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ABSTRACT

Site-specific cleavage of human insulin-like growth
factor Il mRNAs requires two cis-acting elements, | and
I, that are both located in the 3 ' untranslated region
and separated by almost 2 kb. These elements can
interact and form a stable RNA—RNA stem structure. In
this study we have initiated the investigation of trans-
acting factors involved in the cleavage of IGF-Il mMRNAs.
The products of the cleavage reaction accumulate in the
cytoplasm, suggesting that cleavage occurs in this
cellular compartment. By electrophoretic mobility shift
assays, we have identified a cytoplasmic protein with
an apparent molecular weight of 48-50 kDa, IGF-II
cleavage unit binding protein (ICU-BP), that binds to
the stem structure formed by interaction of parts of the
cis-acting elements | and Il. The binding is resistant to
high K * concentrations and is dependent on Mg 2*. In
addition, ICU-BP binding is dependent on the cell
density and correlates inversely with the IGF-Il mRNA
levels. In vivo cross-linking data show that this protein

is associated with IGF-Il mMRNAs in vivo.

INTRODUCTION

details of both pre-mRNA splicir) @nd 3 end formation9).
In contrast, relatively little is known about the processing of
mature mRNASs in eukaryotes, not in the least because of the
difficulties in establishinig vitro degradation assays. It is clear
that in these processes;acting elements in the mRNA interact
with specifictransacting factors. In yeast cells, some of the
MRNA degradation pathways are being elucidated, and gen
screens have allowed the identification of diffemsatting
factors (reviewedGh Mammals do not allow a genetic analysis
and the identification todnsacting factors has to start with
biochemical rather than genetic approaches. Many of the m:
maliantransacting factors have been identified based on thei
ability to bind tais-acting elements in certain mMRNAs16).
Due to the structural versatility of RNA, binding of RNA by
RNA-binding proteins is often dependent on both sequence-
structure-specific recognition, e.g. iron-respensarg binding
protein (IRP) binding to the iron-responsive elementi(TRE) (
human immuno deficiency virus (HIV) Tat protein to the Tar
region {8) and HIV Rev to the Rev response element (RRE) (
Previously, we have identified teis-acting elements in the
3'-UTR that are required for cleavage of IGF-Il mRNAZY).
These two elements are separated by approximately 2 kb that ce
be deleted without decreasing the cleavage efficiency. Element
is located at positions —2116/—2013 and contains no obvious fea
in its primary sequence or secondary structure. Element Il

Human insulin-like growth factor Il (IGF-II) is encoded by a singlé3/+150 encompasses the cleavage site and contains two re
gene that contains four promoters P1-P4 which give riseti@ataare highly conserved among human, rat an@@nduse (
family of mMRNAs. These promoters are differentially active stean—loops upstream of the cleavage site (—139/-3) and a G-r
tissue- and development-specific manner and render mRNAegimi at positions —14/+60 (positions are relative to the cleavag
5.3 (P1), 5.0 (P2), 6.0 (P3) and 4.8 kb (P4) respettivee ( which is set to +1; Fig\). Cleavage vivorequires the presence
transcripts share the IGF-Il coding region, but have differenf an intact cleavage unit comprising batknéd (FiglB).
untranslated regions (UTRs), leading to differential transla@ibdigpecific endonucleolytic cleavage of IGF-II mRNAs is
(2,3). All IGF-Il mRNAs are targets for site-specific endonucleoigue since, firstly, the wisgacting elements are so widely

tic cleavage in the 4.2 KJIR, rendering an unstable capped Separated from each other, and, secondly, the sizes of these ele
cleavage product containing the coding region and an unaseiallgry large. We have shown that a region of elemen
stable polyadenylatédl8avage product of 1.8 kb consisting of (h2108/—2029) and a region in element Il downstream of t
3' terminal region of thelAR (). cleavage site (+18/+101) form a very stable stem structure (Fi

The importance of RNA processing as a regulatory level in ili®, that is conserved among human, rat and mouse IGF-II
control of gene expression becomes increasingly appreciatesi@BIAs. In addition, our data clearly indicate that both the
more insight into post-transcriptional events is genebai®d ( secondary structure and the sequence of this stem structure
Analysis of nuclear RNA-processing events has revealed memgortant for cleavagdl)( This suggests that elements | and I

* To whom correspondence should be addressed



Nucleic Acids Research, 1996, Vol. 24, No. 6 1001

A grown in the DMEM in the presence of 3@fiml G418 and Hep3B
stem-loops (139/-3} cells were grown im-Minimal Essential Mediumo-MEM). All
UGA (-2185) cloavage site (+1) media were supplemented with 10% fetal calf serum, 100 1U/ml
m/ " penicillin, 100pg/ul streptomycin and 30@g/ml glutamine.
_ . 1'660 " Cytoplasmic and nuclear cell fractions were prepared employing
sloment | alement |1 a method adapted from Vakalopouleti al (12) with slight
t-2116/-2013) (1724+150) modifications. Briefly, the cells were lysed in 10 mM Tris pH 8.0,
B 10 mM NacCl, 3 mM MgCl, 1 mM DTT, 1 mM phenylmethylsul-
stem-oops  stem structure phonic acid, 0.5% NP-40 and 0.5% sodium deoxycholate on ice
T Y for 10 min. Subsequently, the lysate was spun in a microfuge for
5 min at 4C and the supernatant was collected and used for
cytoplasmic RNA isolation or stored at <80in 10% glycerol
pullia : 2115 & (cytoplasmic extract). The pellet was used to isolate nuclear RNA
78 2013 or to prepare nuclear extracts as described2f). (Protein
concentrations were determined by the Bradford protein assay

Figure 1. Location of thecis-acting elements involved in cleavage of IGF-II (BioRad, Minchen, Germany).
mRNAs. @A) Schematic representation of the positions dfifacting elements In vivocross-linking experiments were performed essentially as

involved in endonucleolytic cleavage in the/3R of IGF-ll mRNAs. Positions 1N (24). Briefly, cells were grown on 100 mm plates, washed twice
in exon 9 of the human IGF-Il gene are indicated relative to the cleavage sitayith cold PBS and exposed to UV light (254 nm) at 1.9 Z/cm

which is set to +1. The stop codon of the IGF-II open reading frame is Iocate((Strataﬁnker, Stratagene, La Jolla, CA) in 5 ml PBS on ice prior to
at position —2185. Elements | and |l are separatéd kly (drawing not to scale). ;

Element Il encompasses two stem—loops (—139/-3), the cleavage site (+1) alpJ eparation of the extracts.

a G-rich region at positions —14/+60 which is highly conserved among human,

rat and mouse (20B) Schematic representation of the structure of the minimal Cellular RNA isolation and analysis

cleavage unit. As was shown previously, the region between elements | and I . .

(-2012/-174) can be deleted without disrupting the cleavage reaction anRNA was isolated from the cytoplasmic, nuclear and total cell

efficiency (20). Indicated are the stem structure that is formed by an interactiofractions by the single-step guanidinium thiocyanate meﬂ@d (

of eIemenF | (-2108/-2029) and element _II (+18/+101), the two stem—loopRNA (10 Ug) was glyoxalated and size-separated on a 1% agarose
(-139/-3) in element Il and the cleavage site (+1). 10 mM sodium phosphate gel and transferred to a GeneScreen
membrane. The RNA was fixed on the membrane by irradiation
with long-wavelength UV light for 2.5 min and baking at@dor

2 h. Northern blots were hybridized in the presence of 50%
gprmamide according to GeneScreen protocols in glass cylinders

+1

+18 +i01

cooperate in the binding mnsacting factors involved in cleavage
of IGF-I mRNAs. The identification of proteins binding to the

cisacting elements required for cleavage may provide critic

it ; ; ¥ ith continuous rotation at 42. DNA fragments were labeled by
insight into the mechanism underlying the specific endonucleolthI e gt L
cleavage of IGF-Il MRNASs. In the present study we have initiatd@"dom priming withd- ?PIdCTP and added after 3 h prehybridiz-

the identification ofransacting factors that interact with the IGF-II ation at a final concentration of Glﬁ.p.m./m!. After overnight
cleavage unit. hybridization, blots were washed to a final stringency of 0.5 &r 0.1

SSC, 1% SDS at 8& (1x SSC is 0.15 M NacCl, 0.015 M sodium
citrate) and exposed on Fuji RX X-ray film. Two human IGF-Il exon
MATERIALS AND METHODS 9 probes were used: a 532HmRV-Avd fragment encompassing
Materials the region between positions —557 and —28&cific probe) and

a 1.0 knSma fragment (positions +81/+1094;§pecific probe). A
Plasmid pBluescript Il (K§ was obtained from Stratagene 26 nt-long oligonucleotide was used as a 28S ribosomal probe:
(La Jolla, CA). Enzymes were purchased from Boehringer Mang-AACGATCAGAGTAGTGGTATTTCACC-3.  Hybridization
heim (Germany), with the exception of Pfu DNA polymeraseonditions for this probe were identical to the IGF-II probe except
(Stratagene, La Jolla, CA), RNase-free DNase (Promega, Madisfit, the formamide concentration (25%). Blots were washed for 30
WI) and RNase T1 (CalBiochem, La Jolla, CA). Enzymes wergiin in 2x SSC, 1% SDS and 30 min iR $SC, 1% SDS at 3C.
used according to the manufacturer’s instructions. NTPs and dNTRse autoradiographs were analyzed by densitometric scannning.
were obtained from Kabi-Pharmacia (Uppsala, Sweden). G418 was
purchased from Sigma (St Louis, MO). A random priming DNAConstruction of plasmids
labeling kit was purchased from Boehringer Mannheim (German }
and a DNA sequencing kit from Kabi-Pharmacia (Uppsald;or the preparation of BS-S/S, BS-AS/S and BS-AS/AS §A).
Sweden). Guanidinium thiocyanate was obtained from Flukgligonucleotides ‘5 BanHl —2340/-2334 3 and 3 EcdRl
(Buchs, Switzerland) and GeneScreen membranes from Du Ponttd@9/+151 3(numbers indicate positions in exon 9) were used as
Nemours (Dreiech, Germanyl-f2PJdCTP (3000 Ci/mmol) and Primers in PCR reactions on plasmids S/S, AS/S and AS/AS

[0-32P]CTP (760 Ci/mmol) were purchased from Amershanfiespectively. The latter constructs are IGF-Il expression plasmids
(Buckinghamshire, UK). containing elements /Il in the sense (S) or antisense (AS)

orientation as indicated and are described in detailln The
PCR products were subcloned in BearH| andEcadRl sites of
pBluescript KS, resulting in the plasmids BS-S/S, BS-AS/S and
BS-AS/AS. BS-Il was prepared by PCR with priméldntH1
The cell lines HeLa and Ltkvere grown in Dulbecco’s Modified —173/-155 3and 5 EcaRl +169/+151 3on S/S. BS-AS/A&
Eagle’'s Medium (DMEM), the stable Ltkell line EP7-922) was  was prepared from BS-AS/AS by replacingBigél (-110)-EcdrRl

Cell culture, extract preparation andin vivo
cross-linking
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(+170) fragment with a PCR product made with primeBghl §-speciiic probae F-spacillc proba

—14/+4 3 and 5 EcadRl +169/+151 3on template BS-AS/AS, r 3 r ¥

resulting in a deletion of nucleotides —104/-15 from BS-AS/AS. T C N T C N

All constructs were checked by restriction enzyme analysis or

sequencing if necessary. TR B B0. -
48 - 45 =

Synthesis of RNA probes and competitors 42-

Radiolabeled RNA probes and unlabeled competitor RNAs were
synthesized using T7 RNA polymerase on linearized DNA
templates according to instructions of the manufacturer in the
presence of 1 mM ATP, GTP and UTP each andu2d L
[a-32P]CTP and 0.1 mM CTP (radiolabeled) or 1 mM CTP
(unlabeled). Templates used for synthesis of the RNAs: |: BS-S/S
linearized WithglII (_110) II: BS-1| linearized wittEcaRlI. I/1I: Figure 2. Subcellular localization of the cleavage products. Northern blot
_ ; : ; ! . _ : e ; analysis of total (T), cytoplasmic (C) and nuclear (N) RNA isolated from
BS-S/S Ilnear_lzed WItIECCRI’ AS/S- B.S AS/S linearized V\{Ith Hep3B cells, 1ig RNA was loaded in each lane. The blot was hybridized with
EcaRl, AS/AS_- BS'_AS/AS_ linearized withcaRl, and AS/AR\: two IGF-Il exon 9 probes. Thé-8pecific probe (-557/-26) detects full-length
BS-AS/AA linearized withEcdRI. After synthesis (1 h) the IGF-Il transcripts and the Bleavage product of 4.2 kb; thespecific probe
template was removed by DNase | treatment (1 U m ghction (+81/+1094) detects full-length IGF-Il mMRNAs and thel8avage product of
mixture for 15 min at 3%) and the RNA was Separated from 1.8 kb. Positions are relative to the cleavage site, which is set to +1. Sizes of the
- . ] - .RNAs are indicated in kb.
unincorporated nucleotides by Sephadex G25 spin dialysis.
Subsequently, the samples were phenol/chloroform extracted,
ethanol precipitated, washed in 70% ethanol and renatured in

renaturation buffer (20 mM Tris—HCI pH 7.5, 100 mM KCl, 2 mMprobe. Th_e capped Eleavagg product derived ffom. the 6.0 kb
MgCly), 5 min at 9(0C and 30 min o% ice. The integrity of the MRNA, with a size of 4.2 kb, is detected by thepiecific probe.
RNAS \}vas checked by gel el ectrophoresié The amount of Scleavage product of the 4.8 kb mRNA is below

the detection level, probably due to the low relative levels of this
) o ) MRNA species. In contrast with the full-length IGF-1l mMRNAs, the
Analysis of RNA-protein interactions 3 and 5 cleavage products are readily detected in the cytoplasmic

For electrophoretic mobility shift assays (EMSAs), radiolabelefNA fraction, but not in the nuclear fraction (Fig). The
RNA probes (1Bc.p.m.) were incubated in cellular extract withYtoPlasmic localization of the cleavage products becomes even

a protein content of 1@y in a 10ul reaction mixture containing 20 More pronounced if we take into consideration that equal amounts
mlli/l HEPES—KOH ;ﬁ 75 18(1) mM KCl, 1 mM MgChL m?\/l of RNA were loaded for each fraction, but thapghuclear RNA
DTT and 0.01% NP-40 ’for 45 min c;n ice. In competition'S derived from eight times more cells thaqu@ytoplasmic RNA.

experiments, the competitor RNAs were preincubated with ttfgoViously, the cleavage products accumulate in the cytoplasm,
extract for 5 min before addition of the probe. After the bindinibr?gesnng that cleavage takes place in the cytoplasm, although

reaction the samples were incubated at room temperature for 20 Rif§i€ar cleavage and rapid transport can not be fully excluded.
with a mixture of 12.5ug/ml RNase A and 2 U/ml RNase T1. clea\_/age ISa qytoplasmlc event, this would suggest that the
ps-acting factors involved in this process may be localized in the

Samples were analyzed on a non-denaturing 6% polyacrylamide & :
conte?ining 0.01% l\)I/P—4O g o70 polyacty gnoplasm. Cleavage of IGF-Il mRNAs requires the presence of a
i it P . cleavage unit (elements | and Il; Fig). To identifytrans-acting
The molecular weight of IGF-II cleavage unit binding protei - . X .
g g gp actors binding to this cleavage unit, EMSASs were performed with

(ICU-BP) was determined as described 4@).( First the IGF-II ) : . ;
cleavage unit RNA—protein complex (ICU-RPC) was UV cross® probe containing the intact cleavage unit (I/ll) and cytoplasmic

: i ; i lear extracts from Hep3B cells that endogenously express
linked in an EMSA gel (254 nm, 5 J@nand a gel slice containing ©f MUC¢ . : .
: ; : ; F-Il mMRNAs (Fig.2). A major complex designated ICU-RPC
this complex (localized by wet gel autoradiography) was excise , . ) .
plex ( y g graphy) g’ F-1I cleavage unit RNA—protein complex) is detected that is

Sub tly the gel sli inserted into a 10% SDS-PAGE X .
LBSEquENTl the get Ser Was inserred Info a 2 1 ighly enriched in the cytoplasm (F8). We focused on ICU-RPC,

and electrophoresed witiC-methylated protein markers (Amer- : . ) ; .

sham, Buckinghamshire, UK) loaded in parallel. because this RNA—protein complgx is enriched in the cytoplasm and
is common among different cell lines that are capable of cleavage.

Both cytoplasmic extracts from the IGF-II mRNAs expressing

RESULTS Hep3B cells, as well as extracts fromakd HelLa cells which do

Subcellular localization of the cleavage reaction site not endogenously express IGF-II, but are able to cleave mRNAs
derived from a transfected IGF-Il minigene, give rise to the

To investigate whether cleavage of IGF-Il mMRNAs takes place infarmation of ICU-RPC (Fig8, 4 and?7).

particular subcellular compartment, i§ cytoplasmic or nuclear

RNA from Hep3B cells were analyzed by Northern blotting &ig9.  cnaracteristics of the RN A—protein complex

Hep3B is a human hepatoma cell line that endogenously expresses

both the 6.0 and the 4.8 kb mRNAs derived from promoters P3 afid examine further the specific mMRNA—protein interaction and to

P4, respectively. The full-length mRNAs are present in comparalbaracterize the protein components of ICU-RPC, we cross-linked

amounts in both the cytoplasmic and nuclear fractioesav@e of ICU-RPC in a gel and subsequently inserted the gel slice

these MRNAs renders a polyadenylaterlegvage product of 1.8 containing the cross-linked complex into a 10% SDS—-PAGE gel

kb that hybridizes exclusively with thé-specific IGF-Il exon 9  (see Materials and Methods for details). This analysis revealed that



Nucleic Acids Research, 1996, Vol. 24, No. 6 1003

C M A
1 =2
B4 - B
ICURPC — | 46 - - e 1CUER
a0 - —
_—'_'_._'_
Lo ——— _Fl
S ‘ 1234586788
— .. .
Figure 3. Identification of proteins interacting with the cleavage unit. ""UF. o |
Electrophoretic mobility shift assay of#p-labeled RNA probe, I/ll, consisting 1203 4
of the cleavage unit (schematically represented in Fig. 1B), without extract (-),
with 10 pg cytoplasmic (C) or 1Qg nuclear (N) extract from Hep3B cells EI

respectively. The binding reaction was performed on ice for 45 min. Samples

were digested with RNase A and RNase T1 before loading onto a 6%

non-denaturing polyacrylamide gel. The IGF-Il cleavage unit RNA—protein e ) o )

complex is designated ICU-RPC; digested probe is indicated by DP. Figure 4. Characteristics of ICl_J-RPOAI Size determination of the protein
component of the RNA—protein complex ICU-RF€P-labeled RNA was

incubated with HelLa cytoplasmic extract, RNase treated, and run on a

PRI . -denaturing gel. Subsequently the gel was UV irradiated. The specific
the protein binding to the cleavage unit has an apparent molecu[%‘?ﬁA_protein complex ICU-RPC was then removed from the gel and

weight of 48-50 kDa (FigtA). Since the formation of ICU-RPC  supsequently analyzed by electrophoresis on a 10% SDS—PAGE gel (lane 2).

is abolished by proteinase K pretreatment of the extract, but not biyie apparent size of the protein, designated IGF-II cleavage unit binding protein

Micrococcal Nuclease pretreatment (data not shown), ICU—RP@E}S;E?;’E; S%t:rzgi?;grztiﬁgig?egD; ;Zelgz?n@%;ﬁgrgﬂggg

docs oL requrs & ke e comprert o e exvacly ST G o S e

) ! ) ! : toplasmic extract; only the ICU-RPC is shown. Upper panel: effect of

in ICU-RPC. We will refer to this protein as ICU-BP (IGF-Il increasing amounts of KCl added to the binding reaction mixture. From lanes

cleavage unit binding protein). 1109, the KCI concentration is 10, 25, 50, 75, 100, 150, 200, 400 and 600 mM
Interactions of proteins with nucleic acids are highly dependent dﬁsg9Ct'Ve'y- Lower panel: effect of Increasing amaunts of Vmﬁ’ed to thle

the salt concentrations. Therefore, we analyzed the binding capag a;]”(fsrgagtg):d”;'fg;;ihafelé';r?d'\ﬁgo %Ml?%wp'igmhj © samples

of ICU-BP in the presence of increasirigdéncentrations. ICU-BP ' ' '

does not bind at very low*Kconcentrations (FiglB), but binds

efficiently at physiological K concentrations and still forms a o

stable RNA—protein complex in 600 mM KClI. Divalent cationg?robes consisting of eIements.I or Il separately (probes_l and Il

play an important role in many cellular processes. When divaléigspectively), and compared this with probe I/Il that contains both

cations are chelated from the binding buffer by EDTA, binding d¢lements (FigB). ICU-RPC is not formed when either probe | or

ICU-BP is strongly decreased. This inhibition can be overconffobe Il is used, but only when both elements are present,

by Mg?*, and high concentrations of these ions increase th@dlcaur_lg that the_elements_, cooperate in bmdmg of ICU-BP. In

binding. The physiological binding conditions used throughod%ompet't'on experiments with unlabeled competitor RNAs, the

favourable for ICU-BP binding. RNA (I/11) (Fig. 5C). Competition is almost complete already at the

lowest competitor concentration (10 ng/binding mixture). The
individual elements | and Il can only compete when present in
higher excess, probably because at these higher concentrations
We have shown previously that tieacting elements | and Il are (50-100 ng/binding mixture) they interact with the probe. Yeast
both required for cleavage. Parts of these elements form a IaiRNA does not compete with I/l for binding, but instead the
stem structure that stabilizes two additional stem—loops upstredninding increases at higher concentrations of tRNA, most likely
of the cleavage site in element Il, as was shown by RNase Tdused by sequestration of hon-specific factors that interfere with
digestion experiments (FiB; 21). In addition, we showed that the formation of specific RNA—protein complexes.

the stem structure functions in a sequence-specific matier ( The formation of ICU-BP-RNA complex requires both el-
suggesting that recognition of the stem structurgdmsacting ements (Fig5). This could mean that (i) ICU-BP binds the stem
factors is important for cleavage. To investigate whether ICU-B§tructure that can be formed between elements | and Il, or (ii)
is involved in recognition of the stem structure, the requirement€U-BP binds the two stem-loops upstream of the cleavage site in
for ICU-BP binding were analyzed using different probes in aalement Il, that are stabilized by the interaction between elements
EMSA (Fig. 5A). First we analyzed the binding of ICU-BP to | and Il 21). To discriminate between these possibilities, we used

Elements | and Il cooperate in binding of ICU-BP
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Figure 5.Analysis of the ICU-RPC formation with elements | andAl). ( .-._.- oe
Schematic representation of the probes used in the electrophoretic mobility shift
assay. l/Il: intact cleavage unit; I: separate element I; II: separate element Il.

Numbers indicate the positions in IGF-II exon 9 relative to the cleavage site ) . .

(+1). B) Electrophoretic mobility shift analysis ##P-labeled RNA probesas ~ Figure 6. Analysis of ICU-RPC formation with stem structure mutants.
depicted in (A), in the presence (+) or absence (-) pfyleLa cytoplasmic (A) Schematic representation of the configuration mutants. These mutants are
extract. The binding reaction was performed on ice for 45 min. Samples werederivatives of I/l1 (S/S). In the left hand panel the overall structure of the probes
digested with RNase A and RNase T1 before loading onto a 6% non-denaturis drawn, and in the right hand panel the stem structure between elements | and
ing polyacrylamide gel. The position of the ICU-RPC is indicated by an !l is shown enlarged. The different orientations of the two parts of the stem
arrow. C) Competition electrophoretic mobility shift analysis3&?-labeled structure are indicated by S (sense) and AS (antisense). The deletion of the
RNA probe I/ll and 1Qug HeLa cytoplasmic extract. Unlabeled competitor ~Stem—loops in element Il from AS/AS is also indicated; the linkage of the
RNAs were added to the reaction mixture in increasing amounts of 10, 25, 50!egions flanking the deletion is indicated by a dashed B)eElectrophoretic

100, 250 and 500 ng respectively, as indicated by the hatched wedgesmobility shift analysis of?P-labeled RNA probes as depicted in A withit0
Competitors used: the single elements I or II, the cleavage unit I/ll itself, or Hep3B cytoplasmic extract. Left panel: RNA probes S/S, AS/S and AS/AS

non-specific yeast tRNA. The arrow designates the position of the ICU-RPC. respectively. Right panel: RNA probes S/S, AS/AS and ASt&Spectively. The
complex ICU-RPC is indicated by an arrow, as well as the digested probe (DP).

mutant cleavage units containing different @untions of the  discriminate between the binding of ICU-BP to the stem structure
stem structure as probes in an EMSA experiment@Fighese itself or binding to the two stem-loops. If the binding-site for
mutants contain the two parts of the stem structure in either theU-BP is located in the stem structure, the AS/AS stem structure
sense (S) or antisense (AS) orientation. Wild-type S/S RNBy itself should be able to bind ICU-BP. Therefore, the two
(identical to I/ll) was compared with AS/S RNA containingstem-loops were deleted from the AS/AS RNA, leaving only the
element | in the antisense orientation thereby disrupting the stefigm structure between the elements (ABJABigure6B clearly
structure, and AS/AS RNA in which the stem structure is restorefémonstrates that also the ASMBNA gives rise to formation

by compensatory mutations in element Il. The mutations ag# the complex, albeit with a somewhat lower efficiency. This
exclusively in the stem structure regions leaving both th@dicates that the binding site for ICU-BP is predominantly located
stem—loops in element Il and the cleavage site intact@R)g.  in the stem region (-2108/~2029 and +18/+101), and not in the two
Figure6B shows that ICU-BP can bind to the S/S configurationadditional stem—loops of element II.

but does not bind to the AS/S RNA. Furthermore, the AS/AS

configuration does give rise to formation of the ICU-BP—RN ; ) P

complex, albeit with somewhat lower efficiency. It appears that tﬁ'«éegulaﬂon of ICU-BP binding

AS/S RNA can not form the complex, whereas the S/S and AS/ASbinding of ICU-BP is involved in cleavage of IGF-Il mRNAs, it
RNAs can, which confirms that interaction between the elementsay be expected that its binding is regulated in a manner that
is required for binding. However, this result still does notorrelates with the expression pattern of IGF-Il. Cytoplasmic
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Figure 7.ICU-BP binding and IGF-Il mMRNA levels are inversely correlatéyl Hlectrophoretic mobility shift analysis of probe I/l with cytoplasmic extract from
Hep3B cells grown at increasing densities (20, 50, 80 and 100% respectively). The complex ICU-RPC is indicated by an arrow. The lower mobility complex th:
enriched in confluent cells is indicated by an asterix. At the bottom, quantification of the ICU-RPC level is shown in a graph, the ICU-RPC level at cell density
20% was set at 10098) Northern blot analysis of total RNA isolated from Hep3B cells grown at increasing densities (20, 50, 80 and 100% respectively). In eac
lane, 10ug RNA was loaded and the blot was hybridized with thep8cific probe (+81/+1094) that detects full length IGF-Il MRNAs and ttled8/age product

of 1.8 kb. Positions are relative to the cleavage site, which is set to +1. Sizes of the RNAs are indicated in kb. RNA loading differences were normalized «
hybridization with a 28S ribosomal probe. The normalized 6.0 kb MRNA levels are indicated in the graph below, the 6.0 kb mRNA level at a cell density of 20% \
set at 100%.

extracts were prepared from Hep3B cells grown at various vivo detection of the ICU-RPC cleavage unit
densities (20, 50, 80 and 100%) and tested in an EMSA with proB&A—protein complex
I/1l (Fig. 7A). In extract from exponentially growing cells (20%),

ICU-RPC is prominently present. In contrast, in extract from the, i, jines of evidence suggest a role for ICU-BP in cleavage
confluent cells (.100%).' the c_omplex formatlon_ IS stronglyof IGF-Il mRNAs: (i) both the protein and the cleavage products
decreased. Densitometric scanning of the autoradiogram showg,@ wighly enriched in the cytoplasm; (i) the protein binds to the
gradual decrease of ICU-RPC upon increasing cell density. TRz, 5cting elements involved in cleavage; and (iii) the binding of
resuilts in a 5-fold reduction of ICU-RPC formation when 20 anghe protein correlates inversely with the IGF-Il mRNA levels. To
100% confluent cells are compared, and the total amount of protgiEmonstrate further that ICU-BP also specifically inteiaeiso

used for the EMSA is identical (FigA). In parallel with the it |GF-Il mRNAs, the following experiment was performed.
decrease of ICU-RPC formation with increasing cell density, a yg{yo cell lines, untransfected Ltkells that do not express IGF-II
unidentified lower mobility complex appears (indicated by amRNAs and Ltk cells stably transfected with an IGF-II minigene
asterix). In parallel total RNA was isolated from dishes with cellgp7-9 02), were irradiated with UV light. If ICU-BP is associated
grown to the various cell densities andug0of each sample was with IGF-Il mMRNAs in vivo, UV irradiation will cross-link the
analyzed on a Northern blot. A strong increase in the levels gfotein to the mRNAs, thereby preventing it from binding to
IGF-1Il mRNA in confluent cells is observed (Fig). Apparent-  radiolabeled /Il RNA after preparation of a cytoplasmic extract.
ly this applies to both the 6.0 and 4.8 kb mRNAs as well as to tiag shown in Figur8, ICU-BP is depleted from the LtEP7-9 cell

1.8 kb cleavage product. The amount of the 6.0 kb major IGFdixtract after the UV treatment, whereas no difference is observed
transcript was quantified by densitometric scanning and normalizgtthe untransfected Ltkcells, although the protein yields from
with a 28S ribosomal probe. The 6.0 kb mRNA level graduallyoth lines are comparable. This indicates that the depletion is not
rises with increasing cell densities up to 10-fold in confluent celdue to non-specific cross-linking or artefactual damage to the
(Fig. 7B). These results indicate that the formation of ICU-RP@omplex, but that it is caused specifically by cross-linking the
correlates inversely with the IGF-Il mRNA level in Hep3B cells.protein to the IGF-Il mMRNAsS. These results demonstrate that
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Ltx"EPF-8  Lix are cleaved efficiently in human cells as well as in mousecktis
(22).

We used elements | and |l of the cleavage unit separately in an
EMSA and showed that binding of ICU-BP requires the presence
of both elements. This by itself would not necessarily call for an
interaction between the elements, but could be explained if the
binding site would be partly located in element | and partly in
element Il. However, we used an element | probe that still contains
the first 60 nt of element |l that are not involved in stem structure
formation and this did not bind. Furthermore, in the authentic
. IGF-1Il mMRNAs elements | and Il are separated by 2 kb. Additional

' evidence for the requirement for a cooperation of both elements
was obtained by EMSA analysis with orientation mutants, showing
that the AS/S RNA which can not form the stem structure does not
ST = bind ICU-BP, whereas the AS/AS RNA that forms a stem similar
— to the S/S RNA can bind ICU-BP. We have shown before that the

presence of the stem structure stabilizes the two additional

Figure 8.In vivodetection of the IGF-II cleavage unit RNA-protein complex. Stem—loop structures in elemental). Therefore, the results with
Ltk~ cells stably transfected with an IGF-Il expression plasmid EP7-9, andthe orientation mutants could also be explained if ICU-BP binds
non-transfected Ltkcells were UV-irradiated as described in Materials and these stem—loops. The AS/AStant which lacks the stem—loops
Methods. Cytoplasmic extracts were prepared from the UV-irradiated cells a%. ) L L .
well as from non-UV-treated cells. Subsequently, an electrophoretic mobilityPinds ICU-BP, albeit with a somewhat reduced efficiency. This
shift analysis was performed 8fP-labeled RNA probe I/ll with 1Qg shows that the binding site for ICU-BP is located in the stem
cytoplasmic extract of non-treated (-) or UV-irradiated (+) cells, both strycture and not in the two additional stem-loops of element L.
untransfected and EP7-9 transfected Ldklls. The complex ICU-RPC is  \yy is |ICU-BP able to bind the AS/AS mutant stem structure, while
indicated by an arrow, as well as the digested probe (DP). . . L !

this RNA is not a substrate for the cleavage reattioiva? The

sequence from this mutant stem is of course very similar to the

wild-type stem 21) and apparently the information suffices for

ICU-BP can also form a specific RNA—protein complex withbinding, but not for cleavage. It is possible that this is merely an

L - * . #®

ICU-APC

l
-_

IGF-Il mRNAsin viva orientation effect, since the main difference between the AS/AS
RNA and the S/S RNA is the orientation of the stem structure
DISCUSSION relative to the cleavage site. It has been reported before that mMRNA

. . - . . , binding capacity and activity of a protein can be separated.
Previously, we have identified twis-acting elements required for piiainase K abolishes themyc mMRNA in vitro degradation
cleavage of human IGF-Il mRNAS() and we have demonstrated \ ot affecting the binding to the AU-rich element in thieye:
that part _of thes_,e elements interact to form a stable stem structiigna ©7)
and that in addition two stem-—loops in element Il are required for, g,y ary these data indicate that ICU-BP recognizes the stem
cleava%te Zl);[ IThth's Ireport we havt(_e Stu?'id n VIVh'Ch Suzce"!:.latrstructure formed between the regions of elements | and Il located
compartment the cleavage reaction takes place and INalgtl 545/ 5059 and +18/+101. Previous results showed that this

investigation of thetransacting factors involved in cleavage. ; . o ;
. . : tem structure functions in a sequence-specific manner in cleavage
Processing of mature MRNAs predominantly occurs in the Cyt%‘(g was shown for the HIV Rev protein recognitic); thereby

plasm and since it was shown that the products of the cleav: . L :
reaction accumulate in the cytoplasm, it is likely that the IGF- ggesting that it is a target farans-acting factor and not merely

mRNA cleavage is also a cytoplasmic event. Although we can n%Ftructural glement. ICU-BP, therefore, is likely to be an important
formally exclude the possibility that both cleavage products are vefgMPonent in cleavage of IGF-Il mRNAs. However to confer
rapidly exported from the nucleus to the cytoplasm after cleava donucleolytic _c!eavage additional entities possibly interacting
has occurred, the results strongly suggest that the cleavage reachith the two additional stem—loops are required. _
mainly, if not exclusively, takes place in the cytoplasm. Therefore, N Hep3B cells, the binding of ICU-BP to the stem structure is
the transacting factors involved in cleavage are most likelyegulated in a growth-dependent manner. In cells grown to
localized in the cytoplasm. We have identified a novel RNA—prg=onfluence the ICU-BP binding is 5-fold decreased as compared
tein complex (ICU-RPC) that forms on the cleavage unit and With exponentially growing cells. These differences in binding
strongly enriched in the cytoplasm. The major extracpeorent ~ correlate inversely with the IGF-Il mRNA levels (Fiy. Although

of this complex is a protein with an apparent molecular weight dfe levels of 3cleavage product seem to increase along with the full
48-50 kDa, which we named ICU-BP. The ICU-BP protein i¢ength mRNA levels, this can still be consistent with a role for
present in both endogenously IGF-II expressing (Hep3B) arl@U-BP binding in cleavage of IGF-Il mRNAs. Because many
non-expressing cell lines (HeLa, tiland shows identical binding processes each with its own kinetics are occurring at the same time
characteristics in these cells (data not shown). Similarly, ti{gromoter activities, differential stability of the mRNAs and the
cleavage activity is not restricted to IGF-II expressing cells, becaugeavage products) it is difficult to relate the observed steady state
non-IGF-Il expressing cell lines transfected with IGF-Il mini-genanRNA levels to one process in particular. With respect to the
constructs are also able to cleave IGF-Il mMRNAs. Also, the fact thalbserved growth-related regulation it is interesting to note that
the RNA—protein complex is formed in both human (Hep3B, HeLd)anslation of the 6.0 kb mRNA also appears to be dependent on the
and mouse (Lt extracts is not surprising, because human mRNAgrowth-status of the cell&§).
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The physiological importance of ICU-BP is further indicated byublication, and Linda Nolten, Luc Rietveld and Richard Rodenburg
the in vivo UV cross-linking experiments. UV cross-linking of for stimulating discussions.
intact cells has proven to be a powerful tool in the isolation of
RNA-binding proteinsZ9-31). Only proteins that are very tightly
associated with the RNA can be cross-linked. The efficiency #EFERENCES
cross-linking is variable, depending on the protein and RNA1 Sussenbach, J.5. (198ahgress Growth Factor Ref; 3348
In.voweq 60) Recent.ly' .thls technique was used n Combmatlonz Nielsen, F.C.’, Gammeltoft? S. and Christiansen, J. (10%)Il. Chem
with anin vitro RNA-binding assay to show that AU-rich sequence ™ g5 13431-13434.
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