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ABSTRACT

Levels of most nonsense mRNAs are normally reduced
in prokaryotes and eukaryotes when compared with
that of corresponding functional mMRNAs. Genes encod-
ing polypeptides that selectively reduce levels of
nonsense MRNA have so far only been identified in
simple eukaryotes. We have now cloned a human cDNA
whose deduced amino acid sequence shows the
highest degree of homology to that of UPF1, a

quired for accelerated degradation of nonsense mRNA.
Based on the total sequence of the shorter yeast UPF1
protein, the overall identity between the human protein

and UPF1 is 51%. Besides NTPase and other RNA

helicase consensus motifs, UPF1 and its human homo-
log also share similar putative zinc finger motifs that are

absent in other group | RNA helicases. Northern blot
analysis with the human cDNA probe revealed two
transcripts in several human cell lines. Further, anti-
bodies raised against a synthetic peptide of the human
polypeptide detected a single 130 kDa polypeptide on
Western blots from human and mouse cells. Finally,
immunofluorescence and Western blot analyses
revealed that the human and mouse polypeptides, like
yeast UPF1, are expressed in the cytoplasm, but not in
the nucleus. We have thus identified the first mam-
malian homolog of yeast UPF1, a protein that regulates
levels of nonsense MRNA, and we tentatively name this

protein human HUPF1 (for human homolog of UPFI).

INTRODUCTION

An mRNA with a premature translational stop codon (nonsen§
MRNA) can originate from mistakes during post-transcriptiona

bona fide
Saccharomyces cerevisiae group | RNA helicase re-

DDBJ/EMBL/GenBank accession no. U59323

tion fashion. Thus, high levels of nonsense mRNA might
influence the growth, differentiation or other physiological
functions of a cell4-6).

Cytoplasmic levels of most nonsense mRNAs are normally
reduced in higher and simple eukaryotes, as well as prokaryotes,
when compared with that of their corresponding functional
MRNAs (reviewed inlL,7-9). Genes that encode polypeptides
required to reduce levels of nonsense mRNA have so far only
been identified in the yeaSaccharomyces cerevisige0-13)
andCaenorhabditis elegar(§). One example of such a gene is
the S.cerevisiadJPF1 gene (forup-frameshift mutatiori; 10),
also known as thBIAM7 gene (fomuclearaccommodation of
mitochondria; 14). However, a mammalian gene encoding a
protein that controls levels of nonsense mMRNA has not previously
been identified or cloned.

Using combined comparative genomics and cDNA library
screenings, we isolated and characterized a human cDNA clone that
encodes a structural homolog of yeast UPF1. Hence, we suggest
naming this protein human HUPF1 (for hurhamolog ofUPF1).

MATERIALS AND METHODS
Cell culture and cell lines

All cell lines were grown in complete RPMI medium as described
(15). VXH is a murine B cell hybridoma lind§). Human cell
lines used in this study are the plasmacytoma line MC/CAR
(American Type Culture Collection no. CRL8083), the heart
muscle line HA-VSMC (ATCC no. CRL-1999), the glioma line Cla
(established from a grade 4 neuroblastoma by Dr Len Erickson,
Indiana University), the T lymphoma line Jurkat (ATCC no.
TIB152), the B lymphoma line Raji (ATCC no. CCL86) and the
monocyte line U-937 (ATCC no. CRL 1593).

olation of A phage cDNA clones

events such as RNA editing and RNA splicing (reviewet).in About 2.5x 10° recombinani phages from each cDNA library
Alternatively, nonsense mRNA can be transcribed from were plated and screened witiP-nick-translated DNA probes as
germline or somatically mutated gene, from a pseudo-ggoe (  described 17). A 1.5 kbHindlll-Notl fragment from EST clone
from non- productively rearranged immunoglobulin (Ig) and TR13609, which was obtained from the IMAGE Consortium through
cell receptor (TCR) genes (reviewed3jn A nonsense mRNA Genome Systems Inc (St Louis, MO), was used to isolate clone 3.6
encodes a truncated polypeptide that, if it accumulates, can affrom an amplified oligo(dT)-primed human HeLa cDNA library in
normal cellular processes in a dominant-negative or gain-of-funtiie excisable phage vecdfES (18). A 1.4 kbXhd—Sal fragment
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from clone 3.6 was used to isolate clone 5.5 from an amplifiedhibitors leupeptin (M), PMSF (1 mM), pepstatin (M),
random hexamer/oligo(dT)-primed human Jurkat cDNA library iEDTA (100uM) and aprotinin (0.07Rg/ul) and protein—anti-

the excisable phage veckdapll (Stratagene, La Jolla, CA). body complexes were visualized with HRP-conjugated goat
anti-rabbit IgG antibodies (1:10,000; BioRad, Hercules, CA) and
an Enhanced Chemiluminescence kit from Boehringer Mann-

Double-stranded nucleotide sequencing was performed on thgimM (Indianapolis, IN).
identical inserts by the Sanger dideoxy chain termination method

(19) and primer walking40). Percent nucleic acid and amino In vitro translation

acid identities and similarities were determined using the BLASX
program 21).

DNA sequencing

3.5 kbXhd fragment containing the complete coding region of
humanHUPF1 was isolated from clone 3.6 and cloned into the
RNA analyses Xhd site of plasmid pGEM-7Zf(-) (Promega Corp., Madison,

) _WI). The linearized plasmid was subjected tanavitro coupled
Total RNA was prepared with the RNeasy Total RNA Isolatiofyanscription-translatioreaction in the presence of T#88 label
kit from Qiagen Inc. (Chatsworth, CA) and i§ RNA was  (;cN Biochemicals, Costa Mesa, CA) using the TnToupled
analyzed by Northt_arn blotting as describ&d).(Bands were Reticulocyte Lysate System from Promega (Madison, WI).
detected by autoradiography. Translation products were separated on a reducing 10% SDS—

Antibodies, antiserum production and purification polyacrylamide gel and detected by fluorography.

An anti-human HUPF1 peptide serum was generated by immungzesyrLTs

ing a rabbit with a synthetic human HUPF1 peptide (codons

106-123 in Fig.1A) coupled to keyhole limpet hemocyanin. Detection and isolation of a humartJPF1-like cDNA clone
Anti-human HUPF1 peptide antibodies were purified on a peptidey XREFdb searches and cDNA library screening

affinity c_olu_mn. The affinity-purified antibodies were u_se(_j at a6 clone a mammaliadPEL homolog, we used a comparative
1:200 dilution on Western blots and at a 1:25 dilution i nomics approach. provided b )kREFd&ﬁ)(throu h the
immunofluorescence analysis. The generation of rabbit anti-mo[%%o fad Wi deppWeb ’si?e http: //W\)//VW nebi.nim.nin go?//xref db

BiP antibodies was as previously descrili&s). (Anti-proliferating h
. d en we searched the human, mouse and rat database subsets
cell nuclear antigen (PCNA) antibody was purchased from Novjéy pressed sequence tags (ETS) of random cDNA clones (dbEST:

castra Laboratories (Burlingame, CA), horseradish peroxida with the complete UPF1 amino acid sequence, XREFdb

(HRP)-conjugated goat anti-rabbit IgG from BioRad (Richmon o .
CA), HRP-conjugated goat anti-mouse IgG from Southern Biotec?dent'f'ecj a 1.5 kb EST cDNA fragment with sequence homology

L ; : 0UPFL The 5'single pass’ 396 nt sequence of the 1.5 kb cDNA
nolgy (Birmingham, AL) and fluorescein (FITC)-conjugated goal ; oz i ;
anti-rabbit (IgG) antibodies from Gibco-BRL (Gaithersburg, MD). ragment (GenBank accession no. R13609) showed 63% identity

and 71% similarity at the amino acid level to that of the RNA
_ _ _ helicase region of yeast UPF1 (data not shown). Using the 1.5 kb
Isolation of nuclei from cultured mammalian cells R13609 fragment, we isolated\aphage containing a 3.6 kb

Nuclei were prepared according to the citric acid/Triton X-106-CAR! insert (clone 3.6) from a human HeLa cDNA library and
method 24). Cells were collected at 1§0for 5 min and washed determined the complete nucleic acid sequence of its insert (I_:|g.
twice in ice-cold PBS. Cells were resuspended in 5 ml ice-co%lﬁ)' Clone 3.6 contains from nt 176-3529 a 3354 bp open reading
25 mM citric acid, 1% Triton X-100, allowed to swell on ice forf@me (ORF). The first N-terminal ATG codon of clone 3.6 from
5min and subsequently homogenized (10 strokes in a type[\ﬁ 176-178 is very likely the true translation initiation codon,

dounce homogenizer) on ice. The homogenate was layered on l%\‘gause it is flanked by sequences that predict strong translational

of 2 0.88 M sucrose, 25 mM citric acid cushion. Nuclei were pelletd@tiation (28) and preceded by an in-frame TAG stop codon at nt

at 800g for 5 min at 3C, resuspended in 5 ml ice-cold 25 mM citric 107—-109. The ORF encodes a polypeptide of 1118 amino acids
acid, 0.25 M sucrose and pelleted again through a 0.88 M sucrd¥ith a calculated molecular mass of 123 kDa and a calculated pl
25 mM citric acid cushion. Nuclei were then resuspended in 259% 6:06. When we analyzed vitro translated products from a

glycerol, 5 mM magnesium acetate, 0.1 mM EDTA and 50 mNEMplate of clone 3.6 by SDS-PAGE, we detected a single band

Tris, pH 8.0. The integrity of nuclei and the absence of cytoplasmfdth an apparent molecular mass(df30 kDa (Fig.2). This
tags were confirmed by phase contrast microscopy. Prior gy99ests that clone 3.6 encodes a 130 kDa polypeptide. The

subjecting the SDS—PAGE, nuclei were lysed%nSBS sample ifference between predicted (123 kDa) and apparent (130 kDa)

buffer (0.2 M Tris, pH 6.8, 30% glycerol, 15%4mnercaptoethanol, molecular weight might be due to the fact that acidic polypeptides
0.006% bromophenol blue and 7.5% SDS) and boiled for 3 min. g aberrantly in SDS-polyacrylamide gekS)( Finally, we
prevent protein degradation, all buffers containgilleupeptin, ound at the 3end of clone 3.6 one classical polyadenylation

1 mM phenylmethylsulfonyl fluoride (PMSF), epstatin, signal (AATAAA) from nt 3592-3597. However, residual
100pM FI)EDTX\ and %-Omlgylﬂ aprotinin(. ) M pep adenine residues could not be detected at 'tkerrBinal end,

suggesting that clone 3.6 lacks part of thenBanslated region.

Immunofluorescence analysis and Western blotting The human cDNA encodes a structural homolog of yeast

o . UPF1, a group | RNA helicase that is required to degrade
Cytoplasmic immunofluorescence was performed as descrlbﬁ nsense MRNA

(25). Proteins were separated on a 10% SDS—polyacrylamide ge
and analyzed by Western blotting as descrii&), (vith the  When we searched the translated non-redundant GenBank, PDB,
exception that cells were lysed in the presence of the protes&®esissProt and PIR sequence databases (release date July 22
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Figure 1.Sequence comparison of human HUPF1 and yeast UPMRaitial complementary nucleotide and entire deduced amino acid sequences of human HUPF1
andcomparison with th&.cerevisia®dJPF1 amino acid sequence (SwissProt accession no. P30771). The numbers on the right indicate nucleotide and amino a
positions. Untranslated regions are shown in lower case and translated regions in upper case letters. Arrows indicate the &gl olitieotide sequence

that was omitted from the figure and can be retrieved from GenBank sequence file U59323. The start and stopld&dehssiwell as the amino acid residues
critical for the function of yeast UPF1 (10,32), are in bold and the in-frame stop codon upstream of the ATG as well as the poly(A) addition signal site are underl
and italicized. The glycine/proline-rich tandemly repeated motifs and the serine/glutamine (SQ) and serine/glutamine/proline (SQP) repeats are underlined.
deduced amino acid sequences of HUPF1 and UPF1 (in single letter [IUPC code) are shown below the partial nucleotide sequence. In the alignments (top, Ht
bottom, UPF1), a period indicates an identical amino acid residue and a forward slash a gap of one amino acid introduced for optimal alignment. Charged amino
at the N-terminal ends are indicated above the HUPF1 and below the UPF1 sequence by + and — and the positively charged short amino acid stretch in HUPF1 is
Two putative zinc finger motifs are underlined in bold and the seven (I, Ib and 11-VI) group | RNA helicase motifs (29,30) are indicated by gray shaded boxe
(B) Domain maps of human HUPF1 and yeast UPF1. The domains are indicated by boxes. Numbers between and below the domains and at the ends indicate
acid distances and numbers in the boxes the net charge of the domain. PG, proline/glycine-rich; SQP, serine/glutamine and serine/glutamine/proline repeats.

1996) with the deduced amino acid sequence of clone 3.6 usioigSchizosaccharomycpsmbgSwissProt accession no. W02865).
the BLAST programd1), we found that the human polypeptide Based on the complete amino acid sequence of the shorter yeas
showed the highest degree of homology to the UPF1 (NAMTPF1 protein, the overall identity between the human and the
protein of S.cerevisiag10,14) and a UPF1-like hypothetical yeast UPF1 proteins is 51%. The human polypeptide and UPF1,
105.6 kDa protein whose ORF was identified in a cosmid clores well as the UPF1-like hypothetical 105.6 kDa protein from
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Figure 2. Analysis of radiolabeledh vitro translation products. 10l of

35S-labeledn vitro translation products generated from a hukdPF1 and
ayeastUPF1template were separated on a reducing 10% SDS—polyacrylamid
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and central RNA helicase regions (Figand3). The human
coding sequence from codon 121 to codon 918, which contains
the zinc finger and RNA helicase regions and represents 71.3%
of its ORF, is 60% identical and 74% similar to the corresponding
UPF1 (NAM7) coding region from codon 60 to codon 856.

The RNA helicase region of the human polypeptide from codon
489 to codon 875 is 63% identical and 85% similar to that of
UPFL1 (codon 427 to codon 811) and contains in the same order
all seven RNA helicase motifs that are found in URB1.¢,29)
and other group | RNA helicase89(31). Remarkably, the
distances between six of the seven RNA helicase consensus
motifs are preserved between the human polypeptide and yeast
UPF1, and the distances between domains Ib and Il differ only by
two amino acid residues (FitB). Additionally, all UPF1 amino
acid residues that are known to be critical for UPF1 function
(10,32) are preserved in both the human polypeptide and UPF1
(Fig. 1A, amino acids of interest are indicated in bold). Finally,
the BLAST search revealed that all seven RNA helicase

gel and detected by fluorography. Positions of protein molecular weightConsensus motifs in the human polypeptlde are very similar to that

standards in kilodaltons (kDa) are indicated on the right and positions of th
130 kDa HUPF1 and the 109 kDa UPF1 band are indicated by arrows.

S.pombgwhich we abbreviate to UPF1-lil&pombeprotein),

found in other putative eukaryotic group | RNA helicags}, (
such as the UPF1-like hypotheti@pombeprotein, SEN1 of
S.cerevisiaemouse MOV-10, the human and mopsewitch
region binding proteins SMBP-2, a putative human DNA helicase

each contain putative zinc finger motifs at their N-terminal endsnd a hamster insulin enhancer binding protein @AYy. Thus,

A

Gene Species

hHUPF1 human

UPF1 S.cerevisiae

UPF1-like 5. pombe

MOV.10 mouse

SEN1 S.cerevisiae
mSMUBP mouse

hSMUBP human

DNA-HEL human

Ins-Enh hamster

CONSENSUS UUUDEXX UUXGDXXQLXPXXX

v Accession No.
hHUPF1 26 QVQ) 119 N__ 243 GB U59323
UPF1 26 E . . 118 ..__ 156 GB M76659
UPF1.like 26 V.. 119 c._ 122 SP W02865
MOV. 10 38_ IR 128 .. 82 GB X52574
SEN1 26 D. . 120 CH_ 401 GB M74589
mSMUBP 28 T. . 117 D 381 GB L10075
hSMUBP 28 T. . 117 D::BBO GB L14754
DNA-HEL 28 T. . 117 380 GB L24544
Ins-Enh 28 T. . 117 . . 377 GB L15625
CONSENSUS LXXXYR UXTU-XFQGXE+XXUUU X+RUNVAUTRA+XXUXUUGX
S G C

B

hHUPF1 123 GIHDPACVV TSKKW. (GRGNTSGSJHT VRAKCKEVT. GPLGETVLE] CRNVFLLGFIPAKADSVVVL
UPF1 DSAKC SC....[®. TKNG. .S [l LSHHNV.S.5P.SD. .D. RK....... SEA
UPF1-like 44 E:E KN. NSILE V. .KSGA.. ::EL .RHKQ.A.|gSHSS . SD. E‘NEG ................. LERPE

Consensus

Figure 3. Alignments of consensus motifs shared between human HUPF1 a

CXYCGI +XXXXUUXCXXXKKWFCNX + XXX XX SHIUXHLVXX+XXXVXLHXXXXLXXTVLECYNCGX +NVFLLGFUXAKXXXVVVLLCRXPC

nd other putative group | RNA hliédisesnént of the seven helicase motifs |,

la and II-VI shared between HUPF1 and all eukaryotic members of the RNA helicase superfamily | (29—31). Amino acid sequences of the seven motifs were retri
from databases and aligned manually with the corresponding amino acid sequence of human HUPF1 (hHUPF1). In the alignments a period indicates amino acid ic
and numbers show the distances between the domains and the lengths of the N- and C-terminal ends. Identical or similar amino acid residues are indicated ir
on black. The consensus sequences were deduced from the nine alignments and are similar to that described by E.Koonin (29). In the consensus sequence U i
a bulky hydrophobic (I, L, V, M, F, Y or W; 29), X any, + a basic (H, K or R) and — an acidic (D or E) amino acid residue; conserved residues are indicated in bc
The GenBank (GB) and SwissProt (SP) accession numbers are listed after each sequence. It should be noted that UPF1 is the only member of superfamily | t
been shown to belmona fideRNA helicase (32).K) Alignment of amino acid sequences of the cysteine/histidine-rich regions of HUPF1, UPF1 and the UPF-like

S.pomberotein. In the alignments a period indicates amino acid identity and the numbers show the position of the first amino acid in each sequence and the dist
between conserved C and H residues. Cysteine and histidine residues conserved in all three sequences are shown in white on black. Other C and H resid

underlined and two potential zinc finger motifs are underlined in bold.
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c contains several SQ and SQP repeats, for which a structural or
functional role has not yet been determined.
In summary, we have cloned a human gene that encodes a

putative group | RNA helicase and the first structural UPF1
kDa homolog identified in mammalian cells. Hence, we suggest naming
200~ the protein human HUPF1 (for humaomolog ofUPF1).

55 7 Chromosomal location of the human and mousdUPF1

500 genes

37

VXH.10
u-937

| heart muscle
VXH.10
U-937

-~ glioma

| monocyte
= T lymphoma
" plasmacytoma

|

When we performed an XREFdb search with the complete amino
12 3 4 acid sequence of yeast UPF1 and HUPF1, another human EST
ant-  pre- cDNA probe (GenBank accession no. F06433), whose deduced
NORF1. Jomire amino acid sequence showed 98 and 54% identity to the RNA
B helicase regions of human HUPF1 and UPF1, respectively, was
XB SE 8D D identified (data not shown). This XREFdb search also revealed

Clone 3.6 -ymuG———- kb - that the F06433 probe was selected by the XREF project to

O . Y sl localize the mouse homolog &fPF1 (mouse HUPF1) to
e | AT EAAGOT00 - o 4 arssscoaarace | chromosome 8 (XREFdb mouse map report for D8Xrf83,

B i et unpublished results). This inferred that the human homolog is
Clone 5.5 located on chromosome 19. Indeed, the same probe (F06433)
X5 SE e s B ERL hybridized to a somatic hybrid cell line containing only human

chromosome 19 (XREFdb human map report for D8Xrf83,

unpublished results). Finally, the XREFdb search using the
Figure 4. Analysis of HUPF1 expression in cell linesAj Northern blot ~ Numan HUPF1 amino acid sequence revealed two overlapping
analysis 0HUPF1 mRNA in human cell lines. The blot was hybridized with human EST clones (GenBank accession nos H13969, H13971),
the complete 3.6 kb humatUPF1probe (B). RNA size markers are indicated both of which have been isolated by exon trapping from a cosmid
s o bt el i 1 ek oo o o s The . "one contaning part of human chromosome 19 (19p12-p13.L
band betwegn the 5.5yand 3.6 kb transcripts is dugto cross-hybri?jization of th%3)' The deduced .amino acid sequences of t,he two clones (195
HUPF1 probe with 28S RNA.R) Restriction maps of the hum&tUPF1 and 187 amino acid residues, respectively), differed from that of
clones 3.6 and 5.5. ORFs are indicated by black boxes, untranslated regions tiye corresponding region in human HUPF1 by only one and two
white boxes and polyadenylation signal sites by black circles. Sequencegmino acids, respectively (data not shown). These findings and the
regions are indicated by brackets and partial sequences of clone 3.6 (l.JppFésultS from unpublished XREFdb mapping reports strongly
sequence) and clone 5.5 (lower sequence) are shown in boxes. Restriction .
cutting sites are: Xhd: B, BsXl; S, Sal; E, Ecod7Ill; D, Dral. (C) Western  Suggest that the humeituPF1gene is located on chromosome 19.

blot analysis of cellular extracts from mouse VXH (lanes 1 and 3) and human
U-937 cells (lanes 2 and 4) with rabbit anti-HUPF1 peptide antibodies (lane: ;
1and 2) anc(i preimmune s)erum (lanes 3 and 4). Mopleréular masses of(proteEXpressmn ofHUPF1
e S L If HUPF1 is required to reduce levels of nonsense mRNAs, we
would expect that thdUPF1 gene is expressed in every tissue,
because any cell can potentially generate nonsense mRNA, for
we conclude that the human 3.6 kb cDNA clone encodesexample via imprecise pre-mRNA splicing. When we used the
putative group | RNA helicase. human 3.6 kiHUPF1 probe (clone 3.6 in FigB) to perform a
In addition to the seven RNA helicase motifs, which are preseNbrthern blot analysis of total RNA from several human cell lines
in all group | RNA helicases, the human polypeptidegrevisiae representing various human tissues, we detected a predominant
UPF1 and the UPF1-like.pombgrotein contain a cysteine/histi- [5.5 kb and a minarB.7 kb transcript in all analyzed samples
dine-rich region with putative zinc finger motifs (see Discussion(Fig. 4A), suggesting thadUPF1 is indeed expressed in many
that is absent in other group | RNA helicase family members. Thigsues.
cysteine/histidine-rich region in the human polypeptide from To isolate &alUPF1cDNA that represents the 5.5 kb transcript,
codons 123 to 213 (FigA) is 63% identical and 90% similar to we screened a human Jurkghage cDNA library with & probe
that of UPF1 (residues 62—-152), and the distances between di€lone 3.6 Xhd—Sal fragment in Fig4B). We identified one
cysteine/histidine-rich and RNA helicase regions of UPF1 and tiobone with a[b.5 kb EcdRl insert (clone 5.5), whose size
human protein differ by only one amino acid residue (Hy.The  corresponds very well with that of the 5.5 kb transcript in Figfre
cysteine/histidine-rich region is preceded in both polypeptides Bestriction mapping and partial DNA sequencing of clone 5.5
an acidic stretch of 47 and 55 amino acids, respectively, witkvealed that clone 3.6 overlaps entirely with clone 5.5. For
limited homology between each other and a net charge of —-10efxample, we detected in clone 5.5 all restriction sites that are
short N-terminal acidic amino acid stretch with a net charge of -gFesent in clone 3.6 (FigB and data not shown). Moreover, we
is also found in the UPF1-lik&.pombeorotein (not shown). verified by partial DNA sequencing in clone 5.5 sequences of
Further, compared with UPF1, HUPF1 has 63 and 83 additionzlbne 3.6 extending from nucleotide positions 1 to 190 (Ags
amino acids at its N- and C-terminal ends, respectively. Thend 4B, contains the translational start codon) and from
N-terminal end contains an additional acidic stretch of 34 aminucleotide positions 3514 to 3601 (Figsand4B, contains the
acids with a net charge of -9, followed by three tandem repedtanslational stop codon and the polyadenylation site). We also
of a proline/glycine-rich motif (PGGXG). The C-terminal tail detected at the'2nd of clone 5.5 an additional classical

A6 -
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polyadenylation signal site (AATAAA), however, a poly(A) tail A HUPE1  HUPF1 B .
could not be detected (data not shown). Therefore, clones 3.6 ¢ HUPF1 19G + + z¥
5.5 contain the same ORF, but clone 5.5 has a lohgetr8nslated HUPF1-pep  pep Wa 1 2
region with an extra polyadenylation site at itei3d. Thus, we
conclude that clone 5.5 represents a partial clone of the 5.5
transcript, whereas clone 3.6 represents either a partial clone
the 5.5 kb transcript or a full-length clone of the 3.7 kb transcrip
However, we cannot exclude the possibility that the 3.7 k
transcript is encoded by another RNA helicase gene wit i
considerable sequence homology to the hurt#iAF1 sequence.  pap; S
Western blot analysis of human cell extracts with anti-HUPF :
peptide antibodies revealed a single band with an appare
molecular mass of 130 kDa (F4f, lane 2). The size of this band
corresponds with the 130 kDa band that was detected in producis
translatedn vitro from a template of clone 3.6 (FB). Because
we also detected a 130 kDa band in mouse cellsA4Eijdane 1), Figure 5. Intracellular localization of HUPF1 in mouse cells by immuno-
the 130 kDa polypeptide is, at least in part, conserved betwed}2rescence staining and Western blot analysjsthanol-fixed mouse VXH
cells were stained with either isotype-matched control antibodies (IgG) or
mouse and man. Thus, we conclude that both the human aggti-HUPF1 peptide antibodies (HUPF1), followed by incubation with

mouseHUPF1 genes encode a single 130 kDa polypeptide.  FITC-conjugated goat anti-rabbit IgG antibodies and DAPI. Specificity of the
anti-HUPF1 staining was confirmed by incubating cells with anti-HUPF1

. . peptide antibodies and 1@y uncoupled HUPF1 peptide (HUPF-pep). No
Intracellular location of HUPF1 in human and mouse cells fluorescence was detected. In contrast, an irrelevant peptide (pep) did not

. . prevent binding of anti-HUPF1 antibodies. The same sections were photo-
UPF1, the yeast ho_m0|09 of human HUPFL, is located in thgraphed to detect either fluorescein (FITC) or DAPI staining. The affinity-purified
cytoplasm but not in the nucleu84). Immunofluorescence isotype-matched control antibody (IgG) was raised against a synthetic UPF1

analysis with anti-HUPF1 peptide antibodies revealed a simila?egide ((jFig- 1|A, Cf()ﬂ;)ns t920t—9$53) Westem\?)lgg anahlysii r?f post-nuljletar

H HE : and nuclear extracts frrom mouse cells. e same Diot was
expression p.attem of the HUPF1 prOteln.m ethanol-fixed MOousg epwise incubated with anti-hHUPF1 peptide antibodies (HUPF1, 1:200), with
VXH cells (Fig.5A) as well as human Raji and U937 cells (datag.pcna antibodies (anti-PCNA) and finally with anti-mouse BiP (anti-BiP,
not shown), i.e. we detected a typical cytoplasmic staining, but200) antibodies.
little or no nuclear staining. The dim nuclear staining in some cells
is very likely due to non-specific staining or staining that resulted
from cytoplasm squashed on top of the nuclei during theame polypeptide chain in the group | RNA helicase UPF1
mounting procedure, because a similar nuclear staining patt¢fAM7) of S.cerevisia@nd the UPF1-like protein &.pombg
was detected with antibodies against immunoglobulins (data ng$ well as the group Il DEAD box RNA helicase GLH-1 of
shown). The absence of nuclear HUPF1 in mouse VXH cells waselegang36). Finally, HUPF1, like UPF1, is expressed in the
confirmed by Western blot analysis of purified nuclei using theytoplasm, but not within the nucleus.
anti-HUPF1 peptide antibodies (FigB, lane 2). However,  Evidence that HUPF1 is not only a structural but very likely
HUPF1 could, as expected, be easily detected in post-nuclego a functional homolog of the nonsense mRNA-reducing yeast
extracts of these cells (lane 1). The same results were obtaing@rF1 protein comes from a study published during the review of
when the human monocytic cell line U-937 was examined bihis manuscript 7). In this study, Perlick and colleagues
Western blotting (data not shown). To isolate nuclei from culture@ported the cloning and sequencing ofRleat1(for regulator
cell lines, we used the citric acid/Triton X-100 method that yieldsf nonsenséranscripts) gene, which is identical to ¢llJPF1
intact nuclei lacking the outer nuclear membrane with attachegne. Using a modified allosupression growth assay these authors
endoplasmic reticulum and polysomes. That the nuclei prepargido showed that a chimeric yeast UPF1/human RENT1 protein

by this method were intact and free of contaminating endoplasntigstored the UPRIphenotype in UPF1-deficient yeast
reticulum was confirmed by the presence of PCNA proteingBig.

lane 2) and the absence of the 72 kDa BiP pro@ijp @n  Structural and functional domains shared between
endoplasmic reticulum-resident chaperone (BB, lane 2), Yeast UPF1 and human HUPF1

respectively. RNA helicase motifslPF1 and HUPF1 contain seven conserved
DISCUSSION motifs that are characteristic of RNA helicases (Eigad3A).

RNA helicases are enzymes that recognize and unwind double-
In summary, we have cloned a putative human RNA helicase tlstitanded RNA regions. These enzymes are involved in gene
represents the first mammalian structural homolog of yeasanscription and recombination, DNA replication and repair,
UPF1, a protein that is required for accelerated degradation RNA processing, transport and stability, as well as protein
nonsense MRNA. These conclusions are based on three obsetraaslation (reviewed i88). To facilitate the displacement of
tions. First, HUPF1 shows the highest degree of sequenpaired RNA strands, RNA helicases must contain an ATPase
homology at the amino acid level to thena fideyeast RNA  activity and single-stranded (ss) RNA binding sites (discussed in
helicase UPF1. Second, both proteins exhibit a very simil&9). Additionally, extra RNA binding sites might be required to
overall polypeptide domain structure, i.e. each contains severanfer substrate specificity to the RNA helicase. Some of these
putative zinc finger motifs and seven motifs characteristic d@ctivities, such as ATPase, RNA binding and helicase activities,
group | RNA helicases. Putative zinc finger and RNA helicaserere previously identified in affinity-purified UPF34). The
consensus motifs have so far only been found together on tRBIA helicase consensus motifs | and Il, which are also commonly

— < HUPF1

FITC

anti-HUPF1
= < BiP
anti-BiP
— - PONA

anti-PCNA
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found as A box and B box elements in NTPa46k ére critical and might be involved in homodimer formation (discusséd in

for ATP hydrolysis and helicase activity of UPBR)( as wellas and reviewed ih1). Similarly, the acidic stretches in UPF1 and
of other RNA helicasest{). The helicase motif VI, which is HUPFL1 could facilitate formation of a multicomponent nonsense
critical forin vivofunction of UPF110), might be a candidate for mRNA-reducing complex. It has recently been shown that UPF1
a ss RNA binding site because mutations in this motif abolishéateracts with UPF21(,12), another UPF factor required for
ATPase, helicase and RNA binding activities of yeast UPH1 (  nonsense codon-mediated degradation of mRNA in yE@st (

Potential zinc finger motifsOther nucleic acid binding sites Motifs unique to HUPF1
might be formed by putative zinc finger motifs that can be Iocatqg|
in the cysteine/histidine-rich region of HUPF1, UPF1 and th
UPF1-likeS.pomb@rotein (Fig:3B). Putative zinc finger motifs

can be partially aligned with the zinc finger/knuckle motif

CXo_sCX41L/HX2_4C/H, found in some transcription factors facilitate ; : : . -
e ; : protein—protein5¢—54) or protein—RNA interactions
as well as RNA binding proteiné3). For example, two potential (reviewed in43). Second, a short positively charged 27 amino

zinc finger motifs within the cysteine/histidine-rich region of} _. ; : ; ;

. 4 acid residue stretch (FigA, codons 1003—-1029), which contains
HUI:DFl (st?rtSSint CO?O? 123 ft;md ((JdeOﬂG;.S& rdespegtlvel)l/)z, en basic (arginine or lysine) and 11 small amino acid residues
Wwell as o (starting at codon and codon glycine or alanine), can be arranged into one conserved and two

respectively) and the UPFl-Iil@.pombeprotein (starting at degenerated RGG maotifs. Such motifs are found in some RNA
codon 44 and codon 104, respectively), can be written ding domains (reviewed i#8)

CXoCXogHX3H (C indicates a cysteine, H a histidine and X any
amino acid residue) and G&X2,CX3C (Fig.3B) respectively.  Subcellular localization of nonsense mRNA reduction
The distances between these two motifs are preserved in all t
polypeptides (Fig3B).

The first zinc finger motif (C¥CX2gHX3H), which was not

UPF1 contains two additional putative structural and functional
fhotifs that are absent in UPF1. First, three tandemly repeated
glycine-rich motifs (PGGXG, FiglA) are located in the
'N-terminal tail. Glycine-rich regions have been proposed to

ere is strong experimental evidence that UPF1-dependent
reduction of nonsense mRNA occurs in the cytoplasm of yeast

recognized in UPF1 (NAM7) by other researcheirs14), cells (reviewed i8). For example, nonsense mRNA is associated

resembles the motif of a CC/HH zinc finger protein (reviewed inith polysomes §5), a dominant-negative form of UPF2

44), such as the 5S RNA binding proteins TFIH&,(6) and p43 interferes with the function of UPF1 ir_l yeast cells when it is
(475. Two additional cysteine residues in this mc;tif are conserv rgeted to the cytoplasm, but not when itis targeted to the nucleus

in HUPF1, UPF1 and the UPF1-li§epomberotein (Fig:3B), 2), and yeast UPF1 is located in the cytoplasm, co-purifies with

T . - o olysomes and is not detected in the nucleds (
}Eﬂfﬁ'ﬁ g that these residues might also be critical for proteﬁ’ﬁ The finding that HUPFL1 is expressed in the cytoplasm, but not

The second zinc finger motif (GEX2:CXaC), which was within the nucleus of mammalian cells, suggests that HUPFL1, like

; : ; : east UPF1, exerts its function in the cytoplasm. Therefore,
previously recognized in UPF1 (NAM7){14), approximates y . : . .
a motif characteristic of CC/CC zinc finger proteins, such as—F 1, in concert with other HUPF factors, might only induce

glucocorticoid receptorsA8) and the eukaryotic translational ggradation of nonsense MRNASs, such as nonseps(d';ilgnd
initiation factor elF-B (49). In elF-B, the zinc finger motif Jack, in preparation) and adenine phosphoribosyl transferase

CX2oCX18CXoC is required to recognize the AUG start codor‘APRT) MRNAs £6), once thes.e transcripts have reached. thg
ﬁ/\oplasm. However, our analysis does not exclude the possibility

during the ribosome-mediated translational scanning process, : . :
Therefore, it is tempting to speculate that the two zinc fing at HUPF1 is also associated with the outer nuclear membrane
' ar the nuclear pore complex and that small amounts of HUPF1,

motifs of HUPF1 and UPF1 interact with ds or ss RNA regions, . h d detecti thod Id be t rted int
and assist in the recognition of nonsense codons. Forexa\mple,\’ﬁfﬁﬁ‘C escaped our detection metnoas, could be transported into
e nucleus. Therefore, HUPF1 might also induce translation-

zinc fingers might facilitate interaction between UPF1 or HUPF
and ribosomes. Once a nonsense codon is recognized by
translocating ribosome, a conformational change of the zi
fingers might activate the helicase domain, which results i

unwinding of ds RNA regions and, ultimately, in accelerate UPF1 by immunoelectron microscopy, as well as the analysis of

decapping and degradation of the nonsense transbfipt ( lasmi d | RNA level dt
Alternatively, the zinc fingers might facilitate recognition of ancytoplasmic and nuclear nonsense m EVels and turnover

MRNA instability sequence located downstream of the nonse §ée_s in mammalian cells that lack the HUPF1 gene, wil
codon (reviewed i), which also leads to unwinding of ds RNA Istinguish between these possibilities.
regions, decapping and degradation. Why is a nonsense mRNA surveillance mechanism

A third potential zinc finger motif (C;CXgCX3C, starting at  preserved during evolution?
codon 62), which fits the zinc finger/knuckle consensus motif . . . .
CXp_sCX4_1CIHX_4CIH very well, was previously recognized The isolation of a .human gene whose deduced amino aqld
in UPF1 (0,14). The same motif is present in HUPF1 (startingSequence has a striking homology to the nonsense mRNA-reducing
at codon 123), but absent from the UPF1-8kpombeprotein PF1 factor implies a critical role of nonsense mRNA-reducing

and, therefore, might not be critical for function (FBiB) factors in mamma_tlian organisms. For example, HUPF proteins
reduce cytoplasmic levels of nonsense mMRNA that could compete

Other motifs.Both yeast UPF1 and human HUPF1 contain atith functional mRNA for RNA processing and regulation
their N-terminal ends short acidic amino acid stretches withofaictors as well as for translating ribosomes. Additionally,
much sequence homology (Fig\). Acidic amino acid stretches reducing nonsense mRNA levels prevents the accumulation of
of limited homology are also found in many transcription factorkigh levels of truncated polypeptides that can interfere with the

gendent reduction of nucleus-associated nonsense mMRNAS,
¢h as nonsense triosephosphate isomerase (TPlI) mRNA
7,58), and interfere with the splicing of nonsense pre-mRNA
9,60,61; reviewed in1). The intracellular localization of



function of the corresponding full-length polypeptide chain. Fot7
example, a shorter form of the myosin heavy chain, which is

translated from stable nonsense mRNA, causes, even in %e

presence of its corresponding full-length chain, abberant develop-
ment of muscle cells i@.elegang6). Within the immune system, 19
HUPF proteins might be critical to reduce levels of nonsense Ig
and TCR transcripts in lymphocytes, which are predominant&f
encoded by non-productively rearranged Ig and TCR géhes (

Nucleic Acids Research, 1997, Vol. 25, No. 4 821

Sambrook,J., Fritsch,E.F. and Maniatis,T. (1888ecular Cloning: A
Laboratory Manual2nd Edn. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY.

Elledge,S.J., Mulligan,J.T., Ramer,S.W., Spottswood,M. and Davis,R.W.
(1991)Proc. Natl. Acad. Sci. US88, 1731-1735.

Sanger,F., Nicklen,S. and Coulson,A.R. (1%#dg. Natl. Acad. Sci. USA
74, 5463-5467.

Slightom,J.L., Siemieniak,D.R., Sieu,L.C., Koop,B.F. and Hood,L. (1994)
Genomics20, 149-168.

1 Altschul,S.F., Gish,W., Miller, ., Myers,E.W. and Lipman,D.J. (1990)

Because non-productively rearranged Ig and TCR genes are oftén J. Mol. Biol, 215, 403-410.
generated during somatic rearrangement of Ig and TCR geme Jack,H.-M. and Wabl,M. (198BMBO J, 7, 1041-1046.
segments, lymphocytes that contain on one chromosome2a Bornemann,K., Brewer,J.W., Beck-Engeser,G.B., Corley,R.B., Haas,|.G.

productive and on the other chromosome a non-productivel
rearranged Ig or TCR gene can easily be detected in lymph
organs (reviewed if). If nonsense Ig and TCR transcripts were
not removed from a lymphocyte, the accumulating shorter Ig g
TCR polypeptides could compete with their corresponding
functional chains for other polypeptides that are required for tt#%
assembly of signal transducing Ig or TCR complexes. Because
signaling through Ig and TCR complexes is obligatory for eithet’
a lymphocyte precursor to develop into an antiggrersive og
mature lymphocyte or for a mature lymphocyte tqoesl to 29
foreign antigen (reviewed i62), an intact nonsense mMRNA 30
surveillance system should be critical for B and T cell developgt
ment. Thus, it will be interesting to see whether deleting théaZ
HUPF1gene in a mouse affects lymphocyte development. 35
34
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