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Repressors of Cyclic AMP-Induced Transcription for Proteolysis
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Ubiquitin-mediated proteolysis controls diverse physiological processes in eukaryotes. However, few in vivo
targets of the mammalian Cdc34 and Rad6 ubiquitin-conjugating enzymes are known. A yeast-based genetic
assay to identify proteins that interact with human Cdc34 resulted in three cDNAs encoding bZIP DNA binding
motifs. Two of these interactants are repressors of cyclic AMP (cAMP)-induced transcription: hICERIIy, a
product of the CREM gene, and hATFS5, a novel ATF homolog. Transfection assays with mammalian cells
demonstrate both hCdc34- and hRad6B-dependent ubiquitin-mediated proteolysis of hICERIIy and hATFS.
This degradation requires an active ubiquitin-conjugating enzyme and results in abrogation of ICERIIy- and
ATF5-mediated repression of cAMP-induced transcription. Consistent with these results, the endogenous
ICER protein is elevated in cells which are null for murine Rad6B (mHR6B~'~) or transfected with dominant
negative and antisense constructs of human CDC34. Based on the requirement for CREM/ICER and Rad6B
proteins in spermatogenesis, we determined expression of Cdc34, Rad6B, CREM/ICER isoforms, and the
Skp1-Cullin-F-box ubiquitin protein ligase subunits Cul-1 and Cul-2, which are associated with Cdc34 activity
during murine testicular development. Cdc34, Rad6B, and the Cullin proteins are expressed in a developmen-
tally regulated manner, with distinctly different patterns for Cdc34 and the Cullin proteins in germ cells. The
Cdc34 and Rad6B proteins are significantly elevated in meiotic and postmeiotic haploid germ cells when
chromatin modifications occur. Thus, the stability of specific mammalian transcription factors is the result of
complex targeting by multiple ubiquitin-conjugating enzymes and may have an impact on cAMP-inducible gene
regulation during both meiotic and mitotic cell cycles.

A fundamental mechanism for control of cellular processes
is ubiquitin-mediated destruction of regulatory proteins.
CDC(C34, a gene essential for the transition into S phase of the
cell division cycle in Saccharomyces cerevisiae (6, 20), encodes
a ubiquitin-conjugating (UBC) enzyme (named UBC3). Cdc34
is required for ubiquitination and proteolytic degradation of
cyclins and cyclin-dependent kinase inhibitors (for reviews, see
references 14 and 36). The Cdc34 protein consists of a highly
conserved catalytic domain common to all UBC enzymes, in-
cluding the DNA repair protein Rad6 (23, 30), and a unique
carboxy-terminal extension or tail (20), which is essential for
cell cycle function (34, 64). A chimera consisting of the Rad6
catalytic domain and the Cdc34 carboxy terminus can fulfill
some of the in vivo function of both proteins (34, 64). Yeast
RAD6 (UBC2) has been implicated in DNA repair, induced
mutagenesis, retrotransposition, sporulation, and the degrada-
tion of proteins with destabilizing N-terminal amino acid res-
idues (15, 25, 37, 67).

Highly related CDC34 genes in humans and mice have
been cloned and characterized (26, 53, 55). Human CDC34
(hCDC34) can fully complement a cdc34-1 mutant strain for
growth at the restrictive temperature (55). Similarly, both hu-
man RAD6 homologs (hRAD6A and hRADG6B) can comple-
ment the DNA repair and mutagenesis deficiencies of rad6A
strains (33). Disruption of the mouse homolog of the ARAD6B
gene results in partial arrest of gametes at the postmeiotic
spermatid stage and alteration of postmeiotic chromatin re-
modeling (57). The role of hRAD6B in spermatogenesis ap-
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pears to be indirect, since its deletion does not cause a com-
plete and uniform block at a given point of spermatogenic
differentiation.

Ubiquitination is a process in which ubiquitin, a small poly-
peptide, is covalently attached to a cellular protein and normal-
ly results in proteasome-dependent proteolysis (for reviews,
see references 24 and 29). The UBC enzyme transfers the ubiqg-
uitin from a ubiquitin-activating enzyme (E1) to specific target
proteins, in some cases requiring a third factor, the ubiquitin-
protein ligase (E3), to mediate transfer (for reviews, see ref-
erences 27 and 54). The yeast Cdc34 UBC enzyme is recruited
to a large E3 complex called Skp1-Cullin—F-box protein (SCF)
by interaction with the Cullin protein Cdc53 (32, 36, 54).

In S. cerevisiae, Cdc34 in conjunction with the SCF complex
ubiquitinates cell cycle regulators (14) and other diverse sub-
strates (for a review, see reference 61), including transcription
factor Gen4 (35). Phosphorylation of at least some Cdc34
targets (e.g., Sicl and CIn2) is a prerequisite for its recognition
and subsequent degradation by Cdc34-mediated ubiquitination
(39, 63). The yeast Cdc34 and Rad6 enzymes appear to share
certain targets, including Gcen4 (35). However, it has been
difficult to identify specific targets of the mammalian enzymes
because of the large number of UBC enzymes and the lack of
cells containing conditional or null UBC alleles. We have used
a yeast-based in vivo assay (two-hybrid cloning) to identify
proteins that interact with mammalian Cdc34. As described
here, two of the hCdc34 interactants obtained in this assay
contain bZIP motifs and are repressors of cyclic AMP
(cAMP)-induced transcription: inducible cAMP early repres-
sor (ICER) and activating transcription factor 5 (ATFS5).

In eukaryotes, cAMP-mediated transcription regulates mul-
tiple physiological processes, including gametogenesis, circa-
dian rhythm, and neuroendocrine functions (for a review, see
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FIG. 1. Schematic representation of the CREM/ICER gene structure. The CREM repressor isoforms, CREM o and CREM B, and ICER isoforms are indicated. The
P1 promoter is GC rich and directs constitutive expression; the P2 promoter is strongly inducible by activation of the PKA-cAMP-dependent signaling pathway

(modified from reference 38, printed with permission of the Royal Society).

reference 60). Stimulation of this pathway is mediated via
phosphorylation by protein kinase A (PKA) of a single serine
in the structurally similar transcription factors called cAMP-
responsive element (CRE) binding proteins (CREB), CRE
modulators (CREM), and ATFs. Transcription factors which
regulate the response to cAMP belong to the bZIP family and
bind as dimers to an 8-bp pallindromic DNA consensus se-
quence called the CRE (59). The CREM gene is controlled by
two promoters and results in a large number of alternate-
ly spliced transcripts encoding activators and repressors of
cAMP-dependent transcription that are expressed in a tissue-
and developmentally regulated manner (Fig. 1). The upstream
promoter (P1) directs the CREM 1, 71, and 12 activators and
the CREM «, B, v, and S repressors. The downstream intronic
promoter (P2) directs the potent early repressors of cAMP-
induced transcription (ICER) (18, 19, 38, 48). Four types of
ICER transcripts (ICERI, -Iy, -IIy, and -II) are generated by
alternate splicing of the DNA binding domain and y domain
exons (48). ICER proteins are small (estimated molecular
mass, ~13 kDa) and, unlike CREM, lack both the phosphor-
ylation box (P box) and activation domain and escape from
PKA-dependent phosphorylation. The principal determinant
of ICER activity is not its degree of phosphorylation but its
intracellular concentration (48), which depends on the tran-
scription rate of the P2 promoter and the degradation rate of
the ICER polypeptide (48, 49).

CREM/ICER isoforms play a regulatory role in gene expres-
sion in haploid germ cells in mammals (for reviews, see refer-
ences 11 and 12) and have recently been implicated in sper-
matogenesis in humans (40). CREM activates a number
of testis-specific promoters of haploid cell-expressed genes.
CREM gene products are highly abundant in adult testis, and
their expression follows a developmental and quantitative
switch (19); the activator forms are the dominant forms in
postmeiotic germ cells, while the repressor forms are observed
at only low levels before meiosis (12). Targeted disruption of
the CREM gene in mice (5, 50) results in abrogation of sper-
matogenesis at the spermatid stage.

Here, we report that an hICER isoform (hICERIIy) and a
new ATF homolog (hATFS) are targeted by both hCdc34 and

hRad6B UBC enzymes for degradation in vivo. Both Cdc34
and Rad6B proteins are expressed at high levels in pre- and
postmeiotic germ cells, and targeting of CREM/ICER and
ATF proteins by Cdc34 and Rad6B UBC enzymes may have a
role in spermatogenesis. Thus, complex targeting of these re-
pressors by multiple UBC enzymes may have a major impact
on cAMP-dependent gene regulation during both meiotic and
mitotic cell cycles.

MATERIALS AND METHODS

Two-hybrid reagents. Reagents used in the two-hybrid screening include the
Gal4 activation domain library, the Gal4 DNA binding domain vector (pPC97),
the yeast host strain MV103 (MATa leu2 trpl his3 gall::HIS3 gall::lacZ SPAL::
URA3), and five constructs in MV103 for use as reference controls during screen-
ing (69, 70) and were kindly provided by M. Vidal (Massachusetts General Hos-
pital Cancer Center, Charlestown).

Construction of the DNA binding domain-Cdc34 fusion (bait). Human CDC34
c¢DNA (pKS-6110) (55) was digested with NotI followed by Smal at the codon
encoding the first methionine and inserted in frame into pPC97 (LEU2). The
junction between GAL4 and hCDC34 has been verified by sequence analysis. The
hCdc34C93S active-site mutant was generated from pKS-6110 by standard PCR
mutagenesis methods (28), and the mutation was confirmed by sequencing. The
mutant was then subcloned into pPC97 in a manner analogous to that for the
hCDC34 bait construct described above. The cdc34-1 mutant yeast strain
SJ1098-3d (MATa cdc34-2 leu2-3 ura3 trpl) was obtained from B. Byers, Uni-
versity of Washington, Seattle.

Activation domain cDNA library. A human T-lymphocyte cDNA fusion library
in the activation domain vector pPC86 (Trp™) was kindly provided by J. La Baer
(Massachusetts General Hospital Cancer Center). The cDNAs were cloned into
the EcoRI (5") and Spel (3') sites. This library has approximately 2 X 10° clones,
and the average insert size is 1 kb. The library was amplified once by electropo-
ration with electrocompetent Escherichia coli JS4 cells (Bio-Rad, Hercules, Cal-
if.) followed by replica plating onto Luria-Bertani agar-ampicillin plates. The
DNA was prepared by using a Plasmid Maxi kit from Qiagen (Valencia, Calif.).

Selection of hCDC34-interacting genes. The bait (LEU2) and the library plas-
mid (TRPI) were sequentially transformed into the yeast host strain MV103 by
using the modified Li-acetate transformation protocol of Schiestl and Giets (62)
with yeast total RNA and denatured salmon sperm DNA as the carrier to achieve
a transformation efficiency of 300,000 colonies/ug of plasmid DNA. Three inde-
pendent pools of library DNA were used to transform the MV103(pPC97-
hCDC34) cells, and 500,000 transformants from each pool were obtained. The
two-hybrid screen was performed by first selecting for growth of hCdc34 bait-
library cotransformants on SC-His-Leu-Trp plus 25 mM 3-amino-1,2,4-triazole
(3AT) (Sigma). Subsequently, activities of the additional reporter genes URA3
and lacZ in the 3AT-positive clones were determined. URA3 gene positive
selection was on uracil-deficient medium and negative selection medium with
0.1% 5-fluoro-orotic acid. Induction of the lacZ gene was assayed qualitatively in
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the presence of X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) for
blue colonies (58). The cDNA inserts of positive clones were PCR amplified and
cloned into a pPCRII vector by using a TA cloning kit from Invitrogen (Torrey
Pines, Calif.), and both strands were sequenced by using an automated sequencer
(LI-COR, Inc., Lincoln, Nebr.).

Cell cultures and transfection. NIH 3T3 and human choriocarcinoma JEG3
cells (both obtained from the American Type Culture Collection) were grown in
Dulbecco’s modified Eagle’s medium (DMEM) and MEM, respectively, supple-
mented with 10% fetal bovine serum and were maintained at 37°C, 95% humid-
ity, and 5% CO,. Cells used in the experiments were between 130 and 140
passages. Cells were transfected with appropriate plasmids in 100-mm-diameter
dishes by the calcium phosphate method as previously described (58). A fixed
amount of plasmid DNA was used in any given experiment. The total amount of
expression vector DNA was equalized by adding blank vectors to control for the
promoter competition effect. When necessary, transfection efficiency was moni-
tored by use of 1 wg of cytomegalovirus B-galactosidase plasmid per transfection,
and calorimetric B-galactosidase assays were performed with o-nitrophenyl B-p-
galactopyranoside as a substrate (58). Fibroblast cell lines from wild-type
mHR6B*'* and knockout mHR6B ™/~ mice at passage 3 (kindly provided by
H. P. Roest and J. Hoeijmaker) were grown in F10-DMEM supplemented with
10% fetal calf serum, and protein lysates were prepared as described below.

Plasmids. The following plasmids were used for transfection. pCS2ZMT-hICE-
RIIy was constructed by ligation of the 500-bp EcoRV/Pmacl fragment bearing
the A”ICERIIy cDNA, in frame at the end of the sixth Myc epitope in pCS2MT
(B. Kelley, Fred Hutchinson Cancer Center, Seattle, Wash.), which had been
digested with Stul. pPFLAGCMV2-hCDC34 was generated by cloning the region
of the A(CDC34 gene corresponding to the N terminus of the product contained
on a 1,298-bp Nrul/Kpnl fragment from pKS6110 (55) into pPFLAGCMV2 (Ko-
dak) that had been digested with EcoRV and Kpnl. pFLAGCMV2-hCDC34
(938, which encodes the active-site C93S mutation, was also constructed anal-
ogously. pPFLAGCMV2-hCDC34ACT was generated by cloning the A/CDC34
cDNA corresponding to the amino-terminal end contained on a 629-bp Nrul/
Scal fragment from pKS6110, encoding the first 189 amino acids (aa) from the
putative first methionine of hCdc34 (55). Plasmid pCB6-2#CDC34DN (kindly
provided by M. Goebl, Indiana University, Indianapolis), containing the domi-
nant negative human CDC34 mutant cDNA (66), was sequenced to verify the
mutations C93S and L97S and subcloned into the pSG5 (Promega) (22) mam-
malian expression vector (pSGS5-ZCDC34DN). The hCDC34 antisense plasmid
pSG5-hCDC34AS was constructed by subcloning the CDC34 fragment from
pFLAGCMV2-ZCDC34 (described above) in the reverse orientation relative to
the promoter. pPFLAGCMV2-ARAD6B was constructed by cloning a 766-bp
Hincll/Sspl fragment from pRR518 (L. Prakash, University of Texas Medical
Branch, Galveston) corresponding to the N terminus in frame into pFLGCMV2
digested with Smal and EcoRV. Other plasmids used were pSomCAT and
pSV-mouse CREM B (P. Sassone-Corsi, Institut de Genetique et de Biologie
Moleculaire et Cellulaire, Strasbourg, France), pSG5 (Promega, Madison, Wis.),
pCaEV (G. McKnight, University of Washington School of Medicine, Seattle),
and the pMT133 and pMT107 vectors (hemagglutinin [HA] and His-tagged
ubiquitin, respectively) (D. Bohman, EMBL, Heidelberg, Germany).

CAT assay. hICERIIy, hATFS, and hCDC34 sequences were cloned into the
expression plasmid pSGS5 for expression in mammalian cells. Forty-eight hours
following transfection, protein extracts were made from freeze-thaw-lysed cells.
B-p-Galactosidase activity was used for normalization of the amount of lysates to
be used in the subsequent chloramphenicol acetyltransferase (CAT) assay. The
CAT reaction was performed with cellular extracts, acetyl coenzyme A (Boehr-
inger Mannheim, Indianapolis, Ind.), and ['“C]chloramphenicol (NEN, Boston,
Mass.), with incubation at 37°C for 3 to 4 h. Reaction products were extracted in
ethyl acetate and separated on thin-layer chromatography plates (Whatman,
Maidstone, England) in 95:5 chloroform-methanol. The CAT plates were visu-
alized with a PhosphorIlmager (Molecular Dynamics, Sunnyvale, Calif.), and the
activity was quantified by measuring the percentage of chloramphenicol acety-
lated by using ImageQuant software (Molecular Dynamics).

Antisera. Monoclonal antisera for human Cdc34 and Cul-2 (Transduction Lab,
Lexington, Ky.), FLAG epitope and mouse B-actin (Sigma), c-Myc epitope and
bacterial TrpE (Oncogene Research Products, Cambridge, Mass.), and HA epi-
tope (BabCO, Richmond, Calif.) and polyclonal antisera for hRad6B (H. P.
Roest and J. Hoeijmaker, Erasmus University, Rotterdam, The Netherlands),
ICER (C. A. Molina, University of Medicine and Dentistry of New Jersey,
Newark), CREM (P. Sassone-Corsi), pan-CREM (Upstate Biotechnology, Lake
Placid, N.Y.), and Cul-1 (W. Krek, Friedrich Miescher Institut, Basel, Switzer-
land) were used.

Protein analysis and immunoprecipitation. Cells were lysed directly on 100-
mm-diameter tissue culture dishes in radioimmunoprecipitation assay buffer (1x
phosphate-buffered saline [PBS], 1% Nonidet P-40, 0.1% sodium dodecyl sulfate
[SDS], 0.5% sodium deoxycholate) or PBSTDS buffer (1X PBS, 1% Triton
X-100, 0.1% SDS, 0.5% sodium deoxycholate) containing protease and phos-
phatase inhibitors (1 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride, 1 wg of
pepstatin per ml, 30 pl of aprotinin per ml, 0.5 g of leupeptin per ml, and 100
mM sodium orthovandate) (all from Sigma), followed by scraping and passing
through a 21-gauge needle. After protein quantification (with Bio-Rad protein
dye and bovine serum albumin as standards) and normalization, 10 to 40 wg of
protein extract was electrophoresed on SDS-polyacrylamide gels and transferred
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to polyvinylidene difluoride membrane (Millipore, Bedford, Mass.) with a Bio-
Rad Mini Protein Blot apparatus according to the manufacturer’s protocol. The
filters were initially blocked with 5% nonfat dry milk in Tris-buffered saline
containing 0.1% Tween 20 for 1 to 2 h at room temperature and then probed
with Myc (1.5 pg/ml), FLAG (2.5 pg/ml), B-actin (1:100,000), Cdc34 (1:2,000),
Rad6B (1:250), Cul-1 (1:1,000), Cul-2 (1:500), ICER (1:1,000), and CREM
(1:500) antibodies. The bound antibodies were visualized with the enhanced
chemiluminescence detection system (Amersham, Buckinghamshire, England)
in combination with horseradish peroxidase-conjugated anti-mouse or anti-rab-
bit secondary antibodies as appropriate, and the intensities of the specific bands
in the exposed films were quantified. Immunoprecipitation was performed as
follows. Cell lysates (1.0 ml) were precleared by incubation with 10 wl of normal
mouse immunoglobulin G and 20 pl of protein G plus agarose (Oncogene
Research Products) at 4°C for 1 h on a rotator. The precleared lysate was
collected after centrifugation at 750 X g for 15 min. Precleared lysates normal-
ized for protein concentration (0.5 to 1.0 ml) were incubated at 4°C for 1 h with
appropriate dilutions of the primary antibodies, and then 20 pl of protein G plus
agarose was added. The mixture was then incubated at 4°C for another 12 to 16 h
on a rotator. Precipitates were then washed four times with 1 ml of ice-cold PBS
before electrophoresis and Western blot analysis.

Pulse-chase assay. JEG3 cells at passages 138 and 140 transiently transfected
with various plasmids were incubated for 2 h in methionine- and cysteine-free
DMEM. Cells were incubated for 1 h with 125 pCi of [**S]methionine (NEN)
per ml in the same medium. Cells were harvested (time zero) or washed four
times in PBS and incubated for 3, 6, or 9 h in complete medium (MEM)
supplemented with 4 mM methionine. At the end of each time period, cells were
washed three times in ice-cold PBS and lysed in 2.5 ml of PBSTDS buffer.
Following centrifugation at 1,250 X g for 15 min, the supernatant was collected
and analyzed for protein content with a Bio-Rad protein assay kit and for
incorporation of the [**S]methionine by trichloroacetic acid precipitation. The
average incorporation among samples was found to be 40% = 2.0%. An amount
corresponding to 25 X 10° trichloroacetic acid-precipitable counts was immuno-
precipitated with Myc antibody in accordance with the instructions of the man-
ufacturer (Oncogene Research Products), resolved by SDS-polyacrylamide gel
electrophoresis, fixed in acetic acid (10%)-methanol (40%), and analyzed in a
Storm imager.

Proteasome inhibitors and detection of ubiquitin-ICERIIy conjugates. Pep-
tide aldehydes MG115 and MG132 were obtained from Peptide Institute Inc.
(Lexington, Ky.) and dissolved at 10 mM in dimethyl sulfoxide. Approximately
36 h after transfection and 5 h before harvest, cells were treated with 0.025 mM
proteasome inhibitors. Cells were lysed as described above, with the addition of
5 mM N-ethylmaleimide (Sigma) to the lysis buffer as previously described (10).
For the detection of HA-tagged ubiquitin-ICERIIy conjugates, cells growing in
100-mm-diameter dishes were cotransfected with ICERIIy and either HA
(pMT133)- or His, (pMT107)-tagged ubiquitin expression plasmid, followed by
treatment with proteasome inhibitor, lysis, immunoprecipitation, and Western
analysis as described above.

Testicular protein lysates and isolation of germ cells. Testes were collected
from a colony of wild-type C57 mice at various ages of development from birth
until 40 days old at intervals of 5 days (kindly provided by S. Sharan and A.
Bradley, Baylor College of Medicine, Houston, Tex.). Testes were dissected,
washed several times with PBS, snap frozen in liquid nitrogen, and kept at —80°C
until protein lysates were made. Germ cells were prepared from adult C57BL/6
X 129 (hybrid) mouse and Sprague-Dawley rat testes by trypsin digestion, fol-
lowed by centrifugal elutriation as described previously (21, 45). Enriched pop-
ulations of pachytene spermatocytes, round spermatids, and late spermatids were
prepared by centrifugal elutriation, with a purity of ~80% as shown by micro-
scopic analysis. Protein lysates were made from these fractions by using radio-
immunoprecipitation assay buffer. Testicular lysates from 12-week-old C3H X
C57BL/6 jsd heterozygote (jsd/+) and mutant (jsd/jsd) mice (3) (kindly provided
by G. Shetty) were made as described above. C57BL/6J mice (6 to 7 weeks old)
(kindly provided by G. Wilson) treated with 16 Gy of radiation were sacrificed 4
weeks postirradiation, testes were collected, and lysates were made as described
above (44). Testicular lysates from 7- to 8-week-old unirradiated littermates from
the same colony were used as controls.

RNA extraction and Northern analysis. Total RNA was extracted from trans-
fected JEG3 cells by using a total RNA isolation kit from Qiagen. DNase-I
treated RNAs were Northern blotted from 1% formaldehyde gels with Hybond
N* sheets (Amersham). The blots were hybridized overnight at 65°C with the
nick-translated [y-**P]dCTP-labeled KICERIIy probe in 10% dextran sulfate-2x
SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-1% SDS-250 g of
salmon sperm DNA per ml. The final wash was in 0.1X SSC-0.1% SDS at 65°C.

Nucleotide sequence accession number. The 74TF5 sequence reported in
this paper has been deposited in the GenBank database under accession no.
AF101388.

RESULTS

hCDC34 two-hybrid screen. The two-hybrid cloning system
used in this study has been described previously (69, 70). Re-
agents used in this screen include a human activated T-lym-
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phocyte cDNA library fused to the Gal4 activation domain, the
full-length hKCDC34 cDNA (55) fused to the Gal4 DNA bind-
ing domain as bait (pPC97), and the yeast host strain MV103
with appropriate reporter constructs. The success of a two-
hybrid screen depends on the production of a properly folded
bait fusion protein in the host cells. The pPC97-hCDC34 bait
construct encoded a functional hCdc34 protein as demonstrat-
ed by its ability to complement a cdc34-1 mutant yeast strain,
SJ1098-3d, for growth at 37°C (data not shown). Complemen-
tation of cdc34-1 also suggests that the h/CDC34 bait can form
a functional complex with the SCF in yeast. Production of
Gal4-hCdc34 bait and mutant Gal4-hCdc34C93S fusion pro-
teins was also confirmed in Western blots with a monoclonal
hCdc34 antiserum (result not shown). In a screen of 1.5 million
transformants, 30 clones were found to be positive for all
reporters tested (His/3AT™, Ura™, 5-fluoro-orotic acid nega-
tive, and X-Gal™). Of the 30 positive clones, 18 clones have
been sequenced and 4 of them are novel genes. None of these
18 sequences represent human cDNAs encoding products with
significant homology to members of the SCF complex, cyclins,
or cyclin-dependent kinase inhibitors.

Three of the 18 clones, hKICERIIy, hATF5, and clone 30-17,
encode proteins with bZIP motifs. AZICERIIy, an ICER isoform
generated by alternate splicing, encodes a 108-aa protein and
lacks the y exon and one of the DNA binding and dimerization
domains (Fig. 1). hICERIIy has 97.2% homology with the
mouse isoform mICERIIy and 76.7% homology with hICERI,
a 120-aa hICER protein. hATF5 is a novel clone; a partial
sequence of a mouse homolog called ATFX has been reported
(51). hATF5 encodes a 122-aa protein with extensive homology
in the C-terminal domain with human (52.1%) and mouse
(50.9%) ATF4. Mouse ATFX and human ATF5 are 96.6%
homologous in their available sequences. In the leucine zipper
domain, hATFS, like mouse ATFX, has only three leucines
instead of the five that are present in hATF4 and hATF3, with
the distal two leucines replaced by valines.

Expression of Cdc34/Rad6B and its targets in spermatogen-
esis. Isolation of a particular interaction in a two-hybrid screen
does not necessarily imply that these two proteins are co-
expressed or normally interact in mammalian cells. Current-
ly little is known about the expression pattern of the Cdc34
protein in normal mammalian tissues. Considering the require-
ment for ICER/CREM and Rad6B proteins during spermato-
genesis, we determined whether human Cdc34 is also ex-
pressed during spermatogenesis.

During spermatogenesis, the temporal appearance of the
most advanced wave of spermatogenic cells has been well char-
acterized (4). The ontogeny of germ cell development in mice
is as follows: spermatogonia (types A and B), primary sper-
matocytes (preleptotene, leptotene, zygotene, and pachytene),
secondary spermatocytes, spermatids, and sperm. By day 3
most of the germ cells are spermatogonia, by day 13 the most
advanced stage of spermatogenesis is the pachytene spermato-
cyte stage, by day 22 the first wave of meiosis is completed and
early spermatids first appear, and by day 35 mature spermato-
zoa are produced. To establish the time of appearance of
Cdc34 and Rad6B proteins during development, testis extracts
from mice at different ages were studied by Western analysis
(Fig. 2A). Cdc34 protein is found at very low levels at birth.
However, the level increases considerably at day 20, correlating
with the time of an increased number of spermatocytes. The
Cdc34 profile shows an initial peak at day 20, followed by a
significant rise again by day 30, when spermatids become the
predominant cell type. A similar pattern of expression is also
observed for Rad6B. Rad6B protein appears at day 15, and the
level increases considerably at day 20 and reaches a peak by
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day 35 (Fig. 2B). The levels of Cdc34 and Rad6B proteins
remain high during postmeiotic development of round and
then late spermatids. Given the requirement for the SCF com-
plex in Cdc34-mediated degradation of proteins in budding
yeast (1, 16, 65) and conservation of the SCF complex in higher
eukaryotes (41), we studied the expression of the Cdc53 ho-
mologs Cul-1 and Cul-2 during testicular development. As
shown in Fig. 2, both Cul-1 and Cul-2 follow a developmental
profile which is distinct from that of Cdc34. Their levels, es-
pecially that of Cul-1, are extremely low in prepubertal testis
(until day 6) and then increase sharply and reach a peak at day
20, coinciding with the initial increase in levels of Cdc34 and
Rad6B proteins (Fig. 2B). However, the levels of both Cul-1
and Cul-2 proteins then decline gradually and are low in adult
testis. The maximum expression of Cul-1 and Cul-2 along with
elevated levels of Cdc34 at day 20, when pachytene spermato-
cytes are the predominant germ cell, indirectly suggests the
formation of an active SCF complex during meiosis.

Due to the presence of both germ cells and stromal cells in
the analysis of whole testis, we also compared expression of
Cdc34 and Rad6B proteins in testes from mice lacking differ-
entiated germ cells, including the recessive mutant juvenile
spermatogonial depletion (jsd) and irradiated testes. The adult
testes from a jsd homozygous mouse are one-third of the nor-
mal size and lack cells undergoing spermatogenesis, compared
to the jsd heterozygotes (jsd/+) (3). The majority of the tissue
is composed of Sertoli’s, Leydig’s, and other interstitial cells,
with rare type A spermatogonia. Figure 3A shows the result of
Western blot analysis with antibodies to hCdc34 and hRad6B
of lysates from whole testes of homozygous and heterozygous
animals. These blots demonstrate a loss of Rad6B and a de-
crease in Cdc34 staining in testes from the homozygous jsd/jsd
mice compared with heterozygous jsd/+ littermates. In addi-
tion, the higher-molecular-weight band recognized by the
Cdc34 antibody which is seen in normal adult testis is absent.
A similar change in the patterns of expression for Rad6B and
Cdc34 is seen in the testes of irradiated mice (Fig. 3A), which
also are deficient in germ cells secondary to radiation damage
(44).

To further characterize the roles of Cdc34, Cul-1, Cul-2, and
Rad6B in the germ cell component of the testis, we examined
the expression of these proteins in separated germ cells from
mouse and rat testes. Pachytene spermatocyte-, round sperma-
tid-, and late spermatid-enriched fractions were obtained by
centrifugal elutriation as described previously (21, 45). West-
ern blot analysis of the protein lysates of these fractions dem-
onstrated lower levels of Cdc34 and Rad6B proteins in mouse
pachytene spermatocytes than in the round and late spermatids
(Fig. 3B). Consistent with the developmental profile, the levels
of these proteins are significantly higher in late spermatids,
with a three- to fivefold increase over the protein levels in
pachytene spermatocytes and round spermatids. Similar results
were also obtained for Cdc34 protein in elutriated rat cells
(results not shown). In both the developmental profile and the
separated germ cell fractions there is the appearance of a
higher-molecular-weight form of Cdc34 protein in the later
stages of spermatogenesis. The patterns of expression of Cul-1
and Cul-2 are different and are distinct from that of Cdc34.
There is maximal expression of Cul-2 in the spermatocyte
fraction and of Cul-1 in the round spermatids, with both ex-
pressed at low levels in the late spermatid fractions.

With regard to potential targets of the Cdc34 and Rad6B
UBC enzymes isolated in our screen, we investigated the de-
velopmental profile of CREM/ICER protein expression in the
mouse testis. The polyclonal anti-CREM/ICER antiserum rec-
ognizes all CREM/ICER isoforms with the same efficiency,
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FIG. 2. (A) Western blot analysis of the expression profiles of Cdc34, Rad6B, Cul-1, Cul-2, and CREM/ICER proteins during mouse testicular development. Testis extracts
(40 pg/lane) from C57 mice at various ages of development as indicated were probed with monoclonal anti-hCdc34, anti-Cul-2, and anti-B-actin and polyclonal anti-Rad6B,
anti-CREM/ICER, and anti-Cul-1 antisera as described in Materials and Methods. Molecular mass markers are on the left. The most advanced germ cell types during testicular
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FIG. 3. (A) Expression profiles of Cdc34 and Rad6B proteins in germ cell-
deficient testis. Left panel, analysis of the testes of adult spermatocyte-deficient
juvenile spermatogonial depletion (jsd/jsd) mutant mice and unaffected jsd het-
erozygote (jsd/+) mice. Right panel, pattern of expression in the testes from
irradiated mice in comparison to nonirradiated testes. Testicular extracts were
probed with monoclonal anti-hCdc34 and polyclonal anti-Rad6B antisera as
described in Fig. 2. B-Actin is shown to compare loading. (B) Western blot
analysis of the expression profiles of Cdc34, Rad6B, CREM o/B, and ICER
proteins in elutriated germ cell fractions of C57BL/6 mice. Germ cell extracts
were probed with monoclonal anti-hCdc34 and anti-B-actin and polyclonal anti-
Rad6B and anti-CREM-ICER antisera as described in Materials and Methods.
The profiles of the immunoreactive proteins shown are from three different
Western blots, and each blot was probed with B-actin; one B-actin blot is shown
as a representative to compare loading.

indicating that a common domain constitutes the antigenic
epitope (12, 48). Five distinct immunoreactive bands were
detected (Fig. 2A), with apparent molecular masses of ~18
(ICER), 26 (S-CREM), ~30 (CREM «/B), 39 to 40 (CREM
71 and 12), and ~50 (CREM 1) kDa, respectively. ICER
protein is found to be expressed at moderate levels in mouse
testis after birth and reaches a maximum at around 35 days of
age. The level of ICER is lower in prepubertal testis than in the
postmeiotic testis in mice and remains higher through the
stages of spermatids and spermatozoa. In contrast, the repres-
sor CREM o/ protein (represented by the 30-kDa immuno-
reactive band) was found to be present at a very low level at
birth, to increase significantly at day 10, and to reach a peak at
day 20; thereafter its level declines sharply, and it remains
undetectable after day 35 (Fig. 2B). The sharp decline and
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subsequent disappearance of CREM «/f coincide with the first
wave of meiosis and the first appearance of spermatids.

The expression patterns of CREM/ICER isoforms were fur-
ther examined in the separated germ cells of mouse (Fig. 3B)
and rat (data not shown) testes as described above. ICER
isoforms were expressed at low levels in pachytene spermato-
cytes but at increased levels in round and late spermatids of
both mouse (Fig. 3B) and rat (data not shown). The 30-kDa
CREM «/B, however, is found to be expressed at higher levels
in pachytene spermatocytes and round spermatids, while it is
not detected in late spermatids (Fig. 3B). Disappearance of the
30-kDa CREM o/ repressor isoform during the late puberty
stage of testicular development and absence of the immuno-
reactive CREM o/ protein in the late spermatid fractions are
correlated with high levels of Cdc34 and Rad6B proteins in late
puberty and late spermatids (Fig. 2 and 3).

Ectopically expressed hICERIIy and hATF5 proteins are
degraded by the ubiquitin-proteasome machinery in a Cdc34-
and Rad6B-dependent pathway. The results of the previous
experiments demonstrate that mammalian Cdc34 and the ICE-
RIIy proteins are both expressed in a complex pattern in germ
cells during spermatogenesis. We therefore next determined if
Cdc34 and the ICERIIy proteins can directly interact in mam-
malian cells as suggested by the two-hybrid screen. We ex-
pressed epitope-tagged versions of hCdc34 and its targets by
transient transfection in mammalian cells. The human chorio-
carcinoma cell line JEG3 has been used extensively to charac-
terize the expression and function of ICER and other CREM
gene products (18, 48) and therefore was chosen for use in the
present study. Expression of Myc-tagged hICERITy (pCS2MT-
hICERIIy) resulted in production of a 24-kDa protein rec-
ognized by the Myc epitope antibody (Fig. 4A). Cotransfec-
tion of Myc-tagged hICERIIy with FLAG-tagged hCDC34
(PFLAGCMV2-hCDC34) into JEG3 cells (Fig. 4A) and NIH
3T3 cells (data not shown) resulted in considerable and in
some cases complete loss of the hICERIIy fusion protein in
multiple experiments. In contrast to the loss of protein, North-
ern analysis of the mRNA isolated from pCS2MT-hICERIIy-
transfected cells demonstrated no significant difference in the
steady-state hICERIIy transcripts compared to the cells co-
transfected with pFLAGCMV2-hCDC34 (Fig. 4A).

To explore whether loss of hICERIIy protein was second-
ary to ubiquitin-mediated proteolysis, we repeated the exper-
iments in the presence of the potent 26S proteasome inhibitors
MG115 and MG132 (42). Incubating the transfected cells for 5
to 6 h with 0.025 mM MG115 (Fig. 4B) or MG132 (data not
shown) prevented the loss of hICERIIy protein in cells co-
transfected with /CDC34. The requirement for an active
hCdc34 UBC enzyme in the loss of the hICERIIy protein was
determined by cotransfecting cDNAs encoding two different
mutant hCdc34 proteins. The first, hCdc34C93S, has the highly
conserved active-site cysteine of the enzyme replaced with a
serine. Expression of this mutant protein, unlike the Cdc34
bait, was unable to complement the growth of cdc34-1 yeast at
the restrictive temperature (data not shown). The second mu-
tant, hCdc34ACT, is a truncated protein which has the carboxy
terminus distal to amino acid 189 deleted. In S. cerevisiae, the
comparable truncation has been shown to remove the binding
site required for association with Cdc53 in yeast (43) and
results in a protein unable to complement a cdc34 mutation
(34, 64). Comparable expression of the wild-type, hCdc34C93S,
and hCdc34ACT proteins in transfected JEG3 cells was veri-
fied by Western blot analysis (result not shown). In cotrans-
fection assays with pCS2MT-hICERIIy, the C93S and ACT
mutant proteins had no effect on the steady-state level of
hICERIIy protein, compared to the loss of protein seen upon
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FIG. 4. Cotransfection assay for assessing the expression of ectopic hICE-
RIIy (I'y) transcripts and protein in JEG3 cells. (A) Upper panel, Northern blot
analysis of the mRNA isolated from the cells cotransfected with pCS2MT-
KICERIIy and the blank vector (pPFLAGCMV2) or pFLAGCMV2-h1CDC34 as
described in Materials and Methods. The RNA was probed with the full-length
hICERIIy cDNA. Lane 1, untransfected control; lanes 2 to 5, results of duplicate
experiments. Middle panel, Western blot analysis of the protein collected from
the identical sets of experiments described above. Protein lysates were prepared
as described in Materials and Methods, electrophoresed on an SDS-5 to 15%
polyacrylamide gel, transferred onto a polyvinylidene difluoride membrane, and
probed with the Myc epitope antibody. Blots were reprobed with the mouse
B-actin antibody to compare loading (bottom panel). The numbers on the right
represent molecular mass markers. The data shown are representative of those
from 12 independent experiments. (B) Effect of a proteasome inhibitor, MG115,
on the hCdc34-induced destabilization of hICERIIy protein. Transfected JEG3
cells were incubated for 5 to 6 h in the presence or absence of 0.025 mM peptide
aldehyde MG115 before harvest. Protein was analyzed as described above. The
data shown are representative of those from three independent experiments. (C)
Effect of mutant hCdc34 enzymes (C93S and ACT) on the stability of hICERIIy
protein in cotransfection assays. Vectors expressing the wild-type or mutant
enzymes were cotransfected with the AICERIIy vector into JEG3 cells, and
protein was analyzed as before. The data shown are representative of those from
three independent experiments.

cotransfection of the wild-type hCdc34 (Fig. 4C), indicating
that the loss of hICERIIy protein by coexpression of hCdc34
required a fully functional UBC enzyme.

Given the homology between hCdc34 and hRad6B and the
requirement for both murine Rad6B and CREM/ICER in sper-
matogenesis, we performed cotransfection assays with ARAD6B
and the targets obtained in the ACDC34 screen. Coexpression
of FLAG-tagged hRad6B (pFLAGCMV2-hRAD6B) with
Myc-tagged hICERIIy can mimic the loss of hICERIIy protein
to a similar but lesser degree as hCdc34 (Fig. SA). This loss of
hICERIIy can also be reversed in the presence of proteasome
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inhibitors. Similar to the case for AICERIIy, cotransfection of
a Myc-tagged hATFS5 fusion with either hCDC34 (Fig. 5B) or
hRADG6B cDNA resulted in a significant loss of hATFS protein,
which can be reversed by incubation with MG115. However,
once again, in comparison to hCdc34, the loss of hATF5 pro-
tein in the presence of hRad6B is lower (data not shown).

To determine whether the change in steady-state levels of
hICERIIy protein upon cotransfection with hCDC34 and
hRADGB is due to a change in protein half-life, we performed
pulse-chase experiments with JEG3 cells (Fig. 6). The cells
were transfected with pCS2MT-AICERIIy in combination with
pFLAGCMV2 vector, pPFLAGCMV2-hCDC34, or pFLAG
CMV2-hRAD6B. Forty hours following transfection, cells were
metabolically labeled with [**S]methionine in a pulse-chase
protocol. The Myc-ICERIIy protein was then immunoprecipi-
tated from the samples collected at various time points during
the chase by using a monoclonal antibody against the Myc
epitope. Immunoprecipitates were resolved on an SDS-15%
polyacrylamide gel, and labeled protein was quantitated. The
half-life of the transfected ICERIIy protein during the chase
was calculated to be 3.82 h. In the presence of hCdc34 or
hRad6B, hICERIIy protein degraded more rapidly, with esti-
mated half-lives of 2.3 and 2.9 h, respectively (Fig. 6B). In
duplicate experiments the kinetics of hICERIIy protein deg-
radation in the presence of hRADG6B suggests a biphasic pat-
tern of instability with a decreased half-life later in the pulse
(Fig. 6B).
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FIG. 5. (A) Effect of pFLAGCMV2-hRAD6B on the stability of pCS2MT-
hCERIIvy in JEG3 cells in the presence and absence of a proteasome inhibitor,
MG115. (B) Effect of pFLAGCMV2-ZCDC34 on the expression of ectopic
pCS2MT-hATFS in cotransfected JEG3 cells in the presence and absence of a
proteasome inhibitor, MG115. B-Actin is shown to compare loading. The treat-
ment and Western analysis of the protein were the same as for Fig. 4. The data
shown are representative results from three independent experiments.
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FIG. 6. Pulse-chase analysis of the stability of hICERIIy protein in JEG3
cells alone or cotransfected with either pPFLAGCMV2-ACDC34 or pCS2MT-
hRADG6B. 33S pulse-chase labeling for the indicated periods of time was
performed as described in Materials and Methods. Cell lysates were immuno-
precipitated (IP) with monoclonal anti-Myc-tagged antibody, and the immuno-
precipitates were analyzed on an SDS-15% polyacrylamide gel and quantitated.
The control immunoprecipitation was performed with a mouse monoclonal an-
tibody raised against the bacterial TrpE protein. (B) Quantitation of the bands
corresponding to labeled hICERIIy protein from panel A. Data are the averages
and standard errors of the means from two experiments. In some cases the
standard error of the mean is smaller than the symbol.

Coexpression of hCdc34 relieves the repression of cAMP-
induced transcription mediated by hICERIIy and hATFS5 in
JEG3 cells. An important question to address is whether Cdc34-
mediated degradation affects the biologically active nuclear
repressor protein and not just excess (potentially misfolded)
hICERIIy and hATFS protein. As previously reported by Mo-
lina et al. (48), we have found that hICERIIy is a powerful
repressor of PKA (cAMP)-induced transcription (Fig. 7). We
used a pSomCAT reporter plasmid that contains a canonical
rat somatostatin CRE sequence inserted upstream from the
herpesvirus thymidine kinase promoter and the bacterial CAT
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gene (19). Activation of pSomCAT transcription was obtained
by cotransfection of the mouse PKA subunit expression vector
(pCaEV) (46) or treatment with 10 mM forskolin for 2 to 3 h
before harvest (data not shown). JEG3 cells were transiently
transfected with pSomCAT, pCaEV, pSG5-AICERIIy, or pSGS5-
hATF5 in combination with pSG5-ACDC34. Both hICERIIy
and hATFS5 show strong repression of PKA-induced CAT ac-
tivity (Fig. 7). However, coexpression of KICERIIy or hATF5
with hCDC34 completely abrogated the repression of cAMP-
induced CAT activity. These results demonstrate that Cdc34
targets for degradation the biologically active transcriptional
repressor proteins in mammalian cells.

The ICER-specific domain is not sufficient for degradation.
All four isoforms of human ICER proteins possess the same
9-amino-acid N-terminal domain. The isoforms differ based on
the presence or absence of two exons, exon vy and exon Ia (Fig.
1). To analyze the potential role of the ICER-specific domain
in the stability of hICERIIy in vivo, we made a Myc epitope-
tagged construct (pCS2MT-hICERIIy 1-33) bearing the N-
terminal 33 amino acids. Cotransfection of the mini-ICER
construct with pPFLAGCMV2-ACDC34 into either JEG3 cells
(Fig. 8A) or NIH 3T3 cells (data not shown) did not result in
significant loss of the truncated protein compared to the full-
length hICERIly, indicating that the ICER-specific domain
and exon vy are not sufficient for hCdc34 targeting and subse-
quent degradation. In addition, this result also demonstrates
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FIG. 7. (A) Assay for the effect of hCdc34 on the cAMP-induced transcrip-
tional repression activities of hICERIIy and hATF5. pSG5-ICERIIy or pSG5-
hATF5 with or without pSG5-hCDC34 was cotransfected into JEG3 cells along
with B-Dp-galactosidase plasmid, pSomCAT, and pCaEV. Reporter pSomCAT
was used to measure PKA-mediated activation of the somatostatin CRE element
upstream of the CAT gene. pCaEV encodes murine PKA and activates the CRE
element. B-p-Galactosidase plasmid was used to assess transfection efficiency. All
experiments had equal amounts of plasmid DNA transfected into the JEG-3 cells
by using the appropriate pSGS5 vector control. (B) Average CAT activity (percent
conversion of nonacetylated to acetylated chloramphenicol) from three different
experiments as shown in panel A performed in duplicate. Each value represents
the mean * standard error of the mean for six observations.
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FIG. 8. (A) Role of the ICER-specific domain in the 2Cdc34-mediated de-
stabilization of the ICERIIy protein. A Myc epitope-tagged construct (pCS2MT-
ICERIIy 1-33) bearing the N-terminal 33 amino acids of the ICER-specific
domain and exon vy of the hICERIIy protein (mini-IIy) was made as described
in Materials and Methods. Cotransfection of full-length A/ICERIIy (IIy) or
pCS2MT-ICERIIy 1-33 (mini-IIy) with pPFLAGCMV2-hCDC34 into JEG3 cells
and Western analysis were performed as described for Fig. 4. Lanes 1 and 2,
expression of the full-length Myc epitope-tagged hICERII'y protein; lanes 3 and
4, expression of the mini-ICERIIy protein; lanes 2 and 4, presence of FLAG-
hCDC34; lanes 1 and 3, absence of FLAG-hCDC34. The data shown are repre-
sentative results from three independent experiments. (B) Effect of pSGS-
hCDC34 on the expression of ectopic pSG5-mCREMB in cotransfected JEG3
cells in the presence and absence of a proteasome inhibitor, MG115. The treat-
ment and Western analysis of the protein were the same as for Fig. 4. The data
shown are representative results from three independent experiments.

that specific sequences in the full-length hICERIIy protein are
required for targeting by hCdc34.

Coexpression of hCDC34 destabilizes CREM £ in JEG3
cells. Given these results and an inverse correlation between
Cdc34 and CREM «/B during spermatogenesis, we investigat-
ed the targeting of the CREM o/f repressor isoforms by hCdc34.
Mammalian expression vectors encoding both mouse CREM 3
(mCREM B), which does not contain the ICER-specific exon,
and hCdc34 were cotransfected into JEG3 cells (Fig. 8B) and
NIH 3T3 cells (result not shown). The protein lysates from the
transfected cells were analyzed in a Western blot with CREM
antiserum as a probe. Coexpression of mCREMf and hCDC34
resulted in a significant loss of the CREM B protein, which was
reversed by addition of the proteasome inhibitor MG115.

The Myc-ICERIIy protein is ubiquitinated by endogenous
hCdc34. As ubiquitination is not a prerequisite for the degra-
dation of proteins via 26S proteasomes (8), we examined the
polyubiquitination of hICERIIy protein. Polyubiquitination
has been detected for a number of substrates, including c-Jun
(68), cyclin E (10), and p27 (52). To demonstrate the forma-
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tion of the polyubiquitin-hICERIIy conjugates, an immuno-
precipitation-Western assay in which an HA-tagged ubiquitin
construct was cotransfected along with the Myc-tagged hICE-
RIIvy in the presence and absence of pPFLAGCMV2-hCDC34
into JEG3 cells was used. Five hours before harvest, cells were
treated with MG115. Extracts were made in the presence of
N-ethylmaleimide and immunoprecipitated with either the an-
ti-Myc or anti-HA monoclonal antiserum, followed by Western
blotting with either anti-Myc or anti-HA antiserum. High-mo-
lecular-weight species of hICERIIy protein were detected with
either antibody and in cells transfected with both HA-ubig-
uitin and Myc-AICERIIvy or in cells transfected with FLAG-
hCDC34, Myc-ICERIIy, and HA-ubiquitin (Fig. 9A). How-
ever, no ubiquitin conjugates were observed in the presence of
His,-tagged ubiquitin as opposed to HA-ubiquitin. Thus, the
slower-migrating species contain both Myc-hICERIIy protein
and HA-ubiquitin and represent multiubiquitinated forms of
hICERIIy protein. A ladder of bands was found in the pres-
ence and absence of transfected ACDC34, which indicates that
ICERIIy can be targeted by endogenous UBC enzymes, con-
firming an earlier report (17).

To determine whether endogenous hCdc34 is one of the
endogenous UBC enzymes responsible for the ubiquitination
of ICERIIy, we transfected cells with the Myc-tagged hICER
IIy construct and two Cdc34-inhibitory constructs. The first is
a mammalian expression vector containing the corresponding
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FIG. 9. (A) Identification of hICERIIy-ubiquitin conjugates by an immuno-
precipitation (IP)-Western blot analysis. JEG3 cells were transfected with the
indicated plasmids and then treated with 0.025 mM MG115 5 h before harvest.
Left panel, cell lysates were immunoprecipitated with HA antibody, followed by
Western blotting with the Myc antibody (which recognizes the Myc epitope on
hICERIIYy). Right panel, cell lysates were immunoprecipitated with the Myc
antibody, and the Western blot was probed with anti-HA. Ubiquitin-hICERIIy
conjugates are detected only in cells transfected with both Myc- and HA epitope-
tagged constructs and in the presence or absence of exogenous hCDC34. A
His,-tagged ubiquitin construct (His-Ub) was used as a negative control. Im-
munoglobulin G (IgG) heavy chain is visualized in this analysis and is indicated.
(B) Effect of the expression of Cdc34-inhibitory constructs ”CDC34DN and
hCDC34AS on the stability of ectopically expressed myc-ICERIIy protein. JEG3
cells were transiently transfected with pCS2MT-ICERIIy and the pSG5 empty
vector, pSG5-hCDC34DN, or pSG5-hCDC34AS. Cell lysates were prepared and
subjected to Western analysis as described for Fig. 4, using anti-Myc and anti-
Cdc34 antibodies. B-Actin is shown to compare loading. The data shown are
representative of those from two independent experiments.
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double mutation in the human sequence (hCDC34DN-C93S
and -L97S) of a dominant negative allele of yeast CDC34 (2).
The hCDC34DN mutation has been previously reported to
inhibit the ubiquitination of other Cdc34 substrates, including
MyoD in mammalian cells (66). Transfection of the cDNA
containing the dominant negative mutation subcloned into
the pSGS5 vector (pSG5-ACDC34DN) resulted in high-level
expression of the mutant hCdc34 protein (Fig. 9B). A sec-
ond inhibitory construct, containing the wild-type human
cDNA subcloned into pSGS in an antisense orientation (pSGS5-
hCDC34AS), was also constructed. Transfection of this con-
struct resulted in a decrease in the steady-state level of endog-
enous Cdc34 protein (Fig. 9B). Cotransfection of JEG-3 cells
with the Myc-tagged hICERIIy and either pSG5 empty vector
or dominant negative or antisense #/CDC34 constructs was
carried out in parallel. Expression of both the dominant neg-
ative and antisense hCDC34 constructs results in increased
levels of Myc-tagged hICERIIy protein compared to that with
the empty vector control. These results suggest that the ubig-
uitination of the Myc-tagged hICERIIy demonstrated in Fig.
9A is at least partially due to ubiquitination by the endogenous
hCdc34 UBC enzyme.

Endogenous ICER protein expression is increased by mu-
tation of Rad6B or inhibition of Cdc34 activity. The data
presented here are consistent with both the human Cdc34 and
Rad6B conjugating enzymes targeting transfected hICERIIy
and ATFS5 proteins for ubiquitination. In order to determine
the impact of these enzymes on the endogenous ICER target
proteins, we obtained mouse embryo fibroblasts (MEF) mu-
tant for the orthologous gene mHRG6B, which have been pre-
viously described (57). Whole protein lysates of MEF from
mHR6B homozygous null mice (mHR6B~'~) or wild-type lit-
termate controls (mHR6B*'*) were hybridized with an anti-
body to ICER proteins as described above. A distinct increase
in expression of the ~18-kDa band which comigrates with
ICERIIy in the null cells is seen compared with the wild-type
cells (Fig. 10A). A number of other proteins recognized by this
antibody are increased in the mHRG6B null cells and represent
other CREM isoforms.

Although cdc34 null cells are not available, our results sug-
gest that we can inhibit the endogenous Cdc34 enzyme by
expression of either the dominant negative or antisense con-
structs. We therefore transfected JEG-3 cells with either the
empty vector or dominant negative or antisense Cdc34 con-
structs and isolated whole-cell lysates 36 to 40 h after trans-
fection. The transient-transfection technique used here results
in a transfection efficiency of approximately 30% (data not
shown). We therefore expect that the subpopulation of cells
that are transfected with the antisense or dominant negative
construct will have inhibition of Cdc34 activity, while the re-
mainder of the cells will have normal Cdc34 activity. Despite
this limitation, Western blot analysis of these lysates (Fig. 10B)
with an ICER antibody demonstrates that the cells transfected
with either the antisense or dominant negative construct have
a significantly increased steady-state level of the endogenous
ICER protein compared with the empty vector control.

DISCUSSION

In this study, we have found that the human Cdc34 and
Rad6B UBC enzymes can target repressors of cAMP-inducible
transcription for ubiquitination, including hICERIIy (a previ-
ously described ICER isoform), CREM B, and hATFS (a novel
protein isolated in the present study). Most substrates of the
yeast UBC enzymes have been identified by changes in stability
of candidate target proteins in UBC mutant strains. The target
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FIG. 10. (A) Western blot analysis of the expression profiles of endogenous
ICER and other CREM isoforms in mHR6B wild-type (mHR6B™/*) and mutant
(mHR6B~'~) MEF. Total cell lysates from exponentially growing cells were
prepared and subjected to Western analysis as described for Fig. 4, using anti-
ICER antibody. Molecular mass markers are indicated on the right. B-Actin is
shown to compare loading. The data shown are representative of those from two
independent experiments. (B) Effect of the expression of an hCDC34A4S or
hCDC34DN mutant construct on the stability of endogenous ICER protein.
JEG3 cells were transiently transfected with vector alone (pSGS), pSG5-
CDC34DN, or pSG5-CDC34AS. Cell lysates were prepared and subjected to
Western analysis as described for Fig. 4, using anti-ICER and anti-Cdc34 anti-
bodies. B-Actin is shown to compare loading. The data shown are representative
of those from two independent experiments.

proteins obtained in our study were initially identified as the
result of a two-hybrid screen in yeast with h(CDC34 cDNA as
the bait, which demonstrates that this method is capable of
detecting the potentially transient interaction between Cdc34
and its substrates. Our ability to detect this interaction was
likely dependent on the finding that the ACDC34 bait encoded
a functional protein in yeast.

In addition to the interactions detected in the yeast two-
hybrid assay, several other biochemical experiments directly
support the model in which both hICERIIy and hATFS are
targeted by hCdc34 for ubiquitination and subsequent degra-
dation via the 26S proteasome. First, transfection of A/ICERIIy
or hATF5 with hCDC34 or hRADG6B expression constructs in
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mammalian cells results in significant and sometimes complete
loss of the target proteins; this loss is reversed in the presence
of proteasome inhibitors. Second, coexpression of hCdc34 mu-
tant proteins fails to destabilize the targets. Third, the half-life
of the target protein is decreased in the presence of hCdc34
and hRad6B. Fourth, coexpression with 2CDC34 in mamma-
lian cells completely abrogates the repression of cAMP-in-
duced transcription by hICERIIy and hATFS. These findings
taken together demonstrate that Cdc34 coexpression results in
the loss of the biologically relevant repressor protein.

The involvement of the ubiquitin-proteasome pathway in the
degradation of endogenous ICER protein in primary cardio-
cytes and myogenic cell lines has been previously reported
(17). We also detect ubiquitin conjugates of hICERIIy-Myc
fusion protein in the presence of ectopic ubiquitin and peptide-
aldehyde without addition of exogenous #CDC34 or hRAD6B.
Further evidence for specific targeting of the endogenous
ICER protein by endogenous Cdc34 and Rad6B enzymes was
obtained by analysis of the mHR6B '/~ MEF and JEG-3 cells
transfected with Cdc34 inhibitory constructs. These experi-
ments confirm the results seen with transfected ICERIIy pro-
tein. Loss of either Rad6B or Cdc34 activity results in in-
creased levels of endogenous ICER protein.

We have demonstrated that both the Cdc34 and Rad6B
UBC enzymes are capable of targeting for degradation CREM,
ICER, and ATF proteins. Although S. cerevisiae CDC34 (6)
was originally identified due to a cell cycle phenotype and
RADG6 (25) was identified through a DNA repair phenotype,
the yeast enzymes also have common targets. For example,
degradation of Gen4, which contains a bZIP motif, also re-
quires both Rad6 (UBC2) and Cdc34 (UBC3) (35). There are
other examples of shared targeting, with Mata2 being targeted
by UBC4, UBCS, UBC6, and UBC7 enzymes (7). In our ex-
periments the targeting by multiple UBC enzymes (E2s) has
different characteristics; e.g., hCdc34 has a more significant
effect on the half-life of hICERIIy than hRad6B does. The
degradation kinetics with hRad6B was biphasic, with an initial
lower rate. Similar differences in the kinetics have also been
reported for the degradation of yeast Gen4 by Cdc34 and Rad6
(35). Also consistent with the differential effect of Cdc34 and
Rad6B, we detected an interaction in a mammalian two-hybrid
assay with ARAD6B but not hCDC34 cDNA as bait and hICE
RIIy as the target construct (data not shown), presumably
because the degradation of the target is too rapid in the pres-
ence of the transfected hCdc34.

It was suggested by Kornitzer et al. (35) that targeting of
Cdc34 and Rad6 may be specific to proteins containing PEST
sequences. Our analysis of hCdc34 interactants does not sup-
port that hypothesis. In ICER proteins, the unique ICER-
specific domain and the vy exon are rich in PEST-containing
sequences. ICERIIy lacks the characteristic y exon, and a
construct containing only the ICER-specific domain was not
destabilized by hCdc34. hICERIIYy also lacks the amino-termi-
nal phosphorylation domain (P box or kinase-inducible do-
main) unique to CREM and CREB, which indicates that this
specific phosphorylation is not required for hCdc34-mediated
targeting. Further studies to identify specific domains, if any, in
these bZIP transcription factors that are targeted by hCdc34
are in progress. However, extensive deletion studies of Gen4 by
Kornitzer et al. (35) were not able to demonstrate a single
region of Gen4 sufficient for efficient ubiquitination by both
Cdc34 and Gen4. Three targets (hICERIIy, hATFS, and clone
30-17) isolated from the two-hybrid screen and CREM B and
Gen4 (35) all have a characteristic bZIP domain. In these
targets, the basic domain, flanking the characteristic leucine
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zipper, is rich in lysine and arginine residues, and this lysine-
rich region may form the target for ubiquitination.

Currently, there is uncertainty as to whether Cdc34-medi-
ated ubiquitination requires an SCF complex for all targets.
Michel and Xiong (47) have indicated that the SCF pathway,
although similarly used by the mammalian Cullin-1, is not
shared by other Cullin members, which may use a Skp1-F-box-
independent pathway. From our studies, we cannot be conclu-
sive about the involvement of the SCF complex in the Cdc34-
mediated targeting of hICERIIy and hATF5. hCdc34
apparently can complex with the SCF complex in yeast, based
on complementation of a cdc34-1 strain, and a carboxy-trun-
cated mutant which cannot complex with the Cullin proteins is
not capable of targeting hICERIIy. However, we find that
addition of exogenous hCdc34 or hRad6B protein alone in
mammalian cells is sufficient to increase turnover of the ec-
topic hICERIIy. Therefore, if the SCF complex is required for
this degradation, it is found in excess and hCdc34 is limiting. At
present it is also not known whether Rad6- and Cdc34-medi-
ated ubiquitination of common targets requires shared pro-
teins. Our development of a Cdc34-dependent in vivo assay for
ubiquitination of these targets in mammalian cells should allow
us to dissect these pathways and determine which components
of the SCF complex are required for ubiquitination.

The expression pattern of mammalian Cdc34 and the SCF
complex components has not been well described. We exam-
ined the expression profiles of both Cdc34 and Rad6B proteins
along with the SCF subunit Cullin proteins (Cul-1 and Cul-2)
during murine testicular development. In budding yeast, the
Cdc34 protein level has been reported to remain constant
throughout the cell cycle (20). We find that both UBC enzymes
Cdc34 and Rad6B are expressed in a developmentally regu-
lated manner in mouse testis and germ cells. The ratio of
Cdc34 to the Cullin proteins does not remain constant during
development, with maximal expression of Cul-1 and Cul-2 at
day 20 in late pachytene and maximal expression of Cdc34 at
day 30. Thus, at different points during spermatogenesis Cdc34
may form different complexes with unique targeting speci-
ficities. Cdc34 is maximally expressed late during spermatid
differentiation when most intracellular proteins are being de-
graded and a complex series of chromatin modifications, in-
cluding the ubiquitination of histone, takes place (for a review,
see reference 9). We also reproducibly detect a higher-molec-
ular-weight form of Cdc34 specifically in germ cells late in
spermatogenesis, which may represent an additional form of
regulation of the enzyme. Therefore, despite the evidence for
Cdc34 function in mitotically growing cells, Cdc34 expression
in the testis is highly regulated and is maximal in the postmei-
otic phase of spermatogenesis. In addition, a second E1 pro-
tein, Ubely, expressed in mouse testis is encoded by a gene on
the Y chromosome (31). Therefore, a ubiquitin-activating (E1)
enzyme plus multiple UBC (E2) enzymes are present in both
X- and Y-containing gametes late in spermatogenesis when
histone ubiquitination and massive protein degradation is oc-
curring.

The transcriptional activity of ICER, including the repres-
sion of its own promoter, has been reported to be determined
by the intracellular concentration of the ICER proteins (48,
49). Thus, turnover of ICER and its degradation via the ubig-
uitin-proteasome pathway may act as a regulatory mechanism
to relieve transcriptional repression and to control the negative
effect of ICER on the cAMP-inducible transcriptional re-
sponse. Although we were unable to show a simple inverse
correlation between the expression of ICER and Cdc34 and
Rad6B proteins in germ cells, this may be for several reasons:
(i) ICER protein expression is a sum of transcriptional regu-
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lation, alternative splicing, and protein stability; (ii) there may
be a requirement for other regulatory proteins, including sub-
units of the SCF complex, to mediate ubiquitination of ICER
isoforms; and (iii) ubiquitin-mediated proteolysis of ICER pro-
teins may occur in only a specific subset of cells in the testis. On
the other hand, a clear negative correlation was observed be-
tween the repressor CREM isoform CREM B and Cdc34 and
Rad6B proteins during testicular development and in the hap-
loid germ cells, indicating a potential targeting of CREM f by
Cdc34 in late spermatids. This finding was further supported by
the destabilization of CREM by Cdc34 in transfection assays
and warrants further investigation.

ICER isoforms regulate a number of biological processes,
including spermatogenesis, circadian rhythm of transcription
in the pineal gland, and cell proliferation (for a review, see
reference 60). For example, ICER isoforms negatively regulate
the expression of cyclin A mRNA, potentially resulting in spe-
cific induction of cyclin A from mid-G, to early S, when the
level of ICER is low (13) and the Cdc34-SCF complex is active
(36). Therefore, Cdc34 may regulate cyclin A both at the tran-
scriptional level and by the previously documented association
of the cyclin A-CDK2 complex with the Cdc34-SCF complex
(41). Conversely, a recent report has demonstrated that over-
expression of ICERIIy inhibits tumor cell growth and results in
G, arrest at a point in the cycle when the Cdc34-SCF complex
may be less active (56). The cyclin A promoter is also sup-
pressed by ATF4, which has considerable sequence homology
to hATFS, a protein identified as a target of Cdc34. Thus,
knowledge gained about mammalian Cdc34 function will be
important in understanding how selective destabilization of
proteins through ubiquitination regulates diverse processes,
including both meiotic and mitotic cell cycles.
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