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A single mutation (C73R) in the enzyme uroporphyrinogen
III synthase (UROIIIS) is responsible formore than one-third of
all of the reported cases of the rare autosomal disease congenital
erythropoietic porphyria (CEP). CEP patients carrying this
hotspot mutation develop a severe phenotype of the disease,
including reduced life expectancy. Here, we have investigated
the molecular basis for the functional deficit in the mutant
enzyme both in vitro and in cellular systems.We show that aCys
in position 73 is not essential for the catalytic activity of the
enzyme but its mutation to Arg speeds up the process of irre-
versible unfolding and aggregation. In the mammalian cell
milieu, the mutant protein levels decrease to below the detec-
tion limit, whereas wild type UROIIIS can be detected easily.
The disparate response is not produced by differences at the
level of transcription, and the results with cultured cells and in
vitro are consistent with a model where the protein becomes
very unstable upon mutation and triggers a degradation mech-
anism via the proteasome.Mutant protein levels can be restored
upon cell treatment with the proteasome inhibitorMG132. The
intracellularly recovered C73R-UROIIIS protein shows enzy-
matic activity, paving theway for a new line of therapeutic inter-
vention in CEP patients.

Congenital erythropoietic porphyria (CEP),4 or Gunther dis-
ease, is a rare autosomal disease caused by mutations in the
gene that encodes for the enzyme uroporphyrinogen III syn-
thase (UROIIIS) (1, 2). UROIIIS catalyzes the cyclization of the
linear tetrapyrrole hydroxymethylbilane to produce uropor-
phyrin III (3, 4). Such condensation competes with the sponta-
neous degradation of the substrate to produce uroporphyrin I,
which does not catabolize well (4). In CEP patients, lowered
UROIIIS activity causes the accumulation of type I porphyrins

in the bone marrow, teeth, stool, and urine as well as skin pho-
tosensitivity (2). CEP patients also suffer from hemolytic ane-
mia and splenomegaly, and they have red-colored urine.
Because porphyrins mostly accumulate in the marrow, current
treatment has focused on marrow suppression and bone mar-
row transplantation with an uneven degree of success (5, 6).
At the molecular level, the severity of the disease is depen-

dent ultimately on the nature of the inborn error (7–9). Genetic
analyses of �110 CEP patients have identified �25 missense
mutations as well as four defects in the promoter region (10,
11). As shown in supplemental Fig. S1, the distinct mutations
are repeated only occasionally within patients. One striking
exception is C73R, present in more than one-third of all
reported cases (10). This hotspot mutation has a drastic effect
onUROIIIS enzyme functionality and results in themost severe
phenotype in CEP patients (11).
As a first step to therapy, it is crucial to understand themech-

anism by which the mutation induces the loss of functionality.
Structural studies andmodeled complexes indicate that Cys-73
is far from the enzyme-substrate interaction site, suggesting
that it does not play a critical role in catalysis (12–14). Consis-
tent with this idea, we have shown recently that, in vitro, puri-
fied recombinant human C73R-UROIIIS partially retains its
catalytic activity (15). Mutations can also reduce thermody-
namic stability, and proteins that are mis- or unfolded are usu-
ally processed by cellular degradation pathways (16). Here, we
have explored the relationship between enzyme activity and the
stability of C73R-UROIIIS both in vitro and in cell cultures.Our
results with pure protein show that themutant protein is folded
but undergoes a conformational change. The apparent enzyme
activity decreases over time at a much faster rate than in wild
type UROIIIS due to the premature unfolding of the molecule.
In transfected cells, C73R-UROIIIS protein levels are depleted,
but intracellular mRNA levels are not. Upon proteasome inhi-
bition, mutant protein levels are restored, and the protein is
proven to be functionally active.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Allmedia and reagents for tissue
culture were purchased from Invitrogen. Human fibroblastoid
M1 cells were grown in complete DMEMmedium (Dulbecco’s
modified Eagle’s medium supplemented with 10% (v/v) fetal
bovine serum, 0.1 mg/ml streptomycin, and 100 units/ml pen-
icillin). The murine hepatic MLP29 cell line was grown under
the same culture conditions. When indicated, cells were cul-
tured during 12 h in the presence of 10 �M MG132, 100 �M

choloroquine, or 15 mM ammonium chloride, which were all
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from Sigma-Aldrich. Monoclonal antibodies were purchased
from the following vendors: anti-Myc tag (clone 4A6) from
Upstate (Lake Placid, NY), anti-neomycin phosphotransferase
II (clone 4B4D1) from Abcam (Cambridge, UK), anti-Hsp90
(clone 68) from BD Biosciences, and anti-Hsp70 (clone BRM-
22) and anti-alpha-tubulin (clone DM1A) from Sigma-Aldrich.
HRP-conjugated secondary antibody was from GE Healthcare.
All other reagents were of analytical grade and primarily
acquired from Sigma-Aldrich.
DNA Constructs—To generate mammalian expression plas-

mids coding humanUROIIIS (wild type and C73R) fused to the
Myc epitope, the complete open reading frames of UROIIIS
were amplified by PCR from the bacterial plasmid pHTU-
ROIIIS expressing wild type or C73R versions of human
UROIIIS. The products were purified and used as templates for
nested PCR, using primers designed to append an EcoRI site
upstream of the Kozak sequence and to replace the translation
termination site with a SalI site, followed by Myc-coding
sequence, a stop codon, and a NotI site. The nested PCR prod-
uct was gel-purified and cloned in the EcoRI-SalI sites of the
pEGFP-C2 and pEGFP-N3 vectors (Takara Bio, Clontech,
Mountain View, CA) for expression of GFP-tagged proteins, or
in the EcoRI-NotI of the pCR3.1 vector (Invitrogen) for expres-
sion of Myc-tagged proteins. All constructs were roughly veri-
fied by DNA sequencing.
The humanUROIIIS sequence fused to theMyc epitope also

was obtained by PCR of plasmid DNA (pHTUROIIIS) contain-
ing wild type human UROIIIS, using the forward and reverse
primers 5�-cttccatatgatggaacaaaagcttatttc-3� and 5�-cgcggatc-
ctcagcagcaaccatg-3� and cloned into the pET16b bacterial vec-
tor using the BamH1 and Nde1 restriction sites.
Generation of Stably Transfected Mammalian Cell Lines—

For stable transfection, both M1 and MLP29 cell lines were
grown to 60–70% confluency. M1 cells were transfected with
C- or N-terminal Myc-tagged UROIIIS-WT or UROIIIS-
C73R-encoding plasmids andMLP29 cells with C- or N-termi-
nal GFP-tagged UROIIIS-WT or UROIIIS-C73R-encoding
plasmids by using FuGENE 6 (Roche Diagnostics, Manheim,
Germany) and OptiMEMmedium (Invitrogen) as described by
the manufacturer’s instructions. The medium was changed to
complete DMEM 5 h post-transfection and to complete
DMEM containing 2 g/liter G418 24 h later. About 2 weeks
later, clones of stably transfected cells were isolated and main-
tained in complete DMEM containing 2 mg/ml G418. The
same stable cell line from each of the different WT and C73R
versions of the UROIIIS protein was selected to perform this
study.
ConfocalMicroscopy—MLP29 stable cell lines carrying GFP-

tagged proteins were grown on glass coverslips, fixed with 2%
(w/v) formaldehyde, washed twice with PBS, and mounted on
glass slides with Fluoromount-G (Southern Biotech, Birming-
ham, AL) containing 0.7 mg/liter DAPI. Immunofluorescence
staining was performed as described previously (27). Fluores-
cence was examined on a Leica TCS SP multiphoton confocal
microscope, and images from different channels were acquired
using the Leica Confocal Software.
FlowCytometryAnalysis—MLP29 cell lines stably expressing

GFP-tagged UROIIIS-WT or UROIIIS-C73R proteins were

cultured in 150-mm dishes, trypsinized using TRIPLE reagent
(Invitrogen), washed twicewith ice-cold PBS, and analyzed on a
FACS Canto II cytometer (BD Biosciences). GFP fluorescence
of a minimum of 20,000 cells was acquired using BD FACSDiva
flow cytometry software (version 5.0).
UROIIIS Enzymatic Assay—The determination of UROIIIS

specific activity was based on the method developed by Jordan
and modified by Tsai et al. and Hart and Battersby (28–30).
Purified protein samples were obtained as described previously
(15). When testing the activity in eukaryotic cells, an aliquot of
ten million untreated or MG132-treated cells were used, and
the protein concentrationwas obtained by the Bradford protein
assay (Bio-Rad) using BSA as the standard and corrected for the
number of cells that contained theGFP tag thatwas determined
by flow cytometry.
Circular Dichroism and Fluorescence Spectroscopy—CD

experiments were collected in a JASCO J-810 spectropolarim-
eter and analyzed as described previously (31). CD experiments
were performed in a quartz cuvette with a 0.2-cm path length,
whereas fluorescence data were recorded in a JASCO FP-6500
fluorometer. Sample concentrationwas set to 350 nM and 40 nM
for the CD and fluorescence experiments, respectively. The
experiments were run at 25 °Cwith samples that had been puri-
fied and stored at 4 °C.
Computational Modeling—The C73R, C73A, C73D, C73S,

C73N, C73L, and C73Y mutants of UROIIIS were modeled
computationally using the SwissModelWorkspace (17) and the
Protein Homology/analogY Recognition Engine (Phyre) (18).
Solvent accessibility calculations were carried out using the
MOLMOL program with a probe radius of 1.4 Å and using
the 1JR2 Protein Data Bank structure (12) for wild type and the
modeled structure for C73R. PyMOL software was used for
data representation and analysis of interatomic distances.
Transcript Expression Analysis (qRT-PCR Assay)—Total

RNA was isolated using the TRIzol Reagent (Invitrogen, Carls-
bad, CA) as per the manufacturer’s instructions, and quantita-
tive real-time PCR (qRT-PCR)was performed in two steps. Sin-
gle-stranded cDNA was synthesized from 1 �g of mRNA,
treated previously with RNase-free DNase, using random hex-
amers and SuperScript II in presence of RNase OUT. (All
reagents were from Invitrogen.) The real-time step was carried
out with 5 �l of 1:20 cDNA dilution and SYBR Green (Invitro-
gen) for 30 cycles (for 30 s at 94 °C, for 30 s at 60 °C, and for 30 s
at 72 °C) on a Bio-Rad iCycler thermocycler. The samples were
examined twice in triplicate for expression of neomycin phos-
photransferase II (NPTII), UROIIIS, and acidic ribosomal pro-
tein (ARP). For UROIIIS, both N- and C-terminal Myc-tagged
versions of the wild type and C73R mutant proteins were ana-
lyzed. The specific primers (and expected product sizes, in base
pairs) are shown in supplemental Table S1. The relative level of
each transcript was calculated on the basis of the��Ctmethod
and normalized to ARP as the reference gene. Amplicon size
and reaction specificity was also confirmed by 2.5% (w/v) aga-
rose gel electrophoresis.
Western Blot Analysis—To prepare cell lysates, 106 tryp-

sinized cells were lysed for 15 min on ice in the presence of
100 �l of lysis buffer (300 mM NaCl, 50 mM Tris, pH 7.4, 0.5%
TritonX-100, and protease inhibitors). After clarification of the
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samples by centrifugation at 20,000 � g, the supernatant was
transferred to a fresh Eppendorf tube. The protein concentra-
tion of the cell lysates was determined bymeans of the Bradford
protein assay (Bio-Rad) using BSA as the standard. SDS sample
buffer was added, and samples were incubated for 5 min at
37 °C, 65 °C, and 95 °C and separated on 4–12% precast acryl-
amide gels (Invitrogen). After transferring to PVDF mem-
branes (Millipore, Bedford, MA) and blocking overnight (5%
milk and 0.05% Tween 20 in PBS), the primary antibody was
added for 1 h, followed by a PBS wash, and application of the
secondary HRP-conjugated antibody. Chemiluminescent
detection of bands was performed with ECL Plus reagent (GE
Healthcare).

RESULTS

Reduced Stability of C73R-UROIIIS in Vitro—The catalytic
activity of UROIIIS is time-dependent because the enzyme is
not thermodynamically stable and undergoes irreversible dena-
turation, followed by aggregation (11). Freshly purified
UROIIIS-C73R retained one-third of the activity of the wild
type enzyme, but at physiological temperature, the activity of
themutant protein decayed�10 times faster than the wild type
protein (Fig. 1A). The decrease in the folded conformation over
timewas determined using CD,monitored at 37 °C and 222 nm
(this wavelength reports on the �-helical content of the pro-
tein), and is shown in Fig. 1B. Wild type UROIIIS had a half-life
of 61 h as comparedwith 15min observedwith C73R-UROIIIS,
whichwas in very good agreement with the time dependence of
the catalytic activity of the enzyme.

Fig. 1C shows the CD spectra for the purified wild type (black
line) and C73R (blue line) UROIIIS, which match significantly,
consistent with the idea that both proteins share the same fold-
ing pattern. The lower intensity at 222 nm found in the C73R
spectra is consistent with a slightly lower helical content for the
mutant. The effect of the mutation was also investigated by
fluorescence spectroscopy, as UROIIIS has two tryptophan res-
idues, both of which are found at the N-terminal domain, and
Trp-83 is only 10Å away from CYS-73. Fig. 1D shows the emis-
sion spectrum for wild type UROIIIS (black line) and C73R
(blue line). The shift in the maximum of the emission spectra
indicates that the tryptophan of the mutant protein is more
exposed to a polar environment.
Using homologymodeling programs (17, 18), we generated a

structural model of C73R-UROIIIS. Fig. 2 shows the overlay of
the N-terminal domains of wild type (Protein Data Bank code
1JR2) (12) and theC73R (model), whereCys-73 andArg-73 side
chains have been highlighted by red and blue spheres, respec-
tively. According to the model, the arginine side chain pene-
trates into the domain core. To further investigate the origin of
UROIIIS destabilization upon mutation, a set of Cys-73 muta-
tions that differ in the side chain volume and charge has been
generated: C73A, C73D, C73S, C73N, C73L, and C73Y. Struc-
tural models for the mutants are also shown in Fig. 2, whereas
the loss of stability over time, analyzed by CD, is shown in Fig.
1B. A certain correlation between the side chain volume and the
acceleration of the unfolding process is observed (Fig. 2), con-
sistent with the increase in the number contacts that large side

FIGURE 1. A, changes in enzyme activity over time at 37 °C and relative to wild type UROIIIS at 4 °C. Black circles, wild type UROIIIS; blue diamonds, C73R-UROIIIS;
green squares, UROIIIS-Myc. The inset expands the information regarding C73R-UROIIIS. B, decay over time of the CD ellipticity at 222 nm (sensitive to the
�-helical content of the protein) for WT and seven different Cys-73 mutants of UROIIIS. C, far-UV region of the CD spectra for wild type (black line) or C73R (blue
line) UROIIIS. D, tryptophan emission fluorescence spectra for wild type (black line) or C73R (blue line) UROIIIS. The position of the maximum in each spectrum
is highlighted by the vertical lines. The peaks labeled with an asterisk correspond to the Raman spectrum of water. a.u., arbitrary units; mdeg, millidegrees; n.i.,
normalized intensity.
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chains have with the hydrophobic surrounding (supplemental
Table S2). However, C73D shows higher stability thanwild type
UROIIIS and retained 100% of its enzymatic activity, demon-
strating that Cys-73 does not play a significant role in catalysis,
consistent with the proposed reaction mechanism (14). This
result suggests that the destabilization mechanism is complex,
and the introduction of a negative charge in this position may
also play a favorable role in increasing the free energy of the
protein. By introducing a positive charge, C73R probably exerts
the opposite effect, consistent with the very low stability found
for this mutation.

Reduced Expression Levels of C73R-UROIIIS in Mammalian
Cells—To investigate whether the loss of activity in vitro also is
observed in the cell environment, several tagged versions of
wild type and C73R-UROIIIS were analyzed in two different
cell-types: a human fibroblast-derived cell line (namedM1) and
a murine hepatocyte-derived cell line (MLP29). M1 cell lines
stably expressing N-terminal or C-terminal Myc-tagged ver-
sions of wild type and C73R mutant enzymes were generated,
and the levels of the ectopically expressed proteins were ana-
lyzed byWestern blotting. As expected, no signal was observed
in the M1 parental cells (Fig. 3A). A clear specific band was

FIGURE 2. Structural models for the mutations in position 73. Overlay of wild type UROIIIS (Protein Data Bank code 1JR2, light ribbon) and the modeled structure for
each Cys-73 mutant (dark ribbon). The side chains for Cys-73 and the specific mutation are represented by red and blue spheres, respectively. Vol., volume.

FIGURE 3. A, Western blot analysis of the unmodified M1 cell line (control) or M1 cells stably expressing WT or C73R versions of Myc-tagged UROIIIS proteins.
Hsp70, Hsp90, and tubulin proteins serve as protein loading controls. Specific antibodies against NPTII and the Myc epitope were used to detect proteins from
transfected vectors. Molecular masses of the detected proteins are indicated. B, quantitative real-time PCR analysis. Upper panel, transcripts of the housekeep-
ing gene ARP, NPTII, and Myc-tagged UROIIIS mRNA were amplified in the different stable cell lines and examined on a 2.5% agarose gel. Lower panel, fold
change of the indicated transcripts expressed relative to cell lines stably expressing WT versions of Myc-tagged proteins (lower panel). Triplicates for each stable
cell line were evaluated to obtain the error bars.
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observed in stable cell lines expressing wild type UROIIIS.
When expressed in vitro and purified, this protein showed
�80% of the activity of untagged UROIIIS (Fig. 1A), indicating
that tagged version of this enzyme is functional. For themutant,
no specific bands were detected in stable cell lines expressing
the C73R mutant protein. This result could not be assigned to
additional stress induced by the ectopic expression of the dif-
ferent versions of UROIIIS protein because no significant dif-
ferences were detected when two endogenous stress-inducible
chaperoneswere analyzed (Hsp70 andHsp90, Fig. 3A) (19). The
mammalian vector pCR3.1 utilized in this study also carried the
gene encoding NPTII that was detected at similar levels in all
the stable cell lines, indicating that all of cell lines contained
functional vectors.
qRT-PCR with the stable cell lines was used to discard the

idea that the lack of mutant protein expression was due to a
failure at the transcriptional level. Specific pair primers were
designed to amplify the coding sequence for the N-terminal
Myc-tagged UROIIIS (UROIIIS-Myc), C-terminal Myc-tagged
UROIIIS (UROIIIS-Myc), vector-carried NPTII, and the
housekeeping gene ARP. As an internal control, we certified
that the corresponding primers amplifiedMyc-taggedUROIIIS
and NPTII transcripts only in the stably transfected cell lines
(Fig. 3B,upper panel). In the qRT-PCRassay, similar expression
levels of NPTII were observed in stable cell lines transfected
with the plasmids encoding the C-terminal Myc-tagged
UROIIIS (wild type or C73R), whereas the expression levels of
C73R UROIIIS-Myc were 2-fold higher than wild type
UROIIIS-Myc (Fig. 3B, lower left panel). In the Myc-UROIIIS
construct, a reduction in the transcript levels was observed
upon mutation (Fig. 3B, lower right panel), but this was inde-
pendent of the mutation because the transcript levels of NPTII
andMyc-UROIIIS were similar. Together, the results obtained
from the Western blot analysis and from qRT-PCR assay indi-
cated that a defect in the transcription of the Myc-tagged
UROIIIS mutant versions was not the origin of the lack of
expression generated by the C73R mutation, supporting the
idea that the proteinmutant is unstable and quickly degraded in
the cell, in agreementwith the results obtained by the structural
analysis.
Intracellular C73R Degradation Is Precluded by Proteasomal

Inhibition—In this experiment, we analyzed the intracellular
degradation of the C73Rmutant.MLP29 cells stably expressing
C73R-UROIIIS fused to GFP were incubated in the presence of
proteasome (MG132) or lysosome (chloroquine, NH4Cl) inhib-
itors (Fig. 4). Treatment with chloroquine or NH4Cl affected
the endosomal-lysosomal pathway (20) as could be observed by
the accumulation of the early endosomal marker EAA1, but no
effect was observed in the C73Rmutant cells as compared with
the mock treatment. On the contrary, treatment with MG132
resulted in the accumulation of C73R along with p21 and ubiq-
uitinated proteins (Fig. 4). The protein accumulation induced
byMG132was independent of the tag position as shownby flow
cytometry analysis (Fig. 5A); the GFP-fused proteins of the
C73R mutant were absent under regular conditions but could
be detected at similar levels of expression when proteasome
activity was inhibited with MG132. This treatment also caused
an increase in the level of WT protein (supplemental Fig. S2).

However, the intracellular localization of WT and C73R were
different; cytosolic staining was observed for WT UROIIIS,
whereas a partially aggregated pattern was detected for C73R-
UROIIIS (Fig. 5B). This aggregation was not observed in cells
expressing GFP-tagged wild type version of UROIIIS even at
the highest expression levels, indicating that the aggregation
was caused by C73R mutation and not by the accumulation of
GFPmoeties. A fraction of these cells were disrupted and tested
for enzyme activity. Wild type and C73R-UROIIIS were both
catalytically active and, remarkably, themutant retained 50% of
the activity when normalized with respect to wild type. Alto-
gether, these results demonstrate the implication of the protea-
some degradation pathway in the intracellular clearance of the
wild type enzyme and the misfolded C73R mutant.

DISCUSSION

Congenital erythropoietic porphyria is a rare disease pro-
duced by the loss of activity in the enzyme uroporphyrinogen
III synthase. Clinically speaking, C73R is, by far, the most rele-
vantmutation inCEP (10). Here, we have studied themolecular
basis of this hotspot mutation. Our results show that the muta-
tion does not involve a residue important for catalysis. Instead,
the C73Rmutation, due to a combination of factors, produces a
conformational change ultimately responsible for decreased
kinetic stability of the molecule, because in vitro, the unfolding
half-life dropped from 2.5 days (WT) to 15min (C73R) at 37 °C.
In two distinctmammalian cell types, themutantwas undetect-
able as compared with WT UROIIIS that could be overex-
pressed in the cell. From these data, amodel emerges where the

FIGURE 4. MLP29 cells stably expressing C73R UROIIIS-GFP protein cultured
in the presence of dimethyl sulfoxide (mock), or inhibitors of degradative
pathways, proteasome (MG132), and lysosome (chloroquine and NH4Cl),
were analyzed by Western blotting. The C73R UROIIIS-GFP protein was
detected by using an antibody against the GFP moiety. Note that Hsp70 serves as
a protein loading control, and the accumulation of early endosomal antigen 1
(Eaa1), p21, and ubiquitinated proteins confirms that the inhibitors were working
properly. Molecular mass size markers are indicated.
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active conformation of WT UROIIIS is unstable thermody-
namically but remains folded long enough to exert its function.
This would not to be the case for the C73R-UROIIIS, which is
expressed in the cell but rapidly unfolds and is degraded
quickly, resulting in undetectable protein levels in the cell.
Numerous diseases have been related to mutations that

result in decreased stability of an enzyme. For instance, the
�Phe-508 mutation in the cystic fibrosis transmembrane
receptor is responsible for �70% of the cases of cystic fibrosis
(21), and destabilizing mutations in G protein-coupled recep-
tors are responsible for diseases such as retinitis pigmentosa,
nephrogenic diabetes insipidus, and hypogonadotropic hypo-
gonadism (22). For someof these pathologies, it has been shown
that certain substances can act as “chemical chaperones” to
slow down or inhibit their tendency to aggregate, resulting in
detectable enzyme levels in the cell (23). Our results suggest
that some of these co-solutes could equally act on C73R-
UROIIIS, and we are actively pursuing such studies.
The proteasome complex plays a critical role in signal trans-

duction pathways for cell growth and survival, cell-cycle con-
trol, and in protein turnover, which is crucial to maintain cel-
lular homeostasis. Here, we have shown that degradation of
UROIIIS depends on the activity of the proteasome instead of
the lysosome pathway, providing a molecular explanation for
the failure of chloroquine treatment in CEP patients (24).
Remarkably, the degradation process can be reverted by inhib-
iting proteasome activity, and even though the accumulation of
the mutant protein in the cell results in partial aggregation, we
show that the enzyme retains partial catalytic activity. The sen-
sitivity of transformed cells to proteasome inhibitors alongwith
the successful design of treatment protocols with tolerable
therapeutic indices has made proteasome inhibition a viable
strategy for cancer treatment. Clinical validation of the protea-

some as a molecular target was achieved with the approval of
bortezomib, a boronic acid proteasome inhibitor, for the treat-
ment ofmultiplemyeloma andmantle cell lymphoma (25). Sev-
eral “next-generation” proteasome inhibitors (carfilzomib and
PR-047,NPI-0052, andCEP-18770 represent the distinct struc-
tural classes of peptidyl epoxyketones, �-lactones, and peptidyl
boronic acids, respectively) with different mechanisms of
action, pharmacological and pharmacodynamic activity pro-
files, and therapeutic indices recently have entered clinical
development (reviewed in Ref. 26). Our results argue positively
for the possibility to expand the clinical utility of proteasome
inhibitors for the treatment of specific non-oncological pur-
poses. Although further studies are required, the partial inhibi-
tion of the proteasome may constitute a new therapeutic
modality for CEP patients.
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