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Figure 4 Two-step processing of the 5’-end labelled RNA-I by recombinant DICER protein. (A) In vitro processing of the 5-end labelled
RNA-I by rDICER protein. 5-end labelled RNA-I RNAs were incubated without rDICER for 120 min (lane 1) and with rDICER for the following time
points (0, 10, 20, 30, 40, 50, 60 and 120 min; lane 2-9 respectively). The processing reaction was faster than the results of Figure 3B because the
amount of RNA substrate in this reaction mixture was less. The RNA products less than 10 nt look stacked at the end of the gel because of the
difficulty in separating efficiently, even at 7.5 M urea denaturing 20% polyacrylamide sequence gel. This experiment was repeated and replicated
consistently. M: decade marker. (B} Sequences of band 1 and 2 in Figure 3B identified from Figure 4A and Table 1. Sequences highlighted in
gray are 29-nt (band 1) and 23-nt RNA (band 2) from the 5’ strand, respectively.
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dsRNAs remains unclear, it seems likely that they have
diverse 5" and 3’ structures. Our results indicate
DICER tolerance for 5 substrate overhang, potentially
increasing the range of small RNA substrates that
DICER can process. Recently, it was reported that
the AGO2 protein could bind not only siRNAs and
miRNAs but longer RNAs and pre-miRNAs [22,40].
However, most endogenous AGO2 proteins bind

miRNAs [41] and the RISC requires 3’ overhangs for
the dsRNA incorporation [3,42]. As this research
shows, DICER could process pre-miRNAs, longer
dsRNAs and hairpin RNAs with 5" overhangs into
dsRNA with 3’ overhangs, which might be subse-
quently loaded with canonical length to the RISC.
Further experimentation is required to connect our
findings with the AGO loading mechanism.
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Figure 5 Model of the two-step processing of hairpin RNA with 5’ overhangs (RNA-I) by DICER protein. rDICER processes hairpin RNA |
with 5’ overhangs (RNA-I) to dsRNA with 29 nt-5" strand and 23 nt-3' strand after the first cleavage reaction and releases once from the binding
site. Then, the dsRNA is bound in the inverse direction with the same or different rDICER molecule and is measured after the anchoring 3’ end

of the 29-nt strand to generate dsRNA with 23 nt cleaved from the 29-nt strand and 22 nt cleaved from the 23-nt strand. “PAZ" domain of
rDICER colored purple; “Rilla” and “Rlllb" domain of rDICER colored blue. Lightning marks indicate the cleavage sites in the RNA.
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Figure 6 Processing of pre-mmu-mir-1982 RNA by recombinant DICER protein. (A) Pre-mmu-mir-1982 RNA and probes used in this study.
The secondary structure was predicted using the CentroidFold program [491. The solid line shows the position of probe-4 and the dashed line
shows the position of probe-5. (B-C) Time-course analysis of the processing of pre-mmu-mir-1982 RNA by the rDICER protein. pre-mmu-mir-1982
RNAs were incubated with rDICER in vitro for the indicated time points (0, 10, 20, 30, 40, 50, 60, 75, 90, 105 and 120 min). The RNAs processed
by rDICER were detected using probe-4 (B), probe-5 (C) by Northern blotting. The gray arrow shows the band of unprocessed RNA and the
black arrow shows the bands of small RNA processed from the 5’ strand and 3’ strand of pre-mmu-mir-1982 RNA respectively. M: decade marker.
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Figure 7 Two-step processing of the 5-end labelled pre-mmu-mir-1982 RNA by recombinant DICER protein. (A) /n vitro processing of
the pre-mmu-mir-1982 RNA by the rDICER protein at a longer incubation time. 5" labelled pre-mmu-mir-1982 RNAs were incubated with rDICER
for 0, 2 and 16 hours. The gray arrow shows the band of unprocessed RNA and the black arrow shows the bands of small RNA processed from
pre-mmu-mir-1982 RNA. AH: the alkaline hydrolysis ladder of pre-mmu-mir-1982 RNA. The size of each band was determined by the AH ladder.
(B-C) The signal intensities were quantified from the 12 nt (B) and 35 nt (C) bands in Figure 7A. These plots show average values bracketed by s.
e.m. error bars; calculated from two independent experiments. Background refers to the signal intensity of the same sized band in the AH lane.
The p-value was calculated using a simple t-test for each time point (2 hrs and 16 hrs) relative to the background. Significant differences (p <
0.05) in signal intensities are denoted with an asterisk. The significant calculated p-values are as follows: the 12-nt band at 16 hours, p = 0.017;
the 35-nt band at 2 hours, p = 0.0073; and the 35-nt band at 16 hours, p = 0.024.
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Conclusions

We show human rDICER recognizes and processes a
hairpin RNA bearing a trinucleotide-5" overhang, and
the two-step cleavage by rDICER forms canonical
miRNA duplexes from the hairpin RNAs. It indicates
that human rDICER functions as a molecular ruler by
anchoring the 3’ end of both the hairpin RNA with 5’
overhangs and the 5’ strand in the intermediate duplex.
Moreover, an endogenously-expressed pre-miRNA with
5" overhangs, pre-mmu-mir-1982, also can be utilized as
a substrate of rDICER and processed into a canonical
miRNA duplex by the two-step cleavage reaction. While
pre-mmu-mir-1982 RNA is a naturally expressed pre-
miRNA [33,35], this 5’-overhanged structure is not a
suitable substrate for nuclear export by Exportin-5 [43]
and, assuming the absence of possible alternative export
pathways, may not be presented to cytoplasmic DICER
in the cells. However, it is worth noting a recent report,
that mammalian DICER might be located in the nucleus
and associate with ribosomal DNA chromatin [44]. We
have also observed human DICER localized in both
cytoplasm and nucleus (unpublished data, Ando et al.).
These findings raise the intriguing possibility that
nuclear DICER could process hairpin RNA with 5-over-
hangs, like pre-mmu-mir-1982 RNA.

The two-step cleavage of a hairpin RNA with 5’ over-
hangs shows that rDICER can release dsRNAs after the
first cleavage and binds them again in the inverse direc-
tion for a second cleavage. The DICER protein’s ability
to release and bind dsRNA again indicates DICER could
be capable of binding and processing dsRNA multiple
times during short RNA maturation. DICER has recently
been linked to the processing of diverse non-coding
RNA precursors with as-yet undetermined structures.
The experiments performed above suggest DICER has
considerable flexibility in processing precursors, contri-
buting to an ability to generate various short RNA pro-
ducts for incorporation into functional RISCs.

Methods

Preparation of hairpin RNA substrates

Pre-hsa-mir-21 RNA (pre-mir-21), pre-miRNA mimic
hairpin RNA (RNA-I) and pre-mmu-mir-1982 RNA
used in this study were generated by in vitro transcrip-
tion using the Ampliscribe T7 High Yield Transcription
kits (Epicentre) according to manufacturer’s instructions.
We made double-stranded DNA templates with T7
RNA polymerase promoter sequence by overlap-PCR
using the following oligonucleotide pair; pre-mir-21-
sense 5’-taatacgactcactatagAGCTTATCAGACTGAT
GTTGACTG-3" and pre-mir-21-antisense 5’-ACAGCC-
CATCGACTGGTGTTGCCATGAGATTCAACAGT-
CAACATC-3, RNAI-sense 5’-taatacgactcactataggg
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TGTCGGGTAGCTTATCAGACTGATGTTGA-3" and
RNAI-antisense 5-TGTCAGACAGCCCATCGACTG
GTGTTGCCATGAGATTCAACAGTCAACA-3’, pre-
mmu-mir-1982-sense 5’-taatacgactcactataGTTGG-
TATTGCTTGGGAGGGTCCTIGGGGAGGGGAGTT-3
and pre-mmu-mir-1982-antisense 5-CTGTGGGAGAA-
CATAGGGTGAGAGGTTGGGGTGCCAGAACTCC
CCTCCCCA-3'. The overlapped sequences are under-
lined and the lower-case characters show the sequence
of the T7 RNA polymerase promoter. In vitro transcrip-
tion reactions were performed at 37°C overnight. Tran-
scripts were run on 10% denaturing polyacrylamide gels
in 0.5x TBE (45 mM Tris-borate, 1 mM EDTA), gel-
excised, eluted from the gel in 1 M NaCl at 4°C over-
night, and precipitated with ethanol. The pellet was
resuspended in an appropriate volume of water and
stored into the freezer at -30°C. Before use, RNA sub-
strates were heated to 70°C for 5 min and then slowly
cooled to room temperature.

Affinity purification of recombinant FLAG-DICER

fusion proteins

We assembled a full-length ¢cDNA of human DICER1
protein from HelLa total RNA. This cDNA sequence was
identical to the coding sequence cited in the Swiss-Prot
Protein Database (Swiss-Prot) [Swiss-Prot: Q9UPY3]. N-
terminally FLAG-tagged human DICERI protein was
purified from 293T cells transfected with the plasmid
pCA-FLAG-DICERI. This vector contained the full-
length human DICER1 protein FLAG-tagged at the
amino terminus in a pCA-FLAG-DEST vector [45]. We
purified the recombinant FLAG-DICER1 fusion protein
(rDICER) using ANTI-FLAG M2-Agarose Affinity Gel
(Sigma) and eluted by 0.1 M Glycine-HCI (pH3.5).
Then, the eluate was neutralized by Tris-HCI (pH8.0).
The average yield was 50-100 pg of the active form of
rDICER protein from 1 x 10® culture cell. Purified rDI-
CER protein was detected by Coomassie Brilliant Blue
(CBB) staining and Western blotting using anti-DICER
(H212, Santa Cruz) antibody to check for successful
homogenous purification (see Figures 1A and 1B). The
contamination of known DICER-binding proteins in
rDICER samples was checked by Western blotting using
anti-FLAG (M2, Sigma), anti-AGO2 (07-590, Upstate)
and anti-TRBP (ab42018, Abcam) antibody, respectively
(see Figure 1C).

Processing of RNA substrates using recombinant DICER
enzyme

The affinity-purified rDICER protein (2 pmol) was incu-
bated with 45 pmol of RNA substrates (pre-mir-21
RNA, RNA-I or pre-mmu-mir-1982 RNA) in 1x reaction
buffer (300 mM NaCl, 50 mM Tris-HCl, 20 mM
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HEPES, 5 mM MgCl,, pH 9.0) and 40 units of RNase-
OUT (Invitrogen). These mixtures were incubated at
37°C for the indicated times. The reactions were purified
by phenol-chloroform extraction followed by sodium
acetate-ethanol precipitation at -20°C. The RNA pellet
was resuspended in water at a final concentration of
approximately 1 pmol/pl.

Northern blotting

rDICER-processed RNAs (1 pmol) were separated on 7
M urea-denaturing 20% polyacrylamide gels, then
blotted onto Hybond-N+ membranes (GE Healthcare)
using a Trans-Blot SD Semi-Dry Transfer Cell (Bio-
Rad). Hybridization was performed in Church buffer
(0.5 M NaHPO,, pH 7.2, 1 mM EDTA and 7% SDS)
containing 10° c.p.m./ml of each **P-labelled probe for
14 h. The membranes were washed in 2x SSC, and the
signals were detected by autoradiography. All experi-
ments were repeated and replicated consistently.

The probe sequences in this study were as follows:
probe-1 (5-TCAACATCAGTCTGATAAGCTA-3),
probe-2 (5’-ACAGCCCATCGACTGGTGTTG-3),
probe-3 (5-CCATGAGATTCAACAG-3’), probe-4
(5’-CCTCCCCAGGACCCTCCCAA-3’) and probe-5 (5™-
CTGTGGGAGAACATAGGGTGAGA-3’). The probes
were 5'-end labelled using T4 polynucleotide kinase
(TaKaRa Bio) with [y->*P] ATP (6000Ci/mmol) at 37°C
for 4 h.

Cloning of cleavage products

rDICER-processed RNAs (1 pmol) were separated on 7
M urea-denaturing 15% polyacrylamide gels, then the
gel was stained by SYBR Gold (Invitrogen). The band
around 23 nt was excised from the gel and purified as
described above. The purified RNA was cloned by the
Small RNA cloning kit (TaKaRa Bio) and sequenced by
capillary sequencing.

5’-end labelling of the transcript

For the 5’-end labelling, RNA (45 pmol) was depho-
sphorylated with CIP at 37°C for 60 min. The reaction
was inactivated by phenol-chloroform extraction and
precipitated by sodium acetate-ethanol at -20°C. The
pellet was resuspended in an appropriate volume of
water. The dephosphorylated transcript was 5’ end-
labelled using T4 polynucleotide kinase (TaKaRa Bio)
with [y->*P] ATP (3000Ci/mmol) at 37°C for 4 h. The
5’-end labeled transcript was PAGE-purified as
described above and the RNA pellet was resuspended
in water at a final concentration of approximately
0.5 pmol/pl. One microliter of this was used for the
processing reaction by rDICER. These processed sam-
ples were run on 7.5 M urea-denaturing 20% polyacry-
lamide gels in 1x TBE buffer with RNA molecular
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marker or the products of alkaline hydrolysis of the
same RNA molecule. The alkaline hydrolysis ladder
was generated by incubating the labelled RNA in alka-
line hydrolysis buffer (Ambion) at 100°C for 10 min,
The signals were detected by autoradiography and
quantified using Image] software (National Institutes of
Health; http://rsb.info.nih.gov/ij/). The signal intensi-
ties were calculated as the mean of pixel value of
selected area.

Additional material

[ Additional file 1: Supplementary information. J
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Abstract

RNA-dependent RNA polymerases (RdRPs) synthesize dou-
ble-stranded RNAs that are processed into small RNAs and
mediate gene silencing. Viral RdRPs and cellular RdRPs
show little structural homology to each other. Cellular RARPs
play key roles in RNA silencing by producing complemen-
tary strands for target RNAs via Dicer-dependent and -inde-
pendent mechanisms. Although the existence of a functional
mammalian homolog of RARP has long been predicted, tra-
ditional approaches to identify such enzymes were unsuc-
cessful. Recently, human telomerase reverse transcriptase, a
polymerase closely related to viral RdRPs, has been shown
to function as an RARP and contributes to RNA silencing in
vivo. These findings suggest that endogenous small interfering
RNAs are produced by several mechanisms in eukaryotes.

Keywords: heterochromatin; human telomerase reverse
transcriptase (hTERT); RNA component of mitochondrial
RNA processing endoribonuclease (RMRP); RNA
silencing; small interfering RNA (siRNA).

Introduction

RNA-dependent RNA polymerases (RdRPs) catalyze the for-
mation of complementary RNA strands from single-stranded
RNAs. In the beginning of evolution, all organisms used
RNA as their genomes and RdRPs probably played pivotal
roles for successive rounds of life cycle. RdRPs were iden-
tified from RNA viruses in the early 1960s (Baltimore et al.,
1963), whereby RNA genomes encode viral RdRPs for the
replication and transcription of their genomes. The discovery
of eukaryotic RdRPs further revealed important functions of
RdRPs in vivo. The first eukaryotic RARP activity was found
in Chinese cabbage in 1971 (Astier-Manifacier and Cornuet,
1971). Subsequently, the homologs were identified in other
plants (Boege and Heinz, 1980), fungi (Cogoni and Macino,
1999) and nematodes (Smardon et al., 2000). These euka-
ryotic RdRPs are categorized as cellular RdRPs different
from viral RdRPs, and the studies have revealed that cellular

RdRPs play key roles in the regulation of gene expression
through the RNA silencing mechanism.

The first report describing the RNA silencing phenomenon
was published in 1928, before RNAs had been described. In
the paper, Wingard described tobacco plants in which only
the initially infected leaves were necrotic and diseased owing
to tobacco ring spot virus, whereas the upper leaves had
become asymptomatic and resistant to secondary infection,
suggesting the acquisition of immunity to the virus (Win-
gard, 1928). This phenomenon was called ‘recovery’, and
we now know that the ‘recovery’ from the virus disease
involves RNA silencing (Covey et al., 1997). RNA silencing
has been shown to be involved in various eukaryotic proc-
esses, such as defense against viruses and transposable ele-
ments, and developmental regulations. RNA silencing is a
sequence-specific gene-regulatory mechanism, in which
small RNAs, derived from precursor double-stranded RNAs
(dsRNAs), repress the targeted gene expression transcrip-
tionally and/or post-transcriptionally. In the organisms that
possess RARPs, the precursor dsSRNAs are endogenously pro-
duced from the template single-stranded RNAs through the
RdRP activity. In this review, we summarize the structural
basis of RdRPs and the functions of RdRPs in gene regulation.

Structural and biochemical features of RARP

There are two major groups of RARP: viral RARPs and cel-
lular RdRPs. Viral and cellular RdRPs share little sequence
homology. The crystal structures of viral RdRPs are similar
to those of retroviral reverse transcriptases, and they share a
structure resembling a closed ‘right hand’ containing palm,
thumb and finger domains (Sousa, 1996). The palm domain
structure is particularly conserved and contains four seq-
uence motifs preserved in all of these polymerases, indicat-
ing the fundamental importance of these structural elements
in the enzymatic function of the polymerases (van Dijk et
al., 2004). The core of the ‘palm’ structure consists of two
a-helices and a four-stranded antiparallel B-sheet, shared
among numerous nucleic acids polymerases with RNA rec-
ognition motif.

Viral RdRPs initiate minus-strand RNA synthesis by two
different mechanisms: de novo and primer-dependent initia-
tion (van Dijk et al., 2004). de novo initiation, also known
as primer-independent initiation, is widely used in RNA
viruses for complete replication of viral genomes. Several
RNA viruses initiate RNA synthesis using either nucleotide
or uridylylated protein primers. The nucleotide primers used
in primer-dependent initiation can be divided into two groups.
One type is the orthodox primers binding to complementary
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template RNA. This type of primer includes the oligonu-
cleotide primers and the 5’ end of capped cellular mRNA
(cap-snatched) primers. Another is the 3’ terminus of the
template RNA that folds back as hairpin loop (back-prim-
ing). RNA viruses can use one or more priming mechanisms
for RNA synthesis (van Dijk et al., 2004).

RdRPs are present in one or more copies in a wide range
of eukaryotes, from early-branching parabasalids, such as
Giardia, to multicellular forms, including plants, fungi, yeast
and nematods (Table 1). These cellular RdRPs are encoded
by RDR genes. Phylogenetic and protein motif analyses
revealed a wide distribution of RDR homologs in eukaryote
from protists to multicellular organisms, with no detectable
prokaryotic or viral homologs (Zong et al., 2009). By con-
trast, no RDR homologs have been identified in vertebrate
and insect genomes, even though these organisms also have
RNA-mediated silencing mechanisms. Cellular RARPs share
the catalytic double-psi B-barrel (DPBB) domain, containing
a signature metal-coordinating motif, with the universally
conserved B’ subunit of DNA-dependent RNA polymerase
(Salgado et al., 2006). For example, the RARP of Neurospora
crasse, QDE-1, has two DPBB motifs on a single polypep-
tide chain and it forms dimer for polymerase reaction (Sal-
gado et al., 2006). The highly conserved region in the DPBB
domain of cellular RARPs includes the DbDGD motif (b is
a bulky residue), and the similar DxDGD motif is conserved
in the B’ subunit of DNA-dependent RNA polymerases. The
DxDGD motif has been shown to be essential for cellular
RdRP activity. Although the motif is reminiscent of the met-
al-binding GDD motif (motif C) of the viral RdRPs, each
RdRP belongs to different superfamilies of nucleic acid poly-
merases, suggesting early branching of these polymerases in
evolution. In principle, RDR proteins could mediate both pri-

mer-dependent and primer-independent RNA silencing (Sugi-
yama et al, 2005; Salgado et al., 2006). The primer-
independent process can be seen in various organisms in the
production of endogenous secondary small interfering RNAs
(siRNAs) (Aoki et al., 2007), and the RNA products synthe-
sized in this manner possess 5'-triphosphate termini, whereas
siRNAs generated through the cleavage of long dsRNAs via
RNase III enzymes share 5'-monophosphate structure (Aoki
et al., 2007) (Figure 1A and B).

Roles of cellular RdRPs in RNA silencing

Cellular RdRPs play important roles in both transcriptional
and post-transcriptional gene silencing (Figure 1). Plants
have six RDRs (RDRI-RDR6) (Wassenegger and Krczal,
2006), and each of them is involved in different gene silenc-
ing mechanisms. RDRI and RDR6 are induced upon the cel-
lular defense against exogenous invaders, such as viruses,
viriods and trangenes. Antiviral immunity in plants is con-
ceptualized into three phases: initiation, amplification and
systemic spread. In initiation, DICER-LIKE (DCL) proteins
cleave dsRNAs of viral replicative products into primary
siRNAs. Following initiation, RDR1 and RDR6 amplify the
silencing signals via catalyzing the synthesis of new viral
dsRNAs, which are processed into secondary viral siRNAs
by DCLs. This RDR-dependent antiviral silencing resulted
in more than 20-fold amplification of viral siRNAs (Wang
et al., 2010). RDR6 is also involved in post-transcriptional
gene silencing. Post-transcriptional gene silencing is occa-
sionally observed in plants carrying multiple copies of trans-
gene constructs. Extensive primary transcription of trans-

Table 1 RNA-dependent RNA polymerases (RdRPs) in various organisms.

Organism RdRP Characteristic functions and
products in gene silencing
Fungus
Schizosaccharomyces pombe Rdpl PTGS, TGS
Neurospora crassa QDE-1 PTGS, qiRNA
Two others
Plant
Arabidopsis thaliana RDRI1 PTGS
RDR2 TGS, RdDM
RDR6 PTGS, ta-siRNA
Three others
Nematode
Caenorhabditis elegans EGO-1 PTGS, TGS, 22G-RNA
RRF-1 PTGS, 22G-RNA
RRF-3 PTGS, 26G-RNA
One other
Fruit fly
Drosophila melanogaster D-elpl TGS
Mammal
Homo sapiens hTERT PTGS

PTGS, post-transcriptional gene silencing; TGS, transcriptional gene silencing;
qiRNA, QDE-2-interacting small RNA; RdDM, RNA-directed DNA methylation;

ta-siRNA, trans-acting siRNA.
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Figure 1 Common features of eukaryotic RARP-dependent gene silencing pathways.

(A) Dicer-dependent functional small RNA synthesis. RdRPs produce long double-stranded RNAs, and the RNAs are cleaved into small
double-stranded RNAs by Dicer. Argonautes load one of the strands for targeting. (B) Dicer-independent functional small RNA synthesis.
RdARPs directly synthesize functional small RNAs de novo, independent of Dicer. (C) Heterochromatin formation. RARPs produce antisense
RNA strands for the transcripts from heterochromatic regions. Small RNAs from the regions guide histone H3K9 methylation.

genes leads to an accumulation of aberrant transgene
mRNAs, which are decapped and/or unpolyadenylated (Luo
and Chen, 2007). The aberrant RNAs are transcribed into
dsRNA by RDR6, and subsequently processed into 21-bp
siRNAs. The AGO1-bound siRNAs hybridize with comple-
mentary RNAs, both transgenes and related endogenous
genes, thereby cleaving and downregulating the target RNAs.
RDR6 amplifies post-transcriptional gene silencing through
secondary dsRNA synthesis in a primer-dependent and pri-
mer-independent manner (Luo and Chen, 2007).

Transposable elements in eukaryotic genomes are typically
silenced via the epigenetic mechanism. The plant RDR2
genes are involved in the processes of RNA-dependent DNA
methylation (RADM) and RNAi-mediated heterochromatin
formation. RADM is triggered by the presence of nuclear
dsRNAs, which are processed into 24-nt siRNAs via DCL3.
The 24-nt siRNAs hybridize to the transcripts from methyl-
ated DNAs, and work as the guides for de novo methylation
of DNA and histone H3K9 as well as RDR2-mediated sec-
ondary dsRNA production, which is required to maintain
RdDM (Wassenegger and Krczal, 2006).

Plants have a unique class of endogenous siRNA named
trans-acting siRNA (Allen et al., 2005; Cuperus et al., 2010).
In Arabidopsis, the biogenesis of trans-acting siRNAs is ini-
tiated by miRNA-guided cleavage of TAS transcripts; TAS!
and TAS2 are cleaved by the AGO1-miR173 complex, TAS3
is cleaved by the AGO7-miR390 complex, and TAS4 is
cleaved by the AGO1-miR828 complex. The resulting cleav-
ed fragments are transformed into dsRNAs through primer-
independent RNA synthesis of RDR6, and the dsRNAs are
sequentially processed into phased trans-acting siRNA by
DCL4. The miRNAs triggering biogenesis of trans-acting
siRNAs are rather limited, and Cuperrus and co-workers
recently reported that only miRNA in 22-nt length can con-
tribute to the pathway, although most of the miRNAs in Ara-
bidopsis are 21-nt (Cuperus et al., 2010).

Apart from plants with functionally different six RdRPs,
non-plant eukaryotes encode fewer RARPs and each RARP
manages more than one function of plant RdRPs. In the fis-
sion yeast Schizosaccharomyces pombe, a single homolog of
plant RARP (Rdp1) is associated with both RNAi and RNA-
mediated heterochromatin formation (Wassenegger and Krczal,
2006). The centromeric repeats of the yeast genome form
heterochromatin, whereas they are not completely silenced
and transcribed by Pol II. The nascent transcripts from the
centromeric region become the platforms for the RNA-
induced transcriptional silencing (RITS) complex, which
contains Agol loading the complementary siRNA. The RITS
complex recruits RNA-dependent RNA polymerase complex
(RDRC) containing Rdp1 to the centromere, and the RDRC
promotes dsRNA synthesis from the transcripts, leading to
the amplification of centromeric siRNAs. The RITS complex
also recruits the Clr4-Rik1-Culd complex to the centromeric
repeats, which mediates histone H3K9 methylation and het-
erochromatin formation (Sugiyama et al., 2005).

A filamentous fungus Neurospora crassa encodes an
RdRP named QDE-1, which plays a key role in transgene-
induced gene silencing (quelling) (Makeyev and Bamford,
2002). QDE-1 produces extensive RNA strands either in
template-length or ~9-21-nt length (Makeyev and Bamford,
2002; Wassenegger and Krczal, 2006), which could contrib-
ute to Dicer-dependent or -independent silencing mecha-
nisms, respectively. Recently, a new type of siRNA named
QDE-2-interacting small RNA (qiRNA) was detected in
Neurospora. The induction of qiRNA is triggered by DNA
damage, and the RNA specifically corresponds to ribosomal
DNA (tDNA). The production of giRNA depends on QDE-1
and DCLs, suggesting precursor dsRNA formation through
QDE-1, but RNA polymerase I, which is responsible for the
transcription of rRNAs. Surprisingly, the precursor aberrant
RNA of qiRNAs was transcribed from rDNA by QDE-1
itself through its DNA-dependent RNA polymerase activity,
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and subsequently the dsRNAs were generated from the aber-
rant RNAs by the same polymerase (Lee et al., 2009).

RNAIi was first described in Caenorhabditis elegans. The
worm encodes multiple RARP genes: i.e., ego-1, rrf-1, rrf-3
and others. An essential feature of the RNAi pathways in
C. elegans is the amplification of gene silencing signals via
the endogenous generation of secondary siRNAs (Pak and
Fire, 2007; Sijen et al., 2007). In the worm, primary siRNAs
are formed from long ‘trigger’ dsRNAs through the process-
ing of Dicer, and they bind to the target as guides for the
recruitment of RdRPs. The RARP on the targeted RNA syn-
thesizes abundant complementary short RNAs de novo (Pak
and Fire, 2007; Sijen et al., 2007), which are directory loaded
onto Argonaute and function as secondary siRNAs. The pro-
tein complexes including either EGO-1 or RRF-1 generate
characteristic secondary siRNAs named 22G-RNAs, which
are 22-nt RNAs with a strong bias of 5’ guanosine (Clay-
comb et al., 2009). 22G-RNA/Argonaute complexes promote
target degradation, silencing of transposable and repetitive
elements, and chromosomal segregation. RRF-3 contributes
to the generation of 26G-RNA (Gent et al., 2010), and it was
reported that 26G-RNA/Argonaute complex worked as a
guide for the following 22G-RNA synthesis (Gent et al.,
2010).

Mammalian RdRP

RdRPs play an indispensable role in RNAi pathways of
many model organisms; however, cellular RARP homologs
are not encoded in vertebrates, including human, and it was
believed that vertebrates had evolutionally lost endogenous
RNAIi mechanisms that depend on the siRNA synthesis via
RdRPs. Although cellular RARP coded in the genome has
not been identified, a polymerase rooted with viral RARP
remains in human. Telomerase is a ribonucleoprotein com-
plex that elongates telomeres. The minimal essential com-
ponent of this enzyme consists of the catalytic subunit named
TERT (telomerase reverse transcriptase) and the template
RNA called TERC (telomerase RNA component). TERT cat-
alyzes telomere synthesis through its RNA-dependent DNA
polymerase (reverse transcriptase) activity using TERC as
the RNA template. Phylogenetic and structural analysis of
TERT revealed that TERT shares the structure resembling
‘right hand’ and is closely related to RARPs of RNA viruses
as well as retroviral reverse transcriptases (Nakamura et al.,
1997; Gillis et al., 2008) (Figure 2A).

We searched for RNA binding partners of TERT and iden-
tified RNA component of mitochondrial RNA processing
endoribonuclease (RMRP) as the novel binding partner of
hTERT (Maida et al., 2009). RMRP is a non-coding snoRNA
of 267-nt in length, and it is mutated in hereditary cartilage
and hair hypoplasia (Ridanpaa et al., 2001). The hTERT-
RMRP complex exhibited RdARP activity, using RMRP as a
template, and synthesized complementary strand of RMRP
in vitro and in vivo. The result suggests that hTERT forms
an RARP with binding RNAs. The dsRNA produced by the
hTERT-RMRP complex was in the shape of a long hairpin.
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Figure 2 hTERT-mediated RNA silencing.

(A) Structure of hTERT. hTERT consists of a N-terminal extension
(NTE), a catalytic reverse transcriptase (RT) domain and a C-ter-
minal extension (CTE). NTE includes the telomerase essential
N-terminal (TEN) domain and telomerase RNA-binding domain
(TRBD), which contains the telomere-specific motifs CP, QFP and
TS. The RT domain consists of evolutionally conserved seven
motifs (1, 2, A, B, C, D and E) and the insertion in fingers domain
(IFD). CTE contains four motifs (E-I, E-II, E-IIl and E-IV). The
fingers, palm and thumb domains are also indicated. (B) hTERT
interacts with RMRP (1) and synthesizes antisense strand of RMRP
via its RARP activity through the back-priming mechanism (2). The
hairpin-shaped long dsRNA is processed into small dsSRNA by Dicer
(3). One strand of the unwound small dsRNA is loaded onto hAGO2
(4) and targets RMRP for post-transcriptional silencing (5).

Because hTERT and RMRP did not require additional prim-
ers or ligases to generate the hairpin-shaped RNA product,
hTERT started the elongation of antisense RMRP strand just
after the 3’ end of sense RMRP, using back-priming. We
further investigated whether the hTERT-dependent dsRNA
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synthesis triggered RNA silencing in human cells in vivo.
As seen in other model organisms, the long dsRNA with
sense and antisense sequences of RMRP was processed into
short dsRNA of 22-nt in length in a Dicer-dependent manner.
Moreover, the one strand of the short dsSRNA was loaded
onto human AGO?2, indicating the short dsRNA is a siRNA.
The expression level of both endogenous and forcedly
expressed RMRP was negatively regulated by the expression
of either hTERT or Dicer, suggesting the downregulation
mechanism of RMRP via post-transcriptional gene silencing
(Figure 2B). These findings indicate that human retains
endogenous RNAi mechanism, in which the RARP activity
of hTERT plays a key role in generating functional dsRNAs.

Recently, Kaprenov and co-workers provided additional
support for the existence of a mammalian RARP (Kapranov
et al., 2010). They found a new class of gene termini-asso-
ciated human RNAs, which showed extremely interesting
structural characters; the RNAs were ~ 50-nt in length, and
they had non-genetically encoded 5’ poly(U) tails as well as
antisense sequences of the 3’ untranslated regions. The 5’
poly(U) tails were just followed by the antisense sequences
of the very 3’ ends of known mRNAs. Based on the unique
structures of the RNAs, the authors speculated the possibility
of a novel RNA copying mechanism, in which RdRP pro-
duces antisense RNAs from the poly(A) tail of human
mRNAs.

In addition, other proteins, such as RNA polymerase II
(Lehmann et al., 2007), could also exhibit similar activities.
Indeed, the RARP in Drosophila was indentified from the
RNA polymerase II core elongator complex subunit with no
conserved amino acid domains compared with canonical cel-
lular RdRPs (Lipardi and Paterson, 2009). The authors spec-
ulated that the human homolog of Drosophila RARP, human
IKAP protein, also has RdRP activity.

Conclusions and perspectives

The discovery of RNAi mechanisms has changed our under-
standing of the role of RNA in regulating gene expression.
Many types of small non-coding RNAs, including endoge-
nous siRNAs, contribute to the gene regulation transcription-
ally and post-transcriptionally. Cellular RdRPs are indis-
pensable to generate endogenous siRNAs in RNAIi of model
organisms. Although mammals have no homologs of cellular
RdRPs and they have been long believed to have lost endog-
enous RNAI systems, our recent findings revealed that h-
TERT has RdRP activity and plays a role in RNA silencing.
Other groups also reported indirect evidence suggesting
functional human RdRPs. These novel findings indicate that
endogenous RNAi mechanisms are essential and highly pre-
served throughout the species, and RARP-mediated gene reg-
ulatory mechanisms might control even more extensive
events than we have imagined.

TERT and IKAP homologs are conserved in many euka-
ryotes including the model organisms with canonical cellular
RdRPs. At present, it is unknown whether these novel RdRPs
also function in the model organisms or not. If this is the

case, the endogenous RNAIi biology in these model organ-
isms regulated by another pathway could exist. If the novel
RdRPs are specific for high organisms, this could bring
another simple question: why they lost canonical RdRPs?
Future investigations about functional diversity of the non-
canonical RdRPs in RNAIi could provide us with some sug-
gestions about this question.

RNAI has enormous potential for the treatment of many
genetic and acquired diseases. Even the proteins lacking
ligand-binding domains or sharing high degrees of structural
homology to untargeted proteins as well as disease-causing
RNAs can be targeted by the sequence-specific binding of
the functional small RNAs in RNAi. Currently, several
RNAi-based therapeutic approaches using exogenous si-
RNAs are under evaluation in clinical trials. Because hTERT
is specifically and highly expressed in malignant cells,
hTERT-mediated endogenous RNAi induction could become
a promising novel approach in RNAi-based cancer therapeu-
tics with reduced adverse effects in normal cells. Further
functional and biochemical analysis of hTERT and other pre-
sumable human RdRPs could expand the therapeutic option
for many diseases.
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Recent work has identified a subset of cells resident in tumors that
exhibit properties similar to those found in normal stem cells. Such
cells are highly tumorigenic and may be involved in resistance to
treatment. However, the genes that regulate the tumor initiating
cell (TIC) state are unknown. Here, we show that overexpression
of either of the nucleolar GTP-binding proteins nucleostemin (NS)
or GNL3L drives the fraction of genetically defined tumor cells that
exhibit markers and tumorigenic properties of TICs. Specifically,
cells that constitutively express elevated levels of NS or GNL3L
exhibit increased TWIST expression, phosphorylation of STAT3,
expression of genes that induce pluripotent stem cells, and en-
hanced radioresistance; in addition, they form tumors even when
small numbers of cells are implanted and exhibit an increased
propensity to metastasize. GNL3L/NS forms a complex with the
telomerase catalytic subunit [human telomerase reverse transcrip-
tase (hTERT)] and the SWitch-Sucrose NonFermentable (SWI-SNF)
complex protein brahma-related gene 1 (BRG1), and the expres-
sion of each of these components is necessary to facilitate the
cancer stem cell state. Together, these observations define a com-
plex composed of TERT, BRG1, and N5/GNL3L that maintains the
function of TICs.

Both embryonic and organ-specific stem cells are character-
ized by the ability to self-renew and to differentiate into
specialized cell types. Recent work has identified a subset of cells
in tumors that exhibit properties similar to those found in normal
stem cells (1-3). Such tumor initiating cells (TICs) or cancer
stem cells are characterized by the capacity for unlimited self-
renewal and the ability to differentiate into multiple cell types.
Moreover, such cells are highly tumorigenic (4), show resistance
to chemotherapy and/or radiotherapy (5-7), and may contribute
to metastasis (8-11).

TICs are defined operationally. Specifically, such cells exhibit
the ability to form tumors when placed in limiting numbers in
animal hosts (4, 12). Although some cancer stem cells express
particular cell surface receptors, the expression of such markers
is not exclusive to TICs and no universal cancer stem cell
markers have been identified. Indeed, recent evidence suggests
that not all tumors may harbor such TICs (12, 13). Given the
potential role for such cells in tumor initiation, progression, and
response to treatment, defining the molecular alterations that
program cancer stem cells is essential not only to identify such
cells but to understand their contribution to malignant trans-
formation.

The nucleolar GTP-binding protein nucleostemin (NS) and its
closely related family member GNL3L are expressed at high
levels in ES cells (14, 15), and NS has been proposed as a marker
for TICs in highly aggressive brain tumors (16). NS has been
reported to regulate cell proliferation through a direct in-
teraction with p53 (14). Specifically, recent studies have shown
that expression of NS and/or GNL3L delays the onset of cellular
senescence by negatively regulating telomeric repeat-binding
factor 1 (TRF1) stability (17) and that depletion of NS causes G1

20388-20393 PNAS | December 20, 2011 vol. 108 | no. 51

49

arrest in a p53-dependent manner (18). However, other studies
suggest that NS may also contribute to stem cell function in-
dependent of p53, because blastocysts derived from NS null mice
failed to enter S phase even in the absence of p53 (19).

We hypothesized that NS may contribute directly to formation
of cancer stem cells. Here, we show that the expression of NS/
GNL3L increases the fraction of tumorigenic human cells that
exhibit TIC properties.

Results

NS and GNL3L Regulate TIC Behavior. To examine whether endog-
enous NS was essential for the behavior of established TICs, we
evaluated the consequences of suppressing NS in well-character-
ized TIC lines derived from glioblastomas (GBMs; 0308, BT145,
and BT112) (20). To determine whether suppression of NS in these
GBM TICs affected clonogenic neurosphere formation, a pheno-
type tightly correlated with tumorigenicity (21), cells were infected
with either a control (short hairpin GFP) or three distinct N§-
specific shRNAs [short hairpin NS (shNS) 1-3; Fig. 1]. We per-
formed single-cell neurosphere formation assays and found that
cells expressing the control shRNA formed neurospheres compa-
rable to unmanipulated GBM TICs. In contrast, 0308 cells ex-
pressing NS-specific shRNAs displayed altered sphere-forming
activity that corresponded to the degree of NS suppression. Spe-
cifically, cells expressing NS-specific siRNAs that produced the
highest degree of NS suppression (shNS1 and shNS3) exhibited
a significant decrease in average sphere size (P < 0.02; Fig. 14,
Upper Left). These cells also displayed decreased levels of neural
stem cell markers CD133 and SOX2 (Fig. 14, Lower Left). To
eliminate the possibility that the observed effects were attributable
to off-target effects of RNAI, we created a shRNA specific for the
NS 3'UTR (shNS4) and showed that expression of this shRNA
induced similar effects on the proliferation of MCF7 cells as the
other NS-specific shRNAs and could be rescued by the expression
of ectopic NS (Fig. SI A-C). Moreover, suppression of NS in two
other TIC lines, BT145 and BT112 (Fig. 1 B and C), also resulted in
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Fig. 1. NS is required for TIC function. (A, Upper Left) Suppression of NS in
0308 cells results in decreased neurosphere size. The 0308 cells expressing
control or NS-specific shRNAs were grown under neurosphere promoting
conditions. Triplicate images of each cell population for three independent
experiments were analyzed for average neurosphere size per area (um?).
Error bars indicate SD for three independent experiments. (Lower Left)
Control (short hairpin GFP) and NS-specific shRNAs (shN51-3) were in-
troduced into 0308 cells, and endogenous NS suppression was measured
by immunoblotting. IB, immunocblot; shGFP, short hairpin GFP. The expres-
sion of CD133 and SOX2 was also assessed; f-actin is shown as a loading
control. (Right) Representative images of GBM-derived 0308 TICs containing
a control or NS-specific shRNAs. (Scale bar = 250 pm.) As described in A
performed on BT145 cells (8) or BT112 cells (C). (Scale bar = 1 mm in rep-
resentative images.)

a decrease in sphere size and expression of the neural stem cell
marker CD133 proportional to the degree of NS suppression. To-
gether, these observations indicate that suppression of NS in 0308,
BT145, and BT112 cells decreases the ability of these cells to form
clonogenic neurospheres, and likely their tumor initiating capacity.

Although tumorigenic, human cancer cell lines derived from
tumors or engineered by the expression of specific genetic ele-
ments (22) contain only a small fraction of cells that exhibit TIC
behavior (4, 10, 23). To determine the effects of NS or GNL3L
on the tumorigenicity of either engineered tumorigenic fibroblast
[BJELR (full name: BJEHEcR-LT-Ras-ST)] and kidney epi-
thelial (HA1ER) cells expressing the SV40 large and small T
antigens, hTERT, and oncogenic H-RAS (22) or two established

Okamoto et al.

human cancer lines (HeLa or MCF7), we expressed NS or
GNL3L at levels found in GBM-derived neurospheres and an-
alyzed several phenotypes associated with TICs. We found that
expression of either NS or GNL3L conferred the ability to form
statistically larger and more numerous anchorage-independent
colonies (Fig. 2 A and B) and induced enhanced tumorigenicity
(Fig. 2C). Specifically, we observed tumor formation after the s.c.
inoculation of a small number of cells overexpressing NS or
GNL3L (<500 cells), whereas cells expressing a control vector
failed to form tumors. TICs have also been reported to exhibit
relative resistance to ionizing radiation (5). When we irradiated
BJ-hTERT, MCF7, or HeLa cells expressing a control vector,
NS, or GNL3L, we found that cells expressing NS or GNL3L
were more resistant to y-irradiation (Fig. S2). These observations
suggest that expression of NS or GNL3L alters the fraction of
TICs present in both established and engineered cancer cell lines.

NS or GNL3L Expression Induces Markers and Pathways Associated
with TICs. Several markers have been described to be expressed
by TICs. When we analyzed cells overexpressing NS or GNL3L,
we found increased expression of CD44 and CD133, markers
associated with TICs (4, 24) (Fig. 3 A-C). Indeed, we found that
the expression of NS or GNL3L in HeLa cells and BJ-hTERT
cells induced a two- to fourfold increase in the percentage of
cells expressing high levels of CD44 compared with cells ex-
pressing a control vector when we assessed either total CD44
levels (Fig. 34) or CD44 expression in individual cells (Fig. 3 B
and C). In addition, we confirmed that NS and GNL3L are
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Fig. 2. Expression of NS or GNL3L induces TICs. (4) Anchorage-independent
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shown. *P < 0.05. (B) Representative micrographs demonstrate colony sizes
(magnification: 100x) of Hela cells expressing NS, GNL3L, or a control vector
(control). (Scale bar = 100 pm.) (C) For tumorigenicity assays, the indicated
numbers of cells were injected s.c. into immunodeficient mice and are
reported as the number of tumors formed/number of injection sites.
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significantly overexpressed in the subpopulation of several can-
cer cell lines previously shown (4, 23, 25) to be enriched in cells
that express gene signatures related to TICs (CD44 high fraction
of HelLa and CD44 high/CD24 low fraction of MDA-MB-157,
MDA-MB-231, and MDA-MB-436 cells; Fig. S3 4 and B).

Cell surface markers are useful tools to identify cells that ex-
hibit cancer stem cell activity but may not unequivocally mark
this cell population. We also investigated whether NS expression
alters pathways implicated in the maintenance of cancer stem
cells. Specifically, we determined whether expression of NS or
GNL3L affected WNT/p-catenin signaling and found that ex-
pression of NS or GNL3L correlated with increased nuclear lo-
calization of the active nonphosphorylated B-catenin (Fig. 3 D
and E) and induced statistically significant increased p-catenin
activity as measured by reporter assay (26, 27) (Fig. 3F). Ex-
pression of NS or GNL3L also induced higher steady-state levels
of ¢-MYC, a direct p-catenin target gene (Fig. 3G). The in-
troduction of OCT3/4, SOX2, c-MYC, and KLF4 into normal
human and murine cells suffices to reprogram such cells into ES
cells (28, 29). When we analyzed the expression of these genes in
cells expressing either a control vector, NS, or GNL3L, we found
that NS or GNL3L up-regulated ¢-MYC, OCT3/4, and KLF4
(Fig. 3G and Fig. S4). These observations confirmed that the
expression of NS or GNL3L induces the expression of genes
associated with ES cells and cancer stem cells.

NS or GNL3L Expression Activates the Epithelial Mesenchymal Tran-
sition and Induces Metastasis. In addition to WNT/p-catenin sig-
naling, several other pathways have been implicated in the
maintenance of the cancer stem cell state. Specifically, recent
evidence indicates that increased STAT3 signaling regulates the
expression of the master regulator TWIST to induce epithelial
mesenchymal transition (EMT) and metastasis (30). In conso-
nance with these observations, we found that BJ-hTERT, MCF7,
and HeLa cells expressing NS or GNL3L exhibited mcrea%ed
expression of the tyrosine phosphorylated form of STAT3 (Tyr’*®
Fig. 44) and higher levels of TWIST, SNAIL, and vimentin (Flg
4B). TGF-p signaling has been implicated in the regulation of
both CD44 expression and TWIST (10). To investigate whether
TGF-p signaling was required for EMT in cells expressing NS or
GNL3L, we treated HeLa cells expressing NS with two different
TGF-p inhibitors (LY364947 and SD-208) and found that the
expression of CD44 was decreased in HeLa cells expressing NS in
a dose-dependent manner (Fig. 4E). These observations suggest
that the expression of NS or GNL3L induces an EMT.

In addition, we found that tumorigenic cells expressing either
NS or GNL3L exhibited increased capacity for metastasis as
measured by the number of foci formed in the lungs of mice
after tail vein injection of control, NS-expressing, or GNL3L-
expressing cells (Fig. 4 C and D). Although this observed in-
crease in the number of lung metastases in cells expressing NS
may be attributable, in part, to the increased tumorigenicity of
these cells, these observations show that NS-expressing cells
exhibit several phenotypes associated with TICs (10, 11).

NS/GNL3L, BRG1, and TERT Form a Complex Necessary for TIC
Function. Because TERT has been implicated in the mainte-
nance of stem cells by both telomere-dependent (31) and telomere-
independent mechanisms (32-35) and had previously been
reported to interact with GNL3L (36), we determined whether
the interaction of NS/GNL3L with hTERT was involved in the
induction of TICs. Specifically, we isolated hTERT immune
complexes and found that endogenous NS interacts with en-
dogenous hTERT in both HeLa and 293T cells (Fig. 54). To
characterize the interaction of hTERT with NS or GNL3L, we
used a series of TERT truncation mutants and found that the
amino-terminal end of hTERT (1-531) was necessary for h-TERT
to interact with both NS and GNL3L (Fig. S54). We also found
that the conserved consensus motifs G5 and G4 present in both
NS and GNL3L (37-40) were required for the interaction with
hTERT (Figs. S5 B and C, and S6). These observations identify
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Fig. 3. Effects of NS or GNL3L on cancer stem cell markers. Effects of over-
expressing NS or GNL3L on CD44 protein expression as assessed by immu-
noblotting (A) or flow cytometry (B and C). Cells were stained with FITC-
conjugated anti-CD44 (Leu-44) antibody. IB, immunoblot. (B) Fractions of
Hela cells expressing high levels of CD44 were 6.8% (control vector), 24.0%
(NS), and 14.1% (GNL3L). (C) Fractions of BJ-hTERT cells expressing high levels
of CD44 were 8.3% (control vector), 27.3% (NS), and 17.5% (GNL3L). (D)
Percentage of cells that harbor nuclear activated p-catenin in cells expressing
a control vector, NS, or GNL3L is shown. *P < 0.05. (E) Effects of over-
expressing NS or GNL3L on fi-catenin function. Representative immunofluo-
rescence images are shown. Hela cells (Upper) and Hela cells expressing NS
(Lower) were stained with an antibody that recognizes unphosphorylated
(active) p-catenin and visualized with Alexa Fluor 488 (Invitrogen)-conjugated
anti-mouse 1gG (green, magnification: 600x); DAP! (blue) indicates DNA.
(Scale bar = 10 pm.) (F) TOPFLASH-Luc luciferase reporter activity. A renilla
luciferase expression plasmid, pRL-5V40, was used as an internal control for
transfection efficiency. *P < 0.05. (G) Effects of overexpressing N5 or GNL3L
on the expression of ¢-MYC, OCT3/4, KLF4, and 50X2.
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= the same complex, we performed two types of sequential im-
| munoprecipitation experiments. First, we isolated FLAG-NS or
£ FLAG-GNL3L immune complexes and confirmed that hTERT-
HA was present. We then eluted these complexes with the M2
(FLAG) peptide, isolated hTERT immune complexes, and con-
firmed that endogenous BRGI1 was present in these complexes
(Fig. 5 D and E). Second, we isolated hTERT immune complexes
and confirmed that BRG1 was present. We then eluted these
complexes with the M2 (FLAG) peptide, isolated BRG] immune
complexes, and confirmed that endogenous NS was present (Fig.
5 F and G). These observations suggest that h\TERT, BRG1, and
NS or GNL3L are present in the same complex.
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RT-PCR: ) s S temer
Nroen :.:; e To determine whether the interaction of hTERT with NS/
GNL3L required the telomere elongation activities of TERT, we
(& ] suppressed the expression of the telomerase RNA subunit

hTERC and found that hTERT continued to associate with NS,
indicating that this interaction occurs independent of telomerase
activity (Fig. STA). Moreover, overexpression or suppression of
NS or GNL3L did not affect telomerase activity or telomere
length as assessed by telomere repeat amplification protocol
assays or telomere restriction fragment Southern blotting (Fig.
§7 B-D). Together, these observations suggest that complexes
containing hTERT, BRG1, and NS or GNL3L do not contribute
directly to telomere maintenance but, instead, drive TIC for-
mation by regulating the activity of BRGI.

To confirm that the complex composed of hTERT, BRGI,
and NS/GNL3L was involved in regulating TIC phenotypes, we
assessed whether each of these components was necessary for

1B: CO44 [
1B: B-actin [== it

Fig. 4. Effects of NS and GNL3L on EMT and metastasis. (A) Effects of
overexpression of NS or GNL3L on STAT3 and phospho-STAT3 (Tyr-705). IB,
immunoblot. (B) Effects of overexpression of NS or GNL3L on TWIST, SNAIL,
and vimentin expression. (C and D) Effects of overexpressing NS or GNL3L on
metastasis. (C) Bar graph shows the number of metastatic foci found after
tail vein injection. The mean + SD for three independent experiments is
shown. *P < 0.05. (D) Representative H&E images are shown (magnification:
100x). (Scale bar = 50 pm.) (E) Effects of TGF-f inhibitors on CD44 expression
induced by NS/GNL3L. The indicated cells were treated with LY364947 or SD-
208 for 24 h, followed by immunoblotting.

a specific conserved region in NS and GNL3L responsible for the
interaction with hTERT.

As recently described (35), we confirmed that hTERT binds
both overexpressed and endogenous BRG1 (Fig. 5 B and C). To
determine whether hTERT, BRG1, and NS/GNL3L are found in

NS-induced increase in CD44 levels. When we suppressed
hTERT expression using hTERT-specific siRNAs, we failed to
observe an increase in CD44 expression after expressing NS or
GNL3L (Fig. 64). Moreover, BRGI suppression reversed the
increase in CD44 expression induced by NS or GNL3L expres-
sion (Fig. 6B). In contrast, when we suppressed h"TERC expres-
sion using A TERC-specific shRNAs, we found that the expression
of hTERC was not required for the increase in CD44 expression
induced by NS or GNL3L overexpression (Fig. S7E). Further-
more, when we suppressed h”TERT or BRG1 expression, we failed
to observe an increase in TWIST expression after expressing NS
or GNL3L (Fig. 6 C and D). Suppression of A”TERT or BRG1 in
cells expressing NS or GNL3L, which are markedly enriched in
TICs, ablated the ability of HeLa cells expressing NS or GNL3L
to form tumors (Fig. 6 E and F). Together, these observations

HGL&S TAP-hTERT

hTERT- 2N = DTERT-HA FLAG
Lcell lysate

o “‘L"‘C‘“z Fig. 5. NS forms a complex with hTERT and BRG1. (A4) hTERT
interacts with endogenous NS. hTERT complexes from 293T or
Hela cells were purified with an anti-hTERT antibody (Rock-
land), and associated proteins were subjected to SDS/PAGE and
immunoblotting with an anti-NS antibody. IB, immunoblot. (B)
hTERT interacts with endogenous BRG1. hTERT immune com-
plexes from 293T or Hela cells were subjected to SDS/PAGE,
followed by immunoblotting with an anti-BRG1 antibody. (C)
BRG1 interacts with endogenous NS. BRG1 complexes from
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blotting. Schema (F) and results (G) of the sequential immu-
noprecipitation using cells stably expressing TAP-hTERT. hTERT
immune complexes were isolated and eluted with the FLAG
M2 peptide. Endogenous BRG1 immune complexes were iso-
lated, and endogenous NS was analyzed by immunoblotting.
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independent BRG1-specific shRNAs. (C) hTERT is required for NS/GNL3L-
induced increase in TWIST expression. Hela-NS cells or Hela-GNL3L cells
expressing either a control siRNA or two independent hTERT-specific siRNAs
were immunoblotted for TWIST. (D) BRG1 is required for NS/GNL3L-induced
increase in TWIST expression. TWIST expression was assessed by immuno-
blotting in HeLa-NS cells or HeLa-GNL3L cells stably expressing either a con-
trol vector or two independent BRG1-specific shRNAs. (E) hTERT is required
for tumor formation by HeLa cells. The number of tumors formed/number of
injection sites in Hela-NS cells or HelLa-GNL3L cells expressing either a con-
trol siRNA or two independent hTERT-specific siRNAs is shown. For E and F,
5 x 10* cells were injected per mouse. NC, negative control. (F) BRG1 is re-
quired for tumor formation by Hela cells expressing NS or GNL3L. HelLa-NS
cells or HeLa-GNL3L cells expressing either a control vector or two in-
dependent BRG1-specific shRNAs are shown.

indicate that the expression of h\TERT, NS/GNL3L, and BRG1 is
each required to induce a TIC phenotype.

Discussion

Here, we show that expression of NS or GNL3L in genetically
engineered human cancer cells confers a TIC phenotype. Tu-
morigenic human cells of defined genetic constitution expressing
NS or GNL3L exhibited the full range of phenotypes associated
with cancer stem cells, including the expression of cell surface
markers such as CD44 and CD133, genes that induce induced
pluripotant stem (iPS) cells, the ability to form tumors when
implanted at limiting numbers, activation of an EMT program,
and increased metastatic potential. Because genetically engi-
neered human cancer cells (BJELR and HAIER) and even
established human cancer lines (HeLa and MCF7) have both
TIC and non-TIC populations (Fig. S3), expressing NS or
GNL3L enhances the TIC fraction.
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NS was initially found to be expressed at high levels in highly
proliferative multipotential cells (14, 19) as well as a subset of
aggressive brain tumors (16). We found that NS and GNL3L
contribute directly to the maintenance of the TIC phenotype.
Prior work demonstrated that NS physically interacts with p53 and
that this interaction regulates cell proliferation (14). However, it
is clear that NS also contributes to stem cell function indepen-
dent of p53 (19). Although we have confirmed that depletion of
NS is associated with cell cycle arrest accompanied by p53 up-
regulation (18), the tumorigenic cells in which we expressed NS or
GNL3L lack p53 function, suggesting that NS contributes to the
generation of TIC independent of its regulation of p53.

TERT was recently shown to interact with GNL3L in a manner
that regulated telomere length (36). We have confirmed that
GNL3L and NS interact with TERT through a highly conserved
region present in both of these nucleolar GTP binding proteins.
However, in this setting, we failed to find evidence that the in-
teraction of NS or GNL3L affected telomere length or telo-
merase activity. Instead, we found that NS or GNL3L forms
a ternary complex with TERT and BRG1 in a manner that does
not depend on h"TERC. However, it remains possible that TERT-
GNL3L complexes regulate telomere dynamics in other cells or
conditions. These observations suggest that the NS/GNL3L-
TERT-BRGI1 complex operates in a telomere-independent
manner to drive transcriptional programs essential to the main-
tenance of the TIC state. Thus, in addition to facilitating im-
mortalization, hTERT may contribute to tumorigenicity through
the NS/GNL3L-TERT-BRGI1 complex by influencing the bal-
ance of cancer cells that exhibit TIC phenotypes.

Recent work indicates that TERT regulates stem cell ho-
meostasis independent of its function at telomeres (32) and that
TERT, together with BRG1, modulates stem cell homeostasis
by modulating the WNT/B-catenin signaling pathway (35). We
confirmed that the NS/GNL3L-TERT-BRG1 complex is es-
sential for the maintenance of TICs. Further work will be nec-
essary to determine whether this complex regulates normal stem
cells by a similar mechanism.,

In prior work, we identified a limited number of introduced
genes that sufficed to convert normal human cells into tumori-
genic cells (22). We and others have subsequently found specific
combinations of genes mutating in spontaneously arising cancers
that permitted the creation of tumorigenic human cells of a de-
fined genetic composition (41-43). These experimental models
have proven useful to decipher the cooperation between mutated
genes and the discovery of new cancer genes (44, 45). However,
like most established cancer cell lines, such cells formed tumors
only after the implantation of a large number of cells, suggesting
that additional perturbations were necessary to drive the for-
mation of TICs. The observation that expression of NS or
GNL3L in this setting leads to cells that exhibit all the pheno-
types associated with cancer stem cells establishes an experi-
mental model to define the pathways required to program the
cancer stem cell state. Moreover, because the acquisition of stem
cell characteristics correlates with treatment resistance and me-
tastatic disease, these experimental models may provide the
means to identify new targets to inhibit these phenotypes asso-
ciated with lethal disease.

Materials and Methods

Cell Culture and Stable Expression of FLAG-NS/GNL3L and hTERT. The human
cell lines 293T, MCF7, Hela-5, HA1ER (22), and Hela were maintained in
DMEM supplemented with 10% (volivol) heat-inactivated FBS. BJ fibroblasts
and BJELR cells were cultured as described (22). Amphotropic retroviruses
were created as described (22) using the expression vector pWZL-neo,
pBABE-Hygro, pWZL-neo-FLAG-NS, pWZL-neo-FLAG-GNL3L, or pBABE-
Hygro-hTERT. After infection, cells were selected with neomycin (G418; 2
ma/mL) for 7 d or with hygromycin (50 mg/mL) for 3 d.

Stable Expression of shRNA. The pLKO.1-puro vector was used to express
shRNAs targeting NS, GNL3L, hTERC, BRG1, and GFP. These vectors were
used to make amphotropic lentiviruses, and polyclonal cell populations were
purified by selection with puromycin (2 mg/mL).
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Immunoblotting and Immunoprecipitation. Cells were lysed using a Nonidet
P-40/SD5-based lysis buffer. Details concerning the conditions and anti-
bodies used are found in S/ Materials and Methods.

Anchorage-Independent Growth and Tumorigenicity Assays. Growth in soft
agar was performed as described (22) and scored at 4 wk. For tumor
experiments, cells were mixed with BD Matrigel Matrix (BD Bioscience) at 4 °C
and injected s.c. in BALB/c-nu/nu mice.

Neurosphere Formation Assay. GBM-derived 0308 tumor stem cells were a gift
from H. Fine (US National Institutes of Health, Bethesda, MD) and were
cultured in neurobasal media (NBE; Invitrogen), 0.5x each N2 and B27 sup-
plements (Invitrogen), and 50 ng/mL each human recombinant basic FGF and
EGF (R&D Systems). BT145 and BT112 cells were cultured in NeuroCult NS-A
Basal Medium (StemCell Technologies) supplemented with NeuroCult NS-A
Proliferation Supplement (StemCell Technologies) and 20 ng/mL human
recombinant bFGF and EGF. For shRNA experiments, cells were infected with
viral supernatant diluted 1:5, spun at 930 x g for 30 min, and incubated at
37 °C for 1.5 h before changing to fresh media. Cells were selected with 0.4
mg/mL puromycin 24 h after infection. At 72 h after infection, the cells were
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trypsinized and plated to assay for neurosphere formation; after 72 h, im-
aging with a light microscope was performed and cell lysates were made for
immunoblot analysis. To determine average sphere size, images were ana-
lyzed using Image) software (National Institutes of Health).

Metastasis Assay. A total of 5 x 10° cells were injected into the tail vein of
BALB/c-nu/nu mice. After 4 wk, lungs were dissected to evaluate tissue
morphology and to detect metastases.

ACKNOWLEDGMENTS. We thank A. Miyajima, 5. Saito, 5. Inanobe,
S. Takahashi, T. Ochiya, and R. Takahashi for their technical assistance. We
thank H. Fine for the gift of 308 cells. This work was supported, in part, by
Grant-in-Aid for Young Scientists (A) 21689012 (to K.M.) from the Japanese
Ministry of Education, Culture, Sports, Science, and Technology; by Third-
Term Comprehensive Control Research for Cancer (K.M.) from the Japanese
Ministry of Health, Labor, and Welfare; by the NOVARTIS Foundation
(Japan) for the Promotion of Science (K.M.); by the Funding Program for
Next Generation World-Leading Researchers (K.M.); and by Grant RO1
AG23145 from the US National Institutes of Health (to W.C.H.). N.O. was
supported by a Research Fellow of the Japan Society for the Promotion
of Science.

24, Singh SK, et al. (2003) Identification of a cancer stem cell in human brain tumors.
Cancer Res 63:5821-5828.

25. Ben-Porath |, et al. (2008) An embryonic stem cell-like gene expression signature in
poorly differentiated aggressive human tumors. Nat Genet 40:499-507.

26. Miller JR, Hocking AM, Brown JD, Moon RT (1998) Mechanism and function of signal
transduction by the Wnt/beta-catenin and Wnt/Ca2+ pathways. Oncogene 18:7860-7872.

27. Firestein R, et al. (2008) CDKS is a colorectal cancer oncogene that regulates beta-
catenin activity. Nature 455:547-551.

28. Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell 126:663-676.

29, Takahashi K, et al. (2007) Induction of pluripotent stem cells from adult human
fibroblasts by defined factors. Celf 131:861-872.

30. Cheng GZ, et al. (2008) Twist is transcriptionally induced by activation of STAT3 and
mediates STAT3 oncogenic function. J Biol Chem 283:14665-14673.

31. Flores |, Cayuela ML, Blasco MA (2005) Effects of telomerase and telomere length on
epidermal stem cell behavior. Science 309:1253-1256.

32. Sarin KY, et al. (2005) Conditional telomerase induction causes proliferation of hair
follicle stem cells, Nature 436:1048-1052,

33, Choi J, et al. (2008) TERT promotes epithelial proliferation through transcriptional
control of a Myc- and Wnt-related developmental program. PLoS Genet 4:e10.

34. Imamura S, et al. (2008) A non-canonical function of zebrafish telomerase reverse
transcriptase is required for developmental hematopoiesis. PLoS ONE 3:e3364.

35. Park JI, et al. (2009) Telomerase modulates Wnt signalling by association with target
gene chromatin. Nature 460:66-72.

36. Fu D, Collins K (2007) Purification of human telomerase complexes identifies factors
involved in telomerase biogenesis and telomere length regulation. Mol Cell 28:
773-785.

37. Daigle DM, et al. (2002) YjeQ, an essential, conserved, uncharacterized protein from
Escherichia coli, is an unusual GTPase with circularly permuted G-motifs and marked
burst kinetics. Biochemistry 41:11109-11117.

38. Leipe DD, Wolf YI, Koonin EV, Aravind L (2002) Classification and evolution of P-loop
GTPases and related ATPases. J Mo/ Biol 317:41-72.

39. Meng L, Yasumoto H, Tsai RY (2006) Multiple controls regulate nucleostemin
partitioning between nucleolus and nucleoplasm. J Cell S¢ci 119:5124-5136.

40. Yasumoto H, Meng L, Lin T, Zhu Q, Tsai RY (2007) GNL3L inhibits activity of estrogen-

related receptor gamma by competing for coactivator binding. J Cell Sci 120:

2532-2543.

Zhao 1), et al. (2003) Human mammary epithelial cell transformation through the

activation of phosphatidylinositol 3-kinase. Cancer Cell 3:483-495.

42, Boehm JS, Hession MT, Bulmer SE, Hahn WC (2005) Transformation of human and
murine fibroblasts without viral oncoproteins. Mol Cell Biol 25:6464-6474.

43. Zhao JJ, et al. (2005) The oncogenic properties of mutant p110alpha and p110beta
phosphatidylinositol 3-kinases in human mammary epithelial cells. Proc Nat/ Acad Sci
USA 102:18443-18448.

44, Kolfschoten IG, et al. (2005) A genetic screen identifies PITX1 as a suppressor of RAS

activity and tumorigenicity. Cell 121:849-858.

Boehm JS, et al. (2007) Integrative genomic approaches identify IKBKE as a breast

cancer oncogene. Cell 129:1065-1079.

41

45,

wn

PNAS December 20, 2011 vol. 108 no. 51 | 20393

54

-
=
o
W
o
v
o«
[*7}
—
=
v}
-
[

CELL BIOLOGY



!
vd
o

Supporting Information

Okamoto et al. 10.1073/pnas.1015171108

S| Materials and Methods

Telomeric Repeat Amplification Protocol Assay. The telomeric re-
peat amplification protocol was used to detect telomere-specific
reverse transcriptase activity (Millipore).

Telomere Restriction Fragment Southern Blotting. Telomere length
was measured by hybridizing a **P-labeled telomeric (CCCTAA);
probe to Hinfl- and Rsal-digested genomic DNA (1).

RT-PCR and Quantitative RT-PCR. Total cellular RNA was isolated
using TRIzol (Invitrogen) and subjected to RT-PCR. The primers
used are shown in Table S1.

The RT reaction was performed for 60 min at 42 °C, and PCR was
immediately performed (94 °C for 30 s, 60 °C for 30 s, and 72 °C
for 30 s). Cycle numbers for PCR are indicated in the table.

Quantitative RT-PCR was performed with a LightCycler 480 II
(Roche) using LightCycler 480 SYBR Green I Master (Roche)
according to the manufacturer’s protocols. The primers used are
shown in Table S2.

Sequences for shRNAs. The sequences used for the indicated
shRNAs are shown in Table S3, where the capitalized letters
represent the targeting sequences.

Transfection of siRNA. A total of 1.5 x 105 cells were plated in 24-
well plates. After incubation for 24 h, cells were transfected with
Lipofectamine 2000 (Invitrogen). The sequences used for the
indicated siRNAs were as follows: 5-GUGUCUGUGCCC
GGGAGAATT and 5-UUCUCCCGGGCACAGACACTT for
hTERT siRNAI and 5'-GCAUUGGAAUCAGACAGCATT and
5-UGCUGUCUGAUUCCAAUGCTT for hTERT siRNA2.
The negative control siRNA (MISSION siRNA Universal Nega-
tive Control; Sigma—-Aldrich) was also used.

Immunoblotting. Cells were lysed in radioimmunoprecipitation
assay (RIPA) buffer containing 1.25 % Nonidet P-40, 1.25 % (wt/
vol) sodium dodecyl sulfate (SDS), 2 mM EDTA, 50 mM Tris-HCI
(pH7.4), and 150 mM NaCl. After sonication, lysates were cleared
of insoluble material by centrifugation at 21,000 x g at 4 °C for 15
min. Proteins (100 pg) were subjected to SDS/PAGE in 8% (wt/
vol) polyacrylamide gels and immunoblotting. The following an-
tibodies were used: anti-FLAG M2 Affinity Gel (Sigma-Aldrich),
anti-HA11 (Covance), anti-CD133 (ab19898; Abcam), anti-p-
actin AC-15 (Sigma-Aldrich), anti-human CD44H (R&D Sys-
tems), anti-GNL3 A300-600A (Bethyl Laboratories), anti-GNL3
A300-599A (Bethyl Laboratories), anti-BRG1 (gift from Ohta,
Japanese National Cancer Center, Tokyo, Japan), anti-SOX2
BL6578 (Bethyl Laboratories), anti-V5 (Nacalai Tesque), anti-
human TWIST (Bio Matrix Research, Inc.), antivimentin (Dako-
Cytomation), anti-SNAIL ChIP Grade (Abcam), antitelomerase
catalytic subunit (hTERT; Rockland), anti-Stat3 (C-20; Santa
Cruz), and anti-phospho-Stat3 (Tyr705; Cell Signaling).

Immunoprecipitation. Cells were lysed in lysis buffer A (LBA)
containing 0.5 % Nonidet P-40, 20 mM Trid-HCI (pH 7.4), and 150
mM NaCl. After sonication, lysates were cleared of insoluble
material by centrifugation at 21,000 x g at 4 °C for 15 min. Twenty
microliters of a prewashed 1:1 slurry of anti-FLAG M2 Affinity
Gel was incubated with whole-cell lysates for 4 h or overnight at 4 °
C. The anti-FLAG M2 Affinity Gel complexes were washed three
times with LBA and eluted in 2x SDS loading buffer containing
20% B-mercaptoethanol, 20% (vol/vol) glycerol, 4% (wt/vol) SDS
and 100 mM Tris-HCl (pH 7.4), followed by SDS/PAGE and
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immunoblotting. To confirm the interaction of endogenous pro-
teins, lysates were precleared with 25 pL of TrueBlot Anti-Rabbit
IgG Beads (eBioscience) for 1 h at 4 °C. After centrifugation, an
anti-affinity-purified antitelomerase catalytic subunit (hTERT),
anti-GST (GST; Sigma-Aldrich), or anti-BRG1 (Abcam) was in-
cubated with precleared cell lysates for 5.5 h at 4 °C. Thirty mi-
croliters of TrueBlot Anti-Rabbit IgG Beads was then added and
incubated overnight. The TrueBlot Anti-Rabbit IgG Beads com-
plexes were washed three times with LBA and eluted in 2x SDS
loading buffer, followed by SDS/PAGE and immunoblotting.

Sequential Immunoprecipitation. After sonication, lysates were
cleared and 20 pL of a prewashed 1:1 slurry of anti-FLAG M2
Affinity Gel was incubated with whole-cell lysates overnight at
4 °C. The anti-FLAG M2 Affinity Gel complexes were washed
three times with LBA and eluted by FLAG peptide solution
(final concentration of 100 pg/mL) twice. The anti-HA antibody
(F7; Santa Cruz) or anti-BRG1 antibody and Protein A Se-
pharose beads were incubated with eluted cell lysates overnight.
The Protein A Sepharose beads complexes were washed three
times with LBA and eluted in 2x SDS loading buffer, followed by
SDS/PAGE and immunoblotting.

Immunofluorescence Staining. A total of 2.5 x 10> cells were seeded
on a poly-L-lysine—coated glass slide. After 24 h, the cells were
washed with PBS twice and permeabilized and then fixed in 3.7%
(vol/vol) formaldehyde plus 2% (wt/vol) sucrose and 0.1% Triton
X-100 in PBS buffer for 5 min. The cells were then washed three
times with PBS and incubated with the blocking solution (1%
BSA in PBS). The cells were then incubated with the anti-f-
catenin (BD Transduction Laboratories) for 1 h, washed three
times with PBS for 2 min, and incubated with Alexa Fluor 488
(Invitrogen) for 1 h. The slides were washed extensively with PBS
and mounted with Vectashield mounting medium for immuno-
fluorescence with DAPI (Vector Laboratories, Inc.). All matched
samples were photographed (control and test) using an immuno-
fluorescence microscope (IX81, OLYMPUS) and identical expo-
sure times.

Reporter Assay. A total of 3 x 10* cells were plated in 24-well
plates. After incubation for 24 h, cells were transfected with
a pTOPFLASH-Luc reporter construct. A renilla luciferase ex-
pression plasmid, pRL-SV40, was cotransfected at a concentra-
tion of 10 ng per well as an internal control for transfection
efficiency. After 48 h, cells were lysed with passive lysis buffer
and assayed for luciferase activity using a Dual-Luciferase Re-
porter Assay System (Promega).

Flow Cytometry and Cell Sorting. Cells were incubated in PBS con-
taining 2% (vol/vol) FBS with FITC-conjugated anti-CD44 (Leu-
44) antibody (BD Bioscience), allophycocyanin (APC)-conjugated
anti-human CD133 antibody (eBioscience), APC- conjugated anti-
CD44 antibody (BD Bioscience), or phycoerythrin-conjugated
anti-CD24 antibody (BD Bioscience). Isotype-matched murine Igs
served as controls. For flow cytometry, samples were analyzed
using a JSAN (Bay Bioscience). For cell sorting by flow cytometry,
samples were analyzed and sorted on a BD FACSVantage SE
(BD Bioscience), JSAN, or BD FACSAriall (BD Bioscience).

Clonogenic Assay. Two hundred cellswere seeded into six-well platesin

triplicate and exposed to radiation after 2448 h. Cells were allowed to
proliferate for 10-12 d, trypsinized, and replated into plates to elim-
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