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Abstract

Cystathionine beta-synthase (CBS) deficiency is an inborn error of metabolism characterized by
extremely elevated levels of plasma total homocysteine. The vast majority of CBS-deficient
patients have missense mutations located in the CBS gene that result in the production of either
misfolded or unstable protein. Here, we examine the effect of proteasome inhibitors on mutant
CBS function using two different mouse models of CBS deficiency. These mice lack mouse CBS
and express a missense mutant human CBS enzyme (either p.1278T or p.S466L) that has less than
5% of normal liver CBS activity, resulting in a 10-30 fold elevation in plasma homocysteine
levels. We show that treatment of these mice with two different proteasome inhibitors can induce
liver Hsp70, Hsp40, and Hsp27, increase levels of active CBS, and lower plasma homocysteine
levels to within the normal range. However, response rates varied, with 100% (8/8) of the p.S466L
animals showing correction, but only 38% (10/26) of the p.1278T animals. In total, our data shows
that treatment with proteostasis modulators can restore significant enzymatic activity to mutant
misfolded CBS enzymes and suggests that they may be useful in treating certain types of genetic
diseases caused by missense mutations.
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Introduction

Missense mutations are genetic alterations that result in the production of proteins with
single amino acid changes and are the most common alteration observed in several inborn
errors of metabolism. For example, they make up 62.4% of the mutant alleles described in
phenylketonuria patients, 65% of the alleles seen in ornithine transcarbamylase deficient
patients, and 67% of the alleles seen in cystathionine beta-synthase (CBS OMIM 613381)
deficient patients. [Stenson, et al., 2003]. Most disease-causing missense mutations do not
target key catalytic residues in proteins but rather cause problems in protein folding
[DePristo, et al., 2005]. It is thought that missense mutations affect protein structure by
preventing them from folding into their lowest-free energy native state, resulting in trapped
misfolded protein intermediates that are either degraded or form large molecular weight
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aggregates [Bross, et al., 1999]. In theory, treatments that could reverse these protein folding
defects and promote proper folding of missense mutant proteins would be of great utility in
the treatment of a wide variety of genetic diseases.

Previously, it has been demonstrated that it is possible to restore significant enzymatic
function to a large percentage of missense mutant human CBSalleles expressed in S
cerevisiae and E. coli by various genetic and pharmacological manipulations that alter the
protein folding (i.e., chaperone) environment [Kopecka, et al., 2011; Majtan, et al., 2010;
Mayfield, et al., 2012; Singh, et al., 2007; Singh, et al., 2010; Singh and Kruger, 2009]. CBS
deficiency is the most common inborn error of sulfur metabolism and is the cause of
classical homocystinuria, a condition characterized by very high levels of plasma total
homocysteine (tHcy) [Mudd, et al., 1964]. CBS deficient patients suffer from various
pathologies including arteriosclerosis, osteoporosis, mental retardation, and dislocated lenses
[Mudd, et al., 1985]. Current treatment for CBS deficiency involves lowering tHcy levels
with a combination of vitamins, protein restriction, and cysteine supplementation [Wilcken
and Wilcken, 1997; Yap, et al., 2001; Yap, et al., 2000]. Although those treatments can be
effective, the dietary regimes are difficult and compliance is often a problem. Thus, a drug
that could stimulate residual CBS enzyme activity could be useful in treating this disease.

One class of pharmacologic agents used to stimulate mutant CBS enzyme activity is
proteasome inhibitors [Singh, et al., 2010; Singh and Kruger, 2009]. The proteasome is the
major intracellular machine that is responsible for the degradation of excess or misfolded
proteins [Adams, et al., 1999]. Proteasome inhibitors both stop the degradation of misfolded
mutant protein and induce the expression of molecular chaperone proteins, such as Hsp70,
which can help stimulate proper protein folding [Hartl and Hayer-Hartl, 2002]. Clinically,
proteasome inhibitors are used primarily to treat certain types of cancer, such as multiple
myeloma [Orlowski and Kuhn, 2008].

The goal of the current study was to investigate the effects of proteasome inhibitors in two
different humanized mouse models of CBS deficiency. Our results show that it is possible to
restore significant enzymatic activity to mutant CBSalleles in vivo, resulting in significant
reductions in plasma homocysteine levels. Our findings suggest that proteasome inhibitors
may be useful in the treatment of certain types of genetic disease caused by missense
mutations.

Material and Methods

All experimental animal procedures were carried out according to the NIH Guide for the
Care and Use of Laboratory Animals and were approved by the Institutional Animal Care
and Use Committee at the Fox Chase Cancer Center.

Mouse Models

All mice used in the studies are shown in Supp. Table 1. Tg-S466L Cbs™~, Tg-1278T
Cbs™~, and Tg-hCBS Chs™/~ mice were generated as previously described [Gupta, et al.,
2008; Wang, et al., 2005; Wang, et al., 2004]. All three mouse strains were backcrossed to
C57BL6 three times before intercrosses were performed. These mice expressed human CBS
under control of the zinc-inducible metallothionein promoter. All mice were maintained on
LabDiet 5013 chow. Before being used for experiments, mice were put on water containing
25 1M ZnS0O4 for 11 days to induce transgene expression. Only female animals were used
for drug studies as they tend to have more consistent transgene induction [Wang, et al.,
2004]. A description of all the mice used in the study is given in Supp. Table 1.
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Drug Studies

Bortezomib (Velcade, Millennium Pharmaceuticals) was obtained from the pharmacy at Fox
Chase Cancer Center. Female adult animals were implanted with an Alzet micro —osmotic
pump (Model 1007D) filled with either 0.9% NaCl or bortezomib diluted in 0.9% NaCl.
This pump has a mean pumping rate of 0.5 ml/hr. Mice were weighed, and the amount of
bortezomib added to each pump was calculated to deliver a final dosage of 0.49 mg/kg/day.
Each pump was implanted subcutaneously on the back of the animal. The amount of fluid
left in the pump at the end of the experiment was measured to verify that pumping rates
were accurate. After 3 or 4 days, the animals were sacrificed, and the liver, kidney and
serum were harvested for analysis.

ONX0912 was obtained from Onyx Pharmaceuticals. ONX0912 was administered as a
suspension in 1% (w/v) carboxymethylcellulose (CMC) in water. Solutions were made fresh
each day. Each animal was dosed once per day by oral gavage. Animals were dosed for four
days in a row. After the final dose, animals were sacrificed and tissue harvested 7 hours after
last dose.

CBS Western Blot, Enzyme Activity, and Serum tHcy Measures

Liver and kidney homogenates for Western blot and enzyme assays were made as previously
described [Wang, et al., 2004]. CBS activity was analyzed in the presence of Adomet, as
previously described, by employing a Biochrom 30 amino acid analyzer (Cambridge, UK) to
measure cystathionine levels [Gupta, et al., 2008]. One unit of activity is defined as one
nanomole of cystathionine formed per milligram of protein per hour. Serum tHcy was
measured by Biochrom 30 amino acid analyzer, as previously described [Gupta, et al.,
2009]. Native and denaturing gels and Western blotting were performed as previously
described [Gupta, et al., 2008]. CBS was detected using a polyclonal anti-human primary
antibody [Shan and Kruger, 1998] (1:10,000) and secondary anti-rabbit antibody (1:30,000)
conjugated to horseradish peroxidase (Amersham Biosciences, UK). For chaperone proteins,
the following antibodies were purchased from Cell Signaling Technology: HSPA4/Apg-2
(#3303); HSPAS (#8444); HSP90 (#4874); HSP40 (#4868); HSP27 (#2442). Antibody from
Stressgen (Hsp70/72, mAb C92F3A-5 #SPA-810) was used to detect Hsp70. A total of 5
micrograms of serum protein was used in the Western blotting for CBG. CBG antibody
(rabbit anti-mouse) was gifted by Dr. Geoffrey L. Hammond, Child and Family Research
Institute, University of British Columbia, Vancouver, Canada.

Immunoprecipitation

For each immunoprecipitation reaction, 10 pl of human polyclonal CBS anti-serum (Abnova
#H00000875-A01) was conjugated to 50 pl of protein A/G agarose (Santa Cruz
Biotechnology #sc2003) by incubation overnight at 4°C. To this was added 100 pg of liver
cell extract prepared in lysis buffer containing 10 uM Tris pH 7.5 plus protease inhibitor
cocktail (Complete mini, Roche). After four hour incubation at 4°C, samples were washed
three times with lysis buffer, and material was eluted by boiling in 4X-SDS sample buffer
(Novex, Life Technologies). Material was then analyzed by running on 7% SDS Tris-
Acetate gels followed by Western blot.

Proteasome Activity Assay

Proteasome activity was quantified via a biochemical assay for chymotrypsin-like (CT-L)
activity, utilizing a fluorogenic enzymatic substrate, Leu-Leu-Val-Tyr-7-amino-4-
methylcoumarin (LLVY-AMC) as described [Kuhn, et al., 2007]. Mouse liver samples for
LLVY-AMC testing were dissected from animals, rinsed in PBS, and snap-frozen. Tissue
lysates were prepared by bead homogenization of liver in hypotonic lysis buffer (20mM
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Tris-HCI pH 8.0, 5mM EDTA), followed by centrifugation and collection of supernatant.
Lysate was assayed at a final concentration 0.35mg/mL, in combination with 60uM LLVY -
AMC. The production of fluorescent AMC was monitored Kinetically on a fluorometer, and
the detected signal at 30 minutes was used to calculate the nanograms of AMC generated per
microgram of total protein assayed (CT-L activity), based on an AMC standard curve.

Microarray Assay

Microarray analysis was done using a mouse 44K oligoarray (G4122F, Agilent
technologies) with Cy3 labeling as described previously [Gupta, et al., 2009]. A total of
eight hybridizations were performed. Expression intensities were background corrected
using the “normexp” method (R/Bioconductor package limma), and quantile-normalized.
Differential expression was assessed using limma. A list of differentially regulated genes for
responders and non-responders was selected on the basis of log (base 2) fold-change > 1 or <
-1 and a p-value less than 0.05. This list was then used for functional pathway analysis
employing the WebGestalt data mining system (http://genereg.ornl.gov/webgestalt).

Statistical Analysis

Results

For comparison between two groups, we used a non-parametric two-sided Mann-Whitney
U-test using Graphpad Prism software. A P-value less than 0.05 is considered significant.

Proteasome inhibitor ONX 0912 can rescue p.S466L

Previously, our lab created three humanized mouse models for CBS deficiency [Gupta, et
al., 2008; Wang, et al., 2005; Wang, et al., 2004]. These mice have an insertionally-
inactivated mouse Cbs allele and a zinc-inducible transgene that expresses either a wild-type
(Tg-hCBS Cbs™~) human CBS or one of two patient-derived missense-containing human
CBS alleles (Tg-1278T Cbs™~ or Tg-S466L Cbs ™). Like human patients with the p.S466L
mutation, Tg-S466L mice have greatly elevated tHcy levels [Gaustadnes, et al., 2000;
Gupta, et al., 2008]. The reason for this elevation is that the mutant protein is degraded,
resulting in little or no detectable CBS activity in the liver. However, heterologous
expression studies in E. coli and S cerevisiae have shown that when human p.S466L CBS is
not degraded, does not respond to AdoMet as an allosteric activator, but is highly
enzymatically active [Gupta, et al., 2008; Maclean, et al., 2002]. To see if we could rescue
p.S466L CBS function in vivo, we treated a group of Tg-S466L Cbs™'~ mice with the
proteasome inhibitor ONX 0912. ONX 0912 is an oral proteasome inhibitor developed by
Onyx Pharmaceuticals and is currently in human clinical trials as an anti-cancer agent
[Zhou, et al., 2009]. As a control, we also treated animals with carboxymethylcellulose
(CMC), the vehicle used to make up the ONX 0912 suspension. Vehicle and drug dissolved
in vehicle were delivered by oral gavage once daily for four consecutive days, after which
the animals were sacrificed and tissues were collected for analysis. ONX 0912 treated
animals had on average an 85% drop in median homocysteine levels compared to vehicle
treated animals (Fig. 1A and Supp. Table 1; 145 vs. 15 uM, P<0.0003). Consistent with this
data, we found that the median liver CBS enzyme activity increased from 25 to 1290 units
(P<0.003), a level that is nearly identical to that observed in untreated control Tg-hCBS
Cbs™~ animals (Fig. 1B). Increased enzyme activity was observed in the kidney (29 vs. 105
units, P<0.04). Western analysis of liver extracts show that vehicle-treated animals have
barely detectable levels of CBS protein, while treated animals have levels at or exceeding
those found in Tg-hCBS Cbs™/~ animals (Fig. 1C). We also examined if the S466L enzyme
in the ONX 0192 treated livers were responsive to AdoMet. In control Tg-hCBS Chs™/~
extracts we observed a 450% increase in CBS activity upon AdoMet addition, while in Tg-
S466L Chs™~ mice treated with ONX 0912, we saw only a 30% increase in activity (n=3,
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P<0.0007). These results demonstrate that treatment with ONX 0912 stabilizes p.S466L
protein, and this stable protein is enzymatically competent to lower plasma homocysteine
levels in vivo even though AdoMet responsiveness is greatly diminished.

Heterogeneous response of p.1278T to bortezomib and ONX 0912

We next examined the effect of proteasome inhibitors on mice expressing p.1278T CBS. The
p.1278T mutation is the most commonly observed mutation in CBS-deficient patients, and
has minimal residual enzyme activity when expressed in human fibroblasts, E. coli, or S
cerevisiae [Chen, et al., 2006; Kluijtmans, et al., 1999]. Previously, our lab has shown that
in Tg-1278T Cbs™~ mouse liver, the steady-state level of the protein is somewhat reduced
compared to wild-type CBS, and the remaining protein has minimal enzyme activity [Wang,
et al., 2005].

We treated Tg-1278T Chs~/~ mice with two different proteasome inhibitors, ONX 0912 and
bortezomib. In humans, bortezomib is used to clinically to treat myeloma and certain
lymphomas, and is usually given intravenously. For the studies described here, bortezomib
(n=9) was given at a dose of 0.49 mg/kg/day through the use of a surgically implanted
osmotic pump, while ONX 0912 (n=17) was given by oral gavage at 40 mg/kg/day. Based
on the standard conversion between human and mouse doses [Reagan-Shaw, et al., 2008],
both drugs are being given at near the level used in cancer patients. Control animals
consisted of seven animals implanted with a saline containing pump, and seven animals
gavaged with the ONX 0192 vehicle, CMC. In bortezomib-treated animals, the median liver
CBS activity increased from 40.5 to 513 units (P<0.03), median kidney CBS activity
increased from 4.55 to 267 units (P<0.0017) and median tHcy decreased from 329 to 75 uM
(P<0.20) compared to control animals (Fig. 2). For ONX 0912 treated animals, median liver
CBS activity increased from 40.5 to 78 units (P<0.008), median kidney CBS increased from
4.5 to 16 units (P<0.01), and median tHcy decreased from 329 uM to 286 pM (P<0.12).

For both drugs, we noticed a high degree of heterogeneity in tHcy, liver CBS activity, and
kidney CBS activity compared to the vehicle treated animal group. A proportion of animals
in each of the drug treated groups had tHcy, liver CBS, and Kidney CBS activities outside
the range defined by the vehicle treated animals, and within the range of those observed in
the Tg-hCBS Chs™~ control group. Using a liver CBS activity of 195 as our cut-point (half-
way between the highest vehicle treated animal, and the lowest hCBS control animal; see
gray box Fig. 2B), we designated each animal as either a responder or non-responder. Using
this criteria, we found that 66% (6/9) of the bortezomib animals were responders, but only
24% (4/19) of the ONX 0912 animals were responders. This difference in response rates is
significant (P<0.05, fishers exact). As expected, responsive animals had significantly lower
median tHcy (40.5 vs. 349, P<0.0003) and higher kidney CBS activity (277 vs. 14.5,
P<0.0003) compared to non-responsive animals, showing that all three measures are highly
correlated.

To understand the cause of this heterogeneity, we first examined steady-state CBS levels in
untreated, treated non-responding, and treated responding animals. We found that treated
animals generally had higher levels of liver p.1278T CBS than untreated animals, but that
the amount of CBS protein present on denaturing gels did not correlate very well (R2=0.66)
with the amount of CBS activity in the same extract (Fig. 3). Much better correlation
(R?=0.97) was observed when activity was compared to the amount of tetrameric CBS as
determined by native gels, suggesting that the differences in response are due the percentage
of CBS that is correctly folded.

To see if differences in bortezomib and ONX 0912 pharmacokinetics might play a role in
response, liver proteasome function was measured in both treated and untreated Tg-1278T
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animals. As expected, the median proteasome activity was significantly reduced in both
bortezomb (P<0.004) and ONX 0912 (P<0.001) treated animals compared to controls (Fig.
4A), but they were not different from each other. When sorted by response status, there was
also no statistically significant difference in proteasome activity (Fig. 4B). These findings
indicate that differences in the level of proteasome inhibition are not the primary cause of
the heterogeneity in CBS response to proteasome inhibitors.

Induction of chaperone proteins

Since Hsp70 induction was required for rescue of p.1278T function in S cerevisiae [Singh
and Kruger, 2009], we wondered if the heterogeneity in response might be related to
differential induction of various liver chaperone proteins. Therefore, we measured the steady
state levels of a variety of liver chaperones in control, responsive, and non-response mice
(Fig. 5A). The chaperones examined included HspA4, HspA8, Hsp90, Hsp40, Hsp70, and
Hsp27. Treatment with either bortezomib or ONX 0912 increased expression of all of the
Hsp’s over the CMC treated control with the exception of HspA8, a known constitutively-
expressed Hsp70 family member [Green and Liem, 1989]. We did observe a slight induction
of HspA4 by CMC treatment alone, but an even higher induction occurred when the drugs
were given. Hsp90 was only slightly induced by either drug treatment, and no differences
were observed between responders and non-responders. Hsp27, Hsp70, and Hsp40 were all
robustly induced by ONX 0912, and to a lesser extent by bortezomib. In the bortezomib-
treated animals, responders seemed to have higher steady state levels of Hsp70 and Hsp40
compared to non-responders, but in ONX 0912-treated animals, this relationship was
reversed. Thus, differential induction of Hsp70 and Hsp40 by itself cannot explain the
difference between responsive and non-responsive animals.

We also examined the interaction of various chaperone proteins with 1278T and WT CBS
protein by immunoprecipitation (Fig. 5B). In these experiments, we immunoprecipitated
CBS from three different liver extracts; 1278T responder (R), 1278T nonreponder (NR), and
hCBS. We were able to pull down easily detectable levels of Hsp27 and Hsp40 with p.1278T
CBS, but only weak interaction with Hsp27 and no interaction with Hsp40 was detected
with WT hCBS. We were unable to detect any Hsp70 or Hsp90 with either WT or p.1278T
CBS. However, we did not observe any consistent differences in extracts from the 1278T
responder vs. non-responder, suggesting that differences in chaperone interaction cannot
explain the increase in ezyme activity seen in responders.

Microarray analysis

To identify the factors that might contribute to the response heterogeneity of 1278T, we
turned to microarray expression analysis. We performed expression analysis on livers from 8
animals, four treated with bortezomib and four treated with ONX 0912. We examined two
responsive and two non-responsive animals in each group. Multidimensional scaling
analysis (MDS) revealed that the largest separation occurred between animals treated with
bortezomib and animals treated with ONX 0912, indicating that there are differences in the
biological effects of these two compounds (Fig. 6A). We also observed separation within
each group between responders and non-responders, although this difference was more
pronounced in the bortezomib treated animals. To identify genes that might distinguish
between responders and non-responders, we searched for genes that were either up or down-
regulated in both bortezomib and ONX 0912 responders. We identified 178 known
transcripts that were at least 2-fold up or down regulated with P<0.05 (Supp. Table 2). We
then looked for enrichment in gene ontology classes using the Webgestalt Gene Analysis
Toolkit 2.0 [Zhang, et al., 2005]. We observed significant enrichment in several categories
(see Supp. Table 3), but the most significant P-values were observed in oxido reduction
genes (n=23), lipid biosynthetic processes (n=13), steroid metabolic processes (n=10), and
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steroid biosynthetic process (n=8). As the steroid metabolic process genes were present as a
subset in all the groups, we chose to focus on this group for further analysis. Of the 10 genes
in this category, 9 were down-regulated in responders relative to non-responders (Fig. 6B).
We did not observe significant differences between non-responsive and untreated animals,
suggesting that down-regulation of these transcripts is in some way related to the response
mechanism. The largest fold-change occurred in the SERPINAG gene, whose known
function is to act as the major corticosteroid binding protein (CBG) in the serum [Henley
and Lightman, 2011]. However, we did not observe elevation in CBG levels in serum (Fig.
6C), suggesting that the regulation of CBG may have a large post-transcriptional
component.

Discussion

In this paper, we demonstrate that treatment with proteasome inhibitors can restore
significant levels of enzymatic activity to missense mutant human CBS proteins expressed
in mice. Rescue of the p.S466L allele occurred in 100% of the animals treated, while rescue
of the p.1278T mutation was more variable, with 23.5-66% of the treated animals showing
response depending on the drug being used. When response did occur, it was robust, with
liver CBS activity and tHcy restored to the normal range. These findings suggest that this
class of drugs may be useful in the treatment of CBS deficiency and other inborn errors of
metabolism caused by missense alterations that effect protein folding.

The most consistent and robust rescue was observed in animals expressing p.S466L CBS. In
mammalian liver, this mutation appears to cause the protein to become unstable and
degraded, explaining why it causes CBS deficiency [Gupta, et al., 2008]. However, when the
protein is expressed in non-liver systems including E. coli, S. cerevisiae, or Chinese hamster
fibroblasts the protein is stable and folds into a conformation that has levels of enzymatic
activity approaching that of the AdoMet stimulated wild-type enzyme [Gupta, et al., 2008;
Janosik, et al., 2001a; Maclean, et al., 2002]. A hypothesis to explain these findings is that
the mutation slows down the kinetics of protein folding, but if the protein is given enough
time, it will fold into a native conformation. In fact, it has been recently demonstrated that
recombinant human S466L CBS (as well as several other mutant CBS proteins) have
reduced thermostability stability relative to wild-type CBS [Pey, et al., 2013]. We speculate
that in heterologous expression systems, there is sufficient time for this folding to occur, but
in mammalian cells, the partially folded protein is targeted for degradation before it can
complete the folding process. It seems likely that inhibition of the proteasome allows the
p.S466L to find its native conformation before it gets degraded. This behavior is not unique
to p.S466L CBS. There are multiple examples of unique missense mutations present in
patients with various inborn errors of metabolism that have significant enzyme activity when
expressed in heterologous systems [Carter, et al., 1998; Eiken, et al., 1996; Kim, et al., 1997;
Shan, et al., 1999]. It seems likely that at least some of these mutations may have stability
defects that only manifest themselves when expressed in the appropriate mammalian or
human tissue.

The p.1278T mutant form of the enzyme was more difficult to reactivate. This mutant, unlike
p.S466L., appears largely stable and inactive when expressed in either E. coli or S.
cerevisiae, but tends to form large aggregates[Chen, et al., 2006; Janosik, et al., 2001b;
Singh, et al., 2010]. Thus, in heterologous systems the protein appears to misfold into a
stable inactive form. In yeast, it is possible to reverse this misfolding by various strategies,
including growing cells in the presence of chemical chaperones, genetic manipulation (e.g.,
deletion of the small heat shock protein Hsp26), or stressing cells with treatments that
induce Hsp70 [Singh, et al., 2007; Singh, et al., 2010; Singh and Kruger, 2009]. In yeast,
mutational analysis showed definitively that Hsp70 (SSA2) is required for rescue [Singh and
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Kruger, 2009]. In the studies described here, we used two different proteasome inhibitors to
induce proper folding of p.1278T in vivo. In both cases, we observed heterogenous response,
with some animals responding and others displaying minimal detectable changes in tHcy
levels and CBS activity. Bortezomib showed a higher rate of response (66%) than ONX
0912 (23.5%). This difference in response rates does not appear to be due to differences in
effectiveness of the two drugs on proteasome inhibition, as there was no significant
difference in the amount of proteasome inhibition between the two drugs, and there was no
difference in proteasome inhibition between responsive and non-responsive animals. A
possible explanation for the difference in effectiveness of these drugs is off-target effects.
Recent studies indicate that bortezomib has more off-target effects than Carfilzomib (a
highly related molecule to ONX-0912), so it is possible that these bortezomib-specific off-
target effects are contributing to this increased response rate [Arastu-Kapur, et al., 2011].
However, given the observation that 1) all responsive animals showed robust induction of
Hsp70; 2) responders were able to be identified with two structurally different proteasome
inhibitors; and 3) p.S466L was efficiently rescued by the more specific proteasome inhibitor
ONX-0912, it seems unlikely that the entire mechanism of action of these drugs involves
off-target effects.

That being said, the reason for the heterogeneous response is still not understood. It seems
unlikely that the differences are related to genetics or aging, as all mice treated were of the
same inbred B6 background, and we tended to use age- and sex-matched siblings as
controls. We also failed to observe consistent differences in the levels of chaperone proteins
between responsive and non-responsive animals. However, we were able to find differences
in gene expression between responders and non-responders. Strikingly, mRNA levels of
several genes involved in steroid hormone metabolism were found at lower levels in the
responders vs. the non-responder animals. These changes are not secondary effects mediated
by lower tHcy levels, as previous microarray studies failed to identify them as differentially
regulated by tHcy [Gupta, et al., 2009]. How exactly this steroid hormone gene signature
change relates to the stochastic variability in drug response remains to be determined.

Our findings in mice show that proteasome inhibitors can restore substantial enzyme activity
to some mutant proteins in vivo, and potentially could be used clinically to treat patients
with certain missense mutations in CBS or other genetic diseases. Bortezomib was first
approved by the FDA in 2003 for the treatment of multiple myeloma and is also used in the
treatment of mantle cell lymphoma. The major noted toxicity is peripheral neuropathy, but
patients can be on the drug for several years [Gilardini, et al., 2008]. In fact, there is a report
of an individual receiving the drug for over seven years with no reported harmful side
effects [Richardson, et al., 2012], suggesting that very long-term treatment is possible. In
2012, a second drug in this class, carfilzomib, received FDA approval for the same
indication. While bortezomib is a boronate-based inhibitor, carfilzomib and ONX 0912 (the
drug used in the current studies) are peptide epxoyketones. Evidence suggests that this
chemistry reduces off-target effects of these drugs [Arastu-Kapur, et al., 2011]. Consistent
with this idea, carfilzomib does not exhibit a strong peripheral neuropathy effect like
bortezomib [Siegel, et al., 2012; Vij, et al., 2012]. It is interesting to note that the liver
microarray studies performed here indicate very large differences in the gene expression
profiles of animals treated with bortezomib vs. ONX 0912, suggesting that the drugs have
very different mechanisms of action. A major unknown in using these drugs for non-cancer
related diseases is the proper schedule of dosing.

In summary, the results here show for the first time that proteasome inhibitors can be used to
restore function to disease causing missense alleles in mice. Our data provides strong pre-
clinical evidence that this class of drugs should be investigated as potentially being useful in

Hum Mutat. Author manuscript; available in PMC 2014 August 01.
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treating inborn errors of metabolism and other genetic diseases caused by missense
mutations.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

ONX 0912 rescue of S466L. CBS. A: Graph of tHcy in Tg-S466L Chbs™~ treated with ONX
0912 or vehicle. The column labeled “hCBS” shows values from either untreated or vehicle
treated Tg-hCBS Chs~/~ animals. For each column, the dots show individual animals. The
line indicates the median. B: Graph of CBS activity in liver extracts from ONX 0912,
vehicle, and Tg-hCBS Cbs™~ control mice. C: Western blot of liver extracts in Tg-S466L
Cbs™~ mice treated with either vehicle (CMC; carboxymethyl cellulose) or ONX 0912. Also
included are extracts from untreated Tg-hCBS Chs™/~ animals (right three lanes), and a
control extract from a Tg-1278T Cbs*/~ animal. For each lane, CBS activity is also
indicated. CMC indicates animals treated with vehicle only.

Hum Mutat. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gupta et al.

Page 13

1000+
BT e
A : . B
100001
1004 .. .
— —_—= L]
g L4 . .
p N e
) % ® ®e ° —Lo—
.
= ° 10004 [
-t .
104 . %, .
° oo = ==
. . &€ . O
o 23S o®
. :‘t’ g e
» . s
L ' : . o g "1 £ %o
ONX 0912 Bort. Vehicle hCBS ‘3 D .'. ° o o
Treatment B * o ]
53 #
10000 L
C 104
..
1000: .
S °® g
2 s e —Seoo ®ee
8% 100
n = . . 1 T T T T
8 g’ ° . ONX 0912Bortezomib Vehicle hCBS
LJ '. L]
g g 10 . +® Treatment
35 . =
g - L]
1
L]

0.1
ONX 0912Bortezomib Vehicle hCBS control
Treatment

Figure2.

ONX 0912 and bortezomib rescue of 1278T CBS. A: Graph of tHcy in Tg-1278T Cbs ™~
mice treated with ONX 0912, bortezomib, or vehicle (Saline and CMC combined). The
column labeled “hCBS” shows values from Tg-hCBS Cbs™~ animals. For each column, the
dots show individual animals. Median values are also shown. B: Graph of CBS activity in
liver extracts from Tg-1278T Cbs™~ mice treated with ONX 0912, bortezomib, or vehicle.
Gray region shows a box identifying responders. C: Graph of CBS activity in kidney
extracts from Tg-1278T Chs™/~ mice treated with ONX 0912, bortezomib, or vehicle.

Hum Mutat. Author manuscript; available in PMC 2014 August 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Gupta et al.

Page 14

Tg-hCBS -/ Tg-1278T -/-
< >
9 bortezomib
A § oo ONX0912
o< o o o
% 5 % xz @ Z| &z x =z
o
CBS Activity 3944 199126 |384 77 1349 75( 513 37 1160 4
|
£¢ Mg q
L=
= — <—1— CBS Tetramer
o} i CBS Monomer
20 |- ol
v s
— Actin
5000
v 2% C 3 4000
= *
~‘§ 4000 * i
= > 3000 R2=10.97562
- .
E 3000 R? = 065533 s /
= . £ 2000 -
g 2000 . 2 /
* 0 05
&2 1000 . g 1000 74
I S :
* 0 * T T
0 4
0 5000000 10000000 15000000 20000000 0 5000000 10000000 15000000 20000000
Pixels Pixels

Figure3.

Steady state CBS levels in ONX 0912- and bortezomib-treated mice. A: Native and
denaturing gel Western blot analyses showing CBS levels in ONX 0912- and bortezomib-
treated mice. Liver CBS enzyme activity level for the extract is shown above. Controls on
left two lanes are Tg-hCBS Cbs™~ mice treated with ONX 0912 or Vehicle (CMC). R and
NR stand for responder and non-responder. In Native gels, bands above the tetramer
represent higher molecular weight CBS containing complexes. B: Plot of amount of CBS
protein as determined by densitometry of the denaturing gel vs. CBS activity. C: Plot of
amount of CBS protein as determined by densitometry of the native gel vs. CBS activity.
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Figure4.
Inhibition of proteasome activity. A: Proteasome activity measured in liver extracts from

mice treated with the indicated drugs. Activity is expressed as a % of the average of the
control (vehicle-treated) animals. Line indicates median. B: Proteasome activity in
Responders and Non-responders.
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Figure5.

Effect of ONX 0912 and bortezomib on chaperone proteins. A: Western analysis of
chaperone proteins in liver from bortezomib, ONX 0912, and control mice. Liver CBS
activity for each extract is also shown. Mice are classified as either R (responder) or NR
(non-responder) based on CBS activity level. Control mice include a Tg-1278T Cbs—/- mice
treated with vehicle (CMC), a Tg-hCBS CBS —/- mouse that was uninduced for CBS
expression (No Zn Tg+ —/-), and a mouse that expresses endogenous levels of mouse CBS
(No Zn Tg+ +/+). B: Immunoprecipitation experiment examining interaction of Hsp90,
Hsp70, Hsp40 and Hsp27 with CBS. Extracts from a Tg-1278T Chs™~ responder (Tg-1278T-
R), Tg-1278T Cbs™'~ non-responder (Tg-1278T-NR) and a Tg-hCBS Chs™~ mouse, all
treated with ONX 0912, were used. Lane “I”” shows input extract; lane “+” shows material
brought down with a-CBS antibody conjugated to beads; lane “~* shows material brought
down by beads alone.
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Figure6.

Microarray analysis of ONX 0912- and bortezomib-treated responders and non-responders.
A: Multi-dimensional scaling plot of the samples. B: Expression data of the nine genes
identified as part of the steroid metabolism family (GO:0008202). Shown is expression in
NR, R, and untreated animals. Expression levels are shown using a log2 scale. C: Western
blot analysis of serum serpin A6 (CBG) levels. Drug treatment and response status of mice
are as 27 indicated. Controls on right include vehicle-treated mouse (CMC), Tg-1278T

Cbs ™~ uninduced mouse (very high tHcy), and Tg-1278T Cbs*/* (normal tHcy).
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