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DUB-2A, a new member of the DUB subfamily of hematopoietic
deubiquitinating enzymes

Kwang-Hyun Baek, Michelle A. Mondoux, Robert Jaster, Ella Fire-Levin, and Alan D. D’Andrea

Protein ubiquitination is an important
regulator of cytokine-activated signal
transduction pathways and hematopoi-
etic cell growth. Protein ubiquitination is
controlled by the coordinate action of
ubiquitin-conjugating enzymes and de-
ubiquitinating enzymes. Recently a novel
family of genes encoding growth-regula-
tory deubiquitinating enzymes (DUB-1 and
DUB-2) has been identified. DUBs are
immediate-early genes and are induced

ate primers for the DUB-2 complementary
DNA, 3 murine bacterial artificial chromo-
some (BAC) clones that contain  DUB gene
sequences were isolated. One BAC con-
tained a novel DUB gene (DUB-2A) with
extensive homologyto DUB-2. Like DUB-1
and DUB-2, the DUB-2A gene consists of
2 exons. The predicted DUB-2A protein is
highly related to other DUBs throughout
the primary amino acid sequence, with a
hypervariable region at its C-terminus. In

ity. The 5’ flanking sequence of the
DUB-2A gene has a hematopoietic-spe-
cific functional enhancer sequence. It is
proposed that there are at least 3 mem-
bers of the DUB subfamily (DUB-1, DUB-2,
and DUB-2A) and that different hematopoi-
etic cytokines induce specific ~ DUB genes,
thereby initiating a cytokine-specific
growth response. (Blood. 2001;98:
636-642)

rapidly and transiently in response to
cytokine stimuli. By means of polymerase
chain reaction amplification with degener-

vitro, DUB-2A had functional deubiquiti-
nating activity; mutation of its conserved

amino acid residues abolished this activ- © 2001 by The American Society of Hematology

Introduction

Protein ubiquitination controls many intracellular processes, inclubave been identified16 Also, whether these enzymes act exclu-
ing cell cycle progressioh? transcriptional activatiod,and signal sively on ubiquitinated substrates or on substrates with ubiquitin-
transductiof (reviewed in Ciechanoverand D’Andrea and Pell- like modifications, such as SUMO¥1'8 and NEDD8!® remains
marf). Like protein phosphorylation, protein ubiquitination isunknown. Recently, a distinct family of cysteine proteases, acting
dynamic, involving enzymes that add ubiquitin (ubiquitinon SUMO-1-conjugated substrates, has been idenfffiEthally,
conjugating enzymes) and enzymes that remove ubiquitin (deubifje precise cellular level of action of these enzymes is unknown.
uitinating enzymes). Considerable progress has been madeSome deubiquitinating enzymes may act before the proteasome,
understanding ubiquitin conjugation and its role in regulatinthereby removing ubiquitin and rescuing a substrate protein from
protein degradation. Recent studies have demonstrated that regdé&gradatiorf.Other deubiquitinating enzymes may act as a compo-
tion also occurs at the level of deubiquitination. Deubiquitinatingent of the proteasome, thereby promoting the net degradation of a
enzymes are cysteine proteases that specifically cleave ubiquépecific ubiquitinated substrate.
from ubiquitin-conjugated protein substrates. Deubiquitinating Despite this lack of information regarding substrate specificity,
enzymes have significant sequence diversity and may therefgubstrate selection, and level of action, it is clear that some
have a broad range of substrate specificity. deubiquitinating enzymes exert distinct growth-regulatory activi-
There are 2 major families of deubiquitinating enzymes, thiges or growth effects on cellular differentiation. The tre-2 oncopro-
ubiquitin-processing proteases (ubp) famiflyand the ubiquitin tein, for example, is a deubiquitinating enzyme with transforming
carboxy-terminal hydrolase (uch) famil§*1 The ubp family and activity822The FAF protein is a ubp that regulatesosophilaeye
the uch family have also been referred to as the type 1 uch and tyfevelopment® Other ubps, such as UBP3and Drosophila
2 uch familiest? Both ubps and uchs are cysteine proteasesp-64E2°play animportant role in transcriptional silencing.
containing an active site cysteine, aspartate, and histidine residueWe have recently identified a hematopoietic-specific growth-
Ubps vary greatly in size and structural complexity, but all contairegulatory subfamily of ubps, referred to@E8Bs 262’ DUB-1was
6 characteristic conserved homology domaihidchs, in contrast, originally cloned as an immediate-early gene induced by the
include a group of small, closely related proteases that lack the@okine interleukin-3 (IL-3). Several lines of evidence suggest that
characteristic homology domains of the uBps. DUB-1 plays a growth-regulatory role in the cell. First, the
Little is known regarding the precise cellular function of ubpgxpression 0DUB-1 has the characteristics of an immediate-early
and uchs. For instance, despite the broad range and structgehe. Following IL-3 stimulation, th®UB-1 messenger RNA
diversity of these enzymes, only a few specific candidate substraggRNA) is rapidly induced and is superinduced in the presence of
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cyclohexamide. Second, high-level expressioDdfB-1 from an  primers, genomic PCR products from 1 of the 3 positive bacterial artificial
inducible promoter results in cell cycle arrest prior to S phase. THigromosome (BAC) clones were generated and sequenced.
result suggests th&UB-1 controls the ubiquitin-dependent prote- DUB-1 andDUB-2Aenhancer elements were identified and subcloned
olysis or the ubiquitination state of an important regulator at tH%to the_PG'-_ZP“’S“\"/‘Ztgrbp'aslm'd (Promega, Mad'sofn'h W:)' ‘_’:(’h'Ch contains
G,/S transition of the cell cycle. Finally, the induction of pyp!he simian virus asal promoter upstream of the luciferase reporter
teins mav be a general feature of the response to c tokin%%ne'-rhe enhancer region of the&JB-2Agene corresponds to the minimal
pro y 9 _ p y -3 response element of the muri#JB-1 gene (nucleotides-1528 to
Another family membemDUB-2,is induced by IL-228

4 ! . —1416), which has previously been descriB&e?
DUB proteins are highly related to each other, not only within

the 6 characteristic ubp d(_)mains_, but _als_o throughou_t their pmt%@ubiquitination assay

sequence. One short peptide region within the C-terminal extension o o

of DUB family members shows remarkable sequence diversify. deubiquitination assay, based on the cleavage of ubiqytin—
This “hypervariable region” may have a role in the recognition (ﬂg?gtzs'dase _(ubk;galf) fusion prfOte'”SH ha;lseen des;nbed previotialy.
specific substrate®.A tandem repeat oDUB genes maps to a 1638-base pair (bp) fragment from the wild-typeJB-2A cDNA (corre-
region of murine chromosome 27, suggesting that thDUB sponding to amino acids 1 to 545) and a cDNA containing a missense

. S mutant form, DUB-2A (C60S [single-letter amino acid codes]), were
subfamily arose by tandem duplication of an ance£t4B gene. generated by PCR and inserted, in frame, into pGEX-2TK (Pharmacia,

In the current study, we have cloned the complementary DNAjscataway, NY), downstream of the glutathioSeransferase (GST)
(cDNA) and gene for a new member of the hematopoietic-specifigding element. Ub-MeB-gal was expressed from a pACYC184-based
DUB subfamily of deubiquitinating enzymes. Because the nelasmid. Plasmids were cotransfomed into MC10Bdcherichia coli
DUBiis highly related tdUB-2, in terms of its sequence, genomicPlasmid-bearingE coli MC1061 cells were lysed and analyzed by
organization, and expression pattern, we have named the new gigreunoblotting with a rabbit antB-gal antiserum (Cappel, Durham, NC),
DUB-2A. DUB-2Aencodes a functional deubiquitinating enzyme? rabbit anti-GST antiserum (Santa _Cruz B‘iotechnology, CA), and the ECL
which is rapidly induced in response to cytokine stimulation ofYStem (Amersham, Buckinghamshire, United Kingdom).
hematopoietic cells. A minimal catalytic domain in the N-terminal _ o _
region of DUB-2A is necessary and sufficient for functionall'ansient ransfection and transactivation experiments

activity, and the carboxy-terminal region, which is hypervariablg|| plasmid DNAs were purified with Qiagen columns. Transient transfec-
amongDUBs, is not required for activity. Moreover, we proposeions of Ba/F3 cells and luciferase reporter gene assays were performed as
thatDUB-2Aregulates cellular growth by controlling the ubiquitin-previously described, with the following modification. Ba/F3 cells were
dependent degradation or the ubiquitination state of an unknowashed free of serum and IL-3 and cultured in plain RPMI for 2 hours.
intracellular growth-regulatory protein. Afterwards, they were resuspended at 107 cells per 0.8 mL RPMI and
transferred to an electroporation cuvette. Cells were incubated wiftg10

of the indicated luciferase reporter vector, along wigbdlof a cytomegalo-
virus-promoter-driverg-galactosidasep(-gal) reporter gene construct to

Materials and methods monitor transfection efficiencies. After electroporation with a Bio-Rad
(Hercules, CA) electroporator (350 V, 960 microfaragd$]), cells were
Cells and cell culture divided into 2 pools and either restimulated with 10 pM IL-3 for 4 hours or

Ba/F3 is an IL-3-dependent murine pro-B cell [#eBa/F3 cells were left untreated. Then, luciferase afehalactosidase levels were assayed by,

maintained in RPMI 1640 medium supplemented with 10% (vol/vol) fetdFSPECtively, the Luciferase assay kit (Analytical Luminescence Laboratory,
calf serum and 10 pM of murine IL-3. Growth conditions for murine E6>21 Diego, CA) and the Galacto-Light Kit (Tropix, Bedford, MA)

cells, 32D cells, and embryonal stem (ES) cells have been previoué@cording to vendor specifications. Each luciferase reporter construct was
described? ' tested at least 3 times by independent transfection.

Southern and Northern blot analyses Isolation of an enhancer sequence from the BAC clone

containing the DUB-2A gene
For Southern blots, genomic DNA (10 to 1) was digested with the
EcoRV, electrophoresed on 1% agarose gel, and blotted onto Duralon-U\/1516—base pair fragment, corresponding to the promoter region of the
membranes (Stratagene, La Jolla, CA). The 0.8-kilobase (kb) prote{B-2A gene, was amplified by PCR from tHeUB-2A BAC clone.
generated from the digestion of the 15-kb genoBiitB-2 DNA with Kpn |~ Primers used werd®UBlel (3-CTAGTAAGGATATAACAGG-3') and
and Hind 1ll, purified from agarose gels (Qiagen, Chatsworth, CA), wakl4/CS (8-CATTCAGGTAGCAGCTGTTGCC-3. The amplified PCR
radiolabeled and hybridized for 2 hours to the membrane in a 65°C ovéfoduct was subcloned into a pCR2.1-TOPO vector and sequenced. The
Hybridized filters were washed at 65°C inxLsodium chloride/sodium 100-bp fragment derived from the promoter region was further subcloned
acetate hybridization solution (SSC) and 0.2% sodium dodecyl sulfafo the pGL2Promoter.
(SDS) for 15 minutes and washed again in B.5SC and 0.2% SDS for 15
minutes. For Northern blots, RNA samples (10 toj2§) were electropho-
resed on denaturing formaldehyde gels and blotted onto Duralon—L'géesults
membranes. The 0.8-kb probe derived frofdldR wasradiolabeled and
hybridized to the membrane as Southern blotting. Revemescription—
polymerase chain reaction (RT-PCR) for analysis DiJB-2A mRNA

Identification and cloning of a novel ~ DUB gene, DUB-2A

expression was performed as previously descried. We have previously characterized a genomic clone of the murine
DUB-2 gené® (Figure 1A). In an attempt to isolate additional

Isolation of the genomic  DUB-2A gene and construction DUB-2 genomic clones with longer'&nd 3 genomic sequence,

of luciferase reporter plasmids we screened a murine genomic BAC library, using PCR with

The murine genomic library in pBeloBAC11 vector was screened UB-?—specific primers (Figure 1A). We isolatgd 3 BAC clones
genomic PCR by means of 2 primers (BanBCGGATCCTTTGAAGAG- thatyielded a 1.5-kb PCR product, consistent with the presence of a
GTCTTTGGAAA, and Xho3, ATCTCGAGGTGTCCACAGGAGCCT- DUB sequence. Two of the BAC clones (BAC2 and BACS3)
GTGT) derived from theDUB-2 DNA sequence. By means of the samecontained theDUB-2 gene. An additional BAC clone (BAC1)
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Figure 1. Identification of the murine  DUB-2 and DUB-2A genes by Southern
blot analysis. (A) Schematic representation of the DUB-2 gene. The indicated
primers were used to amplify the DUB-2 and DUB-2A genes from murine BAC clones
by PCR. The indicated 800-bp probe was used for Southern blot analysis in panel B.
(B) Genomic DNA from the indicated murine cell lines or BAC clones was
restriction-digested with EcoRV, electrophoresed, blotted to nitrocellulose, and
probed with the 32P-labeled probe. Lanes 1 to 7 contain EcoRV-digested genomic
DNA from the indicated murine cell lines. Ba/F3 and 32D cells were derived from
Balb/c mice. Cytotoxic T-lymphocyte line (CTLL) cells were derived from C57BL mice.
HCD57 cells were derived from National Institutes of Health (NIH) Swiss mice. B16
cells were derived from B16 mice. FVB cells were derived from FVB mice. ES cells
were derived from 129SV mice. Lanes 8 and 10 contain digested DNA from either a
DUB-2 genomic clone or a DUB-2A (BAC1) genomic clone, respectively. The band
corresponding to the DUB-2 and DUB-2A genes is indicated.
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contained a differerDUB gene DUB-2A), which was subjected to
further analysis.

To distinguish the newUB gene fromDUB-2, the BAC1 clone
was analyzed by Southern blot analysis (Figure 1B). In parallel, we
analyzed restriction enzyme—digested genomic DNA samples from
multiple murine cell lines, corresponding to 6 independent strains
of mice (lanes 1 through 7). We also analyzed genomic DNA from a
DUB-2genomic clone (lane 8). For analysis, we uséPalabeled
DNA probe from the indicated region downstream of ieB-2
gene (Figure 1A). This labeled probe identified 2 distinct bands in
genomic DNA from all mouse species tested (Figure 1B, lanes 1
through 7). The genomibUB-2 clone yielded the upper band (lane
8), but the genomi®UB-2Aclone (BACL1) yielded the lower band
(lane 10). Taken together, these results demonstrateDiaat-2
and DUB-2A are distinct genes found in the genome of multiple
mouse strains.

The structure of the genomi®UB-2A gene was further
examined by PCR of various regions of the BAC1 clone (Figure
2B). Distinct regions of th®UB-2Agene, including the '5and 3
genomic sequences, were amplified by PCR with the indicated
oligonucleotide primer pairs (Figure 2A). Sequencing of these
amplified PCR products indicated that tH2UB-2A gene is
composed of 2 exons and 1 intron (Figure 2B) and therefore has a
structural organization identical to that of tb&JB-2 gene?® The
DUB-2Agene is predicted to encode a protein of 545 amino acids.
Exon 1 encodes the 9 amino acid amino terminal region of
DUB-2A, and exon 2 encodes amino acids 10 through 545. The
single intron is 792 bp. The sequence of the intron-exon junction

A hypervariable region
Exon 1 Exon I
> -+ > -
DUBlel T14/CS SP6-4 POlyG
> -
DUB/cs-down DUB2A-b

ADPALSSPGAQQLHQDEAQVVVELTANDKPSLSWECPQGPGCGLQNTGNS

160

320
480

800
960

GOTRACCTGAATGCACCCCTECAG TGCTTRACACACACACCACC TC TACC TGACTACATCC TETCCCAGGAGTACAGTCAA ACCTCT TCTTOCCCAGAAGGCCTG TAAGATG TG TECTATECARSCCCATGTAACCCAGAGTCTOCTGCACTCTCACTOREG. 1120

CYLNARAL

QCLTHTPPLADYMLSOQEYSQTCCSPEGCKMCAMEAHVYVTOQSULLHSHSG

GRATGTCATGANCCOC TOCCAGAT T T TEACC TCTGCC T TOCACAAGCACCAGCACGAAGATECCCATGAGTTTCTCATGT TCACCT TEGAAACAATOCATGAA TCCTGOCT TCAAGTGCACAGACAATCAGAACCCACCTCTGAGGACAGCTCACCCATT - 1280
DVMEKPSQILTSAFHKHQQEDAHETFLMFTLETMHESCLQVHRQSETPTZSEDSSTZPI
CATGACATATT TEGRAGGC T TG TEGAGG TC TCAGATCAAG TG TC TOCA T TOCCAGGE TACCTCAGA TACATATEATCGCT T CCTEGA TG TOCOCCTAGATATCAGC TCAGCTCAGRGTGTAAATCAAGCCTTGCTCOGATACAGAGRAGTCAGARGAGCTAC 1440

HDIFGGLWRSQIKCLHCQGTSDTYDRFLDVPLDISSAQSVNQALWDTEKSEEL

GTGGAGAGAATGOCTACTAC TG TOG TAGG TG TAGACAGAAGATGOCAGCTTCCAAGACCCTGCATATTCATAGTGOCCCA AR

1600

RGENAYYCGRCROQEKMPAS K TLUHIHSAP KVLLLVLEKRFSAFMGNIEKLDRIEKYSYZPETF
CCTIGACCTRAACCCATACC TG TOOCAGCC TACTEGAGGACCT T TGCC T A TG O T TA T TG T TAGE T CCATGAAG GTOCGAC T TETCACAGTAGACATTACTIC TCTTATG TCARAGCTOGACATGOGAAGTOGTACARGATOGATGATACTANG 1760

LDLZKPYTLS

QPTGGPLPYALYAVLVHEGATCHSGHYFSYVKAGHGKWYKMDDTK
CTCACCAGCTGORATG TGACTTC TGO TGAN TGAGAATCCC TA TR TGC T TTC TATG TGCAGCAGACTGACCTCAAAGA GETCAGTAT TGACATGOCA A A
VTSCDVTSVLNENAYVLFYVQQTDLEKEVSIDMPEGRTIHEEVLDPETYO QLEKTE KSR RE K

1920

AGCATARGANGAAAACCCCT TGCACAGAAGATGTGGGAGAGCCCTOCAAAAACACGCAGANGAAAGCAACCAAAGAANCC TCCTTACGRAGECGAAAGTCCTTCAGGAAAAGAACACAAGAANGCTGCGCAGARACACGAGARATACCARACTOGTGCC 2080
KHKKEKSPCTEDVGEPS S KNREI KEKATI KETU SLGEGI KVYVLOQEIZXKNHEKIEKAGOQKHENTTE KTELVTEP

QEQNHQKLGQKHRNNEILPQEQNHQKTGQSLRNTEGELDLPADAIVIHLPRSI

GCAAATTOEGCCAGEGATACTCCAGACAAGG TGAATCAACCCTRGCACAA TG TRACAGGC TOC TCACC TCTCAGGACC T TG TGAACACTAEGECT GCTCTGTAGACACGAAGGANGACGAAGAT CGANGARGEGGAAGANCAA GAACAAGCAMIGECAGA
ANWGRDTPDI KVNQPWHNADRLTLTSQDLVNTGLLCRIOQEGIRRRSIE KZ KU GEKNI KTENIZEKTI QG GHZ Q

2420

Figure 2. Characterization of the

2240

2400

A CGTAEGETOCACCTATACTCTOGEC

DUB-2A gene. (A) Schematic representation of the DUB-2A gene. Primer pairs used for genomic PCR of the 5’ region, open reading frame

(ORF) region, and 3’ region are indicated. (B) Nucleotide and predicted amino acid sequence for the DUB-2A gene. The gene contains 2 exons, similar to the genomic structure
of DUB-1 and DUB-2.2526 The sequences of the DUB-2A gene and cDNA have been submitted to GenBank (accession number 407172).
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mvvilrsrreappraLsspeHaPELuopEAQVVEEL TN GKHs L swElSP QG PG CGLONTGNSCYLNAALQCLTHTPPLADYML S Q
MVVSLSFPEADPALSSPGAQOLHQDEAQVVVELTANDKPSLSWECPQGPGCOLQNTGNSCYLNAALQCLTHTPPLADYNLSQ
MVVSLSFPEADPALSSPGAQOLHODEAQVVVELTANDKPSLSWECPQGPGCGLONTGNSCYLNAALOQCLTHTPPLADYMLSOQ

1
1
1

crjcame
CKMCAME
CKMCAME

B-1
B-2
B-2A

eflsorccseEs
EYSQTCCSPEEG
EYSQTCCSPEG
AlvrosLLusHsGDVMKPSHILTSAPHKHQOEDAHEFLMFTLETMHESCLQVHRQSKPTS
AHVTQSLLHSHSGDVMKPSQILTSAFHKHQQEDAHEFLMFTLETMHESCLQVHRQSEPTS
AHVTQSLLHSHSGDVMKPSQILTSAFHKHQQOEDAHEFLMPTLETMHESCLQVHRQSEPTS

vyprrupDrupI
YDRFLDVPLDI
YDRFLDVPLDI

1reellwrso
IFGGLWRSQI
IFGGLWRSQI

101
101
101

EDSSPIHD DT B-1
EDSSPIHD bT e
EDSSPIHD bt DUB-22
ssagsvoarworexseerldenavyceergrxuraskrruuarkvimvlvildrrsarioNkLDRRKVEYPEFPLDLR D
SSAQSVNQALWDTEKSEELRGENAYYCGRCRQKMPASKTLHIHSAPKVLLLVLKRFSAFMGNKLDRKVSYPEFLDLKP
SSAQSVNQALWDTEKSEELRGENAYYCGRCRQKMPASKTLEHIHSAPKVLLLYLKRFSAFMGNKLDRKVSYPEFLDLKP

201
201
201

oUB-1
nB-2
UB-2A

cerprLPyaLvavivue
GGPLPYALYAVLVHEG
GGPLPYALYAVLVHEG

AT[duscryYFCC]VKAGHGRWYKMDDTKVTRICDVTSVLNENAYVLFYVOOANLKQVSIDMPEGRINEVLDPEYQLRKSRRKKHKXKS PEITED
ATCHSGHYFSYV](AEJHGIEWYKKDDTKVTSCDVTSVLNE“AYVLF‘IVQQTDLKI%

ATCHSGHMYFSYVKAGHGKWYKMDDTKVTSCDVTSVLNENAYVLFYVQQTDLK

rafxersroexvioeMrukrkacoxrulgNT kLl MroKlontnorAaGcoMurNTEMELDLPADAIVIH[GPRSTANWGRD
RATKETsLGEGKV@QEKNHKKAGQKHENTxnvrozqnuqxncoxﬂnmnzxLPQEQNHQKAGQSLRNTEGELDLPADAIVIHLDRsr NWGRD
ATKETSLGEGKVLQEKNHKKAGQKHENTKLVPQEQNHQKLGOKHRNNZILPQEONHOKIIGQSLRNTEGELDLPADAIVIHLPRSZIANWGRD

301
301
301

Llc £ » cEN riDk
VSIDMPEGRNUIHEVLDPEYQLKXKSRRKKHKKKSPCTEDAlGEPCKNREK
VSIDMPEGRIHEVLDPEYQLKKSRREKKHKKKSPCTEDYGEPSIKNREK

oB-1
XB-2
DUB-2A

401
401
401

------------------- SPDKENQP UB-1
A[PDKENQP IXB-2
pDKlvINg P

CUB-2A

B-1
uB-2

ﬂ2EHNADRLLTSQEPVNTEQLCRQEGRRRSKKG@NKNKQGQRLLLV;H
oe-2a
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501 WHNADRLLTSQDE]VNTG[%LCRQEGRRRSKKGRNKNKQGQE]LLLV
Figure 3. Amino acid alignment of DUB-1, DUB-2, and DUB-2A proteins. The predicted amino acid sequences of DUB-1, DUB-2, and DUB-2A are shown. Boxed residues
are different among the various DUB proteins. The hypervariable region of the DUB-2A protein extends from amino acids 432 through 451. On the basis of this alignment,
DUB-2A has a 95% identity with DUB-2 and an 86% identity with DUB-1.

conforms to a consensus sequence for a eukaryotic splice siteE#pression pattern ofthe  DUB-ZA mRNA
region of theDUB-2A genomic clone, 5to the ATG translation
start site, contains a stop codon.

We next compared the predicted amino acid sequence

We next usedDUB-2A-specific PCR primers to determine the
e&pression pattern of thBUB-2A mRNA (Figure 4). Using PCR

DUB-2A with the previously cloned DUB-1 and DUB-2 proteifis from genomicDUB _clones (indicated in Figure 2A), we t_:iemon-
(Figure 3). DUB-2A has 95% amino acid identity with DUB-2 an(]mr"’lt('f‘(_j that one primer pair (exon 1 B-2Ab) SpeCIfIC‘?“y
86% amino acid identity with DUB-1. The DUB-2A protein amplifies theDUB-2A sequence (lane 1) but does not amplify the

contains the highly conserved C (cystein) and H (histidint{}ighly re(ljatedDLcJ:B-Z sequence (Iz;ne 2). We‘usedftnr;(teje zprimer
domains of other known ub$3 In addition, there is a highly airs and RT-PCR to examine the expression o B-2A

conserved D residue at DUB-2A, position 133. These domains [B\b;AI\n :ﬂfus murine celcli _Imtz:sTIfIfm?s 3” thrg;gh 7. |T'Tje
likely to form the enzyme’s active site. The putative active sitQ eAMm was expressed in (T cells), (myeloi

nucleophile of DUB-2A is a cysteine residue (C60) in the ccells), and ES cells but was not expressed in F9 (carcinoma cells) or
domain. In additionPUB-2A contains a lysine-rich region (amino NIH3TS (fibroblasts). TheDUB-2A mRNA was also detected in

acids 74 to 84) and a short hypervariable region (amino acids 4318[81':3 dC?”S (ge;_thngtzshOV\;n)ésThe" identificat;.on Ofl the ZCENA
450) in which the DUB-2 sequence diverges from DUB-1 angoo'?te BL“A F ,ar; h ce rsfw;s;&rl\lrm% d
DUB-2 (Figure 3). The hypervariable region BUB-2A contains y direct sequencing of the amplified ¢ product (data not

the sequence VPQEQNHQKLGQKHRNNEIL, extending frOr.nshown).Asacontrol,degeneréﬂ)daJB primers, capable of amplify-
amino acid residue 432 to 451 ' ing other DUB family members, yielded an amplified RT-PCR

DUB-1, DUB-2, and DUB-2A proteins are more related to eac roduct from all murine cell lines tested. Taken together, these data
other than to other members of the ubp family of deubiquitinatingEMenstrate thdbUB-2Ais expressed primarily in hematopoietic
enzymes. For instance, DUB-1, DUB-2, and DUB-2A contai ells, a pattern that is similar but not identical to the expression
sequence similarity not only in the conserved C and H domaiR@ttem oiDUB-2.

(common to all ubps), but also throughout the carboxy-terminghe puB-24 gene encodes a functional
region of the proteins. Taken together, these results further supp@itibiquitinating enzyme
the existence of a DUB subfamily of ubps, as previously

described?® To determine whetheDUB-2A has deubiquitinating activity, we
expressedUB-2A as a GST fusion protein (Figure 5). The open
Genomic DNA
Clones Cell Lines
: e , !alot Ub—ﬂ—gal/:‘ T e e D o
anti-p-gal B-gal
DUB-2A DUB2 CTLL 32D ES F9  3T3
DUB-2A
e GSTDUB2A —¢
i t.)ht GST-DUB 25— ..- ' '
anti-GST GST-DUB 1 bt aa ‘ L
Degenerate
primers 1 2 3 4 5 6 7

Figure 5. DUB-2A is a functional deubiquitinating enzyme. The upper panel

1 # 3 n b & 7 shows the deubiquitination of the ubiquitin-B-galactosidase (Ub-Met-B-gal) fusion
— Il | protein by various GST-DUB proteins coexpressed in bacteria. A Western blot using
Genomic PCR RT-PCR anti—3-gal antiserum is shown. Coexpressed plasmids were pBlueScript-DUB-2A

(DUB-2Ais not expressed) (lane 1); pPGEX—DUB-2A (lane 2); pGEX-DUB-2A (C60S)

Figure 4. Expression pattern of the ~ DUB-2A mRNA. Genomic PCR products and (lane 3); pGEX—-DUB-2 (lane 4); pPGEX-DUB-2 (C60S) (lane 5); pPGEX-DUB-1 (lane

RT-PCR products were generated from the indicated cell lines, by means of
degenerate primers and DUB-2A-specific primers. The PCR products were electro-
phoresed on a 1% agarose gel, which was stained with ethidium bromide. The
DUB-2A mRNA was detected by RT-PCR in several murine cell lines. including CTLL
(T cells), 32D (myeloid cells), and ES cells, but not in murine F9 carcinoma cell lines
or NIH3T3 fibroblasts. ADUB mRNA was detected by RT-PCR from all cell lines when
degenerate DUB primers were used (lanes 3 though 7).

6); and pGEX—DUB-1 (C60S) (lane 7). In the lower panel, GST-DUB fusion proteins
were analyzed by an immunoblot with an anti-GST monoclonal antibody (Santa Cruz
Biotechnology). E coli extracts were prepared from bacteria transformed with cDNAs
encoding no GST fusion protein (empty vector) (lane 1); GST-DUB-2A (lane 2);
GST-DUB-2A (C60S) (lane 3); GST-DUB-2 (lane 4); GST-DUB-2 (C60S) (lane 5);
GST-DUB-1 (lane 6); and GST-DUB-1 (C60S) (lane 7). The lower band of the
doublet in lane 5 is a degradation product of GST-DUB-2 (C60S).
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reading frame ofDUB-2A was subcloned into the bacterial A

expression vector pGEX. The pGERUYB-2Awas cotransformed  PUB1 . 5w R
into E coli (MC1061) with a plasmid encoding Ub-M@tgal, in rx L ! L 1526 aa +
which ubiquitin is fused to the NH2-terminus Bfgalactosidase. i =t 628 0n =
As shown by immunoblot analysis, a cDNA clone encoding :::: : : : : ::::" i
GST-DUB-2Afusion protein resulted in cleavage of Ub-Mggal e — —— —_— =
(lane 2) to an extent comparable to that observed with GRIB-1 en T T T : | 450 an .
(lane 6) and GSTBUB-2 (lane 4). As a control, cells transformed 15 I 246 _
with the pBlueScript vector with a nontranscribBtdB-2A insert
(lane 1) or with the pGEX vector (data not shown) failed to cleave” "
Ub-Met-gal. A mutantDUB-2A polypeptide, containing a C60S nE == e —l e *
mutation, was unable to cleave the Ub-Meegzal substrate (lane 3). ceos [T —r ] 545 a =
Taken together, these results demonstrate BaB-2A has WH T e —J 4750 +

deubiquitinating enzyme activity and that C60 is critical for its thiol
protease activity. An anti-GST immunoblot confirmed that the
GST-DUB-1, GST-DUB-2, and GST-DUB-2A proteins were B
synthesized at comparable levels (Figure 5, lower blot). Theg::; ; B0 R - e
difference in sizes of the DUB-1, DUB-2, and DUB-2A GST fusion o

proteins reflects the difference in size of these full-length DUB

NFH | s — 1 R T -

enzymes. Expression of full-length wild-type DUB proteins in Z?iﬁﬁ“:: - -
transfected COS cells reveals that DUB-1, DUB-2, and DUB-2A 5, oo om— - -
- ()

are 59 kd, 62 kd, and 64 kd, respectively (data not shown). oy

The carboxy-terminal region of  DUB-2A is not required

' o . . 2 . 4 GST-DUB-ZA(N/H)
for enzymatic activity — —
3 4

As previously described, the amino terminal regionifB-1, ) ) _ )

. . . . . Figure 6. The carboxy-terminus of DUB enzymes is not required for enzymatic
DUB-2,andDUB-2A contains a putative catalytlc region, ConS|St%1ctivity. (A) Schematic representation of DUB-1 and DUB-2A, and mutant forms. aa
ing of C and H domains. The carboxy-terminal region containsimicates amino acids. (B) Deubiquitination of ubiquitin-B-galactosidase (Ub-Met-B-

hypervariable region that may not be required for functionéP') fusion protein expressed in bacteria. The upper panel is an immuoblot using
anti—B-gal antiserum. Coexpressed plasmids were pBlueScript empty vector (lane 1);

activity and that may confer substrate specificity. In order tosescript-puB-24 (ane 2);: pGEX-DUB-1 (lane 3): pGEX—DUB-2A (M/H) (lane 4):
determine the structural requirement®©dJB-mediated deubiquiti- pGEx-DUB-1 (B/V) (lane 5); pGEX—-DUB-2A (N/H) (lane 6); and pGEX~DUB-1 (1.5)
nating activity, we next generated a serieDafB-1 andDUB-2A  (lane 7). The Ub-Met-B-gal fusion protein substrate was not cleaved in lanes 1, 6, and

The lower panel is an immunoblot using an anti-GST monoclonal antibody. In

mutant p0|ypeptides (Figure 6A) and SynthESized these as Gégzj_tion to the full-length GST-fusion proteins, partial degradation products are also
fusion proteins irE coli (Figure 6B). The mutanDUB polypep- observed in lanes 2 through 7.

tides displayed differential activities in cleaving @bgalactosi-
dase in theE coli-based cotransformation assay. The C60 residue
was required for deubiquitinating activity. In addition, mutations of
the indicated D or H residue resulted in loss of activity, suggesti
that these residues also play a critical role in the catalytic core

the enzyme. The carboxy-terminal 67 amino acidBoB-1 (B/V

To assess the putative enhancer activity ofuB-2Aregion,

e next performed transfection assays in the murine hematopoietic
fo-B lymphocyte cell line, Ba/F3 (Figure 7C). Ba/F3 cells are
ependent on murine IL-3 for growth and survival. Ba/F3 cells

. ) . were transiently transfected with various reporter constructs, and
mutant) and the carboxy-terminal 70 amino acid®biB-2A(M/H IL-3—inducedDUB-1-luc andDUB-2Acluc activity were measured.

mutant) were not required for deubiquitinating activity. Take o
together, these data demonstrate that the core catalytic domairﬁ]-k(])‘t3 DUB-2A sequence, shown in Figure 7B, had an enhancer

. . L L activity that was comparable to the activity of the kno@b/B-1
DUB-1andDUB-2Ais sufficient for deubiquitinating activity. enhancef’ Taken together, these data further support the notion

The DUB-2A gene contains a cytokine-inducible that DUBs are cytokine-inducible, immediate-early gene products
enhancer element expressed in hematopoietic cells.

We have previously identified a cytokine-response enhancer efe-

ment of the murind®UB-1 gene?’ This minimal enhancer element Discussion

of DUB-1is 112 bp in size and contains aetssite, 2 AP-1 sites, and

2 GATA sites. The enhancer is located approximately 150019 5 We have previously described a family of hematopoietic-specific,
the ATG translational start site &UB-1. In an attempt to identify cytokine-inducible immediate-early genes encoding growth-
an enhancer region of thBUB-2A gene, we compared the' 5 regulatory deubiquitinating enzyme®Bs)2® DUB mRNA is
sequences dPUB-1andDUB-2A,within the region of thdDUB-1  induced rapidly by cytokines, and this is followed by a rapid
enhancer element. The completer&gion of theDUB-2Agene is decline. DUB induction requires the activation of a cytokine
shown (Figure 7A). A comparison of tligUB-1 enhancer with the receptor and a Janus kinase (JARBustained overexpression of
corresponding region of thBUB-2A gene is also shown (Figure DUB mRNA results in cell cycle arredt, suggesting that these
7B). Interestingly, there is considerable base-pair identity in thésnzymes regulate cell growth by controlling the ubiquitin-
region of DUB-1 and DUB-2A, suggesting conserved enhancedependent degradation or the ubiquitination state of a critical
functional activity. TheDUB-2A5' region contains conservexds intracellular substrate. Several cellular proteins involved in hemato-
AP1, and GATA sequences. poietic cell growth, including cytokine receptoil, and cyclin/
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-1516  GCTOOGECOGRCCATARCOGOGEGATTOCCACTAGATCCAGARAC TGETAAGGATATAACAGGAAATAATGACTAAGACTG TEGCATGATAGTTAAATGGAAAARAA ARG TATC AGG T T TCACTGC TTCATAAGGACATACAACAGCTGAC TAAGACOGATT

-1357  TIGCTGAAGATCTGTGGTTACTIC T TAAGTGTE TG TG TG T T TG I T TG TG TG TG TG G TG TG TG TG TG TG TG TG TGTGTG TG TG TG TG TG T TG T T T T T T T TC T T TGAGG TAATAAAACCAAT TG T TATGAGT TRAAGCCATCATAGGCTGATTGATAC

<1197 CAACCTCAMGGTCAGAATGGAGAATGAGCCATATTGTCTCAARAACATACAGGRAAGGAGGAT T TECCTOGT T TGGTCCA CCTAGAGTGARTCTTAT TACTGAAGTAAGACTGAN TGAGCATAATCGAACTAACTCGGTGATTGAATCACCTACTCAGCA
-1037  GTTGCACCATTTGAGGCAATGGCATTATAAAAATAT T TG T T TGT T TG I TIGT TT TG T T TGCAGAGACAGGGATTTTCTG TG T AGCCC TR TG T C T TEGACC T CAC TC TG TAGACCAGGGTAGCOCCCAACTGAGAAATCTACCTGCATCTECCTCCCA
-877

akd

ETS APl CBF GATA TG GATA AP1
-1528 TANCAGGARATAATGACTAAGACTGTOGTATGAAGGTAATTCACTGATAGTAGARATGG AARARAAAGTATCAGGTTTCACTGCTTCATANGAGATACAACAGTGACTAAGAC - 1416 DUB-1
1461 TAACACGARATAATGACTAAGACTGTGRCATGA  TA G T 'TA AA TGGAAAAAAAAAGTATCAGGTTTCACTGCTTCATAMGAGATACAACACTGACTAAGAC - 1361 DUB-2A
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Figure 7. identification and functional analysis of the cytokine-inducible enhancer of the DUB-2 gene. (A) Nucleotide sequence of the DUB-2A promoter. A putative

TATA box (position —104) is indicated with a short underline. A 100-bp enhancer element is indicated with a long underline. In addition, a purine-rich microsatellite repeat is
found between positions —560 and —385. (B) Comparison of the minimal enhancer regions of DUB-1 and DUB-2A. These enhancer regions contain an ETS protein consensus
sequence, 2 AP1 sites, and 3'GATA site. A CBF site, a 5'GATA site, and a TG protein—binding site are found only in DUB-1, as indicated. (C) Luciferase activity was assayed in
Ba/F3 cells transfected with the indicated constructs. The cells were starved and restimulated with no growth factor ((J) or 10 pM IL-3 (H). Luciferase assays were performed
after 8 hours.

cdk inhibitors, are ubiquitinated and are potential physiologief an ancestraDUB gene. While the tandem repeat length is
substrates dDUB activity. unknown, recent evidence suggests a relatively short amplified
In the current study, we have identified a nold&)B enzyme, unit. For instance, one of our murine BAC clones (120 kb) contains
DUB-2A, which is another member of thBUB subfamily of 2 completeDUB genes, suggesting that the amplified unit is less
deubiquitinating enzymes. DUB-2A is highly related B&JB-2, than 120 kb (K.-H.B., unpublished observation, December 2000).
containing the same 2 exon genomic structure and encoding @ther studies have recently identified a 4.7-kb highly repeated
enzyme of remarkable similarity (95% amino acid identity withmotif that has homology to the murii#JB genesi!-32
DUB-2). DUB-2Ais a discrete gene, however, and not an allele of According to RT-PCR analysis (Figure 4) and Northern blot
theDUB-2gene. For instance, boUB-2 andDUB-2Agenes are analysis (data not shown), thBUB-2A mRNA is expressed
found in 6 independent strains of inbred mice. primarily in hematopoietic cells. This is similar to the expression
Interestingly,DUB-2A differs from DUB-2 and DUB-1 in the pattern of theDUB-2 mRNA. Interestingly, a highly relateDUB
carboxy-terminal hypervariable region, further suggesting that thisRNA (not DUB-2A) is expressed in some nonhematopoietic cell
region of the DUB enzyme regulates substrate specificity. Fbines, such as ES cells and 3T3 fibroblasts (Figure 4), suggesting
instance, this region may determine specific binding partngrat DUB mRNA induction is a common feature of growth
proteins of the variouBUB enzymes. The existence of hypervaritesponses in other cell types as well.
able regions outside of a core catalytic domain is also a feature of While the function of theDUB-2A cDNA remains unknown,
regulatory kinase and phosphatase enzyme families. several features oDUB-2A suggest that it plays a role in
The DUB genes map to a region of murine chromosome 7 thaematopoietic cell growth control. First, the temporal expression of
contains a head-to-tail repeatDfJB genes’® This tandem repeat theDUB-2Agene is precisely regulated. TBD&JB-2AmMRNA has a
array suggests that tiUB genes arose by the tandem duplicatioytokine-inducible immediate-early pattern of expression and a
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short half-life. Second, th®UB-2A mRNA is expressed in a directly or indirectly modulated by the ubiquitin pathway. Recent
precise, hematopoietic-specific pattern, suggesting that it regulaséisdies have shown that the hematopoietic transforming protein cbl
growth and differentiation of a specific subset of cellular lineagebas a Ring Finger domain and is a functional E3 ubiquitin ligdse.

Several recent studies suggest that hematopoietic cell growtiWether DUB enzymes regulate the ubiquitin-dependent degrada-
regulated by ubiquitin-dependent proteolysis of critical proteirtton or the ubiquitination state of any of these hematopoietic
involved in cytokine signaling pathways. First, cytokine receptorgrotein substrates, leading to modulation of cellular growth,
have been shown to undergo ubiquitin-dependent internalizaticemains to be determined.

and turnovef:33 Second, recent evidence suggests that the-mito
genic signaling protein, signal transducer and activator of transcrip-
tion 1 (STAT1), is regulated, at least in part, by ubiquitin-dependep{cknowledgments
degradatior¥* Inhibition of proteasome activity also modulates
signaling by the JAK/STAT pathwa¥:3¢ Third, other hematopei We thank members of the D’Andrea laboratory for helpful
etic signaling proteins, such as €band CIS38 are thought to be discussions and Barbara Keane for preparation of the manuscript.
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