
Biochemical defects in minor spliceosome function
in the developmental disorder MOPD I

FAEGHEH JAFARIFAR, ROSEMARY C. DIETRICH, JAMES M. HIZNAY, and RICHARD A. PADGETT1

Department of Molecular Genetics, Lerner Research Institute, Cleveland Clinic Foundation, Cleveland, Ohio 44195, USA

ABSTRACT

Biallelic mutations of the human RNU4ATAC gene, which codes for the minor spliceosomal U4atac snRNA, cause the
developmental disorder, MOPD I/TALS. To date, nine separate mutations in RNU4ATAC have been identified in MOPD I
patients. Evidence suggests that all of these mutations lead to abrogation of U4atac snRNA function and impaired minor
intron splicing. However, the molecular basis of these effects is unknown. Here, we use a variety of in vitro and in vivo
assays to address this question. We find that only one mutation, 124G>A, leads to significantly reduced expression of U4atac
snRNA, whereas four mutations, 30G>A, 50G>A, 50G>C and 51G>A, show impaired binding of essential protein
components of the U4atac/U6atac di-snRNP in vitro and in vivo. Analysis of MOPD I patient fibroblasts and iPS cells
homozygous for the most common mutation, 51G>A, shows reduced levels of the U4atac/U6atac.U5 tri-snRNP complex as
determined by glycerol gradient sedimentation and immunoprecipitation. In this report, we establish a mechanistic basis for
MOPD I disease and show that the inefficient splicing of genes containing U12-dependent introns in patient cells is due to
defects in minor tri-snRNP formation, and the MOPD I-associated RNU4ATAC mutations can affect multiple facets of minor
snRNA function.
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INTRODUCTION

Spliceosomes are complex, dynamic, ribonucleoprotein mo-
lecular machines responsible for the catalysis of pre-mRNA
splicing (Wahl et al. 2009; Hoskins and Moore 2012;
Turunen et al. 2013). In mammals, two types of spliceosomes
of differing composition have been characterized (Russell
et al. 2006): the major (U2-dependent) type of spliceosome
removes >99% of human introns and requires U1, U2, U4,
U5, and U6 small nuclear ribonucleoproteins (snRNPs),
whereas the minor (U12-dependent) type of spliceosome re-
moves about 800 human introns and requires the snRNPs
U11, U12, U4atac, U5, and U6atac (Levine and Durbin 2001;
Alioto 2007). The protein composition of the minor spliceo-
some overlaps significantly with that of the major spliceo-
some (Turunen et al. 2013).

The formation of the catalytically active spliceosome fol-
lows a similar pathway in major and minor spliceosomes
(Wahl et al. 2009). During minor intron splicing, after the
initial recognition of the splice sites by the U11/U12 di-
snRNP, a tri-snRNP complex composed of U4atac, U6atac,
and U5 snRNPs associates with the pre-mRNA to form a pre-

catalytic complex. Subsequently, U11 and U4atac snRNPs are
destabilized, and a catalytic complex containing U12, U6atac,
and U5 snRNPs is formed.
The in vivo kinetic assembly pathway of tri-snRNPs inCajal

bodies has been previously established (Novotný et al. 2011).
The tri-snRNP itself is formed from a U4atac/U6atac di-
snRNP particle, in which the two snRNAs are tightly held to-
gether by extensive base-pairing interactions, plus a 35S U5
snRNP particle. Protein–protein interactions are believed to
play a major role in U5 snRNP association with the di-
snRNP (Nottrott et al. 2002; Schultz et al. 2006b).
Within the minor spliceosomal di-snRNP and tri-snRNP

structures, the U4atac and U6atac snRNAs form a phyloge-
netically conserved, base-paired, Y-shaped structure consist-
ing of stem I and stem II separated by a U4atac snRNA
secondary structure called the 5′ stem–loop (Fig. 1; Shukla
et al. 2002; Liu et al. 2011). An evolutionarily conserved
15.5 kD protein (the human NHP2L1 protein, here called
15.5K) binds directly to the kink-turn (K-turn) motif located
in the 5′ stem–loop. This RNA–protein complex forms a
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platform to recruit the PRPF31 protein to the di-snRNP. This
ternary complex leads to further assembly of the di-snRNP
and its association with the U5 snRNP to yield the tri-
snRNP complex (Makarova et al. 2002; Liu et al. 2007).
Recently, mutations in the single copy RNU4ATAC gene

coding for U4atac snRNA have been shown to cause the
rare, autosomal recessive developmental disorder microce-
phalic osteodysplastic primordial dwarfism type I (MOPD
I), also known as Taybi-Linder syndrome (Edery et al. 2011;
He et al. 2011; Nagy et al. 2012). This disorder is characterized
by growth retardation, neurological defects, and malforma-
tions of the face, long bones, and joints (Abdel-Salam et al.
2011, 2012, 2013; Klingseisen and Jackson 2011; Nagy et al.
2012). Previous data showed that cells fromMOPD I patients
carrying the RNU4ATAC 51G>A mutation (Fig. 1), had de-
fects in splicing of minor introns that could be rescued by ex-
pression of the wild-type U4atac snRNA (He et al. 2011).
However, the biochemical defects in these cells were not ad-
dressed. Furthermore, there are now nine different mutations
in U4atac snRNA that have been found in MOPD I patients,
but nothing is known about the functional ramifications of
these mutations.
In this report, we describe in vitro and in vivo studies de-

signed to determine the consequences of several MOPD I
mutations on U4atac snRNA stability and binding of specific
proteins. Using both MOPD I patient fibroblast cells and
MOPD I-derived induced pluripotent stem (iPS) cell lines
homozygous for the 51G>A mutation, we also demonstrate
defects in the formation of U4atac-containing tri-snRNPs.

RESULTS

Distribution of MOPD I mutations in
U4atac snRNA

Nine single nucleotide mutations have been described to date
in the RNU4ATAC (U4atac snRNA) genes of MOPD I pa-
tients in either a homozygous or compound heterozygous
configuration (Fig. 1; Abdel-Salam et al. 2011, 2012; Edery
et al. 2011; He et al. 2011; Nagy et al. 2012). U4atac and
U6atac snRNAs form a base-paired di-snRNP complex that
is essential for pre-mRNA splicing of minor-class introns
(Shukla et al. 2002; Liu et al. 2007). Six of these mutations,
including 30G>A, 50G>A, 50G>C, 51G>A, 53C>G, and
55G>A, are located in the U4atac intramolecular 5′ stem–

loop of the U4atac/U6atac duplex (Fig. 1). This RNA struc-
tural domain contains a K-turn motif that is recognized by
the spliceosomal protein 15.5K. The 15.5K protein belongs
to a family of RNA-binding proteins that bind to K-turn mo-
tifs through an induced fit interaction (Nottrott et al. 1999,
2002; Turner et al. 2005; Woźniak et al. 2005).
The K-turn motif of U4atac snRNA is comprised of a ca-

nonical stem (C-stem) that has two Watson-Crick G-C
base pairs, an internal purine-rich loop containing two tan-
dem-sheared G-A base pairs, and a noncanonical stem
(NC-stem) that has one G-U and one Watson-Crick G-C
base pair attached to an external pyrimidine-rich pentaloop
(Cojocaru et al. 2005; Woźniak et al. 2005; Schultz et al.
2006a). The 50G>A, 50G>C and 51G>AMOPD I mutations

FIGURE 1. Diagram of the human U4atac/U6atac di-snRNP. U4atac snRNA (black) is shown base-paired with U6atac snRNA (gray), forming a Y-
shaped functional structure that interacts with several essential spliceosomal proteins. The intermolecular stem II domain interacts with three pro-
teins: PRPF4 (yellow), PPIH (purple), and PRPF3 (orange). The U4atac intramolecular 5′ stem–loop domain interacts with the 15.5K (blue) and
PRPF31 (green) proteins. PRPF31 directly interacts with PRPF3. A specific sequence located at the 3′ end of U4atac snRNA binds the Sm protein
complex (brown). The nucleotides that are mutated in MOPD I patients are boxed.
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occur in the K-turn motif, whereas the 30G>A and 53C>G
mutations occur in close proximity (Fig. 1).

Binding of the 15.5K protein to the K-turn motif forms a
transient binary complex, which recruits the PRPF31 protein
followed by the addition of the PPIH/PRPF3/PRPF4 protein
complex to form the U4atac/U6atac di-snRNP (Nottrott et al.
2002; Schultz et al. 2006b). The PRPF31 protein simultane-
ously recognizes the 15.5K protein and the RNA component
of the transient binary complex, including the pentaloop, NC
stem, and four base pairs of the stem of the 5′ stem–loop
domain encompassing the U4atac snRNA positions 30–53
(Schultz et al. 2006a).

Three additional MOPD I mutations lie outside the 5′

stem–loop (Fig. 1). The 124G>Amutation is located immedi-
ately adjacent to the U4atac Sm protein binding site. In other
spliceosomal snRNAs, binding of the Smprotein complex has
been shown to be an essential step in the snRNPassembly pro-
cess and is required for stability of the snRNA (Seraphin 1995;
Urlaub et al. 2001). The 111G>A mutation is located in the
apical stem of the intramolecular 3′ stem–loop. This region
has been previously shown to be required for U4atac snRNA
function (Shukla et al. 2002). Finally, the 66G>C mutation
is located at the 3′ end of stem I formed by U4atac/U6atac
base-pairing and extends this helix by one additional G-C
base pair. In other work, we show that this mutation causes
a splicing defect due to the lengthening or hyperstabilization
of stem I (R Dietrich, G Shukla, and R Padgett, in prep.).

Expression levels of MOPD I mutant U4atac snRNAs

Previous work has shown that several MOPD I mutations led
to substantial reductions in U4atac snRNA function when
tested in a heterologous in vivo system (He et al. 2011).
These functional defects could be related to defects in the
splicing mechanism or to reduced levels of the mutant
snRNAs. One group has reported that the U4atac 51G>Amu-
tant snRNA is expressed at similar levels towild type in patient
fibroblast cells (Edery et al. 2011). Since MOPD I mutations
occur in important structural domains of U4atac snRNA,
we analyzed whether they affected steady-state snRNA levels.

First, we confirmed the findings of Edery et al. (2011) in
cells homozygous for the 51G>A mutation. Umbilical cord
fibroblast cells from two Ohio Amish MOPD I patients (He
et al. 2011) were available for us to study the amount of
U4atac snRNA directly in patient cells. We used quantitative
RT-PCR and the comparative threshold cycle (▵CT) method
to measure the relative amounts of U4atac snRNA in patient
and control umbilical cord fibroblast cells. Our data showed
that, as expected, the 51G>A mutation does not affect the in-
tracellular level of U4atac snRNA (Fig. 2A).

Since patient cell samples carrying other U4atac snRNA
mutations were not available, we took advantage of a heterol-
ogous test system that has been previously established in our
laboratory (Shukla and Padgett 1999, 2001; Shukla et al.
2002; He et al. 2011). We cotransfected human U4atac

snRNA expression plasmids with each of the MOPD I muta-
tions embedded in a modified U4atac snRNA in addition to a
modified human U6atac snRNA expression plasmid that
base-pairs with the modified U4atac snRNA into CHO cells
(Shukla et al. 2002). Using primers specific for the modified
region allowed us to amplify only the introduced U4atac
snRNA in a quantitative RT-PCR assay without interference
from the endogenously expressed CHO U4atac snRNA. The
amount of each U4atac snRNA mutant was measured by
the comparative threshold cycle (▵CT) method and normal-
ized to the level of a cotransfected wild-type human U12
snRNA. These levels were compared with the level seen with
transfected wild-type U4atac snRNA (Fig. 2B). The results
confirm that the 51G>A mutation yields wild-type levels of
U4atac snRNA. Furthermore, although each of these
MOPD I mutants reduce splicing activity by at least 90%
(He et al. 2011), only the 124G>A mutation had a significant
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FIGURE 2. Steady-state levels of mutant U4atac snRNAs. (A) The
amounts of U4atac snRNA in normal and homozygous 51G>A MOPD
Iumbilical cord fibroblast cellsweredeterminedby real-timequantitative
RT-PCR after isolation of total RNAs. U6 snRNA was used for normali-
zation. The amount of U4atac snRNA in normal cells was set to unity. (B)
The amounts of MOPD I-associated mutant U4atac snRNA were deter-
mined by real-time quantitative RT-PCR after isolation of total RNAs
from CHO cells cotransfected with plasmids expressing either modified
wild-type human U4atac snRNA or MOPD I mutant U4atac snRNA as
well asmodified U6atac snRNA, which is able to base-pair with themod-
ifiedU4atac snRNA. Primerswere designed to amplify only the transfect-
ed snRNAs. The level of cotransfected human U12 snRNA was used for
normalization. The amount of transfected wild-type human U4atac
snRNAwas set to unity. Results are expressed as mean and one standard
deviation from three independent experiments. (∗) A significant diffe-
rence, P < 0.05, using a two-tailed t-test.

Jafarifar et al.

1080 RNA, Vol. 20, No. 7



effect on snRNA abundance, which decreased by >90%.
Thus, for themajority of theMOPD Imutants, the functional
defect(s) must lie elsewhere.

Protein binding by mutant U4atac snRNAs

In U4atac/U6atac (as well as U4/U6) snRNA duplexes, an es-
sential splicing factor, the 15.5K protein, binds through an in-
duced-fitmechanism to the asymmetric internal loop of the 5′

stem–loop and stabilizes a K-turn structure. The 15.5K pro-
tein is a nucleating factor that creates a platform for binding
of the PRPF31protein that is required for binding of addition-
al proteins and formation of the U4atac/U6atac.U5 (as well as
the U4/U6.U5) tri-snRNP. In the current model of sequential
spliceosome assembly, tri-snRNP addition to spliceosomal
complex A leads to the formation of complex B.
Since binding of the 15.5K and PRPF31 proteins to the 5′

stem–loop of U4atac snRNA is a prerequisite for tri-snRNP
formation and six MOPD I-associated mutations are located
in this region, we tested whether these mutations interfere
with the binding of these proteins to this region. In order to
compare the binding affinities of U4atac 5′ stem–loop mu-
tants to wild type, recombinant human 15.5K protein was in-
cubated with a fluorescently 5′ end-labeled 32-nucleotide
RNA of the wild-type 5′ stem–loop (nucleotides 26–57).
The binding affinities of the mutant RNAs were analyzed by
competition experiments using unlabeled 32-nucleotide
RNA oligos containing each pointmutation in an electropho-
reticmobility shift assay. Figure 3B shows the results of adding
increasing amounts of each unlabeled RNA to the labeled
wild-type RNA in the presence of the 15.5K protein. Figure
3C charts the binding activity of each of theMOPD Imutants.
The results show that mutations located in the canonical

stem of the K-turn, including 50G>A, 50G>C, and 51G>A,
have significantly reduced binding to the 15.5K protein. In
fact, the 50G>A and 50G>C mutants show no competition,
whereas the 51G>A mutant reduced the competition by
>80%. In contrast, the 53C>G and 55G>A mutants that are
located in the stem farther from the asymmetric internal
loop competed for 15.5K binding similarly to the wild-type
sequence. The 30G>A mutation, which disrupts the same
G-C base pair as the 53C>G mutation, showed somewhat re-
duced competition compared to wild type or the 53C>G
mutant. These results are consistent with the previous struc-
tural and mutational data, indicating that the asymmetric
loop is essential for RNA binding to the 15.5K protein
(Nottrott et al. 1999; Vidovic et al. 2000; Cojocaru et al.
2005; Woźniak et al. 2005). Mutations that map near this
loop and alter the RNA structure disrupt protein binding.
Therefore, the molecular basis of the MOPD I-associated
50G>A, 50G>C, and 51G>A U4atac snRNAmutants is likely
to be largely due to defective 15.5K protein binding.
Wewould expect that, since binding of the PRPF31 protein

requires prior 15.5K protein binding to U4atac snRNA
(Makarova et al. 2002; Schultz et al. 2006a; Liu et al. 2007,

2011), defects in binding to the 15.5K protein would also
lead to defects in binding of the PRPF31 protein. In order
to confirm this hypothesis, we tested the binding of re-
combinant human PRPF31 protein to RNA-15.5K complexes
usinganelectrophoretic super shift assay(Schultz et al. 2006a).
The PRPF31 protein was incubated over a range of con-
centrations with 15.5K protein bound to the labeled wild-
type RNA oligo or to labeled oligos containing the various
MOPD I mutations (Fig. 4A). As we expected, when labeled
G51>A RNA was used, the amount of RNA-15.5K complex
shifted by PRPF31 protein was reduced almost by half, which
was statistically significant compared to labeled wild-type
RNA (Fig. 4B). There were no statistically significant differ-
ences between the amounts shifted by PRPF31 protein
when either labeled 53C>G or 55G>A RNAs were used com-
pared to wild-type RNA. Interestingly, PRPF31 protein was
not able to shift labeled 30G>A RNA (Fig. 4B). This result
is in agreement with the previously published results of
hydroxyl radical footprinting studies of U4atac snRNA coun-
terpart (U4 snRNA), indicating that nucleotide 30G is pro-
tected directly by PRPF31 protein (hPrp31), indicating the
possible direct binding of the protein to this region (Schultz
et al. 2006a).

Derivation of iPS cell lines from MOPD I patient
fibroblasts

In the initial descriptions of splicing defects in MOPD I pa-
tient cells, only fibroblasts carrying the 51G>A mutation
were examined (Edery et al. 2011; He et al. 2011). Due to
the rarity ofMOPD I, patient samples of other cell types or dif-
ferent mutations are quite difficult to obtain. In addition, hu-
man fibroblast cells have a limited life span in culture. To
overcome some of these problems, we have derived induced
pluripotent stem cells (iPS cells) from fibroblast cell lines
from two 51G>A MOPD I patients using viral transduction
of reprogramming factors (Takahashi et al. 2007; Yu et al.
2007; Zhou and Freed 2009). PCR amplification and Sanger
sequencing of the U4atac snRNA locus showed that the iPS
cell lines retained the homozygous 51G>A mutation of the
parent cells (data not shown). Comparative genomic hybrid-
ization analysis confirmed that the iPS cells had no major
chromosomal deletions or duplications (data not shown).
We also obtained control normal iPS cell lines prepared using
the same reprogramming vector.
In order to confirm that these MOPD I iPS cells show sim-

ilar splicing defects as seen in the patient fibroblast cells, we
performed quantitative RT-PCR to measure minor intron re-
tention of a set of introns in normal and 51G>A mutant iPS
cells as described previously (Fig. 5; He et al. 2011). Both an
MOPD I iPS cell line and an MOPD I fibroblast cell line
showed increased retention of nine U12-dependent introns
while showing robust splicing of two U2-dependent introns.
Thus, these MOPD I iPS cells appear to fully recapitulate the
minor intron retention observed in patient fibroblasts.

U4atac snRNA defects in MOPD I
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Analysis of snRNP profiles of patient and MOPD
I-derived iPS cells by glycerol gradient sedimentation

The aforementioned in vitro studies showed that theMOPD I
51G>Amutation in the 5′ stem–loop of U4atac snRNA is de-
fective in binding to the essential proteins 15.5K and PRPF31.
However, these data do not address the functional state of the
mutant U4atac snRNA inside cells. Since we confirmed that

the MOPD I-derived iPS cells have the same pattern of splic-
ing deficiency as MOPD I fibroblast cells, we used these cells
to investigate the distribution of U4atac snRNA-containing
snRNP complexes. U4atac snRNPs can exist as mono-
snRNPs, as a di-snRNP complex base-paired with U6atac
snRNA, and as a tri-snRNP complex with the addition of
the U5 snRNP (Tardiff and Rosbash 2006; van der Feltz
et al. 2012). The tri-snRNP appears to be the form that is

FIGURE 3. Binding activity of the 15.5K protein to the 5′ stem–loop of MOPD I U4atac snRNAs. (A) Positions of MOPD I-associated mutations in
the intramolecular 5′ stem–loop of human U4atac snRNA. (B) Electrophoretic gel shift analysis of 15.5K protein binding to labeled wild-type RNA in
the presence of various amounts of unlabeled competitor RNA. In each panel, lane 1 is labeled wild-type RNA only and lane 2 is labeled wild-type RNA
with 15.5K protein. Additional lanes contain the amounts of the various unlabeled competitor RNAs as listed: (Wt) wild type. (C) Quantitation of
competition activity compared to wild-type RNA, which was set to 100%. Results are expressed as mean and one standard deviation for three exper-
iments. (∗) Indicates a significant difference, P < 0.05, using a two-tailed t-test.
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essential for catalytic activation of spliceosome (Wahl et al.
2009; Turunen et al. 2013).
We thus set out to measure the snRNP assembly state as a

means of monitoring U4atac snRNA functionality. To exam-
ine these processes, whole-cell extracts from normal and
51G>A patient-derived iPS cells were prepared and applied
to a 10%–30%glycerol gradient to separate the snRNPspecies.
RNAwas prepared from the gradient fractions, and the levels of
various snRNAswere determined using quantitativeRT-PCR.
Figure 6A and C show the overall distribution of U4atac and
U4 snRNAs, respectively, in normal and MOPD I iPS cells.

The results show that the distribution in both normal and
patient samples is dominated by di-snRNPs as seen in other
similar analyses (Schneider et al. 2002; Boulisfane et al.
2011). When the gradient fractions containing the tri-
snRNPs were plotted separately, it was seen that the level of
U4atac snRNA in tri-snRNPs is significantly reduced in the
MOPD I samples compared to control samples. In contrast,
the levels of U4 snRNA in tri-snRNPs were similar in both
cell types (Fig. 6B,D). The same tri-snRNP fractions were as-
sayed for U6atac and U6 snRNAs as shown in Figure 6E
(U6atac snRNAs) and Figure 6F (U6 snRNAs). Since

FIGURE 4. Binding of the PRPF31 protein to 5′ stem–loop RNA-15.5K protein complexes. (A) Labeled wild type (Wt) or mutant U4atac 5′ stem–

loop RNAs were incubated with 15.5K protein and different amounts of PRPF31 protein. In each panel, lane 1 is RNA only; lane 2 is RNA plus 15.5K
protein; lane 6 is RNA plus PRPF31 protein, and lanes 3–5 are reactions containing the listed fold excess of PRPF31 protein to the RNA-15.5K com-
plex. The positions of free RNA, RNA-15.5K complex, and PRPF31-15.5K-RNA complex (dotted regions), are indicated in the figure. (B) Plot show-
ing the percentage amounts of supershifted RNA-15.5K complex. Using ImageJ, the amounts of RNA shifted by 15.5K protein and the amounts of
RNA supershifted (dotted region) by 15.5K + PRPF31 proteins were measured for each titration. The percentage of supershifted RNAs was calculated
for each titration and normalized to wild type, which was set to 100%.

U4atac snRNA defects in MOPD I

www.rnajournal.org 1083



U6atac snRNA exists as a base-paired complex with U4atac
snRNA in the tri-snRNPs, the levels of U6atac snRNA were
also reduced in MOPD I tri-snRNPs, whereas the levels of
U6 snRNA were similar in both cell types. The results show
that the MOPD I cells contain substantially less U4atac and
U6atac snRNAs in the tri-snRNP fractions compared to nor-
mal cells, whereas the distribution of U4 and U6 snRNAs is
unaffected.

Thus, the 51G>A U4atac snRNAmutant appears to be de-
fective in the process of tri-snRNP formation, which may ex-
plain the defects observed in minor intron splicing. The
observation of comparable levels of the major spliceosomal
tri-snRNPs in both MOPD I and control cells is consistent
with the observed comparable levels of major intron splicing
in these cells (Fig. 5; Edery et al. 2011; He et al. 2011). The
same analyses were also performed with extracts obtained
from 51G>AMOPD I fibroblast cells as well as control fibro-
blast cells with similar results (Fig. 6G).

Levels of tri-snRNP complexes determined
by immunoprecipitation

To further confirm the defects in minor tri-snRNP forma-
tion observed by glycerol gradient sedimentation,we analyzed
the snRNP RNA composition in cell extracts using immuno-
precipitation (IP) with antibodies against components of the
U5 snRNP as well as of the minor andmajor spliceosomal tri-
snRNPs (Will and Lührmann 2005; Boulisfane et al. 2011).
The amount of each immunoprecipitated snRNA was deter-
mined by quantitative RT-PCR (Fig. 7). Using antibodies
against the 110K tri-snRNP-specific protein (SART1), the

amounts of the major spliceosomal snRNAs (U4, U5, and
U6) that were precipitated from MOPD I-derived iPS cells
were similar when compared to control cells (Fig. 7A). In con-
trast, the levels of the minor spliceosomal snRNAs (U4atac
and U6atac) were reduced by two- to threefold in the immu-
noprecipitates fromMOPD Imutant cells (Fig. 7A). A similar
result was seen using antibodies against theU5 snRNP-specif-
ic 100K protein (DDX23) that is found in bothmajor andmi-
nor spliceosomal tri-snRNP complexes (Fig. 7B). These
results are not due to differences in the relative amounts of
snRNPs in the extracts since precipitation using anti-Sm pro-
tein antibodies recovered equal amounts of snRNAs in both
MOPD I and control iPS cells (Fig. 7D).
As shown above, the in vitro binding of the U4atac/U6atac

and U4/U6 di-snRNP-specific proteins are impaired by the
51G>A MOPD I mutation. To confirm this finding in a
whole cell environment, a precipitation analysis was per-
formed with antibodies against the PRPF31 protein (Fig.
7C). Again, association with the major spliceosomal snRNAs
was unaffected, whereas association with the minor spliceo-
somal snRNAs was reduced in the MOPD I iPS cells. Similar
results were also observed in extracts of MOPD I fibroblast
cells (data not shown). Together, these results confirm the
defects in the in vivo formation of minor spliceosomal tri-
snRNPs, potentially accounting for the observed inefficient
minor splicing in 51G>A MOPD I patient cells.

DISCUSSION

An unexpectedly high fraction of human diseases are caused
by mutations that alter splicing (Singh and Cooper 2012). A
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the ratio seen in control fibroblasts or control iPS cells is set to 1.0. Although U12-dependent introns show increased retention in both MOPD I-iPS
and MOPD I fibroblast cell lines, U2-dependent introns are unaffected in both cell lines.
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FIGURE 6. Glycerol gradient sedimentation and characterization of snRNP profiles in 51G>A MOPD I fibroblasts and iPS cell lines. (A) Overall
distribution of U4atac snRNA in control and MOPD I iPS cell lines. Whole-cell extracts from control and 51G>A MOPD I-derived iPS cell lines
were applied to a 10%–30% glycerol gradient, and snRNP species were separated in different fractions. Total RNA was extracted from each fraction,
and U4atac snRNA levels were examined with quantitative RT-PCR by using specific primers for U4atac snRNA. The abundance of U4atac snRNA in
each fraction (percentage of total) was calculated as the amount of U4atac snRNA in each fraction divided by the sum of the amount in all fractions.
The fraction numbers and the positions of di- and tri-snRNP complexes are shown at the bottom. The direction of sedimentation is from top (left) to
bottom (right). (B) Detail of the tri-snRNP fractions shown in A. Results are expressed as mean and one standard deviation from three independent
experiments. (C) The overall distribution of U4 snRNA in control andMOPD I iPS cell lines was measured in the same fractions as in A. (D) Detail of
U4 snRNA in tri-snRNP fractions. (E) Detail of U6atac snRNA in tri-snRNP fractions. (F) Detail of U6 snRNA in tri-snRNP fractions. (G) An iden-
tical analysis was performed using extracts from control and patient fibroblast cells, and the amounts of various snRNAs in the tri-snRNP fractions
were compared with the results using control and MOPD I iPS cells. The amounts of the various snRNAs in control cell tri-snRNPs were set to 100%.
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subset of these diseases, such as retinitis pigmentosa (RP),
spinal muscular atrophy (SMA), leukemia, and microce-
phalic osteodysplastic primordial dwarfism type I (MOPD I),
are associated with mutations of spliceosomal components
(Faustino and Cooper 2003; Padgett 2012; Singh and
Cooper 2012). MOPD I is unique in that the causal mutations
occur in one of the RNA components of the spliceosome
(Edery et al. 2011; He et al. 2011). These mutations occur in
the single copyRNU4ATAC gene that encodesU4atac snRNA,
an essential component of the minor spliceosome. To date,
nine distinct mutations in RNU4ATAC from nearly 30 pa-
tients have been characterized asMOPD I causativemutations
(Abdel-Salam et al. 2011, 2012; Edery et al. 2011; He et al.
2011; Nagy et al. 2012).

Clinically,MOPD I has awide spectrum of phenotypes that
differ in type and severity. Although the overall syndrome can
be clinically recognized, the extent of brain and skeletal ab-
normalities, the degree of developmental delay, and the over-
all survival time is quite variable. At the molecular level,
MOPD Imutations in RNU4ATAC have been shown to cause
impaired splicing of many minor class introns—a phenotype
that can be reversed by the expression of normal U4atac
snRNA (He et al. 2011). Given that U4atac snRNA forms
part of the U4atac/U6atac.U5 tri-snRNP complex, it is likely
that the dynamics of the protein–RNA and protein–protein
interactions required for the formation and stability of the
tri-snRNP is disturbed by the mutations. In this study, we at-

tempted to understand the biochemical andmechanistic basis
for the splicing defects observed in MOPD I cells.
The general assembly pathway for U4 or U4atac snRNPs

proceeds from a mono-snRNP particle containing the Sm
protein complex that is then base-paired to U6 or U6atac
snRNA, respectively, to form a Y-shaped U4/U6 or U4atac/
U6atac di-snRNP. The base-paired U4/U6 or U4atac/U6atac
snRNAs contain several functional and structural domains
(Fig. 1). Among the nine point mutations found in U4atac
snRNA of MOPD I patients, six are located in the 5′ stem–

loopdomain indicating, perhaps, the importanceof this struc-
tural domain in function. The 5′ stem–loop domain is the
binding site of several essential proteins, most importantly
15.5K and PRPF31 (Nottrott et al. 2002). The 15.5K protein
binds the kink-turn motif in the 5′ stem–loop of U4atac
snRNA, inducing changes in the conformations of both
RNA and protein (Vidovic et al. 2000; Cojocaru et al. 2005;
Woźniak et al. 2005). This binding appears to be essential
for the subsequent recruitment of the PRPF31 protein as
well as thePRPF4/PPIH/PRPF3protein complex.Thebinding
of these proteins is crucial for the transition to the next step
of the assembly process: the formation of U4atac/U6atac.U5
tri-snRNP (Nottrott et al. 2002; Schultz et al. 2006a).
In the studies reported here,we showed thatmutations near

the center of the kink-turn, such as 50G>A, 50G>C, and
51G>A, dramatically reduced or abolished the binding of
the RNA to 15.5K. Mutations further away from the kink-
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FIGURE 7. Immunoprecipitation analysis of snRNPs. (A) Antibody against the 110K tri-snRNP-specific protein was used to immunoprecipitate
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turn only slightly reduced the affinity of the RNA to 15.5K
protein (30G>A) or had no effect (53C>G and 55G>A)
(Fig. 3). Interestingly, there is a possible correlation between
the severity of the disease based on the age of survival and
our in vitrobinding studies. For example, patientswith homo-
zygous genotype of 55G>A (the same binding activity as wild
type) survived much longer than 1 year compared to the ma-
jority of patients with homozygous genotype of 51G>A (20%
binding activity)with a survival rate <1 year (Nagy et al. 2012).
The PRPF31 binding closely mirrored that of 15.5K bind-

ing (Fig. 4). Thus, defects in binding of these two proteins are
likely to account for the reduction of U4atac snRNA function
in four of the six mutations located in the 5′ stem–loop. We
do not have a biochemical explanation for the defects in the
53C>G or 55G>A mutants. However, it is reasonable to sug-
gest that these mutations could cause similar problems with
binding of the PRPF4/PPIH/PRPF3 protein complex leading
to defects in tri-snRNP formation.
In our in vivo studies, the effects of U4atac snRNA muta-

tion on the higher order formation of macromolecular splic-
ing complexes in patient (iPS) cells with homozygous 51G>A
mutation (the most frequently reported MOPD I allele asso-
ciated with a short postnatal survival period) gave rise to de-
fects in the formation of the U4tac/U6atac.U5 tri-snRNPs.
These data are consistent with our in vitro protein binding
data, showing impaired interaction of the 51G>A U4atac
snRNA mutant with both 15.5K and PRPF31 proteins. It is
likely that the other MOPD I mutations in the K-turn region
with defective binding to the 15.5K and/or PRPF31 proteins
will also show defects in tri-snRNP assembly and splicing.
An impairment of tri-snRNP assembly and, especially mi-

nor tri-snRNP assembly, leading to defective splicing and dis-
ease is not limited to MOPD I. There are several reports
showing defects in tri-snRNP formation in both RP and
SMA patient cells. In RP, results from glycerol gradient frac-
tionation, immunoprecipitations and in vitro spliceosome
assembly showed that mutations in several core spliceosomal
protein components, including the PRPF31 protein, direct-
ly or indirectly affect both major and minor tri-snRNP for-
mation and splicing activity in cells (Makarova et al. 2002;
Tanackovic et al. 2011). The reduced levels of tri-snRNPs
and splicing activity were also observed in patient cells
(Makarova et al. 2002; Tanackovic et al. 2011). Although these
patients show mild splicing defects in different tissues, the
pathogenic effects of the RPmutations are retina-specific; pa-
tients do not suffer from syndromic symptoms and have a
normal lifespan.
In SMA patients, reduced levels of SMN protein, one of the

components necessary for spliceosomal snRNP assembly,
leads to lower levels of tri-snRNPs and, particularly, of the
minor spliceosomal tri-snRNPs. SMA patient cells displayed
differential splicing defects of some but not all minor introns
(Zhang et al. 2008; Boulisfane et al. 2011). Although the
splicing defects occur in different tissues, SMA is a largely tis-
sue-specific disease limited to motor neurons.

The pathologies seen in MOPD I show some similarities
and differences to these two diseases. All three diseases are as-
sociated with impaired tri-snRNP formation, but unlike SMA
and RP, MOPD I appears to be limited to the minor spliceo-
somal tri-snRNP. All these diseases show mild global splicing
defects with some specific genes beingmore affected. It is like-
ly that reduced or aberrant splicing of one or a few genes in
specific cell types leads to the tissue specificity of each disease.
In the case of MOPD I, many, but not all, tissues are affected,
perhaps reflecting the wide expression of genes containing
minor class introns. Unlike SMA and RP, MOPD I is caused
by mutations in an RNA component of the spliceosomes.
Although MOPD I is the only reported human disease that
is caused by spliceosomal snRNA mutations, a recent report
showed that mutations in one of the many genes that code
for U2 snRNA in mice causes neurodegeneration and is asso-
ciated with tissue-specific alternative splicing defects, thus
emphasizing the important role of spliceosomal snRNAs in
the regulation ofmammalian gene expression (Jia et al. 2012).
In summary, our data strongly support the hypothesis that

impairment of minor tri-snRNP formation is a primary
cause of U12-dependent splicing defects observed in several
cases of MOPD I. Of the nine known MOPD I alleles of
U4atac snRNA, we have shown that one produces low levels
of RNA (124G>A), whereas four others are defective in bind-
ing to essential proteins (50G>C, 50G>A, 51G>A, and
30G>A). Further work will be required to define the bio-
chemical defects caused by the other four mutations.
Our study reveals the important role of the U12-depen-

dent splicing machinery in human health and disease. It
will be important to further characterize the tissue specificity
of MOPD I and make specific connections between affected
genes and the disease phenotypes. Since we only have a lim-
ited source of patient cells, differentiation of our MOPD I-
derived iPS cells to generate different cell types will allow
us to address these questions. In the meantime, the results
presented here explain how the majority of MOPD I muta-
tions can cause splicing defects and begin to establish a mo-
lecular basis for MOPD I.

MATERIALS AND METHODS

Cell culture and extract preparation

The umbilical cord fibroblasts from two individual MOPD I patients
with 51G>A mutation were gifts from Dr. A. de la Chapelle’s labo-
ratory (He et al. 2011). The MOPD I fibroblasts were cultured in
DMEM with high glucose, pyruvate, and 10% heat inactivated
FBS. Control umbilical cord fibroblasts (AG14412 and AG14486;
Coriell Institute) were cultured in MEM with Earle’s salts and non-
essential amino acids with 15% FBS. The control andMOPD I fibro-
blast-derived iPS cell lines were cultured in feeder-free matrigel
coated dishes in mTeSR medium (Stemcell Technologies). The
CHO cells (CCL-61, ATCC) were cultured in DMEM medium
with 10% FBS. Whole-cell extracts were prepared in HNTG buffer
(20 mM HEPES, pH 7.9, 150 mM NaCl, 1% Triton X-100, 10%
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Glycerol, 1 mMMgCl2, 1 mM EGTA, 1 mM protease inhibitor mix-
ture) as described (Boulisfane et al. 2011) and used for glycerol gra-
dient sedimentation and immunoprecipitation experiments.

Derivation of iPS cell lines

Induced pluripotent stem (iPS) cell lines were derived from a 51G>A
MOPD I patient (He et al. 2011) and control umbilical cord fibro-
blasts at the pluripotent stem cell facility at Case Western Reserve
University using retroviral transduction of OCT4, KLF4, SOX2,
and C-MYC as described (Zhou and Freed 2009; Di Stefano et al.
2010). Briefly, the cells were infected with a single retroviral vector
expressing the reprogramming factors. Upon further culture, clones
of cells arose with the characteristics of iPS cells. The chromosomal
integrity was then confirmed by comparative genomic hybridization
(CGH array) (Vermeesch et al. 2005) and karyotyping (data not
shown).

Plasmid constructs and transfections

The plasmids expressing each MOPD I-associated U4atac snRNA
mutant were generated in the U4atac-Ath background as described
(Shukla et al. 2002; He et al. 2011). Plasmids containing the
U4atac-Ath constructs were cotransfected with U6atac-Ath and hu-
man U12 plasmids into CHO cells as described (He et al. 2011). The
levels of snRNAs weremeasured after 48 h of transfection with SYBR
advantage quantitative PCR premix (Clontech) using the 2−▵CT

method. The sequences of primers used in this experiment are avail-
able upon request.

Electrophoretic gel shift assay

Plasmids expressing the fusion proteins, GST-15.5K and MBP-
PRPF31, were gifts from Dr. S. Liu. Proteins were expressed and pu-
rified as described (Nottrott et al. 1999;Makarova et al. 2002; Schultz
et al. 2006a). For the electrophoretic gel shift analysis, 5′-hexynyl-
RNA oligos of wild-type and mutant 5′ stem–loop human U4atac
snRNA (nucleotides 26–57) were obtained from IDT. The RNAs
were fluorescently labeled with Alexa Fluor 488 using click chemistry
as described by the baseclick GmbH click chemistry manual (www.
baseclick.eu). For gel shift analysis, 50 ng Alexa Fluor 488 fluores-
cently labeled U4atac RNA oligonucleotide was incubated with 300
ng recombinant 15.5K protein in a 20-µL reaction mixture in buffer
A, and the reaction mixture was incubated for 1 h at 4°C in the pres-
ence of 10 µg Escherichia coli tRNA (Roche) as described (Nottrott
et al. 1999). For competition studies, increasing amounts of unla-
beled wild-type and mutant RNAs were preincubated with the
15.5K protein before addition of the fluorescently labeled wild-type
RNA. RNA and RNA-protein complexes were resolved on a native
6% (80:1) polyacrylamide gel containing 0.5×TBE and visualized us-
ing a Typhoon Imager. The amount of shifted RNA was quantified
using ImageJ. For supershift studies, increasing amounts of recombi-
nant PRPF31 protein (25-, 50-, 70-, and 100-fold excess) were added
to the reaction mixture described above and analyzed identically.

Glycerol gradient sedimentation analysis

Whole-cell extracts (500 µL) were prepared as above from four T-75
culture flasks of either fibroblasts or iPS cells. Extracts were then di-

luted two times with buffer A (50mMTris-Cl, pH 7.4, 25mMNaCl,
5 mM MgCl2) and layered on 11 mL 10%–30% (wt./vol.) glycerol
gradients in buffer A. After ultracentrifugation at 35,000 rpm using
an SW41 rotor for 16 h at 4°C, 400-µL fractions were collected start-
ing from the top of each tube into which 2 µg of exogenous control
RNA (pAW109, Applied Biosystems) was added for normalization
(Huggett et al. 2005; Gilsbach et al. 2006). Total RNA was extracted
from each fraction using phenol-chloroform and ethanol precipitat-
ed (Boulisfane et al. 2011). The RNA samples were then subjected to
quantitative real-time PCR in which the relative amount of each
snRNA was measured with specific primers using SYBR advantage
quantitative PCR premix from Clontech and quantitated by the
2−▵CT method. The sequences of primers used in this experiment
are available upon request.

Immunoprecipitation

Antibodies against SART1/110K Ab (Bethyl-Laboratories), DDX23/
100K Ab (Bethyl-Laboratories), PRPF31/61K Ab (Lifespan Bio-
sciences), and Sm (Y12) (Abcam) were incubated with Protein
G Dynabeads (Invitrogen) in PBS with 0.02% Tween 20 for 2 h at
4°C. Beads were washed three times with the same buffer. Cell ex-
tracts prepared in HNTG buffer (Boulisfane et al. 2011) were added
and incubated overnight at 4°C. Beads were washed five times using
PBS with 0.02% Tween 20. Total RNA was extracted from the beads
using phenol-chloroform and ethanol precipitation; 2 µg exogenous
control RNA, pAW109 (Applied Biosystems), was added for nor-
malization. The relative amount of each snRNA was measured
with quantitative RT-PCR as above.
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Woźniak AK, Nottrott S, Kühn-Hölsken E, Schröder GF, Grub-
müller H, Lührmann R, Seidel CA, Oesterhelt F. 2005. Detect-
ing protein-induced folding of the U4 snRNA kink-turn by single-
moleculemultiparameter FRETmeasurements.RNA 11: 1545–1554.

Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL,
Tian S, Nie J, Jonsdottir GA, Ruotti V, Stewart R, et al. 2007.
Induced pluripotent stem cell lines derived from human somatic
cells. Science 318: 1917–1920.

Zhang Z, Lotti F, Dittmar K, Younis I, Wan L, Kasim M, Dreyfuss G.
2008. SMN deficiency causes tissue-specific perturbations in the rep-
ertoire of snRNAs and widespread defects in splicing. Cell 133:
585–600.

Zhou W, Freed CR. 2009. Adenoviral gene delivery can reprogram hu-
man fibroblasts to induced pluripotent stem cells. Stem Cells 27:
2667–2674.

U4atac snRNA defects in MOPD I

www.rnajournal.org 1089


