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FIG. 3. Phylogeny of Cnc and Nrf proteins from metazoa rooted with the most basal lineage included, Trichoplax adhaerens. The tree was
estimated using PhyML (19, 20) and the LG substitution model (28), with four-category gamma correction of different mutation rates along
sequences. Support values shown are the SH-like values described in reference 1. Except for the grouping of Caendorhabditis spp. with Menatostella
vectensis (starlet sea anemone, a nonbilaterian), all metazoan groups show up in the expected places of the tree. In particular, the two species most
closely related to vertebrates, Ciona intestinalis (vase tunicate, a urocordate) and Branchiostoma floridae (lancelet, a cephalocordate) form a sister
group with vertebrates. The latter contains four paralogs, while all other species contain just a single gene from the group. It can then be concluded
that the ancestral gene containing the conserved domain has been duplicated more than once in the vertebrate lineage, and all four paralogs in
vertebrates are equally closely related to, for example, insect Cnc genes. The position of the Caenorhabditis spp. sequences could be an artifact
caused by sequence divergence (13). Furthemore, SKN sequences for Caenorhabditis contain a conserved domain that is shorter than all other

sequences in the tree.

membrane anchoring of Nrfl, rather than direct binding of
Keapl, is likely to regulate Nrfl’s ability to activate transcrip-
tion.

In support of the idea that Drosophila Cnc has multiple
transcriptional activities, comparison of conserved functional
domains showed that Cnc-C contains both Nrfl and Nrf2 do-
mains (Fig. 2C). The Cnc-C protein shares sequence similari-
ties with the Nrfl N terminus and also the Keapl binding
domains present in both Nrf2 and Nrfl. The function of Keapl

binding domains present in Nrfl is currently unknown. It has
been shown that the Nrfl N terminus is an important func-
tional regulatory element that anchors the transcription factor
to the membrane (57). The above analysis supports the idea
that the various functions for the Nrf family were present
before multiple duplications in modern vertebrates.

While Cnc-C clearly has a role in the antioxidant response
(44), phylogenetic analysis did not support Cnc-C as a specific
invertebrate homolog of the mammalian Nrf2 (Fig. 3). A com-
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prehensive phylogenetic analysis with metazoan cap ’n’ collar
bZIP sequences from a wide range of metazoan species sup-
ported an evolutionary model in which the Nrf2 gene arose
after the split between vertebrates and invertebrates. This was
also supported by a previous study (25). Interestingly, the phy-
logenetic analysis also suggested that the duplication of bZIP
proteins appears to have occurred in Chordata after the diver-
gence of the vertebrates from the primitive chordates, such as
the tunicates Ciona intestinalis, an urocordate, and the lancelet
Branchiostoma floridae, a cephalocordate.

RNAI depletion of cnc-C mRNA decreases levels of the 26S
proteasome. The stabilization of Ub%7®V-GFP following gene-
specific dSRNA knockdown can be caused by a general decline
in the expression of either the whole 26S proteasome, a pro-
teasome subcomplex, or a single critical component. We at-
tempted to identify the type of defects in the Drosophila UPS
that resulted from the RNAi knockdowns of the top candidate
transcription factors, focusing specifically on the roles of
Cnc-C. Immunoblot assays of protein isolated from Drosophila
cells harvested 3 days after treatment with dsRNA to cnc-C
resulted in a decrease in individual proteasome subunits from
different subcomplexes of the proteasome (Fig. 4A). The
greatest decline at the protein level was observed for the 20S
proteasome subunit alpha 7, followed by the 19S subunit Rpt1.
Knockdown of cnc-C levels resulted in a modest decline in the
p97 ATPase. As has been previously observed for Drosophila
cells, RNAi knockdown of the ubiquitin receptor S5a resulted
in increased levels of proteasome subunits. To examine the
abundance of the proteasome complex itself, equivalent
amounts of total cellular protein were separated by native gel
electrophoresis, and in-gel peptidase assays were carried out by
overlaying with the fluorogenic proteasome substrate LLVY-
AMC, followed by exposure to UV light (Fig. 4B). After
knockdown of cnc-C levels, the in-gel peptidase assays showed
reductions of 26S proteasome complexes but little or no ap-
parent decreases in the 20S proteasome. The cellular activity
for 20S proteasomes was also examined with a more sensitive
assay using whole-cell protein extracts following the cleavage
of LLVY-AMC in a standard cuvette-based assay (Fig. 4C).
The 20S proteasome assays on RNAi-treated cell extracts
showed a strong reduction of the 20S proteasome activity when
Cnc-C levels were depleted with different dsSRNAs that were
specific for the cne-C transcripts. This assay measures total 20S
proteasome pools of both free 20S and 20S proteasome that
are assembled in the 26S proteasome. The apparent discrep-
ancy between the two 20S proteasome assays may be due to
changes in the ratios of 20S versus 26S proteasomes. Inhibited
assembly of 26S proteasomes would tend to maintain the levels
of free 20S proteasomes, as observed with the in-gel peptidase
assay, even though the overall level of 20S proteasomes de-
clined, as measured with the cuvette-based assay.

In addition, cnc RNAIi could prevent the S5a subunit
RNAi-related increase in 20S subunit activity. The S5a
RNAI knockdown was effective in the presence of dsRNAs
to cnc, and immunoblot assays against S5a showed appar-
ently equivalent depletion in S5a when treated with both
dsRNAs or alone (Fig. 4A).

Depletion of the Keapl substrate adaptor protein does not
induce proteasome increases. In Drosophila it has been shown
that the expression of Keapl rescues defects due to overex-
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pression of cnc-C in the eye (46). In mammals Keapl is a
BTB-Kelch-type substrate adaptor protein of the Cul3-depen-
dent ubiquitin ligase complex and functions as an adaptor for
the cullin 3-based E3 ligase to regulate the stability of the CNC
protein Nrf2 (6, 15, 24, 55). As found in mammalian systems
with Keapl and Nrf2, Drosophila Keapl and Cnc-C have been
proposed to directly bind to each other and have been identi-
fied to interact in two-hybrid experiments (16). In the standard
model, Keapl acts as a negative regulator of Cnc-C, and to-
gether they play an important role in the cell as an important
sensor for oxidants and toxic agents during antioxidant and
detoxification responses (see Fig. 7, below).

To examine the effects on proteasome subunit levels, Dro-
sophila Keapl was knocked down with RNAi (Fig. 4D). Sur-
prisingly, no increases in any proteasome subunit levels were
apparent after dSRNA treatment against Keap1, but there was
a decrease in each subunit. Quantitative RT-PCR measure-
ments of cells treated with dsRNA to Keap! showed that par-
tial depletion of Keapl by RNAI treatment significantly in-
creased an oxidative stress response gene, gstDI, but no
significant increase in mRNA level was observed for a protea-
some subunit (see Fig. S3 in the supplemental material).

Cnc-C is essential for the Drosophila proteasome recovery
pathway. To confirm that RNAi directed to cnc led to de-
creases at the transcriptional level, mRNA levels for several
components of the 26S proteasome were measured by quanti-
tative RT-PCR (Fig. 5A). Levels of mRNA for one subunit
each from the 20S proteasome (alpha 7), the 19S regulatory
base (Rpt3), and the 19S lid (Rpnll) were measured. The
levels of the p97 ATPase mRNA were also measured, as they
have been shown to be coregulated with the proteasome in S.
cerevisiae and Drosophila (23, 29). The levels were normalized
to the RpL32 mRNA standard and compared to a control
RNAIi knockdown by using dsRNA to GFP. Knockdown of
these transcription factors resulted in modest but significant
decreases at the mRNA level for all three classes of protea-
some genes, with declines between 20 and 40% (Fig. 5A).

Consistent with the earlier RNAI screening, knocking down
a single cnc transcript, cnc-C, resulted in decreases at the
proteasome mRNA level that were equal to or stronger than
when targeting all cnc transcripts. A significant decline in the
level of mRNA for the p97 ATPase was also observed follow-
ing cnc-C knockdown. A TagMan probe was available to ex-
amine the mRNA levels of cnc after RNAI treatments and
confirmed the specificity of the dsSRNA treatments. The com-
mercially available probe was designed to anneal to all the
predicted transcript forms of cnc. Targeting specifically the
cnc-C transcript lowered the mRNA levels of the overall cnc
mRNA to a lesser extent (cnc-C dsRNA1 to 36% and dsRNA2
to 29%) than targeting with one designed to target all cnc
transcripts (cnc-All; to 42%).

A number of ubiquitin binding proteins have been charac-
terized, and several others have been proposed to assist in the
proteasomal degradation of ubiquitylated substrates. One of
these facilitator proteins is the proteasome subunit S5a. De-
pletion of the ubiquitin binding subunit S5a increased the
protein levels of Drosophila proteasome subunits (Fig. 4) but
required the presence of Cnc-C. Quantitative PCR measure-
ments showed that this regulation occurs at the mRNA level
(Fig. 5B). As was seen at the protein level, the induction of
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FIG. 4. Decreases in the expression of proteasome subunits after knockdown of Cnc-C. (A) Immunoblots to subunits from different subcom-
plexes of the 26S proteasome and p97 ATPase. RNAi knockdown of ubiquitin receptor S5a was previously shown to increase overall 26S
proteasome levels and the p97 ATPase (29). Co-RNAI depletions of S5a and Cnc blocked S5a-induced increases in proteasome levels. (B) Results
from a native gel proteasome assay in which 26S and 20S proteasomes were separated by electrophoresis and identified by in-gel hydrolysis of the
LLVY-AMC proteasome fluorogenic substrate. (C) 20S proteasome assay of Cnc-C RNAi-depleted Drosophila extracts. After RNAI treatments
the cell extracts were measured for total protein concentrations and assayed for 20S proteasome levels. Assays were carried out in the absence of
ATP and with the addition of dilute SDS (0.03%) to activate the 20S proteasomes. Activity was determined by hydrolysis of Suc-LLVY-AMC (final
concentration, 200 pM) for 1 h at 37°C. (D) Immunoblots to 26S proteasome subunits and p97 ATPase subunits after knockdown of the Keap1
E3 ligase. Knockdown of Keapl did not increase proteasome subunit levels.

proteasome mRNA after depletion of the ubiquitin receptor
S5a was blocked in the absence of Cnc-C, indicating that the
Cnc-C transcription factor is responsible for the increased lev-
els of proteasome and p97 mRNAs after loss of the S5a pro-
teasome subunit.

The recovery of proteasome levels after proteasome inhibi-
tor treatment was also examined. After treatment with the
proteasome inhibitor MG132, mammalian and Drosophila cells
increase their proteasome component mRNA levels (29, 34).
This has been termed the proteasome recovery pathway (41),

and these increases in proteasome and p97 mRNA levels were
blocked by RNAI against cne-C (Fig. 5C). Overall, these results
showed that Cnc-C is essential for a cell’s ability to restore
proteasome levels after proteasome inhibitor treatment, and it
contributes partially to maintaining basal levels of the protea-
some mRNAs under steady-state conditions.

Cnc-C is a proteasome substrate and is stabilized when the
ubiquitin receptor S5a is depleted. To understand the role of
the proteasome in maintenance of Cnc-C protein levels, a
V5-His-tagged recombinant Cnc-C containing 576 amino acid
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FIG. 5. The Cnc-C transcription factor contributes to maintaining basal levels of proteasome mRNAs and is essential for proteasome recovery
after inhibition. For each quantitative PCR, triplicate knockdown measurements for each target were carried out independently and the mRNA
levels were determined using real-time PCR and TaqMan probes for Drosophila proteasome subunits and the p97 ATPase. A control RNAi
treatment used dsRNA to the GFP sequence and was used for normalization of levels. (A) Effects of knockdown of Cnc-C on a 20S proteasome
subunit mRNA (alpha 7), on a 19S lid subunit (Rpt3), a 19S lid subunit (Rpn11), and, finally, the mRNA levels for p97 ATPase. The Cnc was
depleted with either a dsRNA that was specific for only the Cnc-C alternative transcript or for all Cnc transcripts, Cnc-All. Cnc-C RNAI depletion
resulted in significant decreases in all measured proteasome mRNAs. Student’s ¢ test was used to analyze differences in proteasome mRNAs (P <
0.0065) and for p97 ATPase (P = 0.037). (B) RNAi knockdown of the proteasome subunit S5a and increased levels of proteasome mRNA levels.
Coknockdown of S5a and Cnc-C blocked the induction of proteasome and p97 mRNA levels. Depletion of Cnc-C with either dsRNA significantly
blocked mRNA proteasome induction after loss of S5a. (C) Proteasome recovery after inhibition with MG132 was blocked in cells previously RNAi
depleted of the transcription factor Cnc-C. RNAi-treated cells were treated for 7 h with MG132 (10 wM). Student’s ¢ test was used to compare
control cell recovery after MG132 treatment versus Cnc-C-depleted MG132-treated cells: P < 0.02 for alpha 7 mRNA levels; P < 0.007 for p97
ATPase mRNA levels; P < 0.0005 for Rpnll.

vided and treated with either proteasome inhibitor or dsSRNA
and compared with untreated controls (Fig. 6A). Transfected
control cells showed little or no detectable Cnc-C V5-His-

residues of the unique Cnc-C protein was expressed in Dro-
sophila S2 cells. Since multiple attempts to generate polyclonal
Cnc-C-specific antibodies were unsuccessful, cne-C was cloned

from a Drosophila cDNA library and a C-terminal V5-His tag
was added in place of the bZIP DNA binding domain, whose
sequence was not present in the expressed sequence tag tran-
script. A transfection mixture of Drosophila S2 cells was di-

tagged protein; however, after epoxomicin treatment, the same
transfection showed a high Cnc-C V5-His level. Interestingly,
RNAI knockdown of the S5a proteasome subunit, but not a
GFP dsRNA-treated control, also stabilized the Cnc-C V5-His
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FIG. 6. (A) Soluble Drosophila Cnc-C is a proteasome substrate
and is stabilized by RNAi depletion of proteasome subunit S5a. A
C-terminal V5 epitope tagged Cnc-C construct was transfected into
Drosophila S2 cells, and cells were divided into different treatment
groups. Collected cells were freeze-thawed, and the soluble protein
fractions were immunoblotted and developed with a V5 antibody.
RNAI depletion of S5a stabilized soluble Cnc-C, but levels were not
stablilized with a control dsSRNA to CG10372. RNAi using dsRNA that
was employed in the original screen knocked down CncC-V5 in
epoxomicin-treated cells. (B) Soluble Cnc-C-transfected Drosophila S2
cells expressing CncC-V5 were treated, and soluble and membrane
fractions were immunoblotted against the C-terminal V5 epitope. The
faster migration for soluble Cnc-C suggests cleavage at the N-terminal
end of the CncC-V5 compared to the slower-migrating membrane-
associated CncC-VS5. Both soluble and membrane-bound Cnc-C bands
migrated more slowly than the expected molecular mass for the
Cnc-V5 construct, 66 kDa.

protein. As expected, RNAI treatment using the cnc-C dsRNA
blocked the appearance of Cnc-C V5-His after proteasome
inhibition.

It has been observed that the mammalian Nrfl transcription
factor is a membrane/endoplasmic reticulum (ER)-bound pro-
tein and is proposed to be proteolytically cleaved for activation
and transport to the nucleus independently of Keapl (56). To
determine if this is the case with Drosophila Cnc-C, cnc-C
V5-His-transfected cells were harvested, and membrane and
soluble fractions were prepared and immunoblotted for the
presence of the Cnc-C construct (Fig. 6B). A membrane-
bound fraction of the Cnc-C with V5-His had a significantly
slower migration rate through the SDS-PAGE gel than the
soluble Cnc-C. Both the soluble and membrane-bound Cnc-C
V5-His had significantly slower migrations through the SDS-
PAGE gel than expected for the size of the construct. Previ-
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ously, both human Nrfl and Nrf2 transcription factors also
have been observed to show abnormally slow migration in
SDS-PAGE gels (56). The V5 antibody can only recognize a
Cnc-C protein that contains an intact C terminus, and this
suggests that the small soluble form of Cnc-C present after
proteasome inhibition may be caused by an N-terminal trun-
cation. Posttranslation modification, such as glycosylation of
the membrane form of Cnc-C, cannot be ruled out at this time
to explain the migration differences. Assuming that the pro-
tease activity of the proteasome is inhibited after epoxomicin
treatment, the proposed cleavage of the Cnc-C V5-His would
require a second protease for the generation of the soluble
form. Additional studies are required to confirm and map the
potential cleavage site(s) apparently present in the soluble
Cnc-C V5-His.

A number of bZIP transcription factors have been shown to
be constitutive substrates for the 26S proteasome, including
Nrf2 (6). Our current results support a model where decreased
proteasome activity or the loss of Drosophila S5a prevents the
degradation of the Cnc-C transcription factor. Under condi-
tions of low cellular proteasome activity, the membrane-bound
Cnc-C protein is cleaved by a currently unknown proteolytic
system, and the liberation of an N-terminal truncated soluble
form of Cnc-C promotes increased transcription of protea-
some genes in the nucleus (see Fig. 7, below).

DISCUSSION

Targeted inhibition of 20S proteasome proteolytic activity
has become a new and unique avenue for treating multiple
myeloma and other cancers (44). While the understanding of
how to inhibit the in vivo levels of the proteasome has greatly
advanced in the past decade, less is known about the basic
cellular mechanisms that increase or decrease overall protea-
some levels, such as upregulation of proteasome activity ob-
served in muscle wasting conditions or the poorly understood
age-related decline in proteasomes (7). To identify disease
states that would be likely candidates for the use of protea-
some inhibitors, it is important to understand the mechanisms
and unique features of maintaining adequate proteasome lev-
els in metazoan cells.

A widely used model substrate for measuring the UPS within
living cells is the ubiquitin fusion UFD substrate Ub“7®Y-GFP
(8), and this was chosen as the reporter in our RNAI screen.
An advantage of using the Ub®7°-GFP reporter is that the cell
assay requires the basic transcriptional machinery to still be
functional, i.e., that transcription off the actin promoter of the
UbS7V.GFP reporter has successfully occurred. Specific loss
of transcription of UPS mRNAs is measured by the stabiliza-
tion of Ub“’®Y-GFP but does not create false positives for
general transcription defects that would typically also prevent
UbS7®Y.GFP mRNA transcription.

Our current results indicate a role for Cnc-C in maintaining
26S proteasome levels and the p97 ATPase. The Drosophila
cnc gene was the first identified member of the extensive CNC
family of basic leucine zipper proteins (36). The Cnc-bZIP
factors are believed to function as obligate heterodimers with
small Maf proteins (21). In Drosophila there is a single cnc
gene that has a number of distinct transcript forms (33). The
cne-C transcript is expressed ubiquitously and is essential for
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life, while the cnc-B transcript is expressed in an embryonic
pattern that includes the labral, intercalary, and mandibular
segments and is required for the proper development of these
structures (33, 35, 51). A much more complex gene arrange-
ment is present in mammalian cells, represented by a family of
bZIP factors related to the Drosophila Cnc protein, and in-
cludes the Nrfl, Nrf2, Nrf3, p4ASNFE2, and Bachl and Bach2
transcription factors (47).

At both the protein and mRNA levels, proteasome compo-
nents in this study were found to decrease when cnc-C tran-
scripts were depleted in Drosophila S2 cells. Overall, the de-
creases observed for the proteasome subunits mRNA levels
were modest, causing 20 to 40% declines, when Cnc-C was
depleted. The partial depletion of proteasome mRNA may
indicate that transcription of proteasome mRNAs is regulated
by multiple pathways and Cnc-C may only contribute a frac-
tional role in the basal transcription of proteasome genes.
Other candidates identified from our screen may also contrib-
ute to basal maintenance of proteasome mRNA levels. Sur-
prisingly, large declines in the level of proteasome subunits
were present in Cnc-C-depleted cells that showed only a mod-
est decline at the mRNA level (Fig. 4C compared to 5A). Over
an extended period of time, continuous suboptimal mRNA
levels may drain proteasome levels if proteasome turnover is
significantly faster than replenishment.

On the other hand, the Cnc-C transcription factor does
appear to have a dominant role in the reestablishment of
proteasome levels after proteasome inhibitor treatment. A sig-
nificant loss of proteasome mRNA induction was seen in cells
depleted of Cnc-C. Also, the increase of proteasome mRNA
levels caused by the depletion of the ubiquitin binding S5a
protein was blocked when Cnc-C was depleted.

The cnc gene with its alternative transcripts may serve mul-
tiple roles in Drosophila, similar to the multigene nrf transcrip-
tion factor family in mammals. Treatment with dithiolethiones
leads to increased proteasome levels in mammalian cells
through the oxidative stress pathway Nrf2-Keapl due to in-
creased transcription of genes for proteasome 20S and 19S
subunits (27). However, it is unlikely that Nrf2 plays a major
role for the basal maintenance of 26S proteasome levels.
Knockout of the nrf2 gene results in mice that are develop-
mentally normal but are more sensitive to chemical or envi-
ronmental stress (5). In contrast with the knockout of nrf2,
knockout of the nrfl gene is embryonic lethal (4, 12). Nrfl is
essential for normal liver function in mice; liver-specific dis-
ruption of nrfl in mice results in increased inflammation and
apoptosis, and with additional time these mice spontaneously
develop cancer (54).

Drosophila Cnc-C and mammalian Nrfl N-terminal regions
share sequence similarities, and this suggests possible similar
regulation of the transcription factors. Nrfl is not believed to
be regulated by Keapl, but instead is proteolytically cleaved,
liberating it from its membrane anchor, in a poorly understood
process (57). Through the expression of a tagged form of a
V5-His Cnc-C, we also observed possible proteolytic cleavage
of a soluble form of the Drosophila transcription factor. Based
on the retention of the C-terminal tag present in the expressed
transgenic Cnc-C sequence, the cleavage likely occurs N-ter-
minally. During the revision of our manuscript, the long iso-
form of human Nrfl, TCF11, was shown to be an essential
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regulator for 26S proteasome formation via an ER-associated
protein degradation membrane feedback loop (45). For human
TCF11 to upregulate proteasome subunit genes, both deglyco-
sylation and cleavage of TCF11 are required for translocation
from the ER membrane to the nucleus.

Cnc-C may control proteasome levels independently of
Keapl. Previous Drosophila genomic transcriptional profiling
experiments showed that S5a depletion results in a specificity
for inducing proteasome genes (29). Second, Keapl, which
binds to and prevents Cnc-C from entering the nucleus and
upregulating antioxidant genes, is surprisingly one of the few
nonproteasome genes transcriptionally upregulated after S5a
depletion, when transcription of proteasome components is
induced. Finally, RNAIi depletion of Keap! does not increase
proteasome levels, as would be expected if Keapl functioned
to downregulate proteasome transcription in Drosophila cells.

If Drosophila proteasome genes were under the control of
the transcription factor Cnc-C, it would be expected that pro-
teasome genes share related promoter elements, as found in
other known genes that are transcriptionally activated by
Cnc-C. Antioxidant response elements (ARE) are enhancer
sequences that allow Nrf transcription factors to bind at the
promoter region of regulated genes (22, 50). Recently, an ARE
sequence was identified as a regulatory element near the start
of transcription for the mammalian proteasome gene PSMB6
(41). For Drosophila Cnc-C, an ARE enhancer element was
identified for oxidative stress regulation and Cnc-C binding
upstream of the glutathione S-transferase gene gstD (46). This
Drosophila gstD regulatory sequence, TCAgcATGACcggGCA
aaaa, shows clear similarity (uppercase letters) with the ex-
tended consensus of the mammalian ARE sequence motif
(37). We have previously shown that increased levels of pro-
teasome gene expression are regulated by small regions that
overlap the transcriptional start regions of proteasome genes.
For the proteasome genes Rpnl and Beta-2, the transcrip-
tional start regions contain ARE-like sequences, GCAgtGTG
ACcgcGCGgcga and GAGcgATGACaaaCAAaatt, centered
within previously mapped locations essential for induced tran-
scription after proteasome inhibition (29). However, these se-
quences are found directly after the transcription start site and
are present on the antisense strand of the DNA (see Fig. S4 in
the supplemental material). Future studies will be required to
understand the function of Cnc-C binding in both oxidative
stress-regulated genes and proteasome genes.

Our recent results have led us to propose a speculative
model for Drosophila proteasome regulation (Fig. 7). The
model proposes that RNAi knockdown of the ubiquitin recep-
tor protein S5a stabilizes Cnc-C, which is posttranslationally
modified and cleaved to specifically serve in transcribing pro-
teasome and proteasome-related genes. It was previously
shown that loss of S5a stabilizes a subset of important cellular
proteasome substrates. In Saccharomyces cerevisiae, deletion of
S5a (Rpnl0) stabilizes a range of ubiquitin proteasome sub-
strates, including the bZIP transcription factor Gen4 (32, 52).

We propose that for Drosophila, a single protein, Cnc-C, is
important for transcription of two large pathways of genes,
antioxidant genes and proteasome genes, and our findings sup-
port the idea that transcriptional specificity is occurring even
though a single transcription factor is involved. Our model
does not rule out the possibility that both pathways can be
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FIG. 7. Speculative model for a Drosophila transcription feedback control mechanism for 26S proteasome levels. Unlike the mammalian
system, only a single locus exists in Drosophila for a CNC bZIP transcription factor. An alternative short transcript, Cnc-B, is identical in sequence
to the longer Cnc-C transcript, but the shorter form has been previously shown to transcribe a specific developmental gene class (51). Past and
current evidence suggests a model in which Cnc-C is able to regulate the two gene classes independently and that posttranscriptional modifications
of the Cnc-C protein could generate two forms of Cnc-C with distinct activities. The model proposes that a Cnc-C form that does not bind Keap1
functions similarly to the mammalian Nrf-1 protein and uses the Nrf-1-like N-terminal region to become membrane bound to the ER or other cell
membrane surfaces. Depletion of the S5a shuttle protein activates this form of Cnc-C by preventing the degradation of the proteasome
transcription factor. Regulation of oxidative stress genes is controlled by the level of a posttranscriptionally modified Cnc-C that functions like the
mammalian Nrf-2 transcription factor and is controlled by polyubiquitylation through the Keap1 E3 ligase system. After entry into the nucleus, the
Cnc-C protein binds additional proteins and functions as a transcription factor for either proteasome degradation or an antioxidative stress class

of genes.

cotranscriptionally upregulated by Cnc-C. In fact, previous
transcriptional array profiling of Drosophila cells recovering
from proteasome inhibitor treatment showed upregulation of a
number of antioxidant gene and xenobiotic-metabolizing gene
mRNAs (29), including a 62-fold increase of a cytochrome
P450, CYP6A20, and a 2-fold increase for the known Cnc-C-
regulated glutathione S-transferase D1(46). Additional work is
required to understand the role of Cnc-C in Drosophila cells
and the possible mechanisms that allow specific induction of
the proteasome pathway. In conclusion, Drosophila Cnc ap-
pears to share an evolutionarily conserved proteasome regula-
tion pathway with the human Nrf transcription factors. Future
examination of this regulatory transcription pathway should
help explain how metazoan cells maintain proteasome activity
and also identify additional targets for future therapeutic in-
hibitors of the proteasome system.
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