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Post-transcriptional processing of some long non-coding RNAs (lncRNAs) reveals that they are a source of
miRNAs. We show that the 268-nt non-coding RNA component of mitochondrial RNA processing endoribonu-
clease, (RNase MRP), is the source of at least two short (∼20 nt) RNAs designated RMRP-S1 and RMRP-S2,
which function as miRNAs. Point mutations in RNase MRP cause human cartilage–hair hypoplasia (CHH),
and several disease-causing mutations map to RMRP-S1 and -S2. SHAPE chemical probing identified two alter-
native secondary structures altered by disease mutations. RMRP-S1 and -S2 are significantly reduced in two
fibroblast cell lines and a B-cell line derived from CHH patients. Tests of gene regulatory activity of RMRP-S1
and -S2 identified over 900 genes that were significantly regulated, of which over 75% were down-regulated,
and 90% contained target sites with seed complements of RMRP-S1 and -S2 predominantly in their 3′ UTRs.
Pathway analysis identified regulated genes that function in skeletal development, hair development and hem-
atopoietic cell differentiation including PTCH2 and SOX4 among others, linked to major CHH phenotypes. Also,
genes associated with alternative RNA splicing, cell proliferation and differentiation were highly targeted.
Therefore, alterations RMRP-S1 and -S2, caused by point mutations in RMRP, are strongly implicated in the
molecular mechanism of CHH.

INTRODUCTION

Cartilage–hair hypoplasia (CHH) is an autosomal recessive dis-
order arising from mutations in the non-coding RNA component
of mitochondrial RNA-processing endoribonuclease encoded
by the RNase MRP gene (1–4). In 1965, McKusick et al.
described CHH in the Amish population and recognized it as
an inherited disease (5). Patients presented with metaphyseal
osteochondrodysplasia that caused short-limbed dwarfism and
fine, sparse, light-colored hair (5). The CHH carrier frequency

is 1:10 in the Amish population, and 1:76 among the Finnish
(5, 6). As the disease has been further studied, many additional
variable features have come to light. Several of these include
mild-to-severe immunological deficiencies (7, 8), severe anemia
(9) and gastrointestinal malabsorption or Hirschsprung’s disease
(10). One of the major concerns in CHH is a 6–10% incidence
of malignancies. Primarily, lymphomas, leukemia, skin, eye and
liver neoplasms have been reported (5, 7, 11, 12).

The molecular genetic basis for CHH was discovered when
bi-allelic mutations were identified in RNase MRP located on
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chromosome 9p13, which encodes a 268-nt untranslated RNA
subunit (designated RMRP) (1, 11, 13, 14). Since then, .90 dif-
ferent mutations in RNase MRP have been associated with the
wide clinical spectrum of CHH (11, 15, 16). Homozygosity for
the founder mutation 70A.G accounts for most of CHH cases
among the Amish and Finnish populations (2, 3); however, the
disease is often caused by compound heterozygosity for other
point mutations, deletions and duplications in the RNase MRP
gene and its promoter (4). The transcription start site is highly
conserved, and mutations in the promoter have been shown to
drastically affect the rate of gene transcription (3). Only two
patients with biallelic mutations in the 5′ regulatory region of
the RNase MRP have been reported (7, 17), consistent with the
notion that such mutations are particularly detrimental and
may be embryonically lethal. In this regard, RNase MRP is es-
sential for early murine development (18). Short stature with
metaphyseal dysplasia is a hallmark of the whole spectrum
that ranges from milder phenotypes including metaphyseal dys-
plasia without hypotrichosis (16) and CHH to the severe anauxe-
tic dysplasia (AD) (11). Although mutations in the promoter 5′

regulatory region have been associated with the severe AD skel-
etal phenotype (4), a clear-cut association of specific mutations
with specific disease phenotypes has not been forthcoming.

The cellular biology associated with the major CHH pheno-
types suggests that CHH is likely to be caused by alterations in
the biology of stem cells. For example, the normal growth and dif-
ferentiation of bone isdependent upon the ability of the progenyof
mesenchymal stem/progenitor cells (MSPC) differentiate into
chondrocytes and osteoblasts in bone growth plates (19–21).
Any dysfunction of these cells caused by RNase MRP mutations
would likely cause the common dwarfism phenotype (2, 5, 15).
Furthermore, MSPC are also the source of stem cells for hemato-
poiesis (22, 23) and basal stem cells in hair follicles (23). Finally,
bone marrow failure has been frequently observed in CHH,
suggesting inability to sustain the hematopoietic stem cell pool
(7, 24). Therefore, abnormal function of stem cells can account
for all the major phenotypes of CHH and understanding the role
of RMRPin their biology will likely be fundamental to understand-
ing the disease. This report suggests an RNAi-based mechanism by
which mutations in RNase MRP may cause CHH phenotypes.

RNase MRP is a ubiquitously expressed intronless gene tran-
scribed by RNA polymerase III from nuclear DNA (25, 26).
The human transcript folds into a highly complex secondary
structure associated with 7–10 proteins (27–29). The transcrip-
tion start site is highly conserved and mutations in the promoter
that alter it are associated with severe forms of CHH (1, 15). The
promoter mutations that alter the 5′ end of RMRP are only
observed in the compound heterozygous state and are thought
to be lethal in the homozygous state (1, 3). RMRP has been iden-
tified primarily in the nucleus and nucleolus, and a small portion
has been found in mitochondria (30). It was the first nuclear-
synthesized RNA shown to be transported to the mitochondria
(31). In mitochondria, RMRP acts as an endonuclease that
cleaves an RNA synthesized from the origin of DNA replication
to produce an RNA primer for leading strand synthesis of
mitochondrial DNA (32). However, the complete loss of this ac-
tivity in yeast does not block mitochondrial growth, suggesting
that other endonucleases can substitute for RMRP in the mito-
chondria (32). Therefore, alterations in this activity of RMRP
are not thought to be causally related to CHH syndromes.

The RMRP present in nucleoli also carries out an essential
function in the final processing steps of 5.8S rRNA (33). In
yeast, RMRP was found to be responsible for the final cleavage
of a short segment of RNA from pre-5.8S rRNAs to produce the
final mature functional 5S rRNA (34). Extension of studies to
mammalian cells confirmed the nuclear 5.8S rRNA-processing
activity of RMRP (4, 11). Furthermore, it has been shown that
knockdown of RMRP causes major defects in ribosome func-
tions during protein synthesis and an expected major reduction
in growth (4). Ten other point mutations scattered throughout
the RNase MRP gene that may alter the secondary structure of
RMRP cause significant reduction in 5.8S rRNA processing
(4). Patients with these mutations survive and present many dif-
ferent phenotypes, suggesting that this activity is unlikely to be
involved in CHH.

It was recently reported that RMRP forms a complex with the
telomerase-associated reverse transcriptase (TERT) (35). The
TERT/RMRP complex exhibits RNA-dependent RNA poly-
merase activity and produces dsRNAs that can be processed
into siRNAs by Dicer. This activity was identified in highly ma-
lignant tumor cells, and its importance in somatic cells that are
generally TERT negative is not clear. Also, antisense reads of
RMRP are very rare in cells (36) and not enriched in Argonaute
RNPs (37). The relevance of this activity to CHH, should it exist
in stem cells, remains to be determined.

Despite the above-mentioned advances, a unifying mechan-
ism to explain RMRP action and especially the specific effects
of point mutation in causing the widely variable CHH syndromes
is lacking. Here we show that nuclear RMRP can act as a reser-
voir for the production of a class of small RNAs that we designate
‘silencing long non-coding derived RNAs’ (silondRNAs). In
addition, we show that these silondRNAs, specifically named
RMRP-S1 and RMRP-S2, have robust silencing activity that
targets sets of genes that are directly related to many of the
CHH phenotypes. As such, our data establish a new paradigm
that may account for the specific and variable effects of RMRP
point mutations and variable phenotypes of CHH.

RESULTS

Deep sequencing reveals two enriched segments of RMRP

It has been reported that lncRNAs can be the source of miRNA
(38). To identify such RNAs on a broad basis, we fractionated
total RNA from normal human liver and cirrhotic human liver
by 15% PAGE, extracted small RNAs of �19–30 nt and con-
structed a library using Illumina technology. Deep sequencing
reads from normal and cirrhotic liver libraries were obtained
and mapped to the human genome. The sequencing reads have
been deposited into SRA (NCBI BioProject PRJNA219492,
SRA Study SRP030022).

In this report, we focus on the small RNAs that were
sequenced from RNase MRP. The reads that mapped to RNase
MRP were distributed across the gene with a very distinct enrich-
ment of two regions of the gene designated RMRP-S1 (originat-
ing from the 5′ end of RMRP) and RMRP-S2 (originating from
the middle of RMRP) (Fig. 1). We identified a major transcript
initiating at the RefSeq annotated start site of RMRP. However,
we also identified significant numbers of reads initiating at +1
and +2 from the RefSeq start site (Fig. 1). These data identified
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RNA reads from 20 to 22 nt initiating from RMRP nt 5′ end
through +2 nt. In contrast, RMRP-S2 reads had a very distinct
5′ end at nt 140 (Fig. 1). Interestingly, the depth of reads for
RMRP-S1 and -S2 were reversed in normal liver versus cirrhotic
liver. Innormal liver, the S1/S2 read ratio was 0.19,whereas in cir-
rhotic liver, the S1/S2 ratio was 2.0, suggesting different process-
ingor stabilityof the smallRNAsinhealthyversus diseased tissue.

Weindependently identified the 5′ ends of RMRP-S1and -S2 in
the RNA preparations from two cirrhotic liver RNA preparations,
using S1 nuclease protection assays (Fig. 2A). The full-length
probes migrated to their predicted positions in the negative
control (no S1 nuclease added). This analysis identified a set of
three major and two minor 5′ start sites that mapped from nucleo-
tides 22 to +2 for RMRP-S1, confirming the sequencing read
data (Fig. 2B, Lanes 1–3). For RMRP-S2, S1 nuclease analysis
identified only one major 5′ end at nucleotide 140, also consistent
with the sequencing data (Fig. 2B, Lanes 4–6).

We next wanted to determine in what proportions the frag-
ments from RMRP-S1 were present in different tissues and cells
and whether we could detect a single species for RMRP-S2. For
this, we probed northern blots of RNA from cirrhotic liver,
human embryonic kidney 293 (HEK293) cells and MSPC

(Fig. 3A–C). In cirrhotic liver, we detected a weak-hybridizing
region between 20 and 22 nt with a 5′ end probe (5′ nt 1–20)
detecting RMRP-S1 and a single band of 19–20 nt using a
probe that detects RMRP-S2. In HEK293 cells, a clear set of
four bands between 20 and 30 nt were detected and in MSPC
two distinct bands of �21 and 23 nt were detected using the
RMRP-S1 probe. Interestingly, a second 5′ end probe detecting
nt 21–40 of RMRP also detected a small RNA of �23–24 nt
(Fig. 3B, Lane 2). This fragment has been previously reported
as associated with Argonaute (35). Taken together these data
support the conclusion that there are multiple RMRP 5′ end frag-
ments that occur in differing abundance in different cells. In add-
ition, we observed that a certain proportion of RMRP RNAs exist
as larger fragments as shown by fragments between 30 and 40 nt
and larger, especially a major band at 125 nt that maps a cleavage
site toward the middle of the RNA.

A different picture emerged when northern blots were hybri-
dized with a probe detecting RMRP-S2. In all cases, we only
detected a single band of �19–20 nt (Fig. 3A, Lane 2; 3B,
Lane 3). Interestingly, in MSPC, we did not detect a band repre-
senting RMRP-S2 (data not shown) whereas the clear single
bands representing RMRP-S2 were detected in cirrhotic liver
and HEK293 cells (Fig. 3A, Lane 2; 3B, Lane 3). This demon-
strates that RMRP processing may vary in different cell contexts.
To further characterize RMRP processing, we probed a northern
blot of MSPC RNA with a probe detecting the 3′ end of RMRP
(probe 010). Probe 10 detected major bands of �29, 35, 50,
57, 59, 65, 75, 110 and 145 (Fig. 3C, Lane 2). In addition,
RMRP-S1, probe 01, detected bands at �37, 38, 41, 60–65

Figure 1. Profile of small RNA reads across RMRP from miSeq library prepared
from normal liver. RMRPgene is represented 5′ to 3′ (right to left) with the RMRP
RNA sequence denoted by the arrow above the read profile. S1- and S2-labeled
brackets denote the segments identified as RMRP-S1 and RMRP-S2, respective-
ly. Individual reads identified by Maroon Bars below the gene. No antisense RNA
reads were detected. The sequence profiles of S1 and S2 were cut off at the same
depth of reads for illustration purposes. The ratio of depth of reads for S1/S2 in
normal liver was 0.19 and for cirrhotic liver (profile not shown) was 2.0.

Figure 2. Mapping of 5′ ends of RMRP-S1 and -S2. (A) Top lines, locations of
input probes S1 and S2 on the full-length RMRP gene (left–right 5′ –3′).
Sequences of the S1 and S2 input probes below the map. Arrows denote locations
of transcript start sites determined by S1 nuclease protection shown in (B). Black
arrows, equal strongest bands; gray arrows, less strong bands. (B) S1 nuclease
protection assay results. Lane 1: input probe for RMRP-S1; Lanes 2 and 3: pro-
tected fragments in two different cirrhotic liver RNAs. Lane 4: input probe for
RMRP-S2; Lanes 5 and 6: protected fragments in two cirrhotic liver RNAs.
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and a major band at �100 nt (plus other non-measurable bands
greater than the 100-nt marker) (Fig. 3C, Lane 1). This enabled
us to obtain an approximate map of RMRP processing fragments
extending from the ends of RMRP into the central portion of the
RNA (Supplementary Material, Fig. S1).

Quantitative analysis of the northern blot lanes including full-
length RMRP showed that RMRP-S1 accounted for 0.79% of the
total RMRP in MSPC RNA (Supplementary Material, Fig. S1).
A recent paper has demonstrated that the long non-coding RNA
H19 serves as a developmental reservoir of miR675 (39). In that
report, ,0.25% of H19 was processed into miR675 at steady
state (39) and this amount of miR-675 was sufficient to confer
significant gene-silencing activity (39). Therefore, our results
are consistent with full-length nuclear RMRP serving as a reser-
voir for the production of small RNAs such as RMRP-S1 and -S2
that could act as miRNAs. A possible role in gene silencing was
supported by data obtained using the PAR-CLIP method that iden-
tified both the RMRP-S1 and -S2 sequences as specifically asso-
ciated with Argonaute (Supplementary Material, Fig. S2) (37).

Characterization of RMRP secondary structure and
identification of small RNAs, RMRP-S1 and -S2,
originating from RMRP

As secondary structure is a key regulator of processing of small
RNAs, we experimentally determined the secondary structure of
RMRP using SHAPE (selective 2′-hydroxyl acylation analyzed
by primer extension) (40). Highly reactive nucleotides (SHAPE

value . 0.7, Fig. 4A) indicate single-stranded RNA nucleotides
(42, 43). Significant improvements in RNA structure prediction
are achieved when SHAPE reactivity is incorporated in the struc-
ture prediction program SHAPEknots (42). We used this approach
to determine the secondary structure of RMRP in solution (44).
Overall the SHAPE-determined secondary structure corresponded
closely with previously reported secondary structure of RMRP
determined by evolutionary analysis (Fig. 4). The SHAPE data
confirmed that RMRP-S1 and -S2 are found in distinct stem-loop
structures, which are targets for Drosha and Dicer processing
(Fig. 4A, red bars).

To compare the SHAPE structure directly with the previously
published structures, we constructed an ‘arc’ diagram using the
R-CHIE R package for visualizing RNA (41) (Fig. 4B). In the arc
diagram, the nucleotide sequence of RMRP is represented by the
horizontal line with 5′ –3′ going left to right. The nucleotide loca-
tions of RMRP-S1 and RMRP-S2 are denoted in the sequence by
Red Brackets. The upper blue arc depicts the SHAPE-determined
structure, and the lower yellow arc diagram depicts previously pub-
lishedstructure (15). Nucleotides connectedbyarcs are base-paired,
and series of arcs represent RNA helices (or paired regions). For
example, the stem-loop of RMRP-S1 is linked by a large blue arc
connecting the 5′ and 3′ ends of RMRP.

A novel feature of arc diagrams is that they can reveal candi-
date pseudoknots in the secondary structures, which are identi-
fied by crossing arcs. We observed that the SHAPE structure
(top, blue) does not have a pseudoknot, whereas the evolutionar-
ily derived structure (bottom, yellow) does between the P2 and
P4 helices. The SHAPE-derived structure instead suggests the
formation of an Alternative P2 helix (Alt-P2) that effectively
resolves the pseudoknot.

We used the SHAPEknots approach to confirm that the
SHAPE data are not consistent with the P2–P4 pseudoknot
under our solution conditions. In addition, we observe intermedi-
ate-to-high SHAPE reactivity for nucleotides 205–217, which
include the 3′ end of the P2 helix shown as a black trace in
Figure 4B. Nucleotides where it was not possible to obtain
SHAPE data are indicated in green.

In addition, we observe intermediate-to-high SHAPE reactivity
was measured for nucleotides 205–217, which include the
3′ end of the P2 helix shown as a black trace in Figure 4B.
Intermediate-to-high SHAPE reactivity was measured for
nucleotides 205–217, which includes nucleotides 212–217,
which form the 3′ end of the P2 helix; these data are consistent
with the absence of a pseudoknot. Thus, the P2 helix is only par-
tially formed under our solution conditions, and our SHAPE data
(black trace, Fig. 4B) are consistent with the formation of the
Alt-P2 helix. These data suggest that RMRP is capable of adopt-
ing at least two alternative structures, one including the P2–P4
pseudoknot (yellow structure, Fig. 4B) and one with the Alt-P2
helix form (blue structure, Fig. 4B). These two conformations
may be differentially processed into RMRP-S1 and -S2, and
their relative abundance may also be correlated with the amount
of each silond in the cell.

Dicer knockdown reduces RMRP-S1 and RMRP-S2 levels

We investigated whether biogenesis of RMRP-S1 and -S2 were
dependent upon Dicer activity using siRNAs to knockdown
Dicer in HEK293 cells. We transfected a mix of siRNAs

Figure 3. Northern blot analysis of RMRP RNAs in cirrhotic liver, HEK293 cells
and MSPCs. (A) Northern blot analysis of cirrhotic liver RNA with antisense
probes to RMRP-S1 and -S2-detected small RNAs of 22 and 20 nt, respectively.
Lane 1: probe detecting RMRP-S1; Lane 2: probe detecting RMRP-S2. Left
markers in nucleotides, full-length RMRP ¼ 268 nt. (B) Northern blot detection
of RMRP-S1 and RMRP-S2 in HEK293 cells. Lane 1: HEK293 RNA hybridized
with probe 5′ nt 1–20. Fragments at �21–23 are RMRP-S1. Lane 2: HEK293
RNA hybridized with probe 5′ nt 21–40. Note fragment at �23 nt that is
similar to RMRP fragment detected by Maida (35). Lane 3: HEK293 RNA hybri-
dized with probe 5′ nt 140–160. Fragment at �20 nt is RMRP-S2. (C) Northern
blot detection and mapping of RMRP fragments using 5′ and 3′ end probes 01
(5′ end) and 10 (3′ end, nt 240–268). Northern blot used total RNA from
MSPC. Lane 1: northern blot of RMRP detected by 5′ end probe O1 (nt 1–20).
Note two prominent bands at 20–22 nt designated as RMRP-S1.Lane 2: northern
blot of RMRP detected by 3′ end probe O10 (nt 240–268).
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previously shown to knock out Dicer (44) and used qRT-PCR to
measure the silond levels at 24, 48 and 72 h after initiating trans-
fection (Fig. 5). We observed a near complete knockdown of
Dicer at 48 and 72 h and knockdown of RMRP-S1 and -S2 fol-
lowed at 72 h. Thus, the reduction in RMRP-S1 and -S2 was de-
pendent upon complete knockdown of Dicer for 24 h, suggesting
that their mechanism of biogenesis is Dicer dependent.

Quantitative variation in levels of RMRP-S1 and
RMRP-S2 in a spectrum of cell types

The above-mentioned analyses suggested that significant differ-
ences in the relative levels of RMRP-S1 and -S2 may exist in
tissues and cells raising the possibility that RMRP may be pro-
cessed in a cell-type-dependent manner. To obtain quantitative
measurements, we had custom stem-loop primers designed by
Dharmacon, Inc. to produce quantitative TaqMan assays for
RMRP-S1 and -S2. The 3′ end stem-loop primers were designed
such that RMRP-S1 or -S2 and not full-length RMRP would be
detected. Using these assays, we measured RMRP-S1 and -S2
levels in: human embryonic stem cells (hES) and eight independ-
ently derived human induced Pluripotent Stem cell lines (hiPS).
Relative to normal human dermal fibroblasts (NHDF), the levels
of RMRP-S1 and -S2 were 8-fold and 5-fold higher in the hES
cell line at passage 73 (Fig. 6A, H1ES p73). However, the
levels of RMRP-S1 and -S2 were highly variable in the hiPS
cell lines. In four hiPS lines, RMRP-S1 was approximately
equal to NHDF, and it was reduced by 40–80% in the other
four hiPS lines. In contrast, RMRP-S2 levels were greatly
reduced in all the hiPS lines compared with NHDF (Fig. 6A).

TaqMan analysis was also carried out for MSPC total RNA
(Fig. 6B). Compared with NHDF, RMRP-S1 levels were
�1.5-fold higher in MSPC and RMRP-S2 levels were 60–80%
reduced in MSPC. Both RMRP-S1 and -S2 were detectable in
primary chondrocytes. RMRP-S1 was present at levels equivalent
to that in NHDF, and RMRP-S2 was significantly lower than the
level measured in either NHDF or MSPC.

The above-mentioned data suggested that RMRP-S1 and -S2
levels may vary during cell differentiation. Therefore, we sub-
jected hiPS cells to a differentiation protocol that included the
first stages of chondrocyte differentiation and additional differ-
entiation steps toward the hepatocyte lineage. Combinations of
Activin, FGF and BMP4 induce primitive streak mesoderm
that is a precursor of chondrogenic cells (20). TaqMan analysis
revealed a large increase in both RMRP-S1 and -S2 in response
to the first differentiation step that involved Activin treatment,
which is a common treatment of MSPC toward many cell fates
(Fig. 6C) (20). Subsequent treatments with FGF/BMP4, HGF
and OSM caused reductions in both RMRP-S1 and -S2. These
data revealed that the presence of RMRP-S1 and -S2 is regulated
during stem cell differentiation.

Finally, we obtained two fibroblast cell lines from CHH
patients with the common homozygous 70A.G mutation.
TaqMan analysis of RMRP-S1 and -S2 showed that they were
60 to 70% reduced in the mutant CHH fibroblasts (respectively)
compared with NHDF (Fig. 7A). An additional B-cell line from
a CHH patient with compound heterozygosity for a 225–5
dup and a 146G.A mutation was analyzed in the same way
(Fig. 7B). In this case, RMRP-S1 was 80% reduced and
RMRP-S2 60% reduced. As the RMRP 146G.A mutation is

in the RMRP-S2 sequence (Fig. 4A), it is possible that the muta-
tion altered the production of RMRP-S2 from that segment
of RMRP.

RMRP-S1 and -S2 mediate widespread gene regulation
with disease relevance

We synthesized mimics and inhibitors of RMRP-S1 and -S2
through Dharmacon (Materials and Methods). The mimics are
double-stranded RNAs with modified nucleotides that render
them RNase resistant. The inhibitors are antisense RNAs with
added stem-loops on each end to promote inhibitory activity.
Each was transfected into HEK293 cells in triplicate followed
by RNA isolation. HEK293 cells were chosen for initial experi-
ments because they are of fetal origin, have many stem cell char-
acteristics, and their responses to mimics and inhibitors have
been well documented. Gene expression was analyzed using
Affymetrix arrays. To identify RMRP-S1- and -S2-regulated
genes, we calculated the difference between gene expression
in the presence of mimic and that in the presence of inhibitor
(see Materials and Methods). When cells were treated with
irrelevant control oligonucleotides, we detected only one signifi-
cantly regulated gene.

These experiments produced two dramatically different sets
of results (Table 1 and Supplementary Tables S1 and S2). The
mimic and inhibitor of RMRP-S1 significantly regulated 35
genes. Down-regulated genes comprised 82% of the response
genes. A search for seed sites for RMRP-S1 in the down-
regulated genes identified 26 unique target sites of which 16
(61%) were located in the 3′ UTRs. A plot of the degree of up- or
down-regulation versus frequency of genes revealed a significant
skewing toward down-regulation (Fig. 8A). In contrast, transfec-
tions of mimic and inhibitor of RMRP-S2 revealed 901 significantly
regulated genes. Down-regulated genes comprised 75% of the
responding genes (Table 1, Fig. 8B). Candidate target sites for
RMRP-S2 were identified in 93% of the down-regulated genes,
and most contained more than one target site. Of the 2811 unique
target sites in the down-regulated genes, 1795 sites (63%) were in
3′ UTRs. Furthermore, the density of target sites per kb of 3′ UTR
sequence was 2-fold higher than target sites in coding sequences
(CDS) in the regulated genes. A plot of the degree of up- or down-
regulation versus frequency of genes also revealed a significant
skewing toward down-regulation (Fig. 8B). Overall, these data
support a very robust silencing activity, especially for RMRP-S2,
in HEK293 cells.

Genes regulated by RMRP-S1 and RMRP-S2
are linked to CHH-associated pathways

We used Ingenuity Pathway Analysis (IPA) to identify enriched
categories of genes that were responsive to RMRP-S1 and -S2
from the HEK293 transfections (Table 2). In both cases, highly
enriched categories that related to CHH disease phenotypes
were identified. RMRP-S2-regulated genes were abundant in
categories including skeletal and muscular disorders, hemato-
logical system development and cancer, all of which are asso-
ciated with CHH phenotypes (Table 2). A similar result was
obtained for the RMRP-S1-regulated genes, which were
enriched in connective tissue and osteoblast development and
maturation that are directly linked to the dwarfism phenotype
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Figure 4. (A) RMRP secondary structure determined by SHAPE chemical probing. Red bars alongside the structure denote location of RMRP-S1 and -S2. Gray
circles: nucleotides associated with disease causing mutations in CHH (4, 15). Blue to orange heat bar of SHAPE values represents the degree of confidence in
single strand at that position as determined by SHAPE chemical mapping.Orange ¼ high confidence;blue ¼ lowconfidence. (B) Comparison of the RMRPsecondary
structures determined by SHAPE analysis versus previously published structures. Top, blue circles: RMRP secondary structures determined using SHAPE chemical
mapping bottom, Yellow circles: previously published based on RNA co-variation analysis and some chemical and enzymatic probing (15). The structures are drawn
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of CHH. Graphs of the most down-regulated genes for RMRP-S2
and -S1 revealed multiple genes in the enriched categories.
Genes associated with hematopoiesis (red bars), splicing
control (green bars), growth and proliferation (yellow bars),
and bone growth and development (orange + yellow, and
orange + red bars) were identified in the most highly down-
regulated genes (Fig. 9A and B).

Two key down-regulated genes related to the CHH bone
growth phenotype were PTCH2 and SOX 4. Together these
genes function to promote the correct balance between chondro-
cyte growth and bone mineralization by osteoblasts (46–48). We
transfected HEK293 cells with inhibitors or mimics of RMRP-S1
and -S2 to independently confirm their regulation. QRT-PCR
assays revealed a significant rise of both PTCH2 and SOX4
RNA after transfection of RMRP-S1 and -S2 inhibitors, compared
with mock-transfected cells (Fig. 10A). Furthermore, western
blots revealed decreased protein levels following RMRP-S1 and
-S2 mimic treatment (Fig. 10B).

PreviousworkhasshownthatRMRPmayplayarole in theregu-
lation of cell proliferation (49, 50), and it is possible that this may
contribute to the increased incidence of cancer in CHH patients.
Interestingly, both RMRP-S1 and -S2 regulate genes that are im-
portant in the control of cellular proliferation and play a role in
tumor formation (Fig. 9A and B). Finally, several components of
the U11/U12 splicesome including snoRNAs, RNU12, RNU11,
RNU5B-1, RNU5D-1, RNU5F-1, RNU4ATAC and the RNA-
processing factor, PRPF40A, were down-regulated by RMRP-
S1 and -S2 (Fig. 9A and B, green bars).

DISCUSSION

Roles for lncRNAs in gene regulation and human disease are
largely unknown. Increasing evidence is revealing that lncRNAs
can serve as the source for miRNAs that have potent gene regula-
tory activity (38). In addition, roles for RNA-binding proteins in
the biogenesis of small regulatory RNAs from lncRNAs are emer-
ging (39). In one recent example, the important RNA-binding
protein, HuR, was found to regulate the biogenesis of miR-675
from the lncRNA H19 (39). In that case, the H19 RNA serves as
a ‘reservoir’ for the generation of miR-675 from only a small
portionof the totalH19RNA.Ourdata suggest that a similar mech-
anism may be true for the nuclear localized RMRP RNA, in which
only a small portion is used as a source of silondRNAs, RMRP-S1
and -S2.

This report, and a large body of earlier work (25–35),
describes five classes of RMRP/protein complexes in cells.
The first class is the most abundant and is localized in the
nucleus and nucleolus, (30). It includes full-length RMRP in a
large protein complex with endonuclease activity, and it

functions to process 5.8 to 5S rRNA (33, 34). A second class
of RMRP/protein complexes exists in mitochondria and has an
endoribonuclease activity that generates the RNA primer for
leading strand synthesis of mitochondrial DNA (25,31,32).
This report describes a third class of RMRP/protein complexes
that are involved in gene silencing in the cytoplasm. Regulation
of levels of mRNA transcripts of a limited set of genes has been
reported previously (3, 50). RMRP-S1 and -S2 represent only a
small fraction of the total RMRP in the cell and have been
detected in AgoRNPs by at least two methods, including CLIP
and PAR-CLIP (37, 51) and our modified method of RISC isola-
tion based on the protocol of Landthaller (52).

The fourth classes of RMRP/protein complexes recently
reported are RMRP/TERT complexes located primarily in the
nucleus (35). This class of RMRP is necessarily limited to
cells in which TERT is expressed and was demonstrated to
occur in malignantly transformed cell lines. In these cells,
TERT uses the 3′ end of RMRP as a loop primer for an RdRP ac-
tivity that reverse-transcribes 268-nt RMRP to produce a 534-nt
RNA that forms a double-stranded RNA that can be cleaved by
Dicer and incorporated into RISC. In tumor cells, a single anti-
sense RMRP fragment produced by TERT/RMRP RdRP activity
had siRNA activity against full-length nuclear RMRP (35).
However, abundant antisense RMRP transcripts have not been
detected by us, nor are they prominent in other published small
RNA deep-sequencing databases (36). Therefore, the signifi-
cance of this activity in somatic cells and stem cells remains to
be determined. Another report has recently identified a fifth
type of RMRP RNA, as two antisense circular RMRP RNAs in
HEK293 cells (53). Functions of these RNAs, along with those
in the fourth class, have not been linked to gene regulation that
relates to CHH phenotypes.

The ability of RMRP to adopt an alternative conformation is of
particular interest in the context of the data presented in this
manuscript. Indeed, RMRP-S1 is processed from the 5′ end of
the P2 and Alt-P2 helices (Fig. 4B). In addition, RMRP-S2 is pro-
cessed from nucleotides near the P12 helix that are nested between
the P2 and P4 pseudoknots. The most common CHH-associated
mutation is 70A.G, and it may disrupt the P4 helix of the P2–
P4 pseudoknot. How such structural change may alter the relative
processing of RMRP-S1 and -S2 is unknown. However, in two
fibroblast cell lines with the 70A.G mutation, the levels of
both RMRP-S1 and -S2 are significantly reduced compared
with the NHDF. These data support the expectation that the alter-
ation of the structural conformation of RMRP may be a factor in
disease etiology for CHH.

In this report, we use a transfection approach with mimics and
inhibitors of RMRP-S1 and -S2 to investigate their capacity for
gene regulation (Table 2 and Supplementary Tables S1 and S2,
Fig. 9). These studies revealed a surprisingly large, disease

as ‘arc’ diagrams using the R-CHIE R package for visualizing RNA (41). Each arc in the diagram represents a base pair, and the RNA sequence is represented as a
horizontal line. Left ¼ 5′ end of RMRP, Right ¼ 3′ end of RMRP. RED brackets locations of RMRP-S1 and RMRP-S2. Crossing Arcs identify pseudoknots. In add-
ition, they allow a direct comparison of the structures. In this case, we observe that the SHAPE structure (top, blue) does not have a pseudoknot, while the evolutionarily
derivedstructure (bottom,yellow) doesbetween the P2and P4 helices.The SHAPE-derived structure insteadsuggests the formationof an Alternative P2 helix (Alt-P2)
that effectively resolves the pseudoknot. We used the SHAPEknots approach to confirm that the SHAPE data are not consistent with the P2–P4 pseudoknot under our
solution conditions. In addition, we observe intermediate-to-high SHAPE reactivity for nucleotides 205–217, which include the 3′ end of the P2 helix shown as a black
trace in Figure 4B. Nucleotides where it was not possible to obtain SHAPE data are indicated in green. Our SHAPE data are thus consistent with RMRP adopting two
alternative conformations (P2 and Alt-P2).
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relevant set of RMRP-S1- and -S2-regulated genes. PTCH2 was
the second most highly down-regulated gene in the RMRP-S2 re-
sponse dataset, and this gene is part of the regulatory network
that controls Indian Hedgehog (IHH) signaling (46). IHH signal-
ing is tightly regulated to obtain the correct balance between
chondrocyte growth and bone mineralization by osteoblasts
(46). Roles for PTCH2 that are related to CHH have been eluci-
dated in tissue specific knockout mice (54–58). For example,
PTCH2 KO in the skin causes deformation of hair follicles and
its KO in bone marrow causes defects in hematopoiesis.
PTCH2 KO in the brain also causes neuronal defects, and all
of these phenotypes have been associated with CHH (59).

Two additional significantly down-regulated genes with S2
targets in their 3′UTRs were SOX4 and BMPR2. They also
play important roles in the regulation of bone formation
(47, 48). The stem cell differentiation gene SOX4 regulates the
differentiation of mesenchymal stem cells (MSC) to osteocytes
and BMPR2 controls BMP signaling that plays a role in osteoblast
growth (23).Precise levels of these keyproteins are needed toobtain
the correct balance of osteoblast growth, differentiation, apoptosis
and mineralization of cartilage, to insure proper bone growth
(19–21, 23). Therefore, our discovery of regulation of these
three important genes provides a possible direct link between
RMRP-S2 production and control of bone growth, which is argu-
ably the major phenotype in CHH (1, 5, 15).

Figure 5. Reduction in RMRP-S1 and RMRP-S2 follows Dicer knockdown.
(A) TaqMan assays measuring the time course of knockdown of RMRP-S1
and -S2 after Dicer knockdown. Black bars: RMRP-S1, gray bars: RMRP-S2.
48 h RMRP-S2 was not determined. (B) Time course of knockdown of Dicer
mRNA after siRNA transfection determined by QRT-PCR assay. Fold
difference ¼ 2(2ddCt) + _SEM (n ¼ 6 for each sample). M ¼ mock; D24, D48
and D72 ¼ 24, 48 and 72 h post-transfection with Dicer siRNA.

Figure 6. (A) Human ES cells and selected human iPS cell lines express elevated
levels of RMRP-S1 and -S2 compared with NHDF. Quantitative analysis of S1
and S2 levels in H1ES cells (H1ES p73) and 8 independently derived hiPS lines
(left to right, 2.2.1 p21, CL4, 2.2.4, 2.2.10, 2.2.19, 2.2.1, 2.2.30, 2.2.31). (Gray
bars) RMRP-S1 and (black bars) RMRP-S2 levels were measured by custom
Taqman assay (Materials and Methods). Data were normalized using miR-16 ex-
pression, and the fold difference was calculated using NHDF as normalization
control¼ 1. Fold difference ¼ 2(2ddCt) + _SEM (n ¼ 6 for each sample). Relative
to NHDF, the levels of RMRP-S1and -S2 were 8-foldand 5-foldhigher in the stand-
ard human ES cell line at passage 73, H1ESp73. (B) Quantitative analysis of
RMRP-S1 (gray bars) and RMRP-S2 (Black bars) in MSPC, fetal human bone
marrow derived MSPC, and HCH, primary Human Chondrocytes. NHDF,
normal human dermal fibroblasts, used as the reference sample. Levels were mea-
sured by Taqman assay as in Figure 5. Data were normalized using miR-16 expres-
sion, and the folddifference was calculatedusingNHDF as normalizationcontrol¼
1. Fold difference¼ 2(2ddCt) + _SEM. (N¼ 6 for each sample). (C) The levels of
RMRP-S1and-S2arealteredduringdifferentiationofhumaniPScells.Quantitative
changes in RMRP-S1 and -S2 as hiPS are induced toward the hepatocyte lineage
were measured by Taqman assay of total cellular RNA. RMRP-S1 (gray bars)
and RMRP-S2 (black bars), treatments at each stage listed below bars. Fibroblast:
normal cultured human primary fibroblasts. iPS: human iPS clone Activin: Stage
1, hiPS treated with Activin. FGF/BMP4: Stage 2, cells treated with FGF and
BMP4. HGF: Stage 3, cells treated with human Hepatocyte Growth Factor. OSM:
Stage 4. cells treated with Oncostatin M. Hepatocytes: freshly isolated human hepa-
tocytes were used as the reference sample (45). Data were normalized using miR-16
expression, and the fold difference was calculated using NHDF as normalization
control¼ 1. Fold difference¼ 2(2ddCt) + _SEM. (n¼ 3 for each sample).
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Our hypothesis is that RMRP-S1 and -S2 function as rheo-
stats that regulate gene expression dependent upon their level
in RISC and the level of the target mRNAs. We envision that
they require a certain threshold level to effectively regulate
their targets, as recently reported for miRNAs (60). Our hy-
pothesis anticipates that mutations in RMRP may alter the
secondary structure of RMRP and the subsequent biogenesis
of RMRP-S1 and -S2. Both RMRP-S1 and -S2 are located
in segments of RMRP that harbor disease-causing mutations

(Fig. 4). RMRP-S2 contains 3 nt which, when mutated,
cause a form of CHH (Fig. 4). Several disease-causing point
mutations also occur in the first 20 nt at the 5′ end of RMRP
where RMRP-S1 originates. In addition, mutations in the
RMRP promoter that cause deletions and duplications are asso-
ciated with severe forms of CHH (15) and would also be
expected to alter the start site that would change the ‘seed’ site
and drastically alter gene-silencing specificity of RMRP-S1
(Fig. 4).

Table 1. Summary table of genes regulated by S1 and S2 in Hek293 cells

RMRP-S1 RMRP-S2
Total Down-regulated Upregulated Total Down-regulated Upregulated

Responsive genes 35 29 6 901 680 221
% genes with target site 45.0 50.0 16.7 90.6 93.3 82.9
Total target sites 32 31 1 5498 4599 899
Unique target sites 27 26 1 3297 2811 486
Unique CDS 8 7 1 1146 893 253
Unique 3′ UTR 16 16 0 1999 1795 204
Unique Non-coding 0 0 0 103 89 14
CDS sites/kb 0.2 0.2 0.1 0.9 0.9 0.7
3′UTR sites/kb 0.2 0.2 0.0 1.2 1.3 0.6
ncRNA sites/kb 0.0 0.0 0.0 1.0 1.3 0.5

Mimics or inhibitors of S1 and S2 were transfected into Hek293 cells and total RNA isolated at 24 h. Regulated genes were detected after hybridization of probes to
Affymetrix arrays. Significantly regulated genes were identified by subtracting mimic minus inhibitor values. Control oligonucleotides revealed only one significantly
regulated gene. Genes: RefSeq genes on Affymetrix Array. Target sites: 6-nt sequences in regulated genes that are complementary to the seed sequences 5′ nt 1–6, 2–7
or 3–8 of RMRP-S1 or -S2. Unique target sites: target sites represented only one time in a gene. Unique CDS, 3′ UTR; non-coding: location of target sites in gene
bodies. CDS, 3′ UTR, ncRNA Sites/kb: frequency of target sites in different regions of genes.

Figure 7. (A) Primary fibroblasts isolated from CHH patients express significantly lower levels of RMRP-S1 and RMRP-S2 compared with NHDF. Taqman assays
specifically detecting RMRP-S1 (left) or RMRP-S2 (right). (NHDF) total RNA isolated from primary NHDF and (GMO3626 and GMO1617) two independent of
primary fibroblast isolations from CHH patients with homozygous 70A.G mutation. Data were normalized using miR-16 expression, and the fold difference
was calculated using NHDF as normalization control ¼ 1. Fold difference ¼ 2(2ddCt) + _SEM. (n ¼ 9 for each determination). Error bars ¼+SEM. (B)
EBV-immortalized B cells from a CHH patient express reduced levels of RMRP-S1 and RMRP-S2 compared with normal JY-immortalized B cells. Quantitative
analysis of RMRP-S1 (left) and RMRP-S2 (right) in CHH-immortalized B cells, GM08660 (156G.C) compared with JY EBV-immortalized B lymphoblastoid
cells, assayed by custom TaqMan assays. Data were normalized using miR-16 expression, and the fold difference was calculated using JY cells as control. Fold
difference ¼ 2(2ddCt) + _SEM. (n ¼ 9 for each determination).
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Furthermore, our quantitative analysis of RMRP-S1 and -S2
levels in an immortalized B-cell line with a 146G.C mutation
in RMRP-S2 revealed a 80% reduction in RMRP-S1 and a
60% reduction in RMRP-S2 (Fig. 7B). We also show that two
fibroblast cell lines that contain a homozygous 70A.G
founder mutation have 60–70% reduction in steady state
levels of RMRP-S1 and -S2, respectively (Fig. 7A). As the
70A.G mutation is not located in either RMRP-S1 or -S2, the
data suggest that alterations in secondary structure caused by
the mutation may affect the biogenesis of the two silondRNAs.
Knowing the importance of thresholds in determining the effect-
iveness of miRNAs in RISC (60), the functional consequences of
the reductions in RMRP-S1 and -S2 must be determined by
further investigations in appropriate stem and differentiated
somatic cells associated with CHH phenotypes.

Additionally, RMRP-S2 was found to regulate five ncRNA
components of the U12 spliceosomal complex (Fig. 9), which re-
cognizesalteredsplicedonorandacceptorsiteconsensussequences
(61), contained within �700 genes (45,62). RMRP-S2 also down-
regulated the pre-mRNA-processing factor PRPF40A, which is
involved in recruiting U12 to splice sites. Furthermore, muta-
tions in one of the RMRP-S2-regulated components of U12,
the small nuclear RNA (snRNA) U4atac, cause microcephalic
osteodysplastic primordial dwarfism and Taybi–Linder syndrome
(63–65) by inhibiting U12-mediated splicing (63, 64). The pheno-
typesof these twodiseasescloselymirror thoseofCHH.RMRP-S2
also regulated several other lncRNAs, including DLEU2, the host
transcript for mirs-15-1 and -16-1 (66). This cluster of miRNAs
controls B-cell proliferation, and its deletion leads to chronic
lymphocytic leukemia (67), of which CHH patients have a
highly increased incidence.

Overall, the above-mentioned data suggest a widespread
network of disease-associated genes regulated by the RMRP
silondRNAs, RMRP-S1 and -S2. The wider significance of
this work supports the existence of extensive networks of
small RNAs derived from lncRNAs. The influence of these net-
works is likely to extend to all aspects of organismic develop-
ment. Furthermore, knowledge of alterations in the small
RNAs is, as in the case of RMRP mentioned earlier, likely to

shed light on mechanisms of many human diseases for which
the molecular basis is currently unknown.

MATERIALS AND METHODS

Tissues

Cirrhotic liver tissues were obtained from explants of anonym-
ous patients at the time of liver transplant. Normal liver was
obtained from a liver resection from liver with small metastatic
colon cancer. All tissues were obtained according to an Einstein
IRB-approved protocol, and these tissues have been designated
‘exempt’ by the review board.

Growth of cells and cell lines

HumanMSPC wereobtainedandweregrowninalpha MEM(Life
Technologies, Inc., Grand Island, NY, USA) with 10% Fetal

Figure8. Frequency and degree of gene regulation by transfection of mimics and inhibitors of (A) RMRP-S1 and (B) RMRP-S2.Degree of regulation versus a negative
control is plottedas the cumulative fold change [Log 2(mimic regulation minus inhibitor regulation)]. Only significantlyup- or down-regulated genesare plottedon the
bar graph leaving a blank central area for unregulated genes.

Table 2. IPA analysis identified enriched categories of genes regulated by S1
and S2 correlate well with CHH phenotypes

Enriched category P value # molecules

RMRP-S1 Cell death 0.000018 9
Embryonic development 0.00042 3
Tissue development 0.00042 4
Connective tissue development

and function
0.0015 6

Maturation of osteoblasts 0.0058 1
Development of limb bud 0.0087 1
Development of osteoblasts 0.025 1

RMRP-S2 Neurological disease 0.000034 96
Cell cycle 0.00025 46
Skeletal and muscular disorders 0.00034 97
Cancer 0.00077 78
Hematological disease 0.00079 6
Hematological system

development and function
0.0018 6

Hematopoiesis 0.0019 4

Enriched category: functional linkage category of genes; # molecules: number of
different genes in the category.

Human Molecular Genetics, 2014, Vol. 23, No. 2 377



bovine serum, 1× non-essential amino acids and 1× penicillin/
streptomycin solution. Primary normal human fibroblasts and
primary human chondrocytes were obtained from Promocell,
Inc., Heidelberg, Germany, and were propagated using complete
fibroblast media or complete chondrocyte media, respectively,
according to the supplier’s protocol. H1Es cells, iPS cell lines
and hepatocytes were provided by the Stem cell Cores at Albert
Einstein College of Medicine.

CHH cell lines

Dermal fibroblast cell lines GM03626 and GM01617 were estab-
lished from skin biopsies of patientswith a typical CHHphenotype
and a homozygous 70A.G mutation, upon parental informed
consent using an IRB-approved protocol (7). Fibroblasts were
maintained in Dulbecco’s modified Eagle medium (high glucose
and L-glutamine) containing 10% FBS, 1 mM/l L-glutamine and
penicillin/streptomycin and cultured at 378C, 5% CO2.

The lymphoblastoid cell line GM08660 was originated by
Epstein–Barr virus (EBV) immortalization of peripheral blood
lymphocytes obtained from a patient with CHH (7), upon paren-
tal informed consent using an IRB-approved protocol. EBV-
transformed cells were maintained in RPMI 1640 supplemented
with 10% fetal bovine serum, 2 mM/l L-glutamine and 50 mg/ml
gentamycin and cultured at 378C, 5% CO2.

Human CD34+ cells were isolated from peripheral using
StemSep magnetic beads as recommended by the manufacturer
(Stem Cells Technologies, Vancouver, WA, USA). FACS and
average 95% verified enrichment. JY cells were grown in
RPMI 1640 supplemented with 10% fetal bovine serum and
2 mM/l L-glutamine and 1× Penicillin/streptomycin (Life Tech-
nologies, Inc.).

RNA isolation

Total RNAs were prepared using TRIzol with the following
modifications. Sodium acetate to a final concentration of 0.12 M

Figure 9. Bar graphs depicting the most highly down-regulated genesby RMRP-S1 (A) and RMRP-S2(B). Coloredbars denote genes in enrichedcategories according
to IPA. Red bars: hematopoietic genes; green bars: splicing genes; yellow bars: growth and proliferation genes; orange bars: bone growth and development genes. Blue
bars: varied functional categories including transcription factors, tumor suppressors and other structural and regulatory genes. Yellow/orange striped bar: bone growth
and proliferation. Orange and red striped bar: bone growth and hematopoietic gene.
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and 1/5 volume of Chloroform/isoamyl alcohol was added to the
initial TRIzol lysate. Precipitation of small RNAs was enhanced
using 3 volumes of 100% ethanol overnight at 2208C. RNA
pellets were air-dried and resuspended in nuclease-free water.

Northern blots

Forty micrograms of total RNA, fractionated by electrophoresis
through 12% urea acrylamide gels and transferred to Hybond
membrane by electroblotting at 30 for 1 h. Membranes were
prehybridized in 0.75 M NaCl, 0.05 M NaHPO4, 7% SDS, 1×
Denhardt’s solution and 100 ng/ml sonicated salmon sperm
DNA and were hybridized in the same buffer with 5′ 32P-end
labeled oligonucleotides for �18 h at 508C. Blots were
washed to a final stringency of 100 mM NaCl, 50 mM NaHPO4

and 1% SDS at 508C. Hybridization was detected using a Fuji-
Film FLA-5100 imaging system.

Taqman assays

TaqMan stem-loop primers, reverse primers and assays for
RMRP-S1 and -S2 were designed and synthesized by Applied

Biosystems. These assays specifically detect the short RNAs
derived from RMRP and not full-length RMRP transcript.
The sequences used to design these assays are as follows:
RMRP-S1, 5′-GGUUCGUGCUGAAGGCCUGUAU-3′ and
RMRP-S2, 5′-CAAAGUCCGCCAAGAAGCGUAU-3′. For
specific reverse transcription of the short RNAs, 10 ng of total
RNA was used. Quantitative PCR was carried out using
TaqMan Master mix II without UNG as per the manufacturer’s
suggested protocol on an ABI 7500 fast QPCR cycler.

S1 Nuclease protection

S1 nuclease protection was performed using the method of Berk
and Sharp (68). The input probe for RMRP-S1 was 5′-ATA
CAGGCCTTCAGCACGAACCACGTCCTCA-3′. The input
probe for RMRP-S2 was 5′-ATACGCTTCTTGGCGGACTTT
GGAGTGGGAA-3′. Oligonucleotide probes were end labeled
with g32P-ATP (Perkin Elmer). Following S1 digestion, the
samples were precipitated using 3 volumes of 100% ethanol.
Pellets were dissolved in RNA loading buffer and run on a
15% denaturing PAGE. Labeled fragments were detected
using a FujiFilm FLA-5100 imaging system.

Transfection experiments

We transfected HEK293 cells with mimics or inhibitors of
RMRP-S1 or RMRP-S2, and, after twenty-four hours, total
RNA was prepared. The quality was analyzed using the Agilent
Bioanalyzer 2000. Knockdown or increase of the miRNA was
confirmed by qPCR. Gene expression levels for each transfection
were assayed using Affymetrix Human Gene 1.0 ST arrays.

Analysis of microarray data was performed using the limma
package (69) of R/Bioconductor (70, 71). Significantly regulated
genes were defined as those with an adjusted p-value of ,0.05
according to the linear model, contrasting expression in mimic
versus inhibitor transfections. Gene identifiers were obtained
using biomaRt (72). Seed sites were identified using a method-
ology previously reported as offering the optimal balance
betweensensitivityandspecificity,definedasungappedhomology
of at least 6 nt from positions 1–8 of the miRNA (73). Gene ontol-
ogy analysis was conducted using Ingenuity Pathway Analysis
(IPA; Ingenuity Systems, www.ingenuity.com). Raw microarray
data are available on GEO (74).

Bioinformatics methods

Results from publicly available small RNA-sequencing
experiments were downloaded from the SRA (accessions:
SRX342470-73), and from the ENCODE project (small
RNA-seq from CSHL and CAGE from RIKEN) via the UCSC
Genome Browser (36). When necessary, reads were mapped to
the human genome, revision hg19, using Bowtie (75).

Shape analysis

The RMRP 268-nt sequence was inserted between the Sgfl and
Mlul sites of the PCMV6-AC non-tagged precision shuttle
vector (Origene) including 5′ and 3′ hairpin loops and a 5′ T7
promoter (TAATACGACTCACTATAGG). The plasmid was
transformed into Escherichia coli competent cells and amplified

Figure 10. Regulation of PTCH2 and SOX4 by transfection of RMRP mimics or
inhibitors. (A) Increase in PTCH2 RNA after transfection of either RMRP-S1 or
RMRP-S2 inhibitors in HEK293 cells determined by Syber green qRT-PCR.
(B) Increase in SOX4 levels determined by Syber green qRT-PCR. Fold
difference ¼ 2(2ddCt) + _SEM. (n ¼ 9 for each determination). (C) Western
blot detection of regulation of PTCH2 and SOX4 protein after treatment of
HEK293 with mimics (Mimic) or inhibitors (Inh) of RMRP-S1 or RMRP-S2.
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using PCR. The PCR product was transcribed into RNA using
MegaScript and MegaClear following Ambion’s protocol.
SHAPE experiments were carried out as described previously
using an identical annealing protocol, i.e. heat to 958C for
2 min followed by 2 min on ice. The data were analyzed using
a combination of the CAFA and Shapefinder software as previ-
ously described (76, 77). The structure was precited using the
ShapeKnots software (78) and visualized using VARNA (79).

Western blots

Protein isolation and western blots were performed according to
the method of Wang et al. (80). Expression of PTCH2 and SOX4
protein was detected using antibodies, sc-9672 and sc-17326, re-
spectively (Santa Cruz Biotechnologies, Inc., Santa Cruz, CA,
USA) at a 1:200 dilution. Donkey anti-goat antibody labeled
with HRP (sc-2020) was used as a secondary antibody at a dilu-
tion of 1:2000. Antibodies were visualized using Amersham
ECL prime western blotting detection reagent followed by
imaging using a FluroChem Q CCD imaging system. Images
were adjusted for brightness and contrast, and image reversal
was performed using PhotoShop CS.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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