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Noncoding RNAs are recognized increasingly as important regulators of fundamental biological processes,
such as gene expression and development, in eukaryotes. We report here the identification and functional
characterization of the small noncoding human Y RNAs (hY RNAs) as novel factors for chromosomal DNA
replication in a human cell-free system. In addition to protein fractions, hY RNAs are essential for the
establishment of active chromosomal DNA replication forks in template nuclei isolated from late-G,-phase
human cells. Specific degradation of hY RNAs leads to the inhibition of semiconservative DNA replication in
late-G,-phase template nuclei. This inhibition is negated by resupplementation of hY RNAs. All four hY RNAs
(hY1, hY3, hY4, and hY5) can functionally substitute for each other in this system. Mutagenesis of hY1 RNA
showed that the binding site for Ro60 protein, which is required for Ro RNP assembly, is not essential for DNA
replication. Degradation of hY1 RNA in asynchronously proliferating HeLa cells by RNA interference reduced
the percentages of cells incorporating bromodeoxyuridine in vivo. These experiments implicate a functional
role for hY RNAs in human chromosomal DNA replication.

In recent years, it has become apparent that noncoding
RNAs are regulating many biological processes, from gene
expression and chromatin dynamics to complex developmental
programs (reviewed in references 2, 26, and 35). A fundamen-
tal process for which an involvement of noncoding RNAs has
not been reported to date is the replication of chromosomal
DNA in eukaryotes.

Chromosomal DNA replication is initiated at the G,-to-S
phase transition of the cell division cycle. Regulators for this
transition have been identified genetically and biochemically as
proteins that interact with chromosomal DNA replication
origins during G, phase, directing the stepwise formation of
preinitiation complexes (reviewed in references 1, 13, 25, 33,
and 39). These protein factors are functionally conserved
through evolution. The six-protein subunit origin recognition
complex is assembled on origin DNA, from which Cdc6 and
Cdtl proteins recruit six minichromosome maintenance pro-
teins (MCM2 to MCM?7) to form a prereplicative complex, or
replication license, in G, phase. Conversion of this complex
into active replication forks marks the entry into S phase,
which is under the temporal and spatial control of S-phase
cyclin-dependent kinase Cdk2 and Dbf4-dependent kinase
Cdc7. Additional initiation proteins, including MCMIO0,
Cdc45, GINS complex, Mus101 (Dbpll and Cut5 in yeasts),
and replication protein A (RPA) are recruited in this process
to unwind origin DNA (1, 25, 39). Active DNA replication
forks are established from there by the stepwise recruitment of
DNA polymerase a/primase and the replicative DNA poly-
merases d and €, together with replication factor C and prolif-
erating nuclear antigen (PCNA). This elaborate pathway has
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been worked out predominantly in the model systems of am-
phibian egg extracts and unicellular yeasts; later stages have
been characterized in animal tumor virus systems. However,
these systems do not necessarily reflect the cell cycle regulation
in somatic cells of multicellular organisms.

To study the regulation of human chromosomal DNA rep-
lication directly at the molecular level, we have established and
refined a human cell-free system that initiates semiconserva-
tive chromosomal DNA replication under cell cycle control
(17, 19). Initiation-competent template nuclei are isolated
from cultured human cells synchronized in the late G, phase of
the cell division cycle by the iron-chelating compound mimo-
sine (18). These nuclei are licensed and competent to replicate
but do not contain DNA replication forks. Active DNA repli-
cation forks are rapidly established in these nuclei upon the
addition of a cytosolic extract from proliferating human cells
(17, 23). DNA replication is confined to early replicating DNA
sequences in this system, and origin specificity of initiation has
been demonstrated for the early-firing lamin B2 origin (14).
DNA replication does not depend on regulated nuclear trans-
port in this system because it is efficiently detected in the
absence of an intact nuclear envelope (17). The cytosolic ex-
tract therefore provides the source of soluble DNA replication
factors required for establishment of active DNA replication
forks, which can be purified and identified by straightforward
fractionation and reconstitution experiments (37). We have
recently published reports of the initial fractionation of the
extract into three essential and nonredundant fractions and the
purification of RPA and PCNA from two of these fractions
(36, 37). In this article, we report the purification of a novel
replication factor from the third essential fraction. Unexpect-
edly, we have identified this factor as a set of noncoding Y
RNAs, which have not been reported as a constituent of any
model system for DNA replication so far.

Human Y RNAs (hY RNAs) were originally found as the
RNA component of soluble ribonucleoproteins (RNPs) termed
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Ro RNPs (11), which are detected by autoimmune sera of
patients suffering from rheumatic diseases such as systemic
lupus erythematosus or Sjogren’s syndrome (reviewed in ref-
erences 4 and 29). Ro RNPs consist of a Y RNA, which is
associated with the autoimmune antigen proteins Ro60 (4) and
La (45) and other less-well-characterized proteins (29). Four Y
RNA species in humans have been described previously: hY1
(hY2 is a truncated form of hY1), hY3, hY4, and hY5 RNAs
(11). Y RNAs have been found in all vertebrate species inves-
tigated so far (30). Orthologues have also been found in the
nematode Caenorhabditis elegans (21, 42) and in a radiation-
resistant prokaryote, Deinococcus radiodurans (3), but so far
not in yeasts, plants, or insects. Even though functions of Ro60
and La proteins have recently been described as RNA stability,
RNA quality control, and the resistance of cells to UV irradi-
ation, no direct function has been demonstrated for Y RNAs in
any organism to date (4, 29, 45). Against this background, our
functional data now establish that hY RNAs have a function as
essential factors for chromosomal DNA replication in human
cell nuclei.

MATERIALS AND METHODS

Tissue culture, cell synchronization, preparation of template nuclei, and anal-
ysis of DNA replication reactions were performed as described preciously (see
references 17, 34, 36, and 37 and references therein). In this study, nuclei were
prepared from human HeLa cervix carcinoma cells, human EJ30 bladder carci-
noma cells, or mouse NIH 3T3 fibroblast cells as specified, and cell extracts were
prepared exclusively from HeLa cells.

Fractionation of cell extracts and purification of hY RNA. Initial fractionation
of human cytosolic S20 extract on Q Sepharose (Amersham Biosciences) was
performed exactly as detailed before (37). Fraction QB was diluted in 50 mM
Tris-HCI, pH 8.2, 1 mM EGTA, and 1 mM dithiothreitol (DTT) to adjust the
KCI concentration to 150 mM and loaded onto arginine-Sepharose (Amersham
Biosciences) equilibrated in 150 mM KCI, 50 mM Tris-HCI, pH 8.2, 1 mM
EGTA, and 1 mM DTT. The material flowing through the column (termed
ArFT) was collected. Bound material (termed ArE) was eluted in 350 mM KCl,
50 mM Tris-HCI, pH 8.2, 1 mM EGTA, and 1 mM DTT. The RNA present in
fraction ArE was further purified by extraction with phenol-chloroform and
precipitation in isopropanol (31). RNA was separated according to molecular
mass on a Superdex-200 HR10/30 column (Amersham Biosciences) in TE buffer
(10 mM Tris-HCI, pH 8.0, 1 mM EDTA). RNA was detectable between 7 ml and
20 ml of elution volume. RNA contained in each fraction was concentrated by
ethanol precipitation and analyzed by agarose gel electrophoresis (31). RNA was
visualized by staining with 1X SYBR gold (Molecular Probes). Inverted images
are shown in the figures.

c¢DNA cloning and expression of recombinant human RNA. For synthesis of
cDNA clones from purified RNA preparations, RNA was first tailed at its 3" end
with poly(A) by using poly(A) polymerase (Amersham Biosciences). cDNA
strands were primed by annealing a (dT),g oligonucleotide (Sigma-Genosys) to
the poly(A) tail and synthesized by SuperScript II RNase H™ reverse transcrip-
tase (Invitrogen). The RNA was subsequently digested with RNase H (Pro-
mega), and the single-stranded cDNA was purified by phenol extraction and
ethanol precipitation (31). The 3’ ends of the purified single-stranded cDNA
were extended with poly(dC), using terminal transferase and dCTP (New
England Biolabs). Second-strand synthesis was primed by annealing a (dG),g
oligonucleotide (Sigma-Genosys) and synthesized by 30 cycles of PCR using
(dT),5 and (dG),g primers and the Expand high-fidelity PCR system (Roche).
Double-stranded PCR products were cloned using the TOPO TA cloning kit
(Invitrogen).

Full-length recombinant genes coding for all four human Y RNAs and their
mutant derivatives, 5S rTRNA, and U2 snRNA were generated by PCR amplifi-
cation using either our isolated cDNA clones or synthetic templates (Sigma-
Genosys). The forward primers contained a bacteriophage SP6 promoter se-
quence at their 5’ ends to initiate transcription at the first nucleotide. The reverse
primers contained a restriction site at their 5" ends, located immediately down-
stream of the last nucleotide of the cDNA (Dral for wild-type [wt] and mutant
hY RNAs and 5S rRNA; Smal for U2 snRNA). PCR products were cloned using
the TOPO TA cloning kit (Invitrogen), and all constructs were confirmed by
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DNA sequencing. Transcription by SP6 RNA polymerase (Roche) was per-
formed on templates cut with Dral or Smal (Roche). RNA was purified by
phenol extraction and ethanol precipitation and analyzed by denaturing poly-
acrylamide gels containing 8 M urea (31).

RNA degradation in vitro. Cytosolic extracts were pretreated either with a final
concentration of 0.3 mg/ml RNase A (Roche) or with 0.3 pM of single-stranded
DNA oligonucleotides (detailed below) at room temperature for 1 h and then
used immediately in DNA replication reactions. The oligonucleotides sequences
were as follows: T3 sequencing primer, 5'-CGAAATTAACCCTCACTAAAG
GGA,; for the anti-hY1 loop, 5'-AAGGGGGGAAAGAGTAGAACAAGGA;
for the anti-hY3 loop, 5'-GAGTGGAGAAGGAACAAAGAAATCT; for the
anti-hY4 loop, 5'-GGGTTGTATACCAACTTTAGTGACA; and for the anti-
hYS5 loop, 5'-GGGAGACAATGTTAAATCAACTTAA.

RNA interference in vivo. Small interfering RNAs (siRNAs) were chemically
synthesized by using an Ambion Silencer siRNA construction kit as detailed
previously (27). The following pairs of DNA oligonucleotides were synthesized
(Sigma-Genosys) for direct generation of siRNAs in vitro: for firefly luciferase
mRNA, lucA (AACTTACGCTGAGTACTTCGACCTGTCTC) and lucB (AA
TCGAAGTACTCAGCGTAAGCCTGTCTC); and for hY1 RNA, hYla A (T
TATCTCAATTGATTGTTCACCCTGTCTC) and hYla B (GTGAACAATC
AATTGAGATAACCTGTCTC) and hY1b A (TGTTCTACTCTTTCCCCC
CTTCCTGTCTC), and hY1b B (AAGGGGGGAAAGAGTAGAACACCT
GTCTC).

Transfections were performed with 10 nM siRNAs by using Lipofectamine
2000 reagent (Invitrogen) and OptiMEM (GibcoBRL), as specified by the sup-
pliers.

Quantitative real-time RT-PCR. cDNA was synthesized from total cytoplasmic
RNA by using a set of primers complementary to the 3" ends of all tested RNAs.
For all comparisons, individual extracts were adjusted to contain identical pro-
tein amounts. The cDNA mix was used as the template for quantitative real-time
reverse transcription-PCR (RT-PCR) on the iCycler iQ platform, using the iQ
SYBR green supermix labeling kit (Bio-Rad) over 40 cycles and a hybridization
temperature of 55°C. For RNA-specific cDNA amplification, the following
primer sequences were used: for hY1, GGCTGGTCCGAAGGTAGTGA and
GCAGTAGTGAGAAGGGGGGA; for hY3, GGCTGGTCCGAGTGCA
GTGG and GAAGCAGTGGGAGTGGAGAA; for hY4, GGCTGGTCCGAT
GGTAGTGG and TTAGCAGTGGGGGGTTGTAT; for hY5, AGTTGGTCC
GAGTGTTGTGG and AACAGCAAGCTAGTCAAGCG; for 55, GTCTACG
GCCATACCACCCT and AAAGCCTACAGCACCCGGTA; for 5.8S, CGAC
TCTTAGCGGTGGATCA and GGGCCGCAAGTGCGTTCGAA; for U2, TC
GCTTCTCGGCCTTTTGGC and GGTGCACCGTTCCTGGAGGT; and for
hypoxanthine ribosyltransferase (HPRT), AGATCCATTCCTATGACT and CA
TCTCCACCAATTACTT.

The relative amount (4,) of RNA for each sample was calculated from the
threshold cycle (C;) of each cDNA amplification by use of the following equa-
tiOn: Ar — 27AC, — 27((‘,1 of the sample — Cr of the reference).

Reference RNAs were 5S rRNA or HPRT mRNA, as specified. Proportions
of the relative amount of each RNA after treatment of a cytosolic extract with
RNase A or DNA antisense oligonucleotides were normalized against the
untreated control extract by use of the following equation: proportion of
A' — 2*(A(770f[rcated extract — ACT of untreated extract) X 100%.

Proportions of the relative amounts of hY RNAs after RNA interference
(RNAIi) against hY1l RNA were normalized against the nontarget RNAi
against luciferase mRNA by use of the following equation: proportion of
A' — 2*(A(770thl — ACr of luciferase) X 100%

Data for each C value were obtained in triplicate, and mean values from two
to five independent experiments are presented.

RESULTS

Identification of small human RNAs as essential DNA rep-
lication factors. In the experiments reported below, we used a
well-characterized cell-free system derived from human cells to
isolate and identify soluble factors that are functionally re-
quired for initiation and maintenance of chromosomal DNA
replication forks in isolated human cell nuclei. In this system,
a cytosolic extract from proliferating human cells initiates
DNA replication and further supports bidirectional, semicon-
servative chromosomal DNA replication in about 50% of late-
G,-phase template nuclei (14, 17, 23). In the absence of this
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FIG. 1. Purification of RNA as a factor for human chromosomal DNA replication. (A) Schematic diagram of fractionation steps. (B) Rep-
resentative fields of nuclei replicating in vitro. Template nuclei from late-G,-phase cells were incubated with combinations of the indicated
fractions, and replicating nuclei were detected by confocal fluorescence microscopy as detailed in references 36 and 37. Nuclear DNA is visualized
by propidium iodide (red signal). Replicated DNA is labeled by incorporation of digoxigenin-dUMP, which is detected by fluorescein-conjugated
antidigoxigenin Fab fragments (green signal). A merged signal appears in yellow. (C) Quantitative analysis of replicating G,-phase nuclei in vitro.
Mean values and standard deviations of the proportions of replicating nuclei from the indicated reactions of 12 to 22 independent experiments (7)
are shown (see Materials and Methods). Protein amounts per experiment were 100 wg unfractionated S20 cytosolic extract, 15 ug QA, 35 ug OB,
8 g ArFT, a 20-pl volume of concentrated ArE containing less than 0.1 g protein or the equivalent RNA prepared from this volume as specified.
Fractions were used as indicated. (D) Visualization of RNA purified from fraction ArE. The RNA present in fraction ArE was purified by phenol
extraction and isopropanol precipitation, separated on a 2% neutral agarose gel, and visualized by staining with ethidium bromide (lane RNA).
A ladder of multimeric 100-bp DNA fragments was used as a molecular weight marker (lane M). An inverted image of the fluorescent gel is shown.

extract, nuclear run-on DNA replication is observed in about
5% of nuclei that are present in the preparation as S-phase
contaminants (17-19). Biochemical fractionation of the cyto-
solic extract has resulted in the functional identification of at
least two fractions, termed QA and QB, each containing dis-
tinct replication factors (Fig. 1A) (37). Fraction QA contains
RPA (37), whereas fraction QB contains PCNA and at least
one additional essential replication factor (36).

To purify this additional replication factor, we first separated
fraction QB by anion exchange/affinity chromatography on argi-
nine-Sepharose into two fractions, ArFT and ArE (Fig. 1A). Ini-
tiation and further elongation of chromosomal DNA replication
were reconstituted in vitro when all three fractions (QA, ArFT,
and ArE) were added together to template nuclei (Fig. 1B and
O). Fraction ArFT contained the bulk of the proteins present in
QB, and its further fractionation has led to the purification of
PCNA (36). Surprisingly, we did not detect significant protein
amounts in fraction ArE (data not shown). Instead, the activity of
fraction ArE was resistant to phenol extraction and isopropanol
precipitation (Fig. 1A), indicating that it is composed of nucleic

acids rather than protein. Indeed, visualization after agarose gel
electrophoresis revealed a discrete set of small nucleic acids (Fig.
1D). These nucleic acids were resistant to digestion with DNase I
but sensitive to digestion with RNase A (data not shown), indi-
cating that they are composed of RNA. Most importantly, this
pure RNA preparation contains the DNA replication factor ac-
tivity of fraction ArE (Fig. 1B and C). We conclude that small
RNAs are functionally required for DNA replication in isolated
nuclei from human late-G;-phase cells.

We have tested whether DNA replication in these nuclei can
be reconstituted entirely by purified factors in vitro. Purified
RPA (37), PCNA (36), and the small RNAs together do not
increase the proportion of replicating nuclei (data not shown),
indicating that additional, and so far not identified, soluble
replication factors must be present in the unfractionated ex-
tract. In the subsequent reconstitution experiments, we have
therefore used fractions QA and ArFT as sources for addi-
tional replication factors to supplement small RNAs.

Purification of noncoding hY RNAs as DNA replication fac-
tors. To establish whether a discrete RNA is required for
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chromosomal DNA replication in vitro, we fractionated this
RNA preparation further by gel filtration according to molec-
ular mass (Fig. 2A). The replication factor activity was recov-
ered as a discrete peak corresponding to fractions 40 to 42
(Fig. 2B). The active and inactive fractions contain different
sets of small RNAs, indicating that the activity is mediated
specifically by a discrete set of small RNAs rather than unspe-
cifically by any small RNA.

We have therefore identified the RNA species present in the
active fractions by cDNA cloning and sequencing. Out of a
total of 19 obtained cDNA clones coding for defined short
RNAs, we identified 4 independent clones (21% of the iso-
lates) as 5S rRNA, 8 (42%) as U2 snRNA, 2 (10.5%) as hY4
RNA, and 5 (26.5%) as hY5 RNA. To establish which of these
small RNAs is required for DNA replication, we tested them
individually. Human Y RNAs are transcribed by RNA poly-
merase III and range in size from 80 to 110 nucleotides. They
fold into a characteristic stem-loop structure based on their
partially complementary 5’ and 3’ ends and share many con-
served nucleotide sequences and structural elements (Fig. 3).
We generated expression constructs containing the cDNAs for
5S rRNA, for U2 snRNA, and for all four hY RNAs (Fig. 4A),
and we synthesized full-length recombinant RNAs from these
templates by in vitro transcription (Fig. 4B). When assayed in
the presence of fractions QA and ArFT, each of the four hY
RNAs significantly increased the proportion of G,-phase nu-
clei replicating their chromosomal DNA over the background
level obtained by fractions QA and ArFT alone (Fig. 4C). In
contrast, 5S rRNA and U2 snRNA did not increase the pro-
portion of replicating G,-phase nuclei in this system (Fig. 4C),
and neither did a preparation of yeast tRNA (data not shown).
We conclude that hY RNAs are specifically required for chro-
mosomal DNA replication in human G,-phase nuclei in vitro.

Next, we quantified the amounts of recombinant hY RNAs
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FIG. 3. Nucleotide (nt) sequences and predicted secondary structures of human Y RNAs (28, 41). Nucleotide sequences complementary to
antisense DNA oligonucleotides (see below; see also Fig. 5) are highlighted by gray lines.
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FIG. 4. Human Y RNA is required for the reconstitution of chro-
mosomal DNA replication. (A) Schematic drawing of the expression
constructs for full-length human RNAs. (B) In vitro synthesis of full-
length human wild-type RNA. Individual recombinant RNAs were
synthesized in vitro from the constructs shown in panel A and visual-
ized by SYBR green staining after denaturing gel electrophoresis.
Multimeric 100-nucleotide (nt) RNA fragments were used for a mo-
lecular weight marker (lane M). (C) Functional reconstitution of chro-
mosomal DNA replication with hY RNAS. n, number of experiments.
Nuclei from late-G,-phase cells were incubated with fractions QA and
ArFT, supplemented with 100 ng of the individual RNAs synthesized
in vitro as indicated. Proportions of replicating nuclei were determined
as described in the legend to Fig. 1.

needed for the reconstitution of chromosomal DNA replica-
tion in the presence of fractions QA and ArFT. A dose-de-
pendent increase in the proportion of replicating nuclei was
observed upon the addition of increasing amounts of any of the
four hY RNAs (data not shown). The maximal stimulation was
reached when 30 to 100 ng of hY RNA was added to a stan-
dard 50-pl reaction volume; larger amounts of hY RNA did
not increase the percentages of replicating nuclei further.
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These values translate into RNA concentrations ranging from
17 to 55 nM for hY1 to 22 to 74 nM for hY5 RNA. In
comparison, the concentration of all hY RNAs present in a
standard 50-ul replication reaction containing 10 pl of unfrac-
tionated S100 extract (mean * standard deviation) is 25 = 10
nM (Table 1), which is exactly within the concentration range
obtained in fractionation and reconstitution experiments.
Therefore, the quantitative requirement for pure hY RNAs to
reconstitute chromosomal DNA replication in the fractionated
system is within the physiological range of the system using
unfractionated extract.

Depletion of hY RNAs inhibits chromosomal DNA replica-
tion in late-G,-phase nuclei. The gain-of-function experiments
reported above showed that hY RNAs are required for DNA
replication in late-G,-phase nuclei in the presence of addi-
tional soluble protein factors. In the next set of experiments,
we sought to confirm this requirement by loss-of-function and
reconstitution experiments.

Human Y RNAs are expressed in human cells at estimated
levels of less than 1 X 10° copies per HeLa cell, about 100-fold
less abundant than ribosomal RNAs (11). We first used quan-
titative RT-PCR to determine the relative amounts of all four
hY RNAs present in the cytosolic extract (Table 1). To stan-
dardize RNA levels, we used the very low copy number (esti-
mated at 1 to 10 copies per cell) of HPRT mRNA, which has
been reported to show a very low variation in expression levels
among different human tissues and cell types (7, 40), as the
reference. We found that all hY RNAs are present at 10*- to
10°-times-larger amounts than HPRT mRNA or at 1.5- to
13-fold-smaller amounts than ribosomal 5S rRNA in the ex-
tract (Table 1). Their relative abundance in the extract in-
creased about sixfold, with decreasing size from hY1 to hY5
RNA, except that hY4 RNA showed the lowest relative abun-
dance (about eightfold less abundant than hY5 RNA) (Table
1). These relative expression data are in good agreement with
earlier data reported for hY RNA expression levels in HeLa
cells (11, 30). In absolute terms, the concentrations of hY

TABLE 1. Abundance of hY RNAs in HeLa cell S100 extracts

Mean * SD
Sample RNA . Relative RNA .
—AC/ amount (10%)° RNA concn

HPRT mRNA 0 1 0.8 pM
hY1 RNA 141 £0.5 17.6 = 7.3 13.4 = 5.6 nM
hY3 RNA 14.95 = 0.36 31.7 £ 8.7 24.2 = 6.6 nM
hY4 RNA 13.6 = 0.76 124 = 8.6 9.5 * 6.6 nM
hY5 RNA 16.67 = 0.47 104.3 = 40.2 79.4 = 30.7 nM
5S rRNA 17.26 = 0.44 157 = 56 120 £ 73.4 nM

“ —ACy values were obtained as specified in Materials and Methods as aver-
ages from seven acquisition runs for each cDNA prepared from an S100 extract
(as a reference, the protein concentration of the extract was 10 mg/ml). HPRT
mRNA was used as reference RNA. Mean values * standard deviations of the
means from two independent experiments using two different S100 preparations
are shown.

> RNA amounts relative to the HPRT reference were calculated from the AC;
values as specified in Materials and Methods.

¢ The RNA concentration in the S100 extract was calculated from the relative
RNA amounts by using calibration curves obtained by real-time PCR amplifi-
cations of defined amounts of hY cDNAs. The conversion factor of 0.763 X 1073
nM was obtained as the average from three independent calibrations.
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bacteriophage T3 DNA sequencing primer was used. The proportions of the indicated relative RNA amounts remaining in the extract after the
treatment were determined by quantitative RT-PCR, using 5S rRNA as the reference. (B) Y RNA degradation reduces the proportion of nuclei
replicating in vitro. Late-G,-phase template nuclei were incubated in untreated and treated S100 cytosolic extract as indicated. Proportions of
replicating nuclei were determined as described in the legend to Fig. 1. (C) Y RNA degradation reduces the amount of extract-dependent DNA
synthesis in late-G;-phase nuclei in vitro. Nuclei were incubated in untreated and treated S100 cytosolic extract in the presence of [a-**P]dCTP
as indicated. The incorporation of dNMPs into nascent chromosomal DNA under these conditions was quantitated by precipitation with
trichloroacetic acid and scintillation counting. (D) Functional substitution of one depleted hY RNA in the extract by a different hY RNA. After
depletion of either hY1 or hY3 RNA by antisense DNA oligonucleotides, the treated extract was supplemented with 100 ng of the indicated hY
RNAs synthesized in vitro. Proportions of replicating nuclei were determined as described in the legend to Fig. 1.
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RNAs in the S100 extract ranged from 9.5 + 6.6 nM for hY4
to 79.4 = 30.7 nM for hY5 (Table 1).

We then degraded the RNA in the extract and investigated the
consequences on DNA replication in isolated late-G,-phase nu-
clei (Fig. 5). After treatment with RNase A, the relative amounts
of all tested RNAs present in the cytosolic extract were reduced
by three to four orders of magnitude (Fig. 5A). Importantly, this
treated cytosolic extract no longer increased the proportion of
replicating G,-phase nuclei in vitro (Fig. 5B).

Next, we targeted individual hY RNAs in the cytosolic ex-
tract for specific degradation by RNase H. We used single-
stranded antisense DNA oligonucleotides complementary to
hY RNA sequences at the 3’ side of the single-stranded loops
(Fig. 3), which have been reported to direct specific degrada-
tion of hY RNA (24). The relative amounts of targeted hY1,
hY3, and hY4 RNA species were specifically reduced about
300- to 500-fold by this treatment, whereas the relative
amounts of untargeted RNAs remained unchanged (Fig. 5A).
We were not able to detect a specific depletion of hY5 RNA by
this approach (Fig. 5A), most likely because of the predomi-
nantly double-stranded nature of hY5 RNA, which would be
refractory to antisense-mediated degradation (24). Similarly,
we were not able to obtain depletion with antisense oligonu-
cleotides directed against the conserved double-stranded stem
of the hY RNAs (data not shown).

Importantly, after specific depletion of hY1 or hY3 RNA,
the treated cytosolic extract no longer increased the propor-
tions of replicating late-G,-phase nuclei significantly (Fig. 5B).
Depletion of the least abundant hY4 RNA resulted in a partial
inactivation of the replication activity of the extract (Fig. 5B).
As a negative control, treatment with the nontarget bacterio-
phage T3 DNA sequencing primer neither influenced signifi-
cantly the concentration of any RNA tested in the extract (Fig.
5A) nor reduced the proportion of G,-phase nuclei replicating
in the extract (Fig. 5B).

We next quantitated the amount of DNA synthesized in
late-G,-phase template nuclei in the treated extracts by mea-
suring the incorporation of radioactively labeled nucleotides
into chromosomal DNA (Fig. 5C). Significantly, treatment
with RNase A or the hY RNA-specific antisense DNA oligo-
nucleotides reduced the amount of DNA synthesized in these
nuclei to the levels observed in the complete absence of cyto-
solic extract. Treatment with the unspecific T3 sequencing
primer led only to a limited reduction of DNA synthesis by
about 20% (Fig. 5C). This suggests strongly that depletion of
any hY RNA in the cytosolic extract inhibits the extract-de-
pendent DNA synthesis in late-G;-phase template nuclei.

In the next experiments, we attempted to rescue the loss of
function obtained through the specific depletion of one hY
RNA by supplementing another nontargeted hY RNA. After
the depletion of hY1 RNA, the percentage of late-G,-phase
nuclei replicating in the cytosolic extract was restored to the
level observed before the depletion upon the addition of h'Y3,
hY4, or hY5 RNA (Fig. 5D). Conversely, after the depletion of
hY3 RNA, the original levels of replicating nuclei were re-
stored upon the addition of h'Y1 RNA (Fig. 5D). These exper-
iments demonstrate that the four hY RNAs can functionally
replace each other in this system.

We conclude from these experiments, taken together, that
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TABLE 2. Requirement of hY RNAs for DNA replication in
late-G,-phase nuclei from mouse NIH 3T3 cells

e :
Replication in vitro with”: 70 of nuclei

replicating”
Buffer (elongation) ........c.coeeeveeeuemnenceeenenecenneeeneereeeneeeene 46=*4
S cytosol (initiation and elongation) ..........ccceeecuevviccniicnce 283 4.1
S cytosol plus:
RNase A 53*36
Nontarget DNA oligonucleotide.........cccvvveevneccnneccnenn. 242 *+ 48
Anti-hY3 DNA oligonucleotide . 3 .
Anti-hY3 oligonucleotide + hY1 RNA. ..o 30.8 5.1

“ Nuclei were prepared from mouse NIH 3T3 cells, synchronized in late G,
phase by a release from quiescence for 18 h (34). Semiconservative DNA repli-
cation is initiated in these nuclei upon incubation in cytosolic extract from
S-phase cells in vitro (5, 34).

> We used 300 pg of protein of S cytosol from HeLa cells and 300 ng of hY1
RNA per reaction as indicated in the text. Mean values *+ standard deviations of
the means from three to five independent experiments are shown.

hY RNAs are essential factors for chromosomal DNA repli-
cation in human late-G,-phase nuclei.

Because these human late-G,-phase template nuclei have
DNA damage as a result of the chemical synchronization pro-
cedure using mimosine (36, 38), we examined the requirement
of Y RNAs for DNA replication in a different cell-free initia-
tion system. We prepared template nuclei from mouse NIH
3T3 cells, which were synchronized in late G, phase naturally
by the release of contact-inhibited quiescent cells through sub-
cultivation (34). Consistent with the results from published
reports (5, 34), DNA synthesis is initiated in 25 to 30% of these
nuclei upon incubation in cytosolic extract from human S-
phase cells (Table 2). Importantly, RNase A treatment or
specific depletion of hY3 RNA reduced the number of repli-
cating nuclei to the background of contaminating S-phase nu-
clei. The addition of hY1 RNA to hY3 RNA-depleted extract
restored efficient replication in vitro (Table 2). We conclude
firstly that Y RNAs are conserved as essential chromosomal
DNA replication factors between human and rodent replica-
tion systems and secondly that the dependency of DNA syn-
thesis on Y RNA is neither unique to template nuclei having
DNA damage nor a consequence of a particular synchroniza-
tion protocol employed to obtain template nuclei.

Human Y RNAs are required for a reconstitution of semi-
conservative DNA replication. Next, we analyzed the nature of
Y RNA-dependent synthesis in template nuclei by density sub-
stitution experiments (Fig. 6). As reported previously (17),
incubation of late-G,-phase template nuclei with unfraction-
ated cytosolic extract led to the synthesis of hemisubstituted
DNA products, demonstrating that semiconservative chromo-
somal DNA replication is initiated and maintained in these
nuclei and that origins fire only once in this system (Fig. 6A).
The addition of RNase A to this reaction led to a significant
reduction of the amount of hemisubstituted DNA (Fig. 6A).
Similarly, the addition of anti-hY1 oligonucleotides inhibited
the synthesis of hemisubstituted DNA to the same extent,
indicating that hY1l RNA is required for semiconservative
DNA replication (Fig. 6A). Importantly, when we added re-
combinant hY3 RNA to reactions in which hY1 RNA was
depleted by anti-h'Y1 oligonucleotides, we observed that the
amount of hemisubstituted DNA was increased and that no
additional products were synthesized with either fully substi-
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FIG. 6. Human Y RNAs are required for semiconservative DNA
replication. Late-G,-phase nuclei were incubated with S100 cytosolic
extract in the presence of BrdU triphosphate and [a-*?P]dCTP for 3 h,
and purified DNA reaction products were analyzed by density gradient
centrifugation and scintillation counting. (A) Specific degradation of
hY RNA inhibits semiconservative DNA replication. Cytosolic extract
from proliferating HeLa cells was left untreated, treated with RNase
A, or treated with anti-hY1 oligonucleotides. Positions of unsubsti-
tuted (light-light [LL]), hemisubstituted (heavy-light [HL]), and fully
substituted DNA (heavy-heavy [HH]) are indicated as determined by
refractive indices. (B) Reconstitution of semiconservative DNA repli-
cation by hY RNA. After depletion of hY1 RNA by anti-hY1 oligo-
nucleotides, the treated extract was supplemented with 100 ng of h'Y3
RNA synthesized in vitro. Representative results of one out of two
independent experiments are shown (note that quantitative compari-
sons of the raw cpm values should not be drawn between the indepen-
dent experiments of panels A and B).

tuted or less-than-hemisubstituted densities (Fig. 6B). Taken
together, these density substitution experiments establish un-
ambiguously that human Y RNAs are essential for semicon-
servative chromosomal DNA replication in this system and not
for some other form of DNA synthesis like repair-associated
DNA short-patch synthesis or rereplication from activated
origins.

Y RNAs are not priming DNA synthesis in vitro. A possible
explanation for how Y RNAs are involved in the establishment
and further maintenance of chromosomal DNA replication
forks is that they act directly as primers for DNA strand syn-
thesis. Their conserved single-stranded 3’ polyuridine tail and
unmodified 3" hydroxyl end would be consistent with this hy-
pothesis. We have addressed this possibility and used radio-
active hY RNAs to initiate chromosomal DNA replication in
vitro and analyzed the fate of these radioactive hY RNAs. We
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were not able to detect on denaturing urea gels any covalent
extension of the input hY RNA by DNA synthesis during the
in vitro reaction (data not shown). Furthermore, to block pos-
sible nucleotide chain extension, we capped the 3’ hydroxyl
end of hY1 RNA with a 3’ deoxyuridine residue. This capped
hY1 RNA initiated chromosomal DNA replication in the same
percentages of late-G,-phase nuclei as the unmodified form
(data not shown). We therefore conclude that hY RNAs do
not act by priming DNA strand synthesis in this system,
whether specifically or opportunistically.

Binding of hY1 RNA to Ro60 protein is not essential for
DNA replication. In all the organisms investigated, Y RNAs
are efficiently bound by Ro60 protein to form Ro RNPs (4).
Deletion of the homologous Ro60 protein in mice, C. elegans,
and D. radiodurans resulted in viable organisms (3, 20, 46),
indicating that Ro60 protein cannot be essential for chromo-
somal DNA replication per se. Therefore, the question arises
whether Y RNAs exert their function during chromosomal
DNA replication independently of Ro60 protein.

Ro binds to a conserved bulged RNA helix motif in the stem
of the Y RNAs (10, 32). The specific binding of Ro60 to Y3
RNA is abolished when the conserved bulged single cytidine
residue in the 5" section of the stem is deleted, when the
conserved bulged loop in the 3’ section of the stem is deleted,
or when nucleotides are swapped between the two strands of
the stem (10). We generated the homologous mutant forms of
hY1 RNA (Fig. 7A) and synthesized them in vitro (Fig. 7B).
Control experiments confirmed the loss of specific binding of
recombinant human Ro60 protein to these mutant hY1 RNAs
(data not shown). Importantly, all three of these mutants in-
creased the proportion of late-G,-phase nuclei replicating in
the presence of protein fractions QA and ArFT to the same
values as the wt form of hY1 RNA (Fig. 7C).

For a negative control, we also synthesized a mutant hY1
RNA in which the nucleotide sequence was randomized
(scrambled) but the overall secondary structure was preserved
(Fig. 7A and B). Importantly, this mutant did not increase the
proportion of late-G,-phase nuclei replicating in the presence
of fractions QA and ArFT (Fig. 7C), suggesting strongly that
nucleotide sequence information is a functional determinant of
hY1 RNA. Taken together, we conclude that binding to Ro60
protein is not essential for the DNA replication factor activity
of hY RNAs.

hY RNAs are required for DNA replication in vivo. Finally,
we investigated whether hY RNAs have a role in chromosomal
DNA replication in cultured human cells in vivo. We used
RNA interference (8) to degrade hY1 RNA and analyzed the
consequences on DNA replication by determining the percent-
ages of S-phase cells by bromodeoxyuridine (BrdU) incorpo-
ration (Fig. 8).

To target hY1 RNA for specific degradation, we synthesized
two nonoverlapping 21-nucleotide siRNAs specific for the
unique loop domain of hY1 RNA (Fig. 8A). After transfection
of asynchronously proliferating HeLa cells with these siRNAs,
we determined the relative expression levels of hY1 RNA by
quantitative real-time PCR (Fig. 8B). We observed that the
expression of the nontargeted reporter 5.8S rRNA, a control,
stayed within a 90 to 110% bracket compared to the normal-
ized expression of 5S rRNA. Importantly, transfection with
either of the two siRNAs against hY1 RNA reduced the ex-
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FIG. 7. The conserved binding site for Ro60 protein on hY1 RNA is not essential for chromosomal DNA replication. scram, scrambled
nucleotide sequence mutant. (A) Nucleotide sequences and predicted structures of wild-type (hY1wt) and mutant hY1 RNAs. Nucleotide
reference numbers for the RNAs are indicated by gray numbers. Structure predictions were performed using the RNAfold algorithm (http://rna
.tbi.univie.ac.at) (12). Two alternative and interconvertible structural configurations of the wt stem are shown on the left (hY1wt and hY1wt*). The
stems of three mutants deficient in binding to Ro60 protein (10) are shown in the middle [hY1ACS, hY1A(G96-C99):U, and hY1swap(4-7)]. The
mutated binding sites for Ro60 are boxed. A scrambled nucleotide sequence mutant that maintains the overall predicted structure is shown
on the left (hY1scram). The connecting wt loop is not drawn for some mutants. (B) In vitro synthesis of full-length mutant hY1 RNAs. Individual
recombinant RNAs are visualized after denaturing gel electrophoresis as detailed in the legend to Fig. 3B. nt, nucleotides. (C) Functional
reconstitution of chromosomal DNA replication with mutant hY1 RNAs. n, number of experiments. Nuclei from late-G,-phase cells were
incubated in fractions QA and ArFT, supplemented with 100 ng of the individual mutant hY1 RNAs as indicated. Proportions of replicating nuclei

were determined as described in the legend to Fig. 1C.

pression levels of hY1 RNA 5- to 10-fold, demonstrating that
RNAI against the small noncoding hY1 RNA is feasible in
human cells.

After transfection with either of the two siRNAs against h'Y1

RNA the proportion of S-phase cells incorporating BrdU was
reduced significantly by a factor of three over a 48-h time
course (Fig. 8C). As control, transfection with a siRNA against
nontarget firefly luciferase mRNA did not reduce the percent-
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FIG. 8. Degradation of hY1 RNA in human cells by RNA interference in vivo leads to an inhibition of DNA replication. n, number of
experiments. (A) Generation of siRNAs specific for hY1 RNA. The nucleotide sequences complementary to the two siRNAs (termed a and b) are
indicated by gray lines. (B) Quantification of RNA levels after RNAi against hY1 RNA. At 48 h after transfection of asynchronously proliferating
HeLa cells with the indicated siRNAs, the expression levels of hY1 RNA and 5.8S rRNA, relative to 5S rRNA, were determined by quantitative
real-time RT-PCR. Relative RNA amounts were normalized against transfection with a nontarget siRNA specific for firefly luciferase mRNA.
(C) Quantification of replicating S-phase cells after RNAI. At the indicated times after transfection with the indicated siRNAs, cells were pulse
labeled for 1 h with BrdU, and percentages of BrdU-positive cells were determined by immunofluorescence microscopy. Mean values and standard
deviations of three to five independent experiments are shown as indicated.

ages of S-phase cells significantly. These data support a func-
tional role of hY RNAs for chromosomal DNA replication in
proliferating human cells in vivo.

DISCUSSION

The data presented in this paper are relevant for the fields of
DNA replication and noncoding RNA function. First, we have
identified a novel factor for chromosomal DNA replication in
human cell nuclei. In gain-of-function experiments using a
fractionation and reconstitution approach, we have discovered
arequirement of hY RNAs for chromosomal DNA replication
in vitro. Conversely, in loss-of-function experiments using spe-
cific degradation of hY RNAs, we have observed an inhibition
of chromosomal DNA replication in vitro and in vivo. The
addition of pure recombinant hY RNAs to human cell extracts
after hY RNA degradation in vitro led to the reconstitution of
semiconservative DNA replication in the template nuclei. Sec-
ond, through these experiments, we have also provided the first
direct demonstration of a biological function for Y RNAs since
their discovery in the early 1980s.

We have employed a cell-free system from human cells to
purify essential DNA replication factors from a cytosolic ex-
tract. Chromosomal DNA replication, which is initiated in
isolated late-G;-phase nuclei upon incubation in the extract,
reflects all canonical properties observed in vivo, namely: it is

semiconservative (17), dependent on S-phase-specific cyclin-
dependent protein kinases (17, 22), site specific and temporally
controlled (14), and bidirectional (23). Fractionation and re-
constitution experiments of the cytosolic extract have resulted
in the purification of RPA (37), PCNA (36), and now hY
RNAs as essential soluble factors required for chromosomal
DNA replication in this system.

The template nuclei employed in these studies are prepared
from human cells synchronized in the late G, phase of the cell
division cycle, which do not contain active DNA replication
forks (14, 17, 18). Therefore, the DNA replication factors
purified through fractionation and reconstitution experiments
contain at least one soluble activity which is essential for the
initiation step of chromosomal DNA replication. Previously
purified factors RPA and PCNA are directly involved in the
recruitment of replicative DNA polymerases to activated chro-
mosomal origins of DNA replication in other eukaryotic model
systems (1, 25, 39). We have therefore interpreted them as
initiation factors for human chromosomal DNA replication
(36, 37). However, in the light of lacking precedents, we cannot
infer the precise interface of hY RNA with the DNA replica-
tion process at molecular resolution. Therefore, we prefer at
present to describe the hY RNAs more broadly as DNA rep-
lication factors, because they may be required for either the
initiation step leading to the establishment of active replication
forks or for elongation steps during DNA replication fork
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progression following their establishment in vitro or even for
both steps.

The template nuclei used in the fractionation and reconsti-
tution have DNA strand breaks as result of the cell synchro-
nization process using mimosine (38). As a result of a regu-
lated DNA damage response, sites of these breaks have
already recruited repair proteins in vivo, and their presence
does not prevent initiation of DNA replication in the same
nuclei (36, 38). DNA strand breaks were detected by single-
DNA-fiber analysis not at actual initiation sites of chromo-
somal DNA replication but at random positions further down-
stream (23). Importantly, the data from our in vitro experiments
using late-G,-phase template nuclei from naturally synchro-
nized mouse cells (Table 2) and in vivo experiments using
asynchronously proliferating human cells (Fig. 8) also showed
arequirement of hY RNAs for chromosomal DNA replication.
We therefore conclude that hY RNAs are not required spe-
cifically for DNA replication in the context of preexisting DNA
breaks and an activated DNA damage response in mimosine-
treated cell nuclei but are for chromosomal DNA replication
in a wider context.

Our data presented here have identified a requirement of Y
RNAs for chromosomal DNA replication in vertebrate cell
nuclei in vitro and in vivo. The next major step forward will be
the identification of the molecular mechanism(s) by which Y
RNAs regulate replication and whether this regulation is
achieved directly or indirectly. To guide future research, some
principal observations should be considered. For instance, hY
RNAs are relatively abundant (Table 1) (11, 30). This suggests
strongly a stoichiometric or structural requirement for hY
RNAs during DNA replication fork assembly and/or mainte-
nance rather than a catalytic function.

The four hY RNAs show functional redundancy as DNA
replication factors in vitro. Each of the four hY RNAs can
individually increase the proportion of G;-phase nuclei repli-
cating in the presence of additional protein factors (Fig. 4).
Considering the nucleotide sequences and predicted structures
of wild-type and mutant Y RNAs (Fig. 3 and 7), we would like
to propose that nucleotide sequences which are conserved
between the four hY RNAs are likely candidates for functional
determinants of hY RNAs in DNA replication, making the
individual hY RNAs functionally redundant with each other.
Importantly, we can already rule out the conserved binding site
for Ro60 protein (10, 32) as an essential functional determi-
nant because its disruption does not inhibit the replication
factor activity of hY1 RNA (Fig. 7). Future detailed mutagen-
esis will be required to identify the essential nucleotide se-
quence elements which may constitute functional determinants
for the replication factor activity of Y RNAs.

Our data suggest that the functional redundancy of hY
RNAs is complex. Depletion of any hY RNA from the HeLa
cell extract inhibits the replication activity of the treated ex-
tract, despite the presence of the other three nontargeted hY
RNAs, and functionality is restored experimentally upon in-
creasing to the maximum the amount of a nontargeted hY
RNA (Fig. 5; Table 1). One possible explanation is that the
overall amount of all hY RNAs present in the system, regard-
less of their identity, therefore constitutes the replication ac-
tivity. However, the functional redundancy is likely to be more
complex because of our quantitative data. Depletion of the
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least abundant hY4 RNA reduced the amount of overall DNA
synthesis as efficiently as depletion of the more abundant hY1
or hY3 RNA, or as unspecific depletion by RNase A (Fig. 5B).
This observation could be explained in a hypothetical model, in
which Y RNAs would form multimeric complexes with each
other before becoming active DNA replication factors in vitro.
Any hY RNA would be able to form an active complex con-
taining more than one Y RNA molecule, and disruption of any
Y RNA in a formed complex would inactivate the replication
factor activity of entire complex. The addition of any exoge-
nous Y RNA after RNA degradation would lead again to the
formation of new active complexes. Although suitable as a
speculative conceptual framework to explain our observations,
future experiments would be required to test its validity.

Despite the functional redundancy of the hY RNAs, we
cannot exclude subtle differences in the contribution of indi-
vidual hY RNAs to chromosomal DNA replication. In late-
G,-phase template nuclei, such differences could become ap-
parent at the level of individual origin specification, individual
origin activation, or individual replication fork elongation
rates.

An emerging principle for noncoding RNA functionality is
that the RNAs associate with proteins to form functional RNP
particles (reviewed in references 2, 26, and 35). A noncoding
RNA moiety in the RNP particles often serves as a specificity
device to direct a RNP-associated function to a target nucleic
acid via strand hybridization, for example, as characterized for
snRNA in mRNA splice site recognition (44) or snoRNA in
guiding RNA modification (16). Therefore, a key question is
the identification of potential target nucleic acids and/or pro-
teins which specifically interact with hY RNA during DNA
replication. It is well conceivable in this context that hY RNAs
either bind to and activate established DNA replication pro-
teins or bind to and inhibit inhibitor proteins of DNA replica-
tion, thereby acting as anti-inhibitors.

Finally, a potentially relevant molecular link between hY
RNAs and DNA replication proteins can be taken from the
literature. On one hand, the abundant nuclear protein nucleo-
lin has been found to interact with the polypyrimidine loop
domains of hY1 and hY3 RNAs (9; S. N. Klinge and T. Krude,
unpublished observations). On the other hand, nucleolin inter-
acts specifically after genotoxic stress with the essential DNA
replication protein RPA to prevent the initiation of DNA
replication (6, 15, 43). This link may point towards a possible
function of hY RNAs as anti-inhibitors, perhaps interfering
with the replication-inhibiting interaction of nucleolin with
RPA. However, hY4 and hY5 RNAs are only weakly associ-
ated or not at all associated with nucleolin (9; S. N. Klinge and
T. Krude, unpublished observations), and we have observed a
requirement of Y RNAs for DNA replication in the absence of
genotoxic stress in vitro and in vivo (Fig. 8; Table 2). There-
fore, it is unlikely that this molecular link would be sufficient to
explain the requirement of hY RNAs for human chromosomal
DNA replication. Future research will therefore be directed at
investigating whether hY RNAs may in fact associate with
other nucleic acids and at identifying which proteins interact
with hY RNAs directly and indirectly under conditions that
support chromosomal DNA replication.
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