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By means of differential RNA display, we have isolated a ¢cDNA corresponding to transcripts that are

down-regulated upon differentiation of the goblet cell-like HT-29-M6 human colon carcinoma cell line. These
transcripts encode proteins originally identified as CROC-1 on the basis of their capacity to activate tran-
scription of c-fos. We show that these proteins are similar in sequence, and in predicted secondary and tertiary
structure, to the ubiquitin-conjugating enzymes, also known as E2. Despite the similarities, these proteins lack
a critical cysteine residue essential for the catalytic activity of E2 enzymes and, in vitro, they do not conjugate
or transfer ubiquitin to protein substrates. These proteins constitute a distinct subfamily within the E2 protein
family and are highly conserved in phylogeny from yeasts to mammals. Therefore, we have designated them
UEV (ubiquitin-conjugating E2 enzyme variant) proteins, defined as proteins similar in sequence and struc-
ture to the E2 ubiquitin-conjugating enzymes but lacking their enzymatic activity (HW/GDB-approved gene
symbol, UBE2V). At least two human genes code for UEV proteins, and one of them, located on chromosome
20q13.2, is expressed as at least four isoforms, generated by alternative splicing. All human cell types analyzed
expressed at least one of these isoforms. Constitutive expression of exogenous human UEV in HT-29-M6 cells
inhibited their capacity to differentiate upon confluence and caused both the entry of a larger proportion of
cells in the division cycle and an accumulation in G,-M. This was accompanied with a profound inhibition of
the mitotic kinase, cdkl. These results suggest that UEV proteins are involved in the control of differentiation
and could exert their effects by altering cell cycle distribution.

The intestinal epithelium is comprised of cells with different
mature phenotypes that are believed to derive from common
precursor cells resident in special anatomic compartments,
called the crypts of Lieberkiihn. Through asymmetric divisions
and migration along the crypt, such precursor cells undergo
phenotypic conversion into mucosecretory, absorptive, en-
teroendocrine or Paneth cells (19), with each expressing a
distinct set of molecules characteristic of their specialized ma-
ture functions. The life cycle of mature cells terminates by
apoptosis, followed by shedding from the tip of the villus to the
intestinal lumen (19).

A number of cellular models, such as the human colorectal
cancer-derived cell lines HT-29-M6, HS174T, and Caco-2,
have allowed the analysis of the molecular mechanisms that
control the differentiated phenotypes of human intestinal ep-
ithelial cells (24, 36, 44, 47, 73). Several of these models appear
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to recapitulate some of the differentiation processes that ac-
company developmentally regulated events, such as the estab-
lishment of cephalocaudal and crypt-villus axes (59, 62). Using
either in vitro or in vivo models, systematic approaches have
led to the identification of differentially expressed genes and
proteins involved in the control of intestinal epithelial cell
differentiation (4, 60, 64, 68).

HT-29-M6 intestinal epithelial cells are derivatives of HT-29
cells which have been adapted to grow in the presence of 10~°
M methotrexate and subsequently subcultured in the absence
of this drug (32). HT-29-M6 cells differentiate into goblet-like
cells upon confluence, with the expression of the apomucin
MUCSAC and brush border enzymes and the development of
transepithelial resistance (28, 32, 33). In this study, we report
the isolation of a cDNA corresponding to a transcript that is
down-regulated upon differentiation of HT-29-M6 cells. This
c¢DNA, previously called CROC-1, was originally isolated on
the basis of its ability to cause transcriptional activation of the
human c-fos promoter (54). We show that this and related
proteins are similar in sequence and in structure to the ubi-
quitin-conjugating enzymes, also known as E2 enzymes (7, 25).
Despite their similarity to the E2 enzymes, the proteins de-
scribed here lack a critical cysteine residue essential for the
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conjugation and transfer of ubiquitin to protein substrates.
They are highly conserved in evolution, with homologs from
yeasts to mammals, and constitute a novel family of proteins
structurally related to, but distinct from, E2 enzymes. Based on
these considerations, we have designated them ubiquitin-con-
jugating E2 enzyme variant (UEV) proteins. The gene for
HsUEV-1/CROC-1 maps to chromosome 20q13.2 and is ex-
pressed as at least four different splice variants. Constitutive
expression of exogenous UEV-1 proteins in HT-29-M6 cells
inhibits their capacity to differentiate upon confluence and
induces changes in their cell cycle behavior, associated with an
inhibition of the mitotic kinase cdkl1.

MATERIALS AND METHODS

Cell culture. Cell lines HT-29 and HT-29-M6 were kindly provided by A.
Zweibaum (INSERM U178, Villejuif, France). Cell lines SK-PC-1 and SK-PC-3
were established at the IMIM (69). All other cell lines were obtained from the
American Type Culture Collection (Rockville, Md.). Cells were cultured in
Dulbecco’s modified Eagle’s medium (GIBCO, Grand Island, N.Y.) supple-
mented with 10% fetal bovine serum in an atmosphere of 5% CO,.

RNA-based arbitrarily primed PCR. Differential RNA display was performed
as described previously (46, 72), with minor modifications. Briefly, reverse tran-
scription was carried out in a 50-pl reaction mixture containing 0.1 pg of
poly(A)-enriched RNA in 50 mM Tris-HCI (pH 8.0), 200 pM deoxynucleoside
triphosphates (dNTPs), 1 uM primer, 40 U of RNasin (Promega, Madison,
Wis.), and 100 U of Moloney murine leukemia virus reverse transcriptase (Pro-
mega) at 37°C for 1 h. Heat-inactivated aliquots of this reaction mixture were
used as templates for a 25-pl PCR performed with 50 mM Tris HCI (pH 8.0), 50
mM KCl, 1.5 mM MgCl,, 200 oM dNTPs, 1 pM primer, 1 pCi of [**P]dATP
(3,000 Ci/mmol; Amersham), and 1 U of Taq polymerase (Perkin-Elmer) with
the following program: 1 cycle of 94°C for 5 min, 94°C for 5 min, 40°C for 5 min,
and 72°C for 5 min; 40 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 2
min; and a final extension at 72°C for 7 min. The radioactive PCR products were
electrophoresed on a 20-cm 6% acrylamide-8 M urea gel in Tris-borate-EDTA
at 35 W for 3 h; the gel was dried and exposed to film. Selected bands were
identified on the autoradiograms, and the corresponding slices on the dried gels
(approximately 0.2 mm-wide) were excised with a scalpel. DNA was eluted by
incubation in 50 pl of 10 mM Tris HCI (pH 8.0)-0.1 mM EDTA buffer at 60°C
for 1 h and used for subsequent PCRs in the same reaction conditions as above,
at 94°C for 5 min followed by 30 cycles of 94°C for 15 s and 60°C for 15 s.

Northern blotting. Total RNA (10) was electrophoresed on 1% agarose-
formaldehyde gels at a constant intensity of 20 mA and transferred to nylon
filters (56). Hybridization of *?P-labeled probes (16) was done in Quickhyb
solution (Stratagene, La Jolla, Calif.) at 68°C for 1 h, and filters were washed to
a final wash of 0.1X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.1% sodium dodecyl sulfate (SDS) at 55°C. RNA electrophoresis and
transfer were monitored and normalized for quality and quantity by ethidium
bromide staining of 28S and 18S rRNAs and hybridization of the filters with a
probe for glyceraldehyde phosphate dehydrogenase.

Screening of ¢cDNA and P1 artificial chromosome (PAC) libraries. A HT-29
cDNA library in NZAP (Stratagene) was screened with 3*P-labeled probes as
described previously (56). Approximately 3 X 10° PFU was screened, and pos-
itive plaques were rescreened. Inserts were analyzed by PCR, partial restriction
mapping, and cross-hybridization. Selected clones were further characterized by
manual sequencing using the cycle-sequencing procedure (Promega).

For screening of human genomic PAC libraries, A 3.3-kb PCR product from
cDNA clone MAC4 was >?P labeled by random priming. Prehybridized filters
containing human PAC clones (provided by the HGMP Resource Center) were
hybridized overnight with the radiolabeled probe and washed to 0.1x SSC at
37°C for 10 min. A second round of screening yielded two positive clones.

Sequence analysis and molecular modeling. Comparative sequence searches
were performed by using the BLAST and FASTA algorithms on the following
databases: GenBank, dbEST, TIGR, EMBL, and SwissProt. Sequence align-
ments were carried out with the CLUSTAL W software (65). Gene prediction
using Caenorhabditis elegans unannotated genomic sequence data was done with
the aid of the algorithm GeneWise (E. Birney, hhtp://www.sanger.ac.uk/~birney/
wise/topwise.html). Secondary structure predictions were obtained by the PHD-
sec method (53). Dendrograms were generated by using the CLUSTAL W and
PHILIP packages. Three-dimensional molecular models for UEV proteins were
built by means of the WHAT IF software (70), using as template the crystal
structure of Saccharomyces cerevisiae UBC4 (12). Loops were modeled with the
Homology module of Biosym/MSI. Energy minimization of the resulting model
was carried out with the AMBER forcefield implemented in the Insight IT
package.

In vitro ubiquitination assay. A BglI-NotI fragment from HEL-CROC-1 (54)
was subcloned into pGEX-3X (Pharmacia, Uppsala, Sweden) for the expression
in Escherichia coli of recombinant glutathione S-transferase (GST)-UEV-1.
Conjugation assays of °I-labeled ubiquitin were performed as described previ-
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TABLE 1. Oligonucleotides used in RT-PCR and genomic PCR

No. Sequence

1 GTCTACAAGACGTATCTA

2 ATGCCAGGAGAGGTTCAAGCGTCT
3 ATGGCCTACAAGTTCCGCACC

4 TTAATTGCTGTAACACTGTCCTT

5 GGAAAGCATTTTATCTCCACAGC

6 CTAGGTTCAAGTCTTCCTTCATC

7 CGACTGTTGGAAGAACT

8 CTTGGAGGCCCAATTATC

9 CTCCATTAGAACTATTTACTCC

10 GGAGTGGTGGACCCAAG

11 CGGCACGACTTCATCGAGACC

12 GGGTGAGACGTGGTGGATGCG

13 GTGGGACTACTGCTAGGTGTGTGGG
14 CCACGCTCCTCCACTCCCGCCCTT
15 CCCAGGCTGGTGGAGAGTGAG

16 GCTGATGACAGCAGAGGGTGGCAGGG
17 CCTTTATCGAGGGGTGCTG

18 CCACATTTCAGCATTTAGTGG

19 GCTACACATGTTAACGTACGCGAA
20 GTGCTGGCTCTGTGGCA

21 TGCTAATCCTAATACCT

ously (18). The reaction mixture contained 2 pg of El, fraction ITA (a crude
fraction that contains all known E3s), and 0.5 g of E2-F1 or different concen-
trations of recombinant GST-UEV-1. Reactions were carried out at 37°C for 2 h
and resolved by SDS-polyacrylamide gel electrophoresis.

Fluorescence in situ hybridization (FISH) analysis. cONA probes were la-
beled with biotin 16-dUTP (Boehringer Mannheim, Barcelona, Spain) by a
standard nick translation reaction, hybridized overnight on human metaphase
chromosomes in a humid chamber at 37°C, and washed as described previously
(42). The signal was visualized by using avidin-fluorescein isothiocyanate (FITC)
(Vector Laboratories, Burlingham, Calif.). Signals were amplified once with
biotinylated anti-avidin D. Two independent PAC probes were labeled with
biotin 16-dUTP and digoxigenin 11-dUTP, respectively, as described above, and
were visualized with avidin-FITC and anti-digoxigenin-tetramethyl rhodamine
isothiocyanate (Boehringer Mannheim). All images were analyzed under a flu-
orescence microscope equipped with the appropriate filter set. Images were
captured by using a Cytovision station (Applied Imaging, Sunderland, England).

RT-PCR and genomic PCR. For reverse transcription-PCR (RT-PCR),
DNase-treated total RNA (5 pg) was used in a 50-ul reverse transcription
reaction mixture containing 13 mM Tris-HCI (pH 8.0), 3 mM MgCl,, 0.5 mM
EDTA, 50 mM potassium acetate, 2 mM spermidine, 4 mM putrescine, 1 mM
ATP, 5 mM dithiothreitol, 0.01% Triton X-100, 1 wM primer 1 (complementary
to the 3" untranslated region of HSUEV-1 [Table 1; see Fig. 8C]), and 200 U of
Moloney murine leukemia virus reverse transcriptase (Promega) at 37°C for 1 h.
Aliquots of this reaction were used in hot-start 25-ul PCR mixtures containing 20
mM Tris-HCI (pH 8.4), 50 mM KClI (1X reaction buffer), 2 mM MgCl,, 200 mM
dNTPs, 1 uM each forward and reverse oligonucleotides, and 1 U of Taq
polymerase (GIBCO-BRL) with the following program: 94°C for 5 min; 94°C for
30 s, 55°C for 40 s, and 72°C for 1 min (25 or 37 cycles), followed by 72°C for 2
min, in a Perkin-Elmer 2400 or 9600 thermal cycler. Primer pairs (Table 1 and
Fig. 8C) were as follows: for HSUEV-1A, primers 2 and 4; for HSUEV-1B,
primers 3 and 4. Reaction products were electrophoresed on 2% agarose gels in
Tris-acetate-EDTA buffer and transferred to nitrocellulose membranes, which
were hybridized at 68°C with 3*P end-labeled internal oligonucleotide 7 or 8
(Table 1; see Fig. 8C), washed at high stringency, and autoradiographed.

For PCR of human genomic and PAC DNAs, 100 or 20 ng of DNA, respec-
tively, was used in hot-start 25-ul reaction mixtures containing 200 mM dNTPs,
2 mM MgCl,, 1X reaction buffer, 1 uM each oligonucleotide, and 1.25 U of Tag
polymerase. Primer pairs were initially examined by using the following program:
94°C for 5 min, followed by 30 cycles of denaturation at 94°C (30 s), annealing at
55°C, and extension at 72°C (1 min). A “touch-down” approach was used for
primer pairs which did not give an amplification product: denaturation at 95°C
for 8 min, followed by 10 cycles of decreasing annealing temperature of dena-
turation at 94°C (1 min), annealing at 70°C decreasing to 61°C by 1°C per cycle
(30 s), extension at 72°C (3 min), followed by a further 25 cycles at 60°C
annealing temperature. The sequences of the primers used are given in Table 1,
and their positions are shown in HSUEV-1 in Fig. 8C.

Plasmid constructions and transfection. A Bg/I-Notl fragment from the con-
struct HEL-CROC-1 (54), which contains the entire Ubc domain-like region and
C terminus of UEV-1, was cloned into pcDNA3 (Invitrogen, Carlsbad, Calif.)
under the transcriptional control of the cytomegalovirus promoter. Circular
plasmid DNA (either control vector or sample construct) was transfected into
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cells by means of cationic liposomes (Lipofectamine; GIBCO-BRL). Stable
transfectants were selected by resistance to G418 (600 wg/ml) for 3 weeks.
Selected resistant clones were expanded and maintained in the presence of 300
ng of G418 per ml. Expression of the transfected gene was monitored by RT-
PCR with primers specific for the vector and the exogenous gene on DNase-
treated RNA samples.

Flow cytometry. Cells maintained for 4 days in medium without selective drugs
were harvested by trypsinization, washed twice with phosphate-buffered saline
(PBS), resuspended in 1% bovine serum albumin (BSA)-PBS, and fixed in 70%
ethanol at —20°C for at least 1 h. Fixed cells were washed three times with 1%
BSA-PBS, incubated with RNase A (1 mg/ml; Promega) at 37°C for 1 h, and
stained with propidium iodide (0.1 mg/ml; Sigma). DNA content was determined
on an Epics Elite flow cytometer (Coulter, Hialeah, Fla.) as red fluorescence
collected through a 675-nm-band filter. Aggregates were excluded by gating
single cells by their areas versus peak fluorescence signal. Single-fluorescence
histograms were analyzed with the Multicycle software (Phoenix Flow System,
San Diego, Calif.).

Cell synchronization. Cells were arrested at the G,-S boundary by double
thymidine block (61). Preconfluent cells were incubated for 16 h with medium
containing 2 mM thymidine, followed by a 9-h incubation with fresh medium
containing 24 wM deoxycytidine and a second incubation in medium with 2 mM
thymidine for 16 h. Arrested cells were allowed to enter the cycle by washing
away the blocking medium and incubating the cells with medium containing 24
uM deoxycytidine. At 3-h intervals, cells were washed with PBS and processed
for further analysis. Cell cycle arrest and progress was monitored in parallel
cultures by incorporation of [*H]thymidine, added at 1 p.Ci/ml 30 min prior to
washing, solubilization in 1% SDS-0.1 M NaOH, and scintillation counting. All
time points were done in triplicate.

p34 kinase assay and Western blotting. Cells were lysed in lysis buffer (20 mM
HEPES [pH 7.0], 10 mM B-glycerolphosphate, 5 mM EGTA, 5 mM MgCl,, 50
mM NaF, 1 mM sodium orthovanadate, 2 mM dithiothreitol, 100 pg of leupeptin
per ml, 100 wM phenylmethylsulfonate, 0.1% Triton X-100) and centrifuged for
30 min in a microcentrifuge. Supernatants were incubated at 4°C for 30 min with
p13c-/.Sepharose (Oncogene Sciences, Manhasset, N.Y.) (1) prewashed in lysis
buffer; after incubation, beads were washed with lysis buffer followed by assay
buffer (20 mM HEPES [pH 7.0], 5 mM 2-mercaptoethanol, 10 mM MgCl,).
Pelleted beads were incubated in 50 pl of reaction buffer containing PK-A
inhibitor (0.2 wg/ml; Sigma, Alcobendas, Madrid, Spain), histone H1 (type III-S;
0.6 mg/ml; Sigma), and 100 mM [y->*P]ATP (3 dpm/fmol) at 30°C for 10 min; 25
ul of the reaction mixture was spotted on Whatman P81 phosphocellulose paper,
washed five times with H,O, dried, and processed for counting in a LKB scin-
tillation counter (14). In parallel, 20 pl of the reaction mixture was run on an
SDS-12% polyacrylamide gel, and the gel was autoradiographed. For Western
blotting (66), equal amounts of protein were separated by electrophoresis on
SDS-10% acrylamide and transferred to nitrocellulose filters. The quality of
protein transfer was monitored by staining with Ponceau red, and filters were
blocked with 2% BSA in PBS for 30 min prior to incubation with antibodies to
either p34°?? or cyclin B1 (Transduction Laboratories, Lexington, Ky.) at 1
wg/ml in blocking buffer. After 2 h of incubation, filters were washed and
incubated for an additional 1 h with horseradish peroxidase-conjugated goat
anti-mouse immunoglobulins. After washing, reactivity was developed with a
chemiluminescent substrate (Amersham, Buckinghamshire, England) followed
by exposure to film.

Immunocytochemistry. Cells were grown on glass coverslips, washed with PBS,
fixed in methanol-acetic acid (3:1) at room temperature for 5 min, preincubated
with blocking buffer (5% horse serum in PBS), and incubated with anti-E-
cadherin antibodies (HECD-1; Zymed, San Francisco, Calif.) diluted 1:400 in
blocking buffer at room temperature for 1 h. Preparations were washed and
incubated with FITC-conjugated goat anti-mouse immunoglobulin for 1 h. Sub-
sequently, they were washed and incubated with Hoechst 33258 (Sigma) at 5
mg/ml in PBS. Fluorescein and Hoechst stainings were visualized under a Zeiss
fluorescence microscope with the appropriate filter settings.

Nucleotide sequence accession numbers. The sequence data for MAC4 and
CRAG6 have been submitted to GenBank under accession no. U49278 and
U94279, respectively. The sequence data for HSUEV-1As and HSUEV-1Bs have
been submitted to GenBank under accession no. U97281 and U97280, respec-
tively.

RESULTS

A cDNA recognizing a transcript down-regulated during
differentiation of HT-29-M6 intestinal epithelial cells. Total
RNA was isolated at various time points from HT-29-M6 cells
induced to differentiate by confluence and used as a template
for cDNA synthesis and subsequent arbitrarily primed PCR
under semiquantitative conditions (46, 72). Bands whose in-
tensity decreased with confluence, i.e., whose expression was
down-regulated with differentiation, were selected for further
analysis. One of these bands, A3.5, recognized a 3.5-kb tran-
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FIG. 1. Probe A3.5 recognizes a transcript down-regulated during differen-
tiation of HT-29-M6 cells. (A) HT-29-M6 cells were preconfluent or cultured to
confluence for the indicated periods of time (days [d]); (B) 17-day postconfluent
HT-29-M6 cells and 5-day postconfluent Caco-2 cells were treated with 200 nM
TPA for the indicated times. Total RNA (12 pg/lane) was isolated and processed
and filters hybridized with 3?P-labeled band A3.5 as described in Materials and
Methods. Marks to the right of the autoradiograms indicate migration of 28S and
18S rRNAs. C, untreated control cells.

script in HT-29-M6 cells, with levels that decreased progres-
sively with time of confluence of the cultures (Fig. 1A). Expo-
sure of HT-29-M6 cells to phorbol esters inhibits and partially
reverses the acquisition of differentiated features (15). Treat-
ment of HT-29-M6 cells with the phorbol ester 12,13-tetrade-
canoyl phorbol acetate (TPA; 200 nM) for 1 h induced a strong
increase in the levels of this transcript, which was maintained
even after 24 h of treatment (Fig. 1B). The same response to
TPA was seen when a different epithelial cell line, Caco-2, was
analyzed (Fig. 1B). Therefore, the transcript recognized by
A3.5, which is down-regulated during differentiation of HT-
29-M6 cells and up-regulated by exposure to agents that block
the differentiation process, could correspond to a gene in-
volved in this process.

A new family of proteins structurally related to the ubi-
quitin-conjugating enzymes. The sequence of A3.5 did not
show significant similarities to any other sequence in available
databases. A3.5 was used as a probe to screen for longer
cDNAs in a NZAP phage library generated from HT-29 cells.
This yielded clones which were identical in their 5'-most re-
gions to the 3’-most sequences of GenBank entries U39361
and U39360 (Fig. 2B). The sequence for A3.5 is contained in
the cDNA clone MAC4 but not in U39361 or U39360 (Fig.
2B). The latter cDNAs, previously identified as CROC-1A
(U39360) and CROC-1B (U39361), are predicted to code for
two proteins, of 170 and 221 amino acids, respectively, which
are identical at their carboxy-terminal 140 residues (54) (Fig.
3). A third human protein, DDVit 1 (51; accession no.
X98091), which is identical to EDPF-1 (accession no. U62136),
shows 89.6% identity to the region conserved between
CROC-1A and CROC-1B. A thorough search of EST data-
bases has identified a number of sequences in various organ-
isms predicted to code for proteins that are closely related to
the human proteins (Fig. 3). Genes in Drosophila melanogaster,
C. elegans, and S. cerevisiae with the potential to code for
proteins closely related to CROC-1 were found (Fig. 3).

These proteins showed significant similarity to the E2 en-
zymes. Figure 3B shows alignments of CROC-1B and its S.
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attttctagatacgtcttgtagacctcaaagtaccggaaaggaageteccattcaaaggaaatttatcttaagatactgtaaatgatact
aattttttgtcecatttgaaatatataagttgtgetataacaaatcatectgtecaagtgtaaccactgteccacgtagttgaacttetggga
tcaagaaagtctatttaaattgattceccatcataactggtggggcacatctaactecaactgtgaaaagacacatcacacaatcaccttge
tgctgattacacggecctggggtetetgectteotecctttaccctecegecteccaccctecctgeaacaacagecctetagectgggggy
cttgttagagtagatgtgaaggtttcaggtcgecagectgtgggactactgetaggtgtgtggggtgtttegectgecacecectggttectt
taagtcttaagtgatgccectteocaaaccatcateoctgtecccacgetoctecactecegeccttggecgaageatagattgtaaccect
ccactecectetgagattggetteggtgaggaattcagggetitecoccatatettetetecececcacctttategaggggtgetgetttt
tcteoectectectecaagttectttttgecaccgtecaccacccaacaccttecatgacacttecttgetttggecagaagecatcaggtaag
gttggaaagagectetgaccteecttgtttagttttggaaccatactcactcacteteocaccagectgggaaatgaatattgggtectea
gccctgecaccectetgetgteatcagetgatgeattgtttttagetcaggttttgataaggtgaaaagaatagtcaccagggttactcag
acctgccagetecteggagtecttggtggttgaacttggagaaagaccgeatgaagatacttgtaageacacatgatceectetgaattgtt
ttactttectgtaactgecttttgettttaaaaattgaagaagttttaaacagggetttecatttggtecatecttgecaatecattggggtet
agtttggaatctgacaactggaacaaaaagaaccttgaatceggtgecatgecttggttttggtgectgetgetgetteccaagatecteag
cagggattaagaaggaacceggtgtgcacageagatcececcegaaattggtgggettgacctectggecaaattgetgegtetttecacttge
tgttcaggaccactaaatgctgaaatgtggatgcataccgaaataaaageaattecattgtgtactaaagattttttttttttttttaatt
tagtatttgtgtaaaaccaccttttgaagcagcaactatcaagtotgaaaagcaattgatgtttecattaatetttttotggggggaaaa
ccttagttctaaggatttaacatecctgtaagtgaagtttaacataacagtattecataagecagectttttattgtcagaccattgectga
ttttaatataataaaaaaaaagtgtgcgttaatatttaaaaaaaaaaacctttgteacccectgectgetagetggggacegetecttgg
cagatgtcatcatceccatgagatcteccacagttggtttgggaacctggteaccaacgecaactggggagaattetggeacaatgaagttt
caccatgtacgeccagaggaggatctecaccatectetttggegetgegtacacetgettggaggetgcaacggggegggetetgetgeg
tcaacacatggacatcactggagaggaaaacccactcaacaactcegegtgaagattgaaccaggegttgacceggacgacacctataat
gagaccccectacgagaaaggtttetgetttgtotecatagetggeccocggetcaaatgeeeggaatgcagagetecggetgegatgggge
caaatcgtecttaagaacgaccaccaggaagatttctggaaagtgaaggagttectgeataaccaggggaagcagaagtatacactteeyg
ctctaccacgeaatgatgggtggeagtgaggtggcccagacccteogecaaggagacttttgeatecacegecteccageteccacageaat
gttgtcaactatgtccagcagategtggcacccaagggcagttagaggetegtgtgecatggecectgetetttcaggetetecagggttt
cagaataattgtttgttceccaaattectgtttcectgatcaatttectgggagtttatatteacttcagggagattatatccccctoagg
ataatctattectctagettaggtatctgtgactettgggectetgetotggtgggaacttacttetetatageccactgageceegagac
agagaacctgeccacageteteccegetacaggetgcaggcacgecagggcagegggtattetecteccacctaagtetetgggaagaagt
ggagaggactgatgctcttettttttetetttetgtectttttettgetgatttatgcaaagggetggecattectgatgettttcaggttt
aatccttattttaataaagttttettgcaaaaatt 3455
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FIG. 2. Phage clones isolated by screening with probe A3.5 are identical at their 5 ends to CROC-1A and CROC-1B. (A) Composite nucleotide and deduced amino
acid sequences of CROC-1B (positions 1 to 2136), MAC4 (positions 504 to 3455), and CRAG6 (positions 588 to 2388). (B) Diagram depicting the relationships between
CROC-1A, CROC-1B, MAC4, and CRAG. Solid lines, 5’ untranslated sequences; dotted line, intervening sequence (intron); stippled and striped boxes, coding regions
unique to either CROC-1A or CROC-1B; solid box, coding region common to all forms; striped thin box, common 3’ untranslated sequence; open thin box, sequences
unique to MAC4 and CRAG6 (not present in CROC-1 cDNAs) at the 3’ untranslated region.
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YCA_8, P25604. The C. elegans gene and protein were deduced from unannotated genomic sequence both manually and with the aid of the gene prediction algorithm
UBCI and the region of strongest similarity in CROC-1 pro-

quence identities between the conserved Ubc domain of hu-
man UCBI, S. cerevisiae UBC4 and UBC7, and A. thaliana
teins (positions 82 through 221 in CROC-1B) were 18.2, 24.2,

P15732; S. cerevisiae UBC7, Q02159; A. thaliana UBC1, P25865; Homo sapiens UBCI, P50550; CROC-1B, U39361;

58, Mus musculus EST; 177699, Gallus gallus cDNA; AA246265, D. melanogaster EST; CeYS4ES, C. elegans genomic

5

Alignment of CROC-1A, CROC-1B, and related proteins with four E2 enzymes for which structure has been determined, S. cerevisiae UBC4 and UBC7,

3.

FIG.
A. thaliana UBC1, and human UBCI, and the product of the human tumor suppressor gene TSG101 and its mouse and yeast homologs. The long carboxy termini of

cosmid; U37919, Oriza sativa EST; T88528, A. thaliana EST; L38756, Pisolinum tintorium EST; YGI7_YEAST, P53152; HsTSG101, U82130; MmTSG101, U52945;

GeneWise (see Materials and Methods). Secondary structure predictions are shown below the sequences as cylinders (alpha helices) and arrows (beta pleated sheets).

the products of human and mouse TSG101, unrelated to E2 enzymes, and CROC-1 proteins, are not represented in the alignment. Accession numbers and organisms
The E2 catalytic Cys is marked with an arrowhead.

cerevisiae homolog with a human E2 enzyme and three E2
enzymes, S. cerevisiae UBC4 and UBC7 and Arabidopsis thali-

ana UBCI1, for which structure has been determined (11-13).
A conserved Ubc domain defines E2 enzymes (25). The se-

with represented sequence: S. cerevisiae UBC4
CROC-1A, U39360; DDVit 1, X98091; W999
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HsTSG101 model

FIG. 4. Three-dimensional molecular models of CROC-1 (middle) and TSG101 (right), built on the basis of the experimental three-dimensional structure of S.
cerevisiae UBC4 (12) (left). The critical Cys, essential for the catalytic activity of ubiquitin-conjugating enzymes, is highlighted in the latter. Beta pleated sheets are
represented as flat arrows, and alpha helices are represented as barrels. The models were built on sequences that could be aligned with UBC4, and thus the amino
terminus (N-term) of CROC-1 and the carboxy terminus (C-term) of TSG101 are not represented.

and 22%, respectively. The degrees of identity of the same
domains with the corresponding region of the yeast homolog of
CROC-1 were 12.3, 17.7, and 26.2%. Allowing for conservative
changes, the similarities rose to 42.4, 45.5, and 48.5% for
CROC-1 and 37.7, 44.6, and 49.2% in the case of its yeast
homolog.

Predictions of secondary (Fig. 3) and tertiary (Fig. 4) struc-
tures also indicated that CROC-1 proteins are closely related
to the E2 enzymes, differing at their amino and carboxy ter-
mini. Despite these similarities, CROC-1 proteins lack the
critical Cys residue within the domain inferred from the amino
acid sequence alignments (Fig. 3, arrowhead) and structural
predictions (Fig. 4) to be equivalent to the catalytic domain of
E2 enzymes. Very recently, two reports have also identified
proteins that are predicted to be similar in structure to the E2
enzymes, but lack an obvious catalytic center (30, 49). In ad-
dition to CROC-1 and related proteins, the product of the
tumor suppressor gene TSG101 and its homologs in different
organisms also share these features (Fig. 3). A hierarchical
classification based on the sequence comparison between the
different proteins at the Ubc domain-like region showed that
CROC-1-related proteins form a distinct subfamily within the
E2 and related proteins. This subfamily is divergent from the
TSG101-related proteins (Fig. 5). The relationship between
these proteins is also illustrated in their predicted tertiary
structures (Fig. 4), which show that the core structure of E2
enzymes, consisting of four antiparallel beta pleated sheets
maintained in position by an alpha helix, would have a clear
equivalent in CROC-1. In TSG101, the third beta pleated
sheet of this core structure would be interrupted by the pres-
ence of a proline residue immediately preceding a two-residue
insertion (Fig. 3 and 4). Based on these considerations, we
have renamed these proteins UEV, preceded by two letters
indicative of genus and species (Fig. 5).

The identity of the 3’ untranslated sequences of the
CROC-1A and CROC-1B cDNAs (54) indicates that they al-
most certainly correspond to RNAs transcribed from a single
gene (see below). Therefore, according to our proposed des-
ignation, CROC-1A and CROC-1B are hereafter referred to
as HSUEV-1A and HsUEV-1B, respectively. On the other
hand, the 3’ untranslated sequences of HSUEV-1A and
HsUEV-1B are completely unrelated to the 3’ untranslated

sequence of the CROC-1-related protein DDVit 1 (51) (also
known as EDPF-1), which argues that the latter is coded for by
a different gene, which we have designated HSUEV-2 (Fig. 5;
see Discussion).

In vitro ubiquitination assays were performed to test if UEV
proteins can promote ubiquitination of protein substrates. In
the presence of '**I-labeled ubiquitin, purified E1 and a crude
fraction containing both E3 and recombinant HSUEV-1 did
not promote conjugate formation (Fig. 6, lane 4). In contrast,
a significant increase in conjugate formation was observed with
a known and active E2 enzyme, E2-F1 (Fig. 6, lane 3). Fur-
thermore, the degree of conjugate formation driven by E2-F1
was not altered by the presence of recombinant HSUEV-1
(data not shown). Therefore, in these experiments, UEV-1
proteins do not appear to have ubiquitin-conjugating activity.

Cell and tissue expression of HSUEV-1 isoforms. A panel of
RNAs from human cell lines and tissues was analyzed for the
expression of HSUEV-1. With A3.5 as a probe in Northern
blotting, a 3.5-kb transcript was observed in most cell lines,

DmUEV

PtUEV
AtUEV

HsTSG101 UBC7 YEAST

UBCI HUMAN
UBC4 YEAST

YCA8 YEAST

UBC1 ARATH

FIG. 5. Unrooted tree of phylogenetic relationships between the Ubc do-
main-like regions of UEV/CROC-1 and TSG101-related proteins and the Ubc

domains of selected ubiquitin-conjugating enzymes. Accession numbers for the
corresponding sequences are as in Fig. 3.
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FIG. 6. HSUEV-1 does not promote the conjugation of ubiquitin to protein
substrates in vitro. Purified E1 only (lane 1), E1 with fraction IIA (containing E3
enzymes) (lane 2), E1 plus fraction IIA plus E2-F1 (lane 3), and E1 plus fraction
ITA and increasing concentrations of recombinant GST-UEV-1 (lanes 4 to 8)
were used in in vitro ubiquitination assays for the conjugation of '**I-ubiquitin.
High-molecular-weight conjugates are formed only in the presence of E2-F1
(lane 2). Bands in lane 2 are a result of endogenous E2 contaminating fraction
ITIA and are taken as background signal for this assay.

while several showed very low or undetectable levels (Fig. 7A).
Probing with MAC4, which encompasses part of the coding
region and the entire 3’ untranslated region of UEV-1 (Fig. 2),
revealed the existence of transcripts of different sizes, of which
the band detected by A3.5 corresponded to the largest tran-
script. All cell types expressed at least one transcript species
(Fig. 7B), as did all normal human tissues examined (Fig. 7C).
The 3’ untranslated region of HSUEV-1 has at least three
potential sites for polyadenylation (Fig. 2B). A3.5 corresponds
to the 3’-most end of the full-length HSUEV-1 cDNA (Fig. 2B)
and would recognize only the longer transcript. Therefore, one
possible source for the diversity of transcript species observed

123456789101112

A il
- - e e
Al 1 23456 78
D
B il
oM NETEN
HeBr Pl Lu Li SMKi Pa 1 2345678
C E
i ke
s il
o ;

FIG. 7. Expression range of HSUEV-1. Northern blotting for the expression
of HSUEV-1 in human cultured cell lines (A and B) and tissues (C). Probe A3.5
(A) or MAC4 (B) were used to hybridize a filter with RNAs from the following
cell lines: 1, SK-CO-15 (colon carcinoma); 2, Caco-2 (colon carcinoma); 3,
SK-PC-1 (pancreas carcinoma); 4, SK-PC-3 (pancreas carcinoma); 5, HepG2
(liver carcinoma); 6, T24 (bladder carcinoma); 7, HeLa (cervix carcinoma); 8,
EW-1 (Ewing’s sarcoma); 9, RD-ES (Ewing’s sarcoma); 10, SK-MEL-28 (mela-
noma); 11, HEL (erythroleukemia); and 12, K562 (erythroleukemia). (C) Probe
MAC4 was used to hybridize a filter with poly(A)-enriched RNA from the
following human tissues: He, heart; Br, breast; Pl, placenta; Lu, lung; Li, liver;
SM, skeletal muscle; Ki, kidney; Pa, pancreas. Marks to the right of the autora-
diograms represent the migration of 28S and 18S rRNAs. (D and E) RT-PCR
analysis with primers specific for HSUEV-1B (D) and HSUEV-1A (E), using as
templates cDNAs from the following cell lines: 1, SK-MEL-28; 2, EW-1; 3,
HepG2; 4, HT-29-M6 (colon carcinoma, mucosecretory); 5, H-29 (colon carci-
noma, undifferentiated); 6, K562; 7, HEL; and 8, HDF (diploid fibroblasts). The
sizes of the major amplified bands are indicated in nucleotides on the right.
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would be the differential use of polyadenylation sites, which
would result in transcripts with different 3’ ends.

RT-PCR using two sets of primers designed from the coding
sequences of HSUEV-1A (Fig. 7E) and HsUEV-1B (Fig. 7D)
identified four isoforms of HSUEV-1. These correspond to
proteins with identical carboxi termini and unique amino ter-
mini (Fig. 8), arising by alternative splicing (see below). As
expected, the 666-bp band in Fig. 7D corresponded to
HsUEV-1B and the 513-bp band in Fig. 7E corresponded to
HsUEV-1A (Fig. 8A). The short (364-bp) form (HSUEV-1As)
is identical to HSUEV-1A, except for a 149-bp deletion (block
IIT in Fig. 8A). To maintain a reading frame, direct joining of
block II to block IV calls for the use of the second ATG in
block II (Fig. 8A). Therefore, the protein predicted for
HsUEV-1As is identical to HSUEV-1A at the carboxy-termi-
nal 90 residues and contains a short 13-residue amino terminus
unrelated to the other UEV-1 proteins (Fig. 8B). The shorter
(457-bp) form generated with primers for HsUEV-1B
(HsUEV-1Bs) was identical to HSUEV-1B except at the 5’ end
(Fig. 8A). Translation in a frame that maintained the protein
sequence common to the other UEV proteins did not reveal a
translation initiation codon for this cDNA (Fig. 8B), suggesting
that it is located upstream from the amplified sequence. This
would also imply that HSUEV-1Bs corresponds to a fourth
HsUEV-1 form with a unique 5’ end and, therefore, a unique
amino terminus, which was not fully characterized in these
experiments. This form showed a restricted range of expres-
sion, since it was detected only in two of the cell lines analyzed
(Fig. 7D). The sequence from the 5’ end of block III up to the
termination codon was present in all of the different RT-PCR
products. Analysis of a cDNA clone corresponding to a par-
tially processed transcript (clone CRAG6 [Fig. 2]) indicated the
existence of at least two separate blocks within this sequence
(blocks IV and V).

The above-described blocks, deduced from cDNA se-
quences, were highly suggestive of the nature and arrangement
of exons in the HSUEV-1 gene. With the exception of block I,
each of the above-defined blocks could be amplified with spe-
cific primers from total human genomic DNA as well as from
a human genomic PAC with sizes identical in genomic DNA
and in cDNA. The unique 5" sequence of HSUEV-1B (block I)
did not give an amplification product in either genomic or PAC
DNA, suggesting that block I results from joining at least two
separate exons. Blocks V and VI were found to be separated by
approximately 1.5 kb. PCR amplification was not achieved
between sequence blocks I to II, II to III, IIT to IV, and IV to
V, suggesting that they are separated in this region of the
genome.

The location of these sequences in the human genome was
analyzed by FISH on metaphase chromosomes. Two indepen-
dent PAC clones containing HSUEV-1 sequence produced
specific signals on 20q13.2 (Fig. 9). However, the cDNA MAC4
produced a clear signal on both chromosome 20q13.2 and
chromosome 1q13.3 (data not shown). A search was made of a
transcript map of the human genome (58) using the MAC4
sequence, indicating potential assignments to chromosomes
20, 7, and 2. By PCR analysis with primers corresponding to
two separate exons, a putative HSUEV-1 pseudogene was as-
signed to chromosome 2 by amplification of a somatic cell
hybrid panel (data not shown).

In conclusion, HSUEV-1 is expressed in all tissues and cell
lines examined as a heterogeneous collection of transcripts.
This heterogeneity appears to arise from (i) differential use of
polyadenylation signals and (ii) expression of isoforms gener-
ated by alternative splicing. The gene for HSUEV-1 contains at
least six exons and is located on chromosome 20q13.2.
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1B hTCCACAAGTGGTCGCACACGTACTTTGGGCTGCCACGCTGGGTCACCCTCCTGCAGGACTGGCATGTCATCCTGCCACGTAAACACCATCGCATCCACCACGTCI

I S L il A A i AMi i i A A A ATGGCCTACAAGTTCCGCACA
1A @ ETQFCAGGAGAGGTTCAAGCGTCTTACCTGAAGTCACARAGCARACTGAGTGATGAR
ATGCCAGGAGAGGTTCAAGCGTCTTACC TGAAGTCACAAAGCAAACTGAGTCGRTGAR

1B FCACCCCACGAGACCTACTTCTGCATCACCACAGI}AGTAAAAGTCCCTCGCAATTTCCGACTGTTGGAAGAACTCGAAGAAGGCCAGAAAGGAGTAGGAGATGG
1Bs TGGCCTACAAGTTCCGCACAGTGTTACAGCCCTG ¢AGTAAAAGTCCCTCGCAATTTCCGACTGTTGGAAGAACTCGAAGAAGGCCAGAARGGAGTAGGAGATGG)

1A [GGAAGACTTGAACCTAGAAAATTTCACTGCAAAG | AGTAAAAGTCCCTCGCAATTTCCCACTGTTGGAAGAACT CGAAGAAGGCCAGAAAGGAGTAGGAGATGG
1As fiGAAGACTTGAACCTAGAAAATTTCACTGCAAAG |- —— = = — — o oo oo o e e
1B [ACAGTTAGCTGGGGTCTAGAAGATGACGAAGACATGACACTTACAAGATGGACAGGGATGATAATTGGGCCTCCARGH RCAATTTATGAAAACCGAATATACA
1Bs {ACAGTTAGCTGGGGETCTAGAAGATGACGAAGACATGACACTTACAAGATGGACAGGGATGATAATTGGGCCTCCAAGA] RCAATTTATGARAACCGAATATACA
1A  [ACAGTTAGCTGGGGTCTAGAAGATGACGAAGACATGACACTTACAAGATGGACAGGGATGATAATTGGGCCTCCAAGY RCAATTTATGAARACCGAATATACA)
JAS — e pCAATTTATGAAAACCGAATATACA
\

1B [CCTTAAAATAGAATGTGGACCTAAATACCCAGAMGCACCCCCCTTTGTAAGATTTGTAACAAAAATTAATATGAATGGAGTARATAGTTCTAATGGAGTG|[GTG
1Bs $CCTTAAAATAGAATGTGGACCTAAATACCCAGAAGCACCCCCCTTTGTAAGATTTGTAACAAAAATTAATATGAATGGAGTAAATAGTTCTAATGGAGTG]||GTE

IA [BCCTTAARATAGAATGTGGACCTAAATACCCAGAAGCACCCCCCTTTGTAAGATTTGTAACAAAAATTAATATGAATGGAGTAAATAGTTCTAATGGAGTA||GTG
1As BCCTTAAAATAGAATGTGGACCTAAATACCCAGAAGCACCCCCCTTTGTAAGATTTGTAACAAAAATTAATATGAATGGAGTAAATAGTTCTAATGGAGTA|GTS

1B [ACCCAAGAGCCATATCAGTGCTAGCAAAATGGCAGAATTCATATAGCATCAAAGTTGTCCTGCAACGAGCTTCAGGCGCCTAATGATGTCTAAAGARAATATGAAR
1Bs BACCCAAGAGCCATATCAGTGCTAGCAAAATGGCAGAATTCATATAGCATCAAAGTTGTCCTGCAAGAGCTTCGGCGCCTAATGATGTCTAAACAAAATATGAAA
1A [GACCCAAGAGCCATATCAGTGCTAGCAAAATGGCAGAATTCATATAGCATCAAAGTTGTCCTGCAAGAGCTTCGGCGCCTAATGATGTCTARAAGAAAATAT GAAR)
1As BACCCAAGAGCCATATCAGTGCTAGCAAAATGGCAGAATTCATATAGCATCAAAGTTGTCCTGCAAGAGCTTCOGCGCCTAATGATGTCTAAAGAAAATATGAAA

1B [TCCCTCAGCCGCCCGAAGGACAGTGTTACAGCAATTAA
1Bs {TCCCTCAGCCGCCCCAAGGACAGTGTTACAGCAATTAA
1A  [CTCCCTCAGCCGCCCGAAGGACAGTGTTACAGCAATTAA
1As [TCCCTCAGCCGCCCGAAGGACAGTGTTACAGCAATTAA

B

1B MAYKFRTHSPEALEQLYPWECFVFCLIIFGTFTNQIHKWSHTYFGLPRWVTLLQDWHVILPRKHHRIHHVSPHETYFCITTGVKVPRNFR 90
IBS APTSSAQCY SPGVKVPRNFR 20
1A oo MPGEVOASYLKSOSKLSDEGRLEPRKFHCRGVKY PRNFR 39
JAS e 4}
iB LLEELEEGQKGVGDGTVSWGLEDDEDMTLTRWTGMI IGPPRT IYENRIYSLKIECGPKY PEAPPFVRFVTKINMNGVNSSNGVVDPRAIS 180
1Bs LLEGLEEGQKGVGDGTVSWGLEDDEDMTLTRWTGMI IGPPRT IYENRIYSLKIECGPKY PEAPPFVRFVTKINMNGVNSSNGVVDPRAIS 110
1A LLEELEEGQKGVGDGTVSWGLEDDEDMTLTRWTGMI IGPPRTIYENRIYSLKIECGPKYPEAPPFVRFVTKINMNGVNSSNGVVDPRAIS 129
1AS — MKEQLQEENE IAKTIYENRIYSLKIECGPKYPEAPPFVRFVTKINMNGVNSSNGVVDPRAIS 62
1B VLAKWONSYSTKVVLQELRRLMMSKENMKL PQPPEGQCY SN 221

1Bs VLAKWONSYSIKVVLQELRRLMMSKENMKL PQPPEGQCYSD 151

1A VLAKWONSYSIKVVLQELRRLMMSKENMKL POPPEGQCY SN 170

1As VLAKWONSYSIKVVLQELRRLMMSKENMKL PQPPEGQCYSN 103

HsUEV-1A 19
C 113 5 2 7 - 20 13 14 17
e

12 9 21 41 151618
10

Hs-UEV-1B HsUEV-1As

FIG. 8. Alternative splice variants and genomic arrangement of exons of HSUEV-1. (A) Alignment of sequences of the major RT-PCR products as shown in panels
C and D. Sequence blocks I through I'V were assigned on the basis of presence or absence in the different forms. Block V is present in clone CRAG6, a partially processed
transcript (Fig. 2). Boxes show the initial codons for open reading frames in each form. (B) Deduced amino acid sequences for the four forms of HSUEV-1. The
amino-terminal residues unique to each form are underlined. Arrowheads correspond to the junctions of the blocks in panel A. (C) Diagram for the arrangement of
HsUEV-1 exons in genomic DNA and PAC clone 44c17. PCR analyses were performed with the primers indicated on the diagram and described in Table 1.
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FIG. 9. Chromosomal assignment of HSUEV-1 by FISH analysis. Human metaphase chromosomes were probed with two biotinylated independent PAC clones
(yellow, 44c17; red, 152g20). Both probes yielded signals that colocalized on chromosome 20q13.2 (arrows and paired green spots).

Effects of the constitutive expression of HsSUEV-1 in HT-
29-M6 cells. Since expression of HSUEV was down-regulated
during differentiation of HT-29-M6 cells, we studied the effects
of the constitutive expression of the gene in these cells. HT-
29-M6 cells were stably transfected with a construct expressing
the entire domain of identity between HSUEV-1A and
HsUEV-1B, under the transcriptional control of the cytomeg-
alovirus promoter. Upon confluence, HT-29-M6 cells are able
to differentiate into mucosecretory cells, and this is accompa-
nied by the up-regulation of the apomucin MUCSAC, a hall-
mark of the differentiation process of these cells (28) (Fig. 10).
Constitutive expression of exogenous HSUEV-1 in HT-29-M6
cells inhibited the expression of the MUCS5AC gene after 2
weeks of confluent culture (Fig. 10). Therefore, continued
expression of UEV-1 in HT-29-M6 cells inhibits the acquisition
of markers of mucosecretory differentiation.

Transfected cells had initially a slightly higher growth rate
than control cells, which stabilized and converged to control
cell levels after 21 days of culture (Fig. 11A). Flow cytometry
analysis showed that HSUEV-1-transfected HT-29-M6 cells
had a higher proportion of cells in the S phase of the cell cycle
(Fig. 11C and D). The larger number of cells in S phase was
reflected in consistently higher levels of DNA synthesis in
HsUEV-1-transfected cells, as measured by incorporation of
[*H]thymidine in synchronized cells (Fig. 11B). The duration
of the cell cycle, deduced from the time interval between peaks
of DNA synthesis in synchronized cells, did not differ signifi-
cantly in transfected and control cells (Fig. 11B).

These experiments showed that a higher proportion of cells
entering the cell cycle in HSUEV-1-transfected compared to

control HT-29-M6 cells did not result in significantly different
growth curves. However, under identical culture conditions,
HsUEV-1-transfected but not control cells produced large
numbers of detached and dead cells that floated in the culture
medium (data not shown). Thus, the higher death rate of the
transfected cells countered the increase in the number of cy-
cling cells. Of the cells that remained attached to the culture
dish, a proportion (1 to 3%) had nuclei with a morphology

a b a b abab ab

L *

FIG. 10. Effect of the constitutive expression of UEV-1 on the contact-
induced expression of MUC5AC in HT-29-M6 cells. Control (lane pair 1) and
independent clones of UEV-1-transfected HT-29-M6 cells (lane pairs 2 to 5)
were harvested 2 days after seeding (lanes a) or 10 days after reaching confluence
(lanes b). Transfected clones expressed different levels of the exogenous UEV-1,
as determined by RT-PCR, the lowest levels corresponding to clone 2. Total
RNA was analyzed by Northern blotting with a probe for the apomucin gene
MUCSAC.
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FIG. 11. Effects of the constitutive expression of UEV-1 on the growth and cell cycle patterns of HT-29-M6 cells. (A) Growth curves of control (empty squares)
and UEV-1-transfected (filled circles) HT-29-M6 cells. Equal numbers of cells were seeded in triplicate plates and counted at 3-day intervals as attached and trypsinized
cells. (B) Rates of DNA synthesis of synchronized control (empty squares) and UEV-1-transfected (filled circles) HT-29-M6 cells. Cells were seeded at equal numbers
in triplicate wells, arrested at G,-S by double thymidine block, and allowed to enter S by removal of excess thymidine. [*H]thymidine was added 30 min before
harvesting, which was done at 3-h intervals (see Materials and Methods). (C) Flow cytometry analysis for the DNA content of asynchronous cultures of control (left)
and UEV-1-transfected (right) HT-29-M6 cells. Clone 7 of UEV-1-transfected cells was analyzed for DNA content 2 days after seeding. (D) Integrative multicycle
analysis of single-fluorescence histograms corresponding to panel C. (E) Multicycle analysis of histograms from flow cytometry of clone 11 of UEV-1-transfected
HT-29-M6 cells, analyzed 5 days after seeding. (F) Phase-contrast micrographs of control (top) and UEV-1-transfected clone 11 (bottom) HT-29-M6 cells, 7 days after

seeding (magnification, X400).

suggestive of apoptosis (Fig. 12). Nuclei with apoptotic mor-
phology were not observed in control HT-29-M6 cells. This
finding suggests that apoptosis plays a role in the high death
rate observed in UEV-1-transfected HT-29-M6 cells.

The flow cytometry analysis also showed that UEV-1-trans-

fected cells accumulated in the G,-M phase of the cell cycle
(Fig. 11C to E). When analyzed 5 to 7 days after plating,
UEV-1-transfected HT-29-M6 cells showed, in addition to a
higher proportion of cells in S and G,-M than control cells, a
population of cells with tetraploid or polyploid DNA content
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FIG. 12. Effects of the constitutive expression of UEV-1 on the number and
appearance of nuclei in HT-29-M6 cells. Control (A and B) and UEV-trans-
fected (C and D) cells were decorated with anti-E-cadherin antibodies (A and C)
to delimit the cell periphery. The same preparations were stained with Hoechst
33258 (B and D) for the visualization of nuclei. In UEV-1 transfected, but not in
control, cells, binucleated cells (b), nuclei with apoptotic morphology (a), and
frequent mitotic figures (m) are observed. Magnification, X400.

(Fig. 11E), presumably reflecting the occurrence of DNA rep-
lication in the absence of cell division. This was associated with
the appearance of multinucleated cells, which increased in
proportion with time of culture (Fig. 11F and 12).

The observed accumulation in G,-M and endoreduplication
of UEV-1-transfected cells suggested the occurrence of a de-
fective regulation of one or more cell cycle transitions. Transit
from the end of the S phase to mitosis and passage through
mitosis are regulated by the mitotic kinase cdkl, a complex
formed by a catalytic subunit, p34°“Z, and a regulatory subunit,
cyclin B1 (40, 41, 45). HSUEV-1-transfected M6 cells showed
strongly diminished levels of cdkl activity (Fig. 13, top panel),
while in both control and transfected cells, levels of p34¢4¢Z
protein were fairly constant and unchanged throughout the cell
cycle, and levels of cyclin B1 showed similar cyclic oscillations
(Fig. 13, bottom panel). This finding indicates that the inhibi-
tion of cdkl activity brought about by the constitutive expres-
sion of HSUEV-1 is not a consequence of changes in the levels
of the complex subunits.

The effects on the cell cycle of the constitutive expression of
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FIG. 13. Effect of the constitutive expression of UEV-1 on the activity of the
mitotic kinase cdk1 in HT-29-M6 cells. Synchronized control (left) and UEV-1-
transfected (right) HT-29-M6 cells were analyzed for p13*““-associated (cdk1)
activity at 3-h intervals after release from the block at G,-S (top panel). Extracts
from parallel cultures were analyzed by Western blotting for the subunit com-
ponents of cdkl, p34¢““? and cyclin B1, as indicated.
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FIG. 14. Cell cycle-regulated expression of endogenous UEV-1A. HT-29-M6
cells were synchronized by double thymidine block, allowed to enter the S phase,
and analyzed for expression of UEV-1 at the indicated times by RT-PCR fol-
lowed by hybridization with a specific labeled oligonucleotide (top). For normal-
ization, the same samples were subjected to parallel RT-PCRs with primers for
the ribosomal protein S14 (bottom). Entry of the cells in S was monitored in
parallel experiments by incorporation of [*H]thymidine, which produced a curve
equivalent to that shown in Fig. 11B, with a peak at 3 h. The experiment shown
is representative of three independent experiments.

UEV-1 in HT-29-M6 cells, in particular those affecting the
G,-M transition, were not observed in untransfected cells ex-
pressing high levels of endogenous UEV-1. We reasoned that
appropriate timing, rather than level, of expression could be
the relevant factor that could explain these effects. Therefore,
we determined the expression levels of endogenous UEV-1 in
synchronized cells by means of nonsaturating, semiquantitative
RT-PCR, which shows that the RNA for UEV-1A is expressed
in a cell cycle-dependent fashion in HT-29-M6 cells (Fig. 14).
Cells arrested at G;-S showed maximal levels of expression
(time zero), followed by a marked decline during S (3 h after
release) to reach undetectable levels at the end of S and be-
ginning of G,-M (6 h after release) and a subsequent increase
of levels, when cells have entered mitosis (9 and 12 h after
release).

DISCUSSION

We have identified a family of proteins whose expression is
regulated during in vitro differentiation of intestinal epithelial
cells and that could play a role in modulating their mature
phenotype and cell cycle status. These proteins were previously
described as transcriptional regulators, known as CROC-1
(54). In this study, we show that they are highly conserved in
evolution and constitute, by sequence relationship, a novel
subfamily of the ubiquitin-conjugating, or E2, enzymes. Based
on sequence and structure analyses, we propose to redesignate
them UEV proteins. Despite their similarity in sequence and
structure to the E2 enzymes, UEV proteins appear to lack the
active center characteristic of these enzymes and were indeed
unable to promote the transfer of ubiquitin to protein sub-
strates, consistent with the fact that UEV proteins lack the
essential, conserved Cys residue, required for enzymatic activ-
ity (7, 25). Substitution of the catalytic Cys by site-directed
mutagenesis results in inactive E2 proteins that can behave as
dominant negative variants in vitro and in vivo, effectively
inhibiting ubiquitination by wild-type E2 enzymes (3, 63, 37).
Although we were unable to demonstrate recombinant
HsUEV-1-mediated inhibition of E2 enzyme-catalyzed ubig-
uitination, it remains possible that UEV proteins can still func-
tion to regulate protein ubiquitination, perhaps by positively or
negatively modulating the transfer of ubiquitin to specific sub-
strates by a specific subset of E2 enzymes. E2 enzymes can
interact with each other, forming homodimers (43, 50) or het-
erodimers (8), and such interactions could modify the activity
and/or substrate specificity of these enzymes. It is conceivable
that interactions of E2 enzymes with UEV proteins provide a
higher degree of combinatorial possibilities and direct a given
enzyme to specific substrates or subcellular locations, or oth-
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erwise modulate its activity. The recent proposal that the prod-
uct of the tumor suppressor gene TSG101 (34, 35) is a poten-
tial dominant negative variant of E2 enzymes (30, 49) is also
based on sequence and structure predictions. We have shown
here that TSG101 proteins and the proteins of the UEV family
belong to distinct subgroups of inactive variants of the E2
enzymes. In both cases, the demonstration of a regulatory role
of these proteins in ubiquitination would require finding rele-
vant substrates and/or E2 partners in in vitro and in vivo
experiments.

At least two different human UEV genes, one coding for
HsUEV-1/CROC-1 and one coding for HSUEV-2/DDVit-1,
could exist. This is inferred from the fact that in their cDNAs,
3’ untranslated sequences in HSUEV-1/CROC-1 differ com-
pletely from those of HSUEV-2/DDVit-1. In situ hybridization
with the PAC genomic clones, combined with PCR analysis,
assigns the gene for HSUEV-1 to chromosome 20q13.2. The
evidence presented here indicates that the gene is expressed in
different cell types, as at least four isoforms generated by
alternative splicing. Database analysis (ESTs), in situ hybrid-
ization, and somatic cell hybrid analysis suggest that chromo-
somes 1, 2, and 7 harbor pseudogenes or genes related to
HsUEV-1.

The variants of HSUEV-1 generated by alternative use of
exons encode proteins identical at their carboxy-terminal 90
residues, which includes the domain of homology to the Ubc
domain of E2 enzymes, and amino termini unique to each
form. In E2 enzymes, the core Ubc domain appears to be
sufficient for their enzymatic activity, while the extensions at
either end could serve as modules for protein-protein interac-
tions that direct the enzyme to specific substrates or subcellular
locations (2, 20, 27, 38, 48). The unique amino termini of the
different isoforms of HSUEV-1 might be involved in specific
protein-protein interactions which may affect their localization
or activity.

The fact that the expression of exogenous HSUEV-1 induced
an accumulation of cells in G,-M and endoreduplication points
to one important cellular process regulated by these proteins.
Certain stimuli or exposure to DNA-damaging agents, such as
irradiation and drugs, arrest cells in G,-M (55), in a process
dependent on p53 (71, 9) and p21/WAF (71). The same agents
induce endoreduplication in cells lacking p53 or p21/WAF
(71). Since HT-29 cells do not have functional p53 (71), the
accumulation in G,-M induced by HSUEV-1 does not depend
on p53-regulated DNA damage checkpoints. Nevertheless, it
cannot be ruled out that the observed effect is a nonspecific
genotoxic effect which, in p53- and p21/WAF-deficient cells,
would cause endoreduplication and apoptosis, although cells
would not tend to accumulate in G,-M (71).

In the yeast S. cerevisiae, deletion of cyclin B (22), the reg-
ulatory component of cdc2, or of cdc2 itself (6, 22) leads to a
round of replication in the absence of mitosis. In Schizosac-
charomyces pombe, overexpression of rum1+, which results in
inhibition of p34°/“?, is associated with endoreduplication (39).
In mammalian cells, the tyrosine kinase inhibitor K252a in-
duces endoreduplication (67), and viral proteins like human
immunodeficiency virus Vpr (5, 23, 26, 52) or simian virus 40
large T (57) arrest cells in G,-M by inhibiting the mitotic
kinase cdkl (23, 26, 57), resulting in multiple rounds of repli-
cation in the absence of mitosis and concomitant polyploidy
(5). In the case of the human immunodeficiency virus Vpr
protein, the inhibition of cdkl activity is associated with hy-
perphosphorylation of its catalytic subunit, p34°““Z (26), possi-
bly an indirect effect of Vpr on regulatory kinases or phospha-
tases (17, 21, 29). Therefore, it is possible that some of the cell
cycle effects brought about by the constitutive expression of
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UEV-1 in HT-29-M6, namely, accumulation in G,-M and en-
doreduplication, are a direct consequence of the observed in-
hibition of the mitotic kinase cdk1. The mechanism responsible
for the inhibition of cdk1l by UEV-1 remains to be determined,
although our observations indicate that it is not due to changes
in the protein levels of the component subunits of this kinase.
Our finding that endogenous UEV-1A is expressed in a cell
cycle-dependent manner further supports a role for these pro-
teins in the physiological regulation of cell cycle transitions and
suggests that the effects on the G,-M transition of HT-29-M6
cells transfected with a vector for the constitutive expression of
UEV-1is due to untimely expression of the exogenous protein.
In untransfected cells, loss of expression of endogenous
UEV-1 at the end of the S phase would allow the appearance
of active cdkl and normal progression through G,-M, whereas
continuous expression of the exogenous gene in transfected
cells would block this transition.

The cell cycle effects described here could reflect just one of
the modes of action of UEV proteins and could be due to
either direct or indirect interactions with proteins and path-
ways that regulate cell cycle transitions and possibly other
cellular processes. CROC-1 proteins were originally identified
based on their capacity to induce transcriptional activation of
the human c-fos promoter and localized to the nucleus. These
proteins do not appear to bind to DNA in a sequence-specific
manner (54), and thus their activity could be a consequence of
protein-protein interactions that enhance or stabilize one or
more transcriptional activators. Also, the inhibition of the con-
tact-induced differentiation of HT-29-M6 cells could be either
a direct consequence of the changes in the cell cycle behavior
induced by UEV-1 or due to the effects of the constitutive
expression of UEV on other processes, such as transcription of
specific genes, metabolic pathways involved in the acquisition
of a differentiated phenotype, or cell-cell and cell-substrate
adhesion.

Finally, the sequence and structural relationship of UEV
with the product of the tumor suppressor gene TSG101 could
stimulate a search for the involvement of UEV in tumorigen-
esis. Intragenic deletions and mutations (35) or abnormal pat-
terns of expression (31) of TSG101 have been reported in
breast cancer. UBE2V, the gene coding for UEV-1, has not
been studied to date in the context of human disease.
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