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RNase MRP RNA is the RNA subunit of the RNase mitochondrial RNA processing (MRP) enzyme complex that is
involved in multiple cellular RNA processing events. Mutations on RNase MRP RNA gene (RMRP) cause a recessively
inherited developmental disorder, cartilage-hair hypoplasia (CHH). The relationship of the genotype (RMRP mutation),
RNA processing deficiency of the RNase MRP complex, and the phenotype of CHH and other skeletal dysplasias is yet

to be explored.
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Introduction

There are over 17 000 human genetic disorders listed
in the database Online Mendelian Inheritance in Man
(OMIM) [1]. The vast majority of them relate to protein-
coding genes, whereas only a few noncoding RNA genes
have been linked to genetic diseases. Noncoding RNA is an
RNA molecule that functions without being translated into a
protein. In this review, we will summarize recent advances
in the understanding of one noncoding RNA, including
the physiological roles of its functional complex and its
association with various inherited skeletal dysplasias.

The function of RNase MRP

The RNase MRP complex (MRP stands for mitochondrial
RNA processing) is a eukaryotic-specific ribonucleoprotein
originally identified in murine cells by virtue of its ability
to process an RNA transcript complementary to the light
strand to generate RNA primers for the heavy-strand DNA
replication in vitro (Figure 1A) [2]. Biochemical purifica-
tion of the RNase MRP activity from mitochondria showed
that this enzyme is a ribonucleoprotein that contains one
RNA subunit (MRP RNA), a nuclear gene product, which
is essential for catalysis [2]. In addition to its mitochondrial
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function, evidence for the involvement of the RNase MRP
complex in the biogenesis of ribosomes has been obtained
in the yeast Saccharomyces cerevisiae [3, 4]. RNase MRP
was demonstrated to cleave the precursor of ribosomal
RNA (rRNA) at the A3 site within the internal transcribed
spacer 1 in S. cerevisiae (Figure 1B). This cleavage pro-
duces both a long form and a short form of 5.8S rRNA under
wild-type conditions; however, if a mutation has occurred
that changes the activity of RNase MRP, the long form of
5.8S rRNA is shown to be accumulated due to the inhibi-
tion of cleavage at site A3. Subcellular partitioning and in
situ hybridization experiments confirmed the presence of
RNase MRP in mitochondria and nucleoli, with the vast
majority being localized in the nucleolus [5]. The central
region (118—175 nt; Figure 2) of the RNase MRP RNA is
responsible for its localization in mitochondria, whereas
the Th/To (namely, the Rpp38 protein subunit) binding
site, located at the 5'-terminal region of the RNase MRP
RNA, is responsible for the nucleolar localization of the
complex [6]. Genetic depletion of either the RNA or protein
components of S. cerevisiae RNase MRP demonstrated that
the RNase MRP complex is essential for cell viability [7].
RNase MRP is also implicated in messenger RNA (mRNA)
degradation and cell cycle progression at the end of mitosis.
It processes the 5'-UTR of the cyclin B2 (CLB2) mRNA
and regulates the completion of mitosis [8, 9].

RNase MRP RNA and cartilage-hair hypoplasia

Approximately 40 years ago, some members of the Old
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Figure 1 Function of the RNase MRP enzyme complex. (A) RNase MRP is involved in the processing of mitochondrial RNA that
functions as a primer for mitochondrial DNA replication in mitochondria. Transcription starts from the light-strand promoter by
mitochondrial RNA polymerase. After transcription of the heavy-strand origin of replication, the transcript remains bound to the
DNA duplex and is cleaved by RNase MRP to form primers that are used for the initiation of DNA synthesis by DNA polymerase y
[29]. (B) RNase MRP functions in the pre-rRNA processing in S. cerevisiae in nucleoli. The 35S primary transcript is processed into
mature 25S, 18S, and 5.8S rRNAs [30]. The cleavage sites (A0 through E), the external transcribed spacers (5'-ETS and 3'-ETS),
and the internal transcribed spacers (ITS1 and ITS2) are indicated. The small white box marks the sequence in the long form of 5.8S
rRNA, 5.8S,, that is absent in the short form, 5.8Sg. RNase MRP processes the A3 site in ITS1 [3, 4]. (C) RNase MRP processes
the 5'-UTR of CLB2 mRNA in cytoplasmic temporal asymmetric MRP (TAM) bodies. CLB2 mRNA normally disappears rapidly as
cells complete mitosis. RNase MRP mutations have an exit-from-mitosis defect and a late anaphase delay. RNase MRP specifically
cleaves the CLB2 mRNA in its 5'-UTR to allow rapid 5' to 3’ degradation by the Xrn1 nuclease. Degradation of the CLB2 mRNA by

RNase MRP provides a novel way to regulate the cell cycle that complements the protein degradation machinery [31].

Order Amish community in Pennsylvania were found to
be suffering from an unusual inherited disease [10]. Later,
the disorder was also discovered in a small fraction of the
Finnish population [11]. The carrier frequencies among the
Amish and the Finns are 1:19 and 1:76, respectively [11].
People with the disease exhibit the short-limbed dwarfism
due to skeletal dysplasia, have changes in the structure
and abundance of their hair (hypoplastic hair), and show
abnormalities in the development and function of their
bone and cartilage. For these reasons, Dr Victor McKusick

named the disease as cartilage-hair hypoplasia (CHH) [10],
which is also known as metaphyseal chondrodysplasia
(MCD) McKusick type (OMIM, #250250). To identify
which gene or genes carry mutations in people with CHH
is a daunting task [12]. Yet after years of genetic mapping
and DNA sequencing, the responsible gene was found to
be a 265-nt noncoding RNA gene [RNase MRP RNA gene
(RMRP)] encoding the human MRP RNA [12]. This was
the first nuclear noncoding RNA gene to be found to cause
a genetic disease.
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Figure 2 The secondary structure of RNase MRP RNA with mutations in human genetic disease. The RNA sequence is deduced
from the RMRP gene M29916 of GenBank. Unique mutations for CHH are shown in red, kyphomelic dysplasia in blue, AD in light
magenta, MDWH in cyan, and Omenn syndrome in yellow. 4C——U (red)/U (yellow) denotes that the 4C—U mutation occurs in
both CHH and Omenn syndrome, whereas 182G—A (red)/C (red)/U (red) denotes that 182G can be mutated to A, C, or U in CHH
patients. Mutations in the promoter region between the TATA box and transcription initiation site are not included in this figure (see

Table 1).

Mutations leading to CHH are predominantly found in
both the transcribed region and the promoter region (from
the TATA box to the transcription initiation site) (Table 1)
of the RMRP gene. The most frequently found mutation
is the 70A—G point mutation [11-17]. Other mutations
that have been recorded in patients with CHH are sum-
marized in Table 1. Insertional mutations and duplications
in the upstream region of the RMRP gene, between the
TATA box and the point of transcription initiation, were
shown to silence transcription [18]. Some mutations in
the transcribed region of the gene, which may negatively
affect transcriptional elongation, are also shown to cause
impedance of transcription [12, 18]. It is interesting to
note that no patient has been found to be homozygous or
compound heterozygous for the promoter region duplica-
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tions/insertions, indicating that such mutations may be
phenotypically lethal [19].

Bonafé et al. [19] reported a series of 20 novel RMRP mu-
tations in patients with CHH and summarized all the putative
pathogenic mutations and single nucleotide polymorphisms
(SNPs). They found that putative pathogenic mutations of the
transcribed regions of the RMRP gene are located in regions
of highly conserved nucleotide sequences, whereas SNPs
without phenotypic consequences are located in areas of
non-conserved nucleotides. They also aligned the promoter
region of the gene from various mammalian species and
found a similar pattern: CHH-associated mutations occur in
regions of strongly conserved nucleotide sequences, whereas
non-pathogenic SNPs mainly occupy areas of non-conserved
nucleotides of the promoter region [19].
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Table 1 Mutations in the RMRP

Number Disease Mutation in allele 1* Mutation in allele 2 Reference
1 CHH (OMIM, No paternal chromosome 9 70A—G (2 copies) [12]
#250250)
2 70A—>G 262G—>T
3 —23 —14dupTACTCTGTGA 70A—>G
4 -25 —11triIACTACTCTGTGAAGC 96 97dupTG
5 70A—>G -7_-6insCCTGAG
6 —20 —4dupTCTGTGAAGCTGAGGAC 193G—>A
7 70A—G 211C—>G [11]
8 70A—>G 154C—>T
9 70A—>G 79G—>A
10 70A—>G 180G—A
11 70A—G 182G—>C
12 70A—>G -23 -14dupTACTCTGTGA
13 70A—>G -13_-7dupAAGCTGAG
14 70A—>G -16_-7dupTGAAGCTGAG
15 70A—G -14_-1dupAAGCTGAGGACGTG
16 70A—>G -7 3dupGGACGTGGTT
17 70A—>G 57 _64dupTTCCGCCT
18 118A—G 214A—>T
19 146G—A 146G—A
20 152A—>G 243C—>T
21 211C->G 230C->T
22 236A—>G 238C—>T
23 264C—A 264C—A
24 4C>T 94 94delAG
25 193G—>A 193 _194insA
26 195C—>T -5 -4insGGACGTGGTT
27 64T—C 126C—>T [19]
28 127G—>A 260C—G
30 146G—>C 195C—>T
31 193G—A 242A—-G
32 195C—>T 220T—>C
33 -25 —10triACTACTCTGTGAAGCT 4C->T
34 4C->T 63C—>T
35 97G—A 244G—>A
36 45 53dupTGTTCCTCC 93G—>C
37 182G—>T 213C—>G
38 4C->T 238C—>T
39 92 93insA 126C—>T
40 40G—>A 63C—>T
41 —23 —15dupTACTCTGTG 70A—>G
42 127G—>A 248C—>T
43 -8 —1dupAGGACGTG 70A—>G
44 35C->T 70A—>G
45 261C—>T 261C—>T
46 —25 —5dupACTACTTGTGAAGCTGAGGA 193G—A
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Table 1 Mutations in the RMRP (continued)

223

Number Disease Mutation in allele 1* Mutation in allele 2 Reference

47 45 53dupTGTTCCTCC 93G—>C

48 —22 ~10dupACTCTGTGAAGCT 146G-—A

49 25 —11triACTACTCTGTGAAGC 96_97dupTG

50 4C—T 9T—C [15]

51 124C—T 89C—G

52 —4 23dupTACTCTGTGAAGCTGAGGAC 180G—>A

53 194 195insT 80G—A

54 116G 256 165delCAGCGCGGCT

55 26 —5dupTACTACTCTGTGAAGCTGAGAA 179 _180insC

56 25 —6dupACTACTCTGTGAAGCTGAGA 91G—A, 101C—>T

57 —24 —15dupCTACTCTGTG 180G—A

58 195C—T 256 265delCAGCGCGGCT

59 262G—C 70A—>G

60 21 —~1dupCTCTGTGAAGCTGAGGACGTG 180G—>A

61 97G—A 14G—>T

62 —-16_—1dupTGAAGCTGAGGACGTG 168G—>A [14]

63 217C—T 218A—G

64 182G—>A -15 2dupGAAGCTGAGGACGTGGT [16]

65 KD (OMIM, 194_195insT 63C>T [22]
211350)

66  AD (OMIM, 111_112insACGTAGACATTCCT 111_112insACGTAGACATTCCT [20]
#607095)

67 14G—>A 90 91AG—>GC

68 90 91AG—GC 254C—G

69 MDWH (OMIM, —21_—20insTCTGTGAAGCTGGGGAC 218A—G [16]
#250460)

70 ~14_—3dupAAGCTGAGGACG 195C—>T [13]

71 70A—G 238C—T

72 OS (OMIM, ~11_—10insSTACTCTGTGAAGTACTCTGTGAAGCTGA 4C—T [21]
#603554)

73 240A—C -14_-13insATCTGTG

“Abbreviations: AD, anauxetic dysplasia; KD, Kyphomelic dysplasia; CHH, cartilage-hair hypoplasia; OS, Omenn syndrome; dup, duplica-
tion; ins, insertion; MDWH, metaphyseal dysplasia without hypotrichosis; OMIM, Online Mendelian Inheritance in Man; tri; triplication.
This table is abridged with the following consideration: mutations that are listed in alleles of other patients will not be recorded unless at
least one allele has a novel mutation. For example, if we have mutations of 70A—G/262G—T, we will list 70A—G/195C—T, but not 70A—
G/70A—G or 262G—T/70A—G. Mutations that occur in more than one disease are shown in bold.

Other diseases metaphyseal dysplasia without hypotrichosis (MDWH),
anauxetic dysplasia (AD), kyphomelic dysplasia (KD),
and Omenn syndrome (OS).

MDWH (OMIM, #250460) is a disorder in which the

Beyond CHH, RNase MRP RNA mutations have been
implicated in a variety of other inherited diseases, including

www.cell-research.com | Cell Research
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metaphyses of long bones fail to produce normal new tubu-
lar structures and instead appear to be expanded and porous
[16]. Hypotrichosis is simply defined as having a less than
normal amount of hair. MDWH lies within a group of het-
erogeneous skeletal dysplasias called MCD. Patients with
MDWH display several unique and heterozygous mutations
on the RMRP gene. One of these distinctive mutations is
an insertion (—21_-20insTCTGTGAAGCTGGGGAC )
on the paternal allele, with a 218 A—G point mutation on
the maternal allele (Table 1). MDWH is similar to CHH in
terms of short stature metaphyseal dysplasia; yet, it lacks
hair anomaly, immunodeficiency, and other extra skeletal
features of CHH. Bonafé et al. [19] reported two more cases
of MDWH, of which the mutations (70A—G, 195C—>T,
and 238C—T) also exist in some CHH patients (Table 1).
Thus, it is likely that MDWH is a variant of CHH.

AD (OMIM, #607095) is an autosomal recessive spon-
dylometaepiphyseal dysplasia and is characterized by
prenatal onset of extreme short stature and an adult height
of less than 85 cm. Additionally, the disease commonly
includes hypodontia, which is defined as having less than
the normal number of teeth, and mild mental retardation
[20]. RMRP gene mutations were once again implicated
in the occurrence of this disease, which is allelic to CHH
and MDWH. The sequencing of the RMRP gene in patients
with AD showed one homozygous insertion mutation,
111_112insACGTAGACATTCCT, and two compound
heterozygous mutations, +14G—>A/90 91AG—GC and
90 91AG—>GC/254C—G (see Table 1) [20].

OS (OMIM, #603554) is a severe immunodeficiency
disease that is most commonly characterized by general-
ized scaly exudative erythroderma, which is an intense
and usually widespread reddening of the skin and is often
associated with exfoliation of the skin. OS is usually ac-
companied by enlarged lymphoid tissues, protracted diar-
rhea, failure to thrive, and eosinophilia, which refers to the
condition characterized by the presence of high amounts
of eosinophils in either the blood or body tissues [21].
Mutations in the nucleases encoded by the recombination
activating genes (RAG1 and RAG2) or in the Artemis gene
were found in some but not all patients with OS. It has
been suggested in recent literature that secretion of some
T-cell clones in the blood of patients with OS is largely
responsible for the phenotype of the disease. Treatments
with either cyclosporine or corticosteroids before bone mar-
row transplantation can alleviate some of the symptoms of
OS [21]. Roifman et al. [21] have examined two patients
who exhibited clinical features consistent with OS but had
no mutations in RAG or Artemis genes. Sequence analysis
of the RMRP gene revealed three novel mutations, —11_—
10insTACTCTGTGAAGTACTCTGTGAAGCTGA/4C—
T (identified previously in CHH patients) for the first patient

and 240A—C/-14_—13insATCTGTG for the second one.
These results indicate that mutations in the RNase MRP
may also be associated with OS.

KD (OMIM, #211350) is a type of short-limbed dwarf-
ism and skeletal dysplasia characterized by the bowing of
long bones, normal intelligence, disproportionate growth,
mild facial dysmorphia, flattened vertebrae, and short
ribs [22]. Although KD has only been observed in a small
number of patients, this sublethal disease remains relevant
to discussions of the distinct manifestations of MCD. KD
is quite similar to other forms of MCD in that it exhibits
combined immune deficiency and aplastic anemia. Femoral
bowing is a hallmark of KD [23]. Novel mutations were
found in the RMRP gene of a patient with KD, including
an insertion of T at 194 195 (paternal allele) and a 63C—
T point mutation on the maternal allele. Both mutations are
also found in CHH patients (Table 1 and Figure 2).

CHH-related RNA metabolism

It has been speculated that hypoplastic anemia of CHH
is related to the ribosome biosynthesis function of the
RNase MRP enzyme (Figure 1B). Interestingly, several
genetic disorders associated with bone marrow failure are
found to exhibit molecular defects in ribosome biogenesis.
Beyond RMRP (pre-tRNA processing) in CHH, other
genes/diseases linked to ribosomal biosynthesis include
DKCI1 (rRNA modification) in X-linked dyskeratosis
congenital, RPS19 (40S ribosomal subunit maturation)
in Diamond-Blackfan anemia, and SBDS (40S ribosomal
subunit maturation) in Shwachman-Diamond syndrome.
RPS19, one of the protein components of 40S small ri-
bosomal subunit, is involved in the interaction of the 40S
subunit and elongation factor 2 (eIF-2) [24]. A 5.8S rRNA
mutant was demonstrated to substantially reduce the level
of'elF-2 associated with polyribosomes [25]. These results
suggest the potential connection of RPS19, 5.8S rRNA and,
to certain degree, the biological function of RNase MRP,
although there is no direct evidence for overproduction of
the long non-natural form of 5.8S rRNA (Figure 1B) in
CHH patients as that in yeast (Figure 1B). However, the
role of ribosome biosynthesis in the pathogenesis of CHH
has been questioned by recent studies. By comparing the
phenotype of CHH with that of a similar disease, AD, it
has been observed that hypoproliferative bone marrow
dysfunction and the tendency to develop cancer (mostly
lymphoma) are observed only in CHH but not in AD. Fur-
thermore, the CHH founder mutation (70A—QG) affected
both rRNA and mRNA processing, whereas mutations
resulting in AD (Table 1) affected ribosomal assembly but
not CLB2 mRNA levels [20]. This has led to the suggestion
that the disruption of CLB2 mRNA levels by mutation in
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the RMRP gene is the main cause of bone marrow failure
in CHH patients [20].

As RNase MRP has three RNA-processing activities
(Figure 1), the deficiency of its enzyme activity caused by
either mutated nucleotides or an altered promoter region in
the RMRP gene would negatively affect all three physiolog-
ical functions. Thus, it is our belief that the pathogenesis of
CHH is likely to be related to all three known functions of
RNase MRP, not just one or two. Six CHH-relevant muta-
tions (Figure 2) on the MRP RNA are also found in other
diseases, 4C—U (0S), 194 195insU and 63C—U (KD),
and 70A—G, 195C—U and 238C—»U (MDWH). Single
nucleotide mutations at the same position (14G—U and
14G—A) are found in both CHH and MDWH (Figure 2).
Yet, no identical homozygous or heterozygous mutations
have been found in more than one genetic disorders. It is
plausible that different mutations of the RMRP gene lead
to diverse genetic disorders. However, given that CHH is
both pleiotropic and variable in clinical severity and not
all CHH patients have mutated RMRP genes [15], that the
MRP RNA is a noncoding RNA and the reconstitution of
the RNase MRP complex with the RNA and its protein
components is not yet accomplished, and that there is a
very limited number of clinical cases of genetic disorders
other than CHH (Table 1), it is very difficult, if not impos-
sible at this stage, to fully evaluate the pathogenicity of
RMRP gene on CHH and other skeletal dysplasias. Several
laboratories have tried to construct a gene-knockin mouse
model of CHH (Dr Cynthia L Jackson and an NIH group;
personal communication), although no success has been
reported thus far. Depletion of Rppl, an essential protein
component of RNase MRP, led to dysregulated expression
of a large number of genes in yeast [26]. This indicates that
RNase MRP may perform other functions beyond those that
have been revealed (Figure 1). The functional complication
of RNase MRP would certainly increase the complexity
to assess the phenotype/genotype relationship of RMRP
mutations in various genetic disorders.

RNase MRP and RNase P

RNase MRP is closely related to RNase P, a ubiquitous
ribonucleoprotein that cleaves precursor tRNA transcripts
to produce mature 5’ termini [27]. In both yeast and human
cells, each enzyme consists of one RNA subunit and several
proteins [6, 7]. The RNA subunits of both ribonucleopro-
teins can be folded into similar secondary structures and
they share most of the protein subunits, indicating that they
are both structurally and evolutionarily related [6, 7].

The Schmid type of MCD (MCDS, OMIM, #156500)
is generally caused by mutations in the COL10A 1-encod-
ing type X collagen of cartilage. MCDS is characterized

www.cell-research.com | Cell Research
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by short stature, bowed legs, coax vara, and specific
metaphyseal changes, which are visible in radiographs.
As the clinical features of MCDS and CHH are similar to
each other, Ridanpéi et al. [28] performed a study on the
genes for the RNA subunit of both RNase MRP and RNase
P (H1 RNA) among 20 patients who had been diagnosed
with MCDS but had no mutations in COLI0A1. They
found two patients homozygous for the 70A—G change
in RMRP, which is widely known as the major mutation
in patients with CHH. Yet, these two patients were not
diagnosed with CHH, based on the distinction of growth
failure at birth and during the first year of life (present in
CHH but not in MCDS) and subtle radiographic metaphy-
seal changes (most prominent in knees in CHH, patients
have short hands; yet most prominent in hips in MCDS,
patients have normal hands) [28]. As RNase P and RNase
MRP are closely related, Ridanpéé et al. reasoned that the
H1 RNA, the RNA subunit of RNase P, may be mutated in
these patients. The authors did find base substitution poly-
morphisms (including a mutation at position 129G, which
is evolutionally conserved) in the HI RNA gene in MCDS
patients; yet these base substitutions were also found in
control patients albeit with a lower frequency. As the sample
size was limited and the RNase P activity corresponding to
these mutations was not examined, the authors were unable
to show conclusive evidence for causative mutations in H1
RNA in patients with MCDS, and the role of RNase P in
skeletal dysplasias remains unclear.

In conclusion, the RNase MRP RNA is the first nuclear-
encoded RNA in which mutations have been found to
lead to human diseases. Yet the precise relationship of
CHH and other genetic diseases with the three disclosed
functions of RNase MRP in three cellular compartments
(mitochondria, nucleoli, and cytoplasm) requires further
investigation.
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