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ABSTRACT

The hnRNP A1l transcript has a relatively short 5
untranslated region (UTR) starting with a pyrimidine
tract similar to that of mMRNAs encoded by the TOP
[terminal oligo(pyrimidine)] genes in vertebrates. Such
genes code for ribosomal proteins and for other
proteins directly or indirectly involved in the production
and function of the translation apparatus. As expected
from the role of the pyrimidine tract in the translational
regulation of TOP mRNAs, the A1 mRNA is more
efficiently loaded onto polysomes in growing than in
resting cells. On the other hand, a less stringent
regulation with respect to that of other TOP mRNAs is
observed, partially due to the presence of multiple
transcription start sites within the pyrimidine tract,
where transcripts with shorter TOP sequences are less
sensitive to regulation. Thus, from the point of view of
structural features and translation behaviour the Al
MRNA can be included in the class of TOP genes,
suggesting a possible role of Al in translation.
Interestingly, a TOP-like behaviour was observed for
hnRNP | mRNA but not for hnRNP C1/C2 and A2/B1
MRNAs, indicating the existence of two classes of
hnRNPs with different translational regulation.

INTRODUCTION

experimental evidence suggests, in addition to a structural role, a
direct involvement in both splicing reactions and in assisting or
promoting the export to the cytoplasm of mature mRNAs. In
particular, basic hnRNP proteins belonging to the A/B group were
reported to antagonize, bathvitro andin vivo, the activity of
splicing factors such as ASF/SF2 in the choice between
alternative 5splice sites and in exon skipping/inclusidhj.
With regard to the nucleocytoplasmic distribution, hnRNPs can
be divided into two groups. The first group comprises proteins
such as hnRNP C1/C2 and U, which are restricted to the cell
nucleus ). The second group contains hnRNP Al, A2, B1 and
K, which have been shown to shuttle rapidly between the nucleus
and the cytoplasnb). In the case of hnRNP Al (and A2) this
property is mediated by a 29 amino acid sequence in the Gly-rich
auxiliary domain which acts both as nuclear localization determinant
and as nuclear export sequengesj. This fact, along with the
observation that hnRNP Al is bound to poly{A&RNAs in both
the nucleus and the cytoplasm, led to the proposal of a direct role
for this protein in the export of mature mRNAs to the cytoplasm
(9). This conclusion is also supported by the observation that the
hrp36 protein ofChironomus tentanighly similar to mammalian
Al, is translocated through the nuclear pore bound to giant
Balbiani ring RNAs and appears to remain in RNP complexes
after polysome assembly, suggesting a role of this protein in the
translation process ().

We previously reported isolation of the human gene for the
hnRNP A1 protein1). Sequence analysis shows a strong similarity
between the Al gene and a number of genes coding for ribosomal

In the nucleus of eukaryotic cells pre-mRNAs undergo a series ifoteins (r-proteins) in the transcription start site reglarilQ).
modifications before mature mRNAs are produced and eventually fact, all of these genes lack a canonical TATA box and are
exported to the cytoplasm for translation. These post-translatiorearacterized by a transcription start site that falls within a stretch
modifications include send capping, splicing of introns and of 10-25 pyrimidines (Fidl). As a consequence, the corresponding
polyadenylation. All these reactions appear to occur shortly aftetRNAs always start with a C followed by a pyrimidine tract,
or concomitant with transcription by RNA polymerase ll.called 3-TOP [5-terminal oligo(pyrimidine)]. This sequence
Throughout these maturation events pre-mRNAs and mMRNAs anas shown to be involved in the coordinated growth-dependent
associated with a set @20 abundant proteins, collectively translational regulation of all'FOP-containing genes (TOP
termed heterogeneous nuclear ribonucleoproteins or hnRNBsnes). The specific translational regulation of r-protein mRNAs
(1,2). Although the precise role of these proteins is still undefinednd other TOP mRNAs can be observed in cultured cells during
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> Extraction and analysis of RNA
hnRNP Al AGGTAGGCTGGCAGATACGTTCGTCAGCT!QCTCCTTTCTGCCCGTGGACGCCGCCGAAG Total RNA Was extracted from gradlent fractlon pe”ets by the
rpS4y GACTTTGGTTGCACCGGAAAAGAACAGATTCTCTTCCGICGCAGAGTTTCGCCATGGCCC protelnase K methodg) For Northern b|0t anaIySIS RNA was
rpS4x CAATTTCTACGCGCACCGGAAGACGGAGGTLCTCTTTCCTTGCCTAACGCAGCCATG f t t d f |d h d I d t f d t
rpsé CTATGTGACCTGCGCTAAGCGGAAGTTGCCLCTCTTTTCCGTGGCGCCTCGGAGGCGTTC ractionated on rormalaenyde—agarose gels and transrerred to
rpss TACAAACCGAACCGTGAATCTTTGCGGTTTCTCTTTCCAGCCAGCGCCGAGCGATGEGCA Gene Screen Plus membrane (NEN), Northern blots were done
rpsSl4 GACCCCCGTCGCTCCGCCCTCTCCCACTCTCTCTTTCCGGTGTGGAGTCTGGAGACGACG H H H .
rpsl7 TTTAACAGGCTTCGCCTGTGCTTCCTGTTTCCTCTTTTACCAAGGACCCGCCAACATGGG essentla”y aCCOYdIng to the manual RadloaCtlve prObeS Were
rpl7a  ATACATATTACCCACARIICCCTTTCCTTIETCTCTCCTCCCGCCGCCCAAGATGCCGAR prepared by the random primer technidgl® (ising as templates
SEFlo  TATATARGTGCAGTAGTCGCCGIGAACGLICIITITCGCANCGAGTTTGCCGCCAGARCA the inserts of plasmids containing cDNAs for human rpa9, (

chicken B-actin 0), hnRNP Al 21), hnRNP C1/C2 Z2),
. . . o _hnRNP A2/B1 23) and hnRNP |44). Autoradiographs were
5;9:’,{2 %‘frﬁg:]p?:r'ﬁﬁ; ff\qe ;gﬂge\?ﬁs ;ngg“g?'ﬂﬂrrfn”ﬁrgg”ggﬂg sStf‘sr;\S/g nalysed with a LKB Ultroscan KL laser densitometer. Quantitation
ribosomal proteins and the translation factor eERdr references see 12). The Standards were included in some blots to establish the linear range

pyrimidine tracts are underlined. The previously determined transcription starfesponse of the experiments.
site of hnRNP A1 mRNA (11) and those of the other mMRNAs are aligned under

arrow a. The alternative transcription start sites of hnRNP A1 mRNA identified ; ;

in this paper are indicated by arrow b. The two thicker lines correspond to theprlmer extension

two stronger bands observed in the primer extension ladder (see Fig. 3).  primer extension was performed on total, polysomal and
sub-polysomal RNAs fractionated on sucrose gradients as described
above. The reaction was performed using the primer previously
the transition from the growing to the non-growing state tha#escribed11). Briefly, 10 pmol gel purified 20mer-BAGAG-
occurs in response to a number of physiological stimuli. FRGACTTTAACGATGC-3, complementary to nt —?:,33 to —13
instance, in mouse fibroblastdé4(15) and Xenopuskidney  With respect to the ATG, were end-labelled with &0 [y- _ZP]ATP
cultured cells16) it was shown that transfer of cells to serum-fred2000 Ci/mM; Amersham) using T4 polynucleotide kinase
medium (downshift) produces a rapid and coordinated displacemdRtomega). Aliquots of 2.8 1C° c.p.m. labelled primer were
of r-protein mMRNAs and other TOP mRNAs from polysomes tgesuspended together with the RNA fractions in 40 mM PIPES,
light MRNPs. Restoration of serum content (upshift) induced BH 6.4, 1 mM EDTA, pH 8, 400 mM NaCl, 80% formamide,
similarly rapid return to the original conditions. In this paper wélénatured for 10 min at 86 and annealed at 58 for 16 h. The
show that the hnRNP Al gene is translationally regulated in@nealed RNA-primer complexes were ethanol precipitated and

similar way and can therefore be assigned to the class of T@ped at room temperature. Primer extension was performed in a
genes. final volume of 2Qul containing 50 mM KCI, 10 mM Tris—HCl,

pH 8.3, 5 mM MgC}, 1 mM each dNTP, il RNasin (20 U/ml;
Promega) and water up to[20To this was added 50 U M-MuLV
reverse transcriptase (Perkin Elmer) and the reaction incubated

MATERIALS AND METHODS for 30 min at 37C. The reaction was stopped by addipg@5 M
EDTA, pH 8.0 and 1yl DNase-free RNase A (5 mg/ml;
Cell culture Boehringer) and incubated for an additional 30 min &€3The

. , - ,_reaction products were added with 3800.1 M NaCl, phenol
HeLa cells were grown in DMEM (Dulbecco’s modified Eagle'sgy 5 cted twice and ethanol precipitated. The pellet was dried and
medium; Sigma), 10% fetal calf serum J&fiml gentamicin, 2 mM resuspended in 10l 95% formamide, 20 mM EDTA, 0.05%

L-glutamine. Cells were rinsed twice with PBS and detached wilg}.,1\qhhenol blue, 0.05% xylene cyanol, heat denatured and
a limited amount of trypsin to induce a ‘downshift. After | 54ed onto an 8%’ sequencing denaturiné gel
resuspension in PBS to dilute trypsin, cells were centrifuged for '

5 min at 200Q at 4 C, resuspended in serum-free medium an
incubated at 37C for a further 4 h. %ESULTS
Translational regulation of hnRNP A1 mRNA in Hela cells

. . during nutritional changes
Polysome isolation
In order to see whether the hnRNP Al gene is regulated at the

The procedure for cell lysis, sucrose gradient sedimentation wanslational level similarly to thé-3OP genes, we analysed by
polysomes and analysis of the polysome/mRNP distribution dlorthern blot experiments the polysome/mRNP distribution of
MRNAs have been discussed); Cells were lysed directly on hnRNP Al-specific mMRNAs in growing and resting HelLa cells.
the plate with 30Qul lysis buffer [10 mM NaCl, 10 mM MgG@]  HelLacells, grown in the presence or absence of serum, were lysed
10 mM Tris—HClI, pH 7.5, 1% Triton-X100, 1% sodium deoxycho-and the cytoplasmic extracts fractionated through 5-70% sucrose
late, 36 U/ml RNase inhibitor (Pharmacia), 1 mM dithiothreitol]gradients (see Materials and Methods). Eight fractions were
and transferred to an Eppendorf tube. After 5 min incubation arollected from each gradient while recording the absorbance
ice with occasional vortexing, the lysate was centrifuged for 8 miprofile. As shown in Figur@, most of the ribosomes purified

at 10 000 r.p.m. at°€. The supernatant was frozen in liquid from HelLa cells after serum starvation are in the form of
nitrogen and stored at —70, to be analysed later, orimmediately monomers, whilst most ribosomes are associated in polysomes
sedimented in a 5-70% (w/v) sucrose gradient with a lowhen cells are grown in the presence of 10% serum. The RNA
absorbance backgrountl7j. Fractions, collected while monitoring was then extracted from each fraction and analysed by agarose gel
the optical density at 254 nm, were ethanol precipitated overnigétectrophoresis and Northern blot hybridization. As a control,
at-20C. RNAs were first probed with the cDNA of the non-T@Rctin
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growing cells resting cells protein). While >95% of the hnRNP C1/C2 mRNA was loaded

on polysomes even under serum-free conditions, the hnRNP |-

specific MRNA was associated with polysomes in a growth-

dependent mannef§5% in exponentially growing cells versus
-

[b5% in resting cells).

B-actin ' P- HNRNP A1 mRNAs starting at adjacent sites are subject to
different translational regulation

L || - s — We have previously found, by primer extension and RNase
| protection experiments, that the major transcription start site of

Al D = - - the hnRNP A1 mRNA in HeLa cells covers a limited number of

adjacent nucleotidesly). Two minor start sites were also
b* - detected at about —20 and —40 nt upstream of the major start sites,

AZBI

but they will not considered here since they are used in <5% of
cic w N1 [ — .I the cases. Translational regulation of TOP mRNAs strictly
]|

depends on sequences at thersl, thus it is conceivable that A1
— mMRNAs differing at their 5end, even by a few nucleotides, might

be differentially regulated. To explore this possibility, cyto-
plasmic extracts from growing and resting HelLa cells were
Figure 2. Polysome/mRNP distribution in growing and resting cells of the fractionated on sucrose gradients as described above. Fractions
mRNAs for hnRNP A1, A2/B1, C1/C2 and I. The distributiorBafctin and ~ from each gradient, corresponding respectively to polysomes (P)
rp-L4 mRNAs is shown for comparison. (Upper) Optical density profiles of and to the sub-polysomal mRNPs (S), were pooled and the
sucrose gradlgnts of cytoplasmic extracts prepared from exponentially growm% . . : .
and down-shifted cells (5-70% sucrose right to left). (Lower) Northern blot €Xtracted RNA analysed by primer extension with a 20mer primer
analysis of the RNAs extracted from sucrose gradient fractions. complementary to nt —33 to —13 with respect to the AUG.
Phosphorimager quantitation of radioactive signals obtained in
four independent experiments revealed that, on average,#1.25

and of the TOP ribosomal rp-L4 proteins. The same filter wag-65% of AL mRNA was loaded onto polysomes in growing cells,
then hybridized with cDNAs of four different hnRNPs, namelycompared with 2 1.74% in resting cells. The pattern shown in
hnRNP A1, hnRNP A2/B1, hnRNP C1/C2 and hnRNP |. Th&igure3A is consistent with the previously described microhet-
results of the different hybridizations are shown in Figuras ~ €rogeneity of transcription start sites clustered within a limited
expected, the non-TOB-actin mRNA was mostly (>90%) number of adjacent nucIeonde_BLX. Notice that the first of the _
associated with polysomes in both growing and resting cells. fiye most represented bands is located 1 nt downstream with
contrast, while 95% of the TOP rp-L4 mRNA was loaded ontéeSPect to the previously reported transcription start site (see Figs
polysomes in growing cells, ony25% was loaded in resting 1 and3). This discrepancy is due to the fact that in the previous
cells, the remaining 75% being shifted to light mMRNPs. The APaper an unrelated molecular weight marker ladder was used,
MRNA showed an intermediate behaviour between the non-TORhile here the size markers are sequencing reactions carried out
B-actin MRNA and the typical TOP rp-L4 mRNA. In fact, A1 On the hnRNP Al genomic clonkl) with the same oligonucleo-
MRNA |Oading onto p0|ysomes was a'most Comp|ete (>90%) |Hde p”mer Used fOI‘ RNA ana|ySIS. As can be Seen,'thdSOf
growing cells but only partial (65%) in resting cells. This resulthe longest hnRNP A1 mRNA perfectly matches a true TOP
indicates that the A1 gene is actually regulated at the translati§gdquence (SCUCCUUUCU-3). Phosphorimager quantitation
level, although less stringently than other typical TOP mRNAf the experiment in Figur@A and of three more experiments
It should be noted that in this particular experiment differentia$howed that A1 mRNAs with shorter TOP sequences are loaded
loading of the rp-L4 mMRNA on polysomes was particularlyonto polysomes more efficiently, under both growing and resting
effective, 90% and 25% in growing and resting cells respectivelgonditions (Fig3). The fact that identification of the-6nd by
These figures can vary somewhat, 70-90% and 20-40% respectitfs technique might havetd nt uncertainty does not hinder this
ly being typical figures in different experiments. This variability isconclusion.
not unexpected, as growth stimulation depends on poorly
controlled factors such as the particular serum batch used, thesCcUSSION
manufacturing company and also the cell concentration in the
culture dish. To minimize these problems we always compardd this paper we extend our previous analysis of expression of the
parallel cultures under stimulated and unstimulated conditiofRNP Al gene 26) and demonstrate the existence of a
and the analysis of different MRNAs was done by reprobing theanslational control mechanism which determines a lower fraction
same filter. of A1 mRNA loaded onto polysomes in resting cells compared
In contrast to A1 mRNA, the polysome/mRNPs distribution ofwith proliferating cells. HhRRNP A1 mRNAs starting at adjacent
A2/B1 mRNA did not vary with growth conditions, >90% beingnucleotides are subject to different translational regulation,
on polysomes in both resting and growing cells, as expected fra@uapporting the concept that the observed phenomenon depends or
the fact that its transcription start site does not map within the length of the pyrimidine tract at thieehid of the mRNA. On
pyrimidine tract 25). We also controlled the behaviour of two the basis of these data the A1 gene can be assigned to the class c
additional hnRNP mRNAs: that of the acidic hnRNP C1/CZITOP genes that include all genes coding for r-proteins and some
proteins and that of hnRNP I/PTB (polypyrimidine tract bindingof those coding for translation factors and nucleolar proteins, all
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level of respective mRNAs in different cell lines under different

A growth conditions Z6). From that analysis we concluded that
Growing Resting expression of both the A1 and A2/B1 genes, but not of C1/C2, is

controlled at the transcriptional level in a cell proliferation-
dependent manner. Coordinated transcription of the Al and
A2/B1 genes does not explain the different A1:A2 protein ratios
observed in proliferating versus resting cells, thus suggesting the
existence of further levels of gene expression control. The data
reported in this paper can account for the discrepancy observed
between mRNA and protein levels. In fact, A2/B1 mRNA
appears to be translated to the same extent in both resting and
proliferating HelLa cells, while A1 mRNA is more efficiently
utilized in growing cells compared with resting cells. This
different behaviour could be due to the fact that the transcription
B start site of the A2 mRNA does not map within a pyrimidine tract.

Interestingly, Al is not the only hnRNP protein subject to this
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100 T RNA on [] growing [ restin control, since a similar differential loading on polysomes was
90 = polysames growing : observed in the case of hnRNP | mRNA. Thus hnRNP genes can
80 -1- r} be grouped into two classes according to their translational
70 + ‘I‘ regulation, a novel parameter that could help in understanding the
%0 ‘} role of individual hnRNP proteins in RNA metabolism. On the
e = 1 e [ basis of these results and considerations we also anticipate that
40 — hnRNP | (but not hnRNP C) mRNA could have 'aT®P

30 — sequence.

20 At present it is unknown why Al and A2, in spite of their

10 — -.l apparently close structural and functional relatedness, are transla-
0 tionally controlled in such a different way. As a matter of fact, A2

— -

—® — —* shares with A1 the ability to affect alternative splidimgitro (3)
1 2 3 4 5 and to shuttle continuously between the nucleus and the

cytoplasm 9). On the other hand, a specialized function of the
Figure 3. Primer extension analysis carried out on total HeLa cell RNA (T) or two proteins is suggested by the fact that A2, in contrast to Al,
on polysomal (P) and sub-polysomal (S) mRNAs purified either from is heavily phosphorylated in a cell cycle-dependent maﬁﬁ)er(

exponentially growing or resting cells. Primer extension was performed a: ]
P y Jrowing 9 P Sg\/loreover, at steady-stafé0% of A2 can be recovered in the

described in Materials and Methods using a primer complementary to nt—33 t g h
—13 with respect to the AUGAJ Primer extension products were run onan 8% Cytoplasm of HeLa cells, while most of A1 appears to be localized
sequencing gel, along with sequencing reactions for purines (Pu) or pyrimidinesn the cell nucleus3@3). Altogether, these considerations point to
(Py) obtained by extending the same primer on the hnRNP Al genomic clong different role of the two proteins in RNA metabolism.

(11). MW, the 51 nt band of the molecular weight marker pBR322 DNA . A . .
digested wittHadll. The five major transcription start sites are indicated by At present the functional significance of this translational

numbers on the left and on the right of the primer extensions. The sequence 69_9U|ati0n is Onl){ a matter of speculation. As a consequence of
the entire region is shown on the left of the par®). Rhosphorimager  this control, the intracellular levels of A1 would increase very

quantification of the radioactive signals corresponding to the five major rapidly after a proliferation stimulus, thus prior to or in parallel

transcription start sites obtained in four independent experiments. Thewith the new wave of RNA transcription. This temporal order
percentages of mRNA loaded on polysomes in exponentially growing and p . P

resting cells for each transcription start site are indicated: rectangles represefPUld be relevant for the nucleocytoplasmic trafficking of mRNAs
the mean values, while standard deviations are indicated by error bars.  that has been suggested to be assisted bg)Athé more RNA

needs to be exported, the higher the amount of Al required. It is

also possible that a switch in the alternative splicing of a subset
of them involved, directly or indirectly, in the synthesis andof genes is required when cells re-enter the cycle. Another open
function of the translational apparatd,(3). possibility is that in its cytoplasmic state Al has a direct role in

This finding offers a plausible explanation for the previoushRNA translation, as suggested by the observation that in

reported dependence of Al protein levels on cell proliferatiof.tentanshrp36, a homologue of Al, remains associated with
state £7,26). Al belongs to a subset of hnRNPs, termed ‘coreBalbiani ring RNA during translatioriL(). This hypothesis is
proteins, that can be isolated after mild RNase digestion in tiierther strengthened by the recently reported observaiign (
form of 30-40 S particles associated with RNAsB00 nt that both A1 and hnRNP | can prevent initiation of translation
(28,29). In proliferating cells particle ‘core’ proteins exist in a from internal start codons and promote cap-dependent translation
fixed stoichiometry: 3A1:3A2:3C1:1B1:1B2:1C27). Protein in a rabbit reticulocyte lysate. Interestingly, both proteins are
Al is unique among the ‘core’ proteins in that its level is the onlgubject to the same translational control.
one which decreases drastically when the cells reduce theifThe presence of staggered transcription start sites for hnRNP
growth rate [e.g starving HelLa cel&), resting rat liver cells Al mRNA has given us the opportunity to compare the effect of
(31) or resting lymphocytes2g)]. As a consequence, the slightly different 3UTRs on translational regulation of otherwise
stoichiometry of the ‘core’ proteins in resting cells isidentical mMRNAs within the same cell. We have found that
1A1:3A2:3C1:1B1:1B2:1C2. We have previously studied expressranslational regulation of the various A1 mRNA forms becomes
ion of the hnRNP A1, A2/B1 and C1/C2 genes by measuring thgrogressively less stringent as the length of the pyrimidine tract
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shortens. This indicates that a full canonicalGP sequence is 11
necessary for normal translational regulation of TOP mRNAs anc%
provides an explanation for the observation that translationd

regulation of A1 mRNA is less stringent than that of other TOR3
MRNAs. To our knowledge this is the first time that such an effect
has been observed on a single endogenous RNA. It wis
previously reported that differences do exist between similarIY

regulated TOP mRNAs in their association with polysomes. For
instance, we previously observed that Xenopusembryos 16
between stages 16 and 32 the rp-L18 mRNA loaded arv
polysomes increases from 29 to 62%, the rp-S24 mRNA from 44
to 76% (5) and nucleolin mMRNA from 62 to 8298¢). These 18
differences were attributed to sequence differences in their
5'-TOP region and possibly in other regions of tRB'BR relevant 19
to translation regulation. Now this interpretation has to be

reconsidered, since in all those cases the exact initiatidd
nucleotide was not determined. 2
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