HIV
infection, including TNFa, LPS, and IFN-y, and we hypothesized that such HIV-relevant
immune stimuli might reduce HO-1 protein expression within astrocytes. Human primary
fetal astrocytes were exposed to TNFa, LPS, and IFNy alone or in combination for
increasing periods of time (up to 15 days) to mimic the chronic inflammatory state of HIV-
infected individuals. First, we determined effects of acute (24 hours) exposure. Expression
of HO-1 (Fig. 3A) and HO-2 (Fig. 3B) RNA was not significantly altered by any of the
inflammatory stimuli. HO-1 protein (Fig. 3C,D) was increased by TNFa exposure, alone or
in combination with LPS. Notably, the increase in HO-1 protein expression with TNFa
exposure was not observed when IFN-y was also present (Fig. 3C,D). HO-2 protein levels
did not change under any treatment condition (Fig. 3E) and a modest, but significant
increase in the ARE protein NQO1 was observed under several treatment conditions (Fig.
3F). We thus concluded that 24-hour exposure of astrocytes to TNFa., a known inducer of
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ARE gene expression, increases HO-1 and NQO1 expression, with no effect on HO-2
expression, indicating expected functional responses in our human fetal astrocyte cultures.

Given the ability of IFNy to block TNFa-mediated HO-1 induction (Fig. 3D), we further
investigated effects of immune activators over longer exposure times. Prolonged exposure to
IFNy (15 days) produced markedly discordant effects on HO-1 RNA and protein expression
(Fig. 4). Expression of HO-1 RNA was not significantly altered by prolonged exposure to
any of the inflammatory stimuli (Fig. 4A), but HO-1 protein was significantly reduced by
IFNy alone or in combination with TNFa or LPS (Fig. 4C,D). Less stringent statistical
testing revealed a trend for increased HO-1 RNA following exposure to IFN+y alone or in
combination with TNFa or LPS (Fig. 4A) (paired t-test vs. vehicle: IFNy, 7= 0.03; IFNy +
TNFa, P=0.08; IFNy + LPS, £=0.03). In contrast, HO-2 RNA (Fig. 4B) and protein (Fig.
4C,E) were significantly increased after exposure to IFNvy, suggesting that IFNy
differentially regulates expression of these heme oxygenase isoforms. Finally, IFNy
significantly increased expression of NQO1 (Fig. 4F), an ARE effector protein, further
supporting a relatively specific effect of IFNy on HO-1 protein.

To represent the degree of concordance between protein and RNA expression, we plotted
data from each biological replicate grouped according to the absence or presence of IFN-y.
Exposure to IFNy, alone or in combination with TNFa and LPS, was significantly
associated with reduced HO-1 protein expression and increased RNA expression (Fig. 4G).
These treatments were also significantly associated with increased HO-2 protein and RNA
expression (Fig. 4H). These data demonstrate that prolonged exposure of primary human
fetal astrocytes to IFNy consistently reduces HO-1 protein expression, but not HO-1 RNA.
These results suggested that the effects of IFNy on astrocytes could account for the
discordant pattern of HO-1 protein and RNA expression observed within the brain of HIV-
infected individuals.

IFNy induces expression of immunoproteasome subunits and reduces expression of
constitutive proteasome subunits in astrocytes

HO-1 protein is an established target of proteasome-mediated degradation (Boname et al.
2014; Lin et al. 2008; Lin et al. 2013), and proteasome function and composition is
markedly influenced by IFNy (Stohwasser et al. 2000). We therefore asked whether the loss
of HO-1 protein in IFNvy exposed astrocytes was associated with induction of the
immunoproteasome. Accordingly, we determined the expression of the immunoproteasome
regulatory subunit PA28a., the immunoproteasome catalytic subunits LMP2 and LMP7, and
the constitutive catalytic subunits p1, p2, and p5 under the conditions of prolonged (15
days) exposure that consistently reduced HO-1 protein expression. PA28a protein was
significantly increased after 15 days of exposure to TNFa alone and IFNy alone or in
combination with TNFa or LPS (Fig. 5A,B). Contrastingly, LMP7 (Fig. 5C) and LMP2
(Fig. 5E) proteins were significantly increased by each of the immune activators (and
combinations thereof). Induction was strongest in the presence of IFNvy. In contrast,
constitutive proteasome subunits p5 (Fig. 5C), p2 (Fig. 5D), and B1 (Fig. 5E) were
significantly decreased by IFN+y alone or in combination with TNFa or LPS. TNFa or LPS
alone did not alter expression of p5, B2, or p1. Interestingly, induction of
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immunoproteasome subunits without concurrent loss of constitutive proteasome subunits, as
observed following prolonged TNFa exposure, is not associated with reduced HO-1 protein
expression (Fig. 4D). Reduced HO-1 protein was observed following prolonged exposure to
IFNy (Fig. 4D), in association with a near complete loss of constitutive proteasome
subunits. The latter finding suggested that replacement constitutive proteasomes with
immunoproteasomes might be necessary for this reduction in HO-1 protein.

IFNy-driven modulation of proteasome subunit expression and HO-1 protein reduction is
dose-dependent

Given that we identified prolonged IFNy exposure as a unique cause of reduced HO-1
protein expression in astrocytes, we determined the effects of IFNy over a concentration
range that includes those reported in the CSF of HIV-infected individuals (1-10 pg/mL)
(Kamat et al. 2012). The response of human fetal astrocytes to a prolonged exposure to
IFNy appeared to be biphasic, with increased HO-1 protein expression observed up to 100
pg/ml, an apparent inflection point between 100 pg/mL and 1 ng/ml, and then a significant
reduction in HO-1 protein at = 10 ng/mL (Fig. 6A and Supp. Info. Fig. 1A). In contrast,
IFNy consistently increased expression of both HO-2 and NQO1 proteins (Supp. Info. Fig.
1B,C). At doses between 100 pg/mL and 1 ng/ml IFNy, the observed reduction in HO-1
protein was accompanied by a significant reduction in the expression of constitutive
proteasome subunits B2, B5, and 1 (Fig 6B and Supp. Info. Fig 1D,E). In contrast,
immunoproteasome subunits PA28a, LMP7, and LMP2 were significantly increased starting
at 10 pg/mL IFNy, with significantly enhanced induction observed at 1 ng/mL IFN+y (Fig
6B,C and Supp. Info. Fig. 1E). As reduced HO-1 protein was associated with induction of
immunoproteasome subunits and concurrent loss of constitutive proteasome subunits, these
data gave added support to the hypothesis that the replacement of constitutive proteasomes
by immunoproteasomes is critical for IFNy-driven HO-1 protein loss in astrocytes.

IFNy-driven modulation of proteasome subunit expression and HO-1 reduction is time-

dependent

To assess the kinetics of immunoproteasome induction and constitutive proteasome loss
associated with IFN-y exposure, astrocytes were exposed to IFNy (10 ng/mL) or vehicle
continuously for up to 15 days. We hypothesized that the loss of constitutive proteasome
subunits would be slow given the relatively long half-life of constitutive proteasome
complexes (~5 days) and HO-1 protein expression would be decreased only at later time
points associated with this progressive loss of constitutive proteasomes (Heink et al. 2005;
Khan et al. 2001; Tanaka and Ichihara 1989). HO-1 RNA expression was increased by day 9
and sustained through day 15 (Supp. Info. Fig. 2A), however no significant increase in HO-1
protein was seen at any time point and HO-1 protein was significantly reduced at day 15
(Supp. Info. Fig. 2C,D). In contrast, HO-2 RNA and protein were significantly increased by
day 3 and this persisted through day 15 (Supp. Info. Fig. 2B,C,E). Furthermore, the ARE
protein NQO1 was significantly increased by IFN+y at day 9 and this persisted through day
15 (Supp. Info. Fig. 2C,F). We thus concluded that the discordant effect of prolonged IFNy
on HO-1 RNA and protein expression is relatively specific to HO-1.
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The expression of both immunoproteasome and constitutive proteasome subunits also
consistently changed with duration of IFN+y exposure. Immunoproteasome subunits PA28a.,
LMP7, and LMP2 were increased by day 3 and remained elevated at each subsequent time
point (Supp. Info. Fig. 2G,1,J). PA28a expression remained at the same elevation achieved at
day 3, while expression of LMP7 and LMP2 increased through day 6 and then remained at
the same elevated level. In contrast, the constitutive proteasome subunits 2, 85, and Blwere
progressively reduced through day 15 (Supp. Info. Fig. 2H-J). The progressive loss of g5
and B1 at each time point suggests that the loss of these constitutive subunits combined with
the increased expression of the immunoproteasome subunits may account for the reduction
of HO-1 protein expression. This is consistent with previously reported IFN-y-driven
replacement of constitutive proteasomes by immunoproteasomes (Groettrup et al. 2001;
Heink et al. 2005; Meiners et al. 2014; Rivett et al. 2001; Tanaka 2013) and it is further
consistent with a role for the immunoproteasome in mediating HO-1 protein loss with IFNy
treatment.

IFNy increases the rate of HO-1 protein degradation mediated by proteasome-dependent
mechanisms

Given the coordinated reduction in HO-1 protein expression and induction of
immunoproteasomes with reciprocal loss of constitutive proteasomes in IFN-y-exposed
astrocytes, we hypothesized that HO-1 protein is degraded more rapidly by the
immunoproteasome. To test this, we measured HO-1 protein half-life in astrocytic cells
exposed to IFNy. We used the U-251 MG astrocytic cell line, derived from a human
glioblastoma, as the use of human primary fetal in pulse-chase experiments is technically
impractical. We first examined effects of IFN+y on expression of HO-1, HO-2, and
proteasome subunits to ensure that this cell line appropriately reproduced the effects
observed in primary human astrocytes. After 3 days of exposure to IFNy, HO-1 protein was
significantly reduced while HO-1 RNA and HO-2 RNA and protein expression was
significantly increased, similar to our observations in primary fetal astrocytes (Supp. Info.
Fig. 3). Additionally, IFN-y increased the expression of immunoproteasome subunits LMP7
and LMP2 and decreased expression of the corresponding constitutive B5 and p2 subunits
(Supp. Info. Fig. 3). Thus, the discordance between RNA and protein levels seen for HO-1,
but not HO-2, and the shift to expression of immunoproteasomes after IFN+y exposure in this
cell line recapitulates the effects of prolonged IFN+y seen in human primary fetal astrocytes.

We next determined the rate of FLAG-HO-1 degradation in transfected U-251 cells exposed
to IFNy for 3 days using [3°S] liquid scintillation following FLAG-HO-1
immunoprecipitation. As measured by [3°S] liquid scintillation counting of TCA-
precipitable lysates, IFNy did not alter the rate of total cellular protein degradation (Fig.
7A). Pulse chase experiments demonstrated that IFN-y significantly increased the rate of
FLAG-HO-1 protein degradation, reducing the half-life of HO-1 protein from approximately
14 hours to 7.7 hours (Fig. 7B,C). We next determined the contribution of proteasome
activity to HO-1 degradation by pre-treating cells with MG-132, a potent inhibitor of
proteasome activity. Treatment with MG-132 significantly increased the amount of [3°S]-
labeled FLAG-HOL1 protein remaining at each time point in both vehicle and IFNvy treatment
conditions (Fig. 7B,C), suggesting that the observed loss of HO-1 protein is mediated, at
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least in part, by activity of proteasome complexes. These data demonstrate that HO-1 protein
is degraded more rapidly in cells exposed to IFNvy and strongly implicate
immunoproteasomes as the source of enhanced HO-1 protein degradation.

Discussion

The introduction of antiretroviral therapy (ART) has significantly transformed HIV infection
from a uniformly lethal disease into a manageable chronic condition in which
neurocognitive dysfunction persists in a significant proportion of ART-treated individuals
(Broder 2010; Heaton et al. 2011; Saylor et al. 2016; Simioni et al. 2010). Despite abundant
evidence implicating persistent inflammation and oxidative stress in the pathogenesis of
HIV-associated neurocognitive disorders, the mechanisms by which these processes drive
neurocognitive impairment in HIV-infected individuals remain incompletely understood
(Babbe et al. 2000; Bandaru et al. 2007; Eden et al. 2007). We previously identified reduced
HO-1 protein in HIV-infected brain as a host factor potentially contributing to HAND
pathogenesis and we further suggested targeting HO-1 brain loss as an adjunctive
neuroprotective strategy in ART-treated individuals (Gill et al. 2014; Gill et al. 2015).

Our new data demonstrate that the decreased HO-1 protein expression in HIV-infected brain
is accompanied by increased HO-1 RNA expression, suggesting a post-transcriptional
mechanism of HIV-mediated HO-1 protein loss, and we have identified enhanced
immunoproteasome-mediated degradation of HO-1 in IFN-y-exposed astrocytes as a
potential mechanism of HO-1 loss in the HIV-infected brain. In both HIV-infected brain and
in human astrocytes exposed to IFN-y, we observed reduced HO-1 protein expression but did
not detect reduced expression of other members of the ARE/Nrf2-driven family nor the
ARE-independent heme oxygenase isoform HO-2 (Gill et al. 2014), which suggests that
HO-1 is selectively affected. Furthermore, this decrease in HO-1 protein was not
accompanied by decreased HO-1 RNA expression in either HIV-infected brain or astrocytes
exposed to IFNy in vitro. Additionally, we have previously demonstrated that HIV-infected
subjects have increased brain expression of immunoproteasomes subunits (PA28a and
LMP7) and that this increased expression associates with neurocognitive impairment,
particularly with neuropsychological subtests associated with executive functioning and
speed of processing (Nguyen et al. 2010). We now show that IFNy treatment of primary
human astrocytes increases expression of regulatory and catalytic immunoproteasome
subunits (PA28a,, LMP2, LMP7) while progressively decreasing expression of constitutive
catalytic proteasome subunits (B1, p2, p5) and that the loss of constitutive proteasome
subunits continues (15 days) beyond the time at which immunoproteasome induction is
maximal (9 days). This continued, progressive loss of constitutive proteasome subunits in
IFNy-exposed astrocytes appears necessary for the reduced expression of HO-1 protein,
which suggests a progressive replacement of constitutive proteasomes by
immunoproteasomes. Finally, treatment of astrocytic cells with IFN+y significantly reduced
HO-1 protein half-life by approximately 2-fold, and this was blocked by a broad-spectrum
proteasome inhibitor. This implicates proteasome activity in HO-1 degradation, and we
believe the immunoproteasome is responsible for the enhanced degradation of HO-1 protein
as the reduced HO-1 protein half-life observed after IFN-y exposure is associated with
increased expression of immunoproteasome subunits and reduced expression of constitutive

Glia. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kovacsics et al.

Page 12

subunits. However, a role for constitutive proteasomes cannot be absolutely ruled out
because MG-132 not only inhibits activity of immunoproteasomes but also activity of
constitutive proteasomes. Nonetheless, these observations strongly suggest a plausible link
between IFNy-induced accelerated immunoproteasome-mediated HO-1 degradation in
astrocytes and brain HO-1 loss in HIV-infected individuals with HAND. This potential
mechanism is particularly relevant in light of recent reports of a correlation between the
presence of IFNy-secreting CD8+ T lymphocytes and increased IFN+y in CSF and the
diagnosis of HAND in HIV-infected individuals (Cassol et al. 2014; Schrier et al. 2015).

We examined effects of both acute (24 hours) and prolonged (15 days) exposure to immune
activators associated with HIV infection of the brain because neurodegeneration associated
with HIV infection is believed to progress over years, during which time persistent immune
activation within the CNS is observed. The immune activators TNFa, LPS, and IFNy are
elevated in HIV-infected individuals and associated with HAND, and each has been shown
to modulate the expression of HO-1 after acute exposure in various cell types, although
effects on HO-1 after prolonged exposure have not been clearly defined (Ambegaokar and
Kolson 2014; Ancuta et al. 2008; Brenchley et al. 2006; Griffin 1997; Wagener et al. 2003;
Wesselingh et al. 1997). Increased expression of IFN-y and neopterin, an indirect measure of
IFN-y activity produced by macrophages and T cells, is observed in serum, CSF, and brain
parenchyma in HIV-infected individuals, including those receiving ART (Fuchs et al. 1989a;
Fuchs et al. 1989b; Griffin et al. 1991; Kamat et al. 2012; Shapshak et al. 2004). Our
observation that prolonged IFNy exposure reduces HO-1 protein expression in human
primary astrocytes and is associated with induction of immunoproteasome subunits and
concomitant loss of constitutive proteasome subunits is novel and likely relevant to HIV
neuropathogenesis, as we have observed a significant negative correlation between
expression of HO-1 protein and immunoproteasome subunits in HIV-infected brain autopsy
specimens. Furthermore, we detected immunoproteasome subunit expression by indirect
immunofluorescence labeling in astrocytes, oligodendrocytes and macrophages in prefrontal
brain tissue sections from individuals with HIVE. We thus speculate that chronic CNS
inflammation associated with HIV infection drive immunoproteasome expression and
associated HO-1 degradation.

The concomitant increase in immunoproteasome subunit expression and progressive
decrease in constitutive proteasome subunit expression likely reflects a process of gradual
replacement of constitutive proteasome complexes with functional immunoproteasome
complexes that are responsible for enhanced degradation of HO-1 protein. This apparent
requirement for replacement of constitutive proteasomes by immunoproteasomes implies
that the functional balance between activities of constitutive and immunoproteasome
complexes influences HO-1 protein expression. Newly synthesized immunoproteasome
subunits do not replace corresponding constitutive subunits within existing proteasome
complexes; instead, they are preferentially incorporated over constitutive subunits into de
novo complexes (Fruh et al. 1994; Heink et al. 2005; Nandi et al. 1997). Thus, modest
induction of immunoproteasome subunits without concurrent loss of constitutive
proteasomes is unlikely to dramatically shift the balance between constitutive proteasomes
and immunoproteasomes (AKki et al. 1994). Although IFNy induces expression of
immunoproteasome subunits, it does not suppress the expression of constitutive subunits,
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and thus it does not directly drive the loss of constitutive proteasome complexes (Akiyama et
al. 1994; Nandi et al. 1996). Increased incorporation of immunoproteasome subunits into
nascent complexes effectively excludes constitutive subunits and leaves them vulnerable to
rapid degradation in this “free” form (Heink et al. 2005; Murata et al. 2009). As more
immunoproteasome complexes are formed, the pool of pre-existing constitutive proteasome
complexes is reduced through degradation, with a half-life of approximately 5 days that is
unaffected by IFNy (Nandi et al. 1997). The extent of constitutive proteasome replacement
by immunoproteasomes within the HIV-infected brain is not yet clear, but the increased
expression of immunoproteasome subunits that we observed likely represents a functionally
important shift favoring immunoproteasome complexes that results in loss of HO-1 protein.

In the human brain specimens that we examined, we identified discordant correlations
between expression of immunoproteasome subunits and expression of HO-1 RNA and
protein. In HIV-positive individuals, but not in HIV-negative individuals, there was a
significant negative correlation between expression of immunoproteasome subunits and
expression of HO-1 protein. Conversely, there was a significant positive correlation between
expression of HO-1 RNA and expression of immunoproteasome subunits in both HIV-
infected and non-infected individuals. This suggests that HIV infection does indeed drive the
discordance between expression of HO-1 RNA and protein through a post-translational
mechanism, and our /n vitro astrocyte experiments suggest that this mechanism is
immunoproteasome degradation of HO-1. While in this study we specifically identify and
define IFNy-induced immunoproteasome degradation of HO-1, other proinflammatory
cytokines as well as oxidative stress induce the immunoproteasome (Ferrington and
Gregerson 2012). Thus, HIV-associated CNS inflammation and oxidative stress in addition
to elevated IFNYy is likely also contributing to immunproteasome induction and subsequent
degradation of HO-1.

The mechanism responsible for the proposed IFN-y-induced degradation of HO-1 protein by
immunoproteasome complexes is not clear. Several mechanisms of post-transcriptional
regulation of HO-1 expression have indeed been identified and include regulation by
miRNA, de-adenylation and altered turnover of HO-1 RNA, HO-1 RNA interactions with
RNA-binding proteins, and HO-1 protein degradation by the ubiquitin proteasome system;
whether any of these processes are directly modulated by IFN-y is not known (Amadio et al.
2014; Boname et al. 2014; Cheng et al. 2013; Leautaud and Demple 2007; Lin et al. 2008;
Lin et al. 2013; Ma et al. 2013). Intrinsic properties of the catalytic subunits of
immunoproteasomes might directly promote HO-1 degradation, as immunoproteasomes
show enhanced cleavage rates and increased preference for specific cleavage sites compared
to constitutive proteasomes (Basler et al. 2004; Dahlmann et al. 2000; Mishto et al. 2014;
Raule et al. 2014; Zanker et al. 2013). Alternatively, IFNy may regulate upstream
components of the ubiquitin proteasome system to enhance immunoproteasome access to
HO-1 protein. Recent work has shown that intramembrane cleavage of HO-1 by signal
peptide peptidase (SPP) and ubiquitination by the E3 ubiquitin ligase TRCS8 are critical for
removal of the HO-1 tail anchor from the ER and subsequent proteasome-dependent
degradation (Boname et al. 2014; Hsu et al. 2015; Lin et al. 2013). Modulating effects of
IFN-y on the activity of SPP and TRC8 are not known, but these are potential mechanisms
that may enhance degradation of HO-1 protein.
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Our studies provide compelling evidence that enhanced degradation of HO-1 by
immunoproteasomes within astrocytes may drive reduced expression of HO-1 protein in
HIV-infected brain and they suggest that persistently elevated IFNvy is a critical modulator
linking chronic immune activation to the pathogenesis of HAND. When present at moderate
levels and/or for brief periods, IFNy may exert beneficial effects during HIV infection
through induction of HO-1 expression, which would be expected to limit inflammation and
oxidative stress in various tissues. IFNy-mediated induction of immunoproteasomes has
been suggested to be a beneficial host response that protects cells from proteotoxic stress
and enhances the cellular capacity to degrade oxidized proteins accumulating as a result of
inflammation and oxidative stress (Seifert et al. 2010). Immunoproteasomes are thought to
subserve a rapid and transient response to stress, exhibiting a faster rate of assembly and
significantly shorter half-life than constitutive proteasomes (Heink et al. 2005). Prolonged
induction of immunoproteasomes may dysregulate the expression and/or degradation of
cellular proteins other than HO-1, which could contribute to pathological processes. For
example, studies suggest that immunoproteasomes enhance the production and presentation
of antigenic peptides derived from myelin basic protein, suggesting similar effects on other
endogenous proteins could contribute to autoimmune disorders (Belogurov et al. 2014;
Belogurov et al. 2015; Kuzina et al. 2013).

Our previous studies suggest that HO-1-inducing therapies could offer a therapeutic
approach for neuroprotection in HIV-infected individuals and perhaps other
neurodegenerative diseases. We previously showed that HIV infection of monocyte-derived
macrophages drives HO-1 protein and RNA loss in a time-dependent manner and this is
associated with neurotoxic levels of extracellular glutamate (Gill et al. 2015). Induction of
HO-1 expression in HIV-infected macrophages reduces extracellular levels of glutamate and
associated neurotoxicity (Gill et al. 2014); a role for HO-1 in modulation of glutamate
homeostasis and neuroprotection within the brain seems likely. Induction of HO-1 may thus
be therapeutically beneficial not only in HIV infection where HO-1 expression is reduced
but also other neurodegenerative diseases associated with neuroinflammation,
immunoproteasome activation, and/or glutamate-mediated excitotoxicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ARE antioxidant response element
ART antiretroviral therapy

DLPFC dorsolateral prefrontal cortex

GFAP glial fibrillary acidic protein

GPX1 glutathione peroxidase 1

HAND HIV-associated neurocognitive disorders
HIVE HIVE-encephalitis

HO-1 heme oxygenase-1

HO-2 heme oxygenase-2

IFN-y interferon gamma
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NQO1 NAD(P)H dehydrogenase [quinone] 1
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Main Points

In HIV infection, decreased brain HO-1 protein expression accompanies
increased HO-1 RNA and immunoproteasome expression

In astrocytes IFN+y increases immunoproteasome subunit expression and
proteasome-dependent HO-1 protein degradation
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Figure 1. HO-1 RNA is elevated and HO-1 protein is reduced in the dorsolateral prefrontal
cortex of HIV-infected individuals

(A) HO-1 RNA expression in the DLPFC determined by real-time quantitative PCR. HIV-
= (HIV-negative, n=66); HIV+/HIVE- = (HIV-positive without HIV encephalitis, n = 76);
and HIVE = (HIV-positive with HIV encephalitis, n = 14). (B) HO-1 protein expression
determined by Western blot in 66 HIV—, 75 HIV+/HIVE-, and 14 HIVE brain tissue
samples. Fold-change in expression was calculated relative to the average of HIV- groups
after normalization to GAPDH (RNA) or B-tubulin (protein). Data were log transformed and
mean HIV- group value set to 0 (dotted line). Solid black lines indicate mean + SEM.
Groups were analyzed by ANOVA with post hoc Holm-Sidak test. *~< 0.05; **P< 0.01;
*** P < 0.001. (C) Correlation between HO-1 RNA and protein expression in 65 HIV-and
89 HIV+ (75 HIV+/HIV- and 14 HIVE) was determined by Pearson’s correlation with line
of best fit determined by linear regression.
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Figure 2. HO-1 protein loss is associated with immunoproteasome induction in HIV-infected
brain

Expression of immunoproteasome subunits LMP7 (A, B, C) and PA28a. (D, E, F) was
determined by Western blot in DLPFC samples. Immunoproteasome expression was
correlated with (A, D) HO-1 RNA in 64 HIV™ and 87 HIV* samples and with (B, E) HO-1
and (C, F) HO-2 protein in 65 HIV~ and 88 HIV* DLPFC samples. Correlations were
determined by Pearson’s correlation with line of best fit determined by linear regression. (G)
Immunoproteasome subunit LMP2 was visualized in subcortical white matter by
immunohistochemistry (top panels) and immunofluorescence (bottom panels). Scale bar =
200 um. (H) Immunoproteasome subunits were localized to astrocytes by dual indirect
immunofluorescence staining of LMP2 (top panels) or PA28a. (bottom panels) with the
astrocyte marker GFAP in subcortical white matter of HIVVE cases. Scale bar =10 um.
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Figure 3. Acute (24 hours) exposure to IFN-y does not significantly reduce HO-1 expression in
astrocytes

Primary human fetal astrocytes were exposed to TNFa, LPS, and IFN-y (alone or in
combination) for 24 hours. (A) HO-1 and (B) HO-2 RNA expression was determined by
real-time quantitative PCR. Fold change in expression was calculated relative to vehicle after
normalization to ACTB (p-Actin). (C) Representative Western blot from a single biological
replicate. Quantification of (D) HO-1, (E) HO-2 and (F) NQOL1 protein expression relative
to vehicle after normalization to p-tubulin. Data were log transformed and values represent
mean + SEM (1 = 4 biological replicates) of the fold change in expression from vehicle
(dotted line). Statistical comparisons were made by RM-ANOVA with post hoc Holm-Sidak
test. *P< 0.05; ***P < 0.001; ****P< 0.0001 vs. vehicle. ##p < 0.001 for indicated
comparison.
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Figure 4. Prolonged (15 days) exposure to IFNy significantly reduces HO-1 protein expression,
but not RNA expression in astrocytes

Primary human fetal astrocytes were exposed to TNFa, LPS, and IFN-y (alone or in
combination) for 15 days. Media and treatments were replaced every 3 days. (A) HO-1 and
(B) HO-2 RNA expression was determined by real-time quantitative PCR. Fold change in
expression was calculated relative to vehicle after normalization. (C) Representative Western
blot from a single biological replicate. Quantification of (D) HO-1, (E) HO-2 and (F) NQO1
protein expression relative to vehicle after normalization. Data were log transformed and
values represent mean = SEM (7= 4 biological replicates) of the fold change in expression
from vehicle (dotted line). Statistical comparisons to vehicle were made by RM-ANOVA
with post hoc Holm-Sidak test. *£< 0.05; **P < 0.01; ***P < 0.001. Fold change in RNA
and protein expression of (G) HO-1 and (H) HO-2 were individually plotted for each
treatment condition from (/7= 3 biological replicates, treatments and protein and RNA
extraction occured in parallel wells). Solid black circles represent TNFa, LPS, and TNFa +
LPS; solid red circles represent IFNy, IFNy + TNFa, and IFN+y + LPS.
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Figure 5. Prolonged (15 days) exposure to IFNy significantly induces immunoproteasome
subunit expression and decreases constitutive proteasome subunit expression in astrocytes

Primary human fetal astrocytes were exposed to TNFa, LPS, and IFN-y (alone or in

combination) for 15 days. Media and treatments were replaced every 3 days. (A)
Representative Western blot of immunoproteasome (PA28a, LMP7, LMP2) and constitutive

proteasome (B5, B2, B1) subunits from a single biological replicate. Quantification of (B)

PA28a, (C) LMP7 and B5, (D) p2 and (E) LMP2 and B1 protein expression relative to
vehicle after normalization. Data were log transformed and values represent mean + SEM (7
= 4 biological replicates) of the fold change from vehicle (dotted line). Statistical

comparisons to vehicle were made by RM-ANOVA with post hoc Holm-Sidak test. *P <

0.05; ***P< 0.001; **** P< 0.0001.
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Figure 6. IFN+y effects on expression of proteasome subunits and HO-1 are dose-dependent
Primary human fetal astrocytes were exposed to IFNy (0.1 pg/mL — 25 ng/mL) for 15 days.

Media and treatments were replaced every 3 days. Western blot densitometry quantification
of (A) HO-1, (B) PA28a., (C) LMP7, and B5 protein expression relative to vehicle after
normalization to B-tubulin. Data were log transformed and values represent mean + SEM (n
= 4 biological replicates) of the fold change from vehicle (dotted line). Statistical
comparisons to vehicle were made by RM-ANOVA with post hoc Holm-Sidak test. *P<
0.05; **P< 0.01; ***P< 0.001; **** P< 0.0001. Statistical comparisons between
consecutive IFN+y doses were made by RM-ANOVA with post hoc Holm-Sidak test. #P <
0.05; #p < 0.01; ##p< 0.001; ## P < 0.0001.
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Figure 7. IFN+y increases the rate of proteasome-dependent HO-1 degradation
U251 cells transiently expressing FLAG-HO-1 and exposed to IFNy (10 ng/mL) for 3 days

were used in pulse chase assays to measure HO-1 degradation. Cells were pulse labeled with
[3°S]methionine/cysteine and chased for indicated time points. Degradation mediated by
proteasome activity was assessed by treating cells 2 hours prior to labeling with the
proteasome inhibitor MG-132 (5 uM) or DMSO (vehicle). (A) Intracellular protein
degradation was determined by [3°S] liquid scintillation counting of TCA-precipitable lysate
fractions. Radioactivity was measured as counts per minute (CPM) and are expressed as a
percentage relative to time O within each independent experiment (n=3). Data represent
mean = SEM. Statistical analysis of treatment conditions at each time point was performed
by two-way RM-ANOVA with post-hoc Holm-Sidak test. (B) Representative phosphorimage
used for densitometric quantification of radiolabeled FLAG-HO-1. Black arrows indicate
radiolabeled FLAG-HO-1. (C) Degradation of HO-1 protein was determined by
densitometric quantification of radiolabeled FLAG-HO-1 and are expressed as a percentage
relative to time 0 within each independent experiment (n=3). Data represent mean + SEM.
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Protein half-life in vehicle and IFNvy conditions (closed circles) was determined by one-
phase exponential decay and rate of decay (k) was compared by Extra sum of squares F test.
***P< 0.001. The effects of MG-132 at each time point was analyzed by two-way RM-
ANOVA with post hoc Holm-Sidak test (significance not shown in figure). IFN+y vs. IFNy
+MG-132: P<0.001 at all time points. PBS vs. PBS + MG-132: £< 0.01 at 8hr; < 0.001
at2,4,and 12 hr.
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