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RPL13 Variants Cause Spondyloepimetaphyseal Dysplasia
with Severe Short Stature
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Variants in genes encoding ribosomal proteins have thus far been associated with Diamond-Blackfan anemia, a rare inherited bone
marrow failure, and isolated congenital asplenia. Here, we report one de novo missense variant and three de novo splice variants in
RPL13, which encodes ribosomal protein RPL13 (also called eL13), in four unrelated individuals with a rare bone dysplasia causing severe
short stature. The three splice variants (c.477+1G>T, c.477+1G>A, and ¢.477+2 T>C) result in partial intron retention, which leads to
an 18-amino acid insertion. In contrast to observations from Diamond-Blackfan anemia, we detected no evidence of significant
pre-tRNA processing disturbance in cells derived from two affected individuals. Consistently, we showed that the insertion-containing
protein is stably expressed and incorporated into 60S subunits similar to the wild-type protein. Erythroid proliferation in culture and
ribosome profile on sucrose gradient are modified, suggesting a change in translation dynamics. We also provide evidence that
RPL13 is present at high levels in chondrocytes and osteoblasts in mouse growth plates. Taken together, we show that the identified
RPL13 variants cause a human ribosomopathy defined by a rare skeletal dysplasia, and we highlight the role of this ribosomal protein
in bone development.

Because ribosomes translate mRNAs, they are universally
responsible for the quality and quantity of proteins in all
cells. Their production is highly regulated by many cellular
processes, including growth, proliferation, and differentia-
tion." Assembly of the 80 ribosomal proteins (RPs) and
four ribosomal RNAs (rRNAs) that form the two ribosomal
subunits involve hundreds of ribosome biogenesis factors
(RBFs). Variants in genes encoding RPs or RBFs have been
linked to a growing class of genetic conditions called
ribosomopathies. These conditions often include inherited
bone marrow failure (IMBF), but various other tissues are
affected, such as bones, spleen, pancreas, and heart.?
Variants in genes encoding RPs have been described in a
restricted set of congenital pathologies: Diamond-Blackfan
anemia (DBA; >20 different RP genes [MIM: 105650]), iso-
lated congenital asplenia (ICA [MIM: 271400], RPSA),® an
autism syndrome (MIM: 617412) (RPS23),* and predisposi-

tion to hereditary nonpolyposis colorectal carcinoma
(MIM: 120435) (RPS20).° DBA is described as a pure red-
cell aplasia, while ICA is characterized by absence of the
spleen without any other developmental defect. How
variants in ubiquitously expressed genes can yield such
tissue-specific phenotypes remains an open question.

We report four unrelated individuals affected by a
severe spondyloepimetaphyseal dysplasia (SEMD) which
was first described in 2013.° The clinical and radiological
abnormalities observed in these individuals are summa-
rized in Table S1. Individuals 1 and 2 were reported as
having a rare form of SEMD® which is similar to SEMD
matrilin-3 related (MIM: 608728) and SEMD Strudwick
type MIM: 184250). All individuals shared common major
features: normal birth length, early postnatal growth defi-
ciency, severe short stature, and genu varum. Skeletal radi-
ographies showed platyspondyly and severe epiphyseal
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Table 1.

Clinical and Radiological Observation in Affected Individuals

- P1 P2

P3 P4

RPL13 variant (NM_000977.3) c.477+1G>T

DNA (RefSeq accession number:
NC_000016.9, ref GRCh37.p13)

8.89628800 G>T

Cc.477+2T>C

£.89628801 T>C

c.477+1G>A c.548G>C

8.89628800 G>A 8.89629362 G>C

Protein (RefSeq: NP_000968.2) p-Asn159_Val160ins18 p-Asn159_Val160ins18 p-Asn159_Val160ins18 p-Arg183Pro
ExAC/gnomAD frequency absent absent absent absent
Mode of inheritance de novo de novo de novo de novo
Method of variant detection ES trio ES trio ES trio ES trio
Gender M M M F
Skeletal Findings

Prenatal length < 2SD - -

Short stature +++ +++ +++ +
Genu varum + + + +
Scoliosis - +

Hyperlaxity - -

Extraskeletal Findings

Cone-rod dystrophy - -

Myopia - -

Deafness - -

Anemia - -

Radiological Findings

Platyspondyly + + + +
Bowed femora + +
Shortened long bones + + +
Metaphyseal involvement + + + +
Lower limbs epiphyseal changes + + + +
Upper limbs epiphyseal changes - - +

Pelvis

Coxa vara + + + +
Hands

Short phalanges - -

and metaphyseal changes in lower limbs. None of the
individuals presented any episodes of anemia, and they
all had a normal blood count at last follow-up.

Through trio exome sequencing of individuals P1 and P2
and their parents, we identified two de novo intronic single-
nucleotide variants in RPL1I3 (NM_000977.3, [MIM:
113703]): ¢.477+1G>T in individual P1 and c.477+2T>C
in individual P2 (Table 1). These variants are absent in
public variant databases (dbSNP138, 1000 Genomes,
NHLBI GO Exome Sequencing Project, gnomAD). Through
GeneMatcher,” we subsequently identified two additional
individuals (P3 and P4) with RPLI3 variants
(c.477+1G>A and c.548G>C [p.Arg183Pro]); we also iden-
tified these variants through the use of trio-based exome

sequencing. Both individuals were followed for short
stature with SEMD (Figure 1A).

To confirm the pathological effect of the c.4774+1G>T
and ¢.477+42T>C variants, we performed RT-PCR on RNA
isolated from peripheral blood samples from individuals
P1 and P2. cDNA was used as a template for PCR using
primers (Table 1). Agarose gel electrophoresis using
cDNA showed an aberrant longer fragment amplified in
both individuals, in addition to the normal 695 bp ampli-
fication product observed with control cDNA (Figure 1B,
left panel).

Sanger sequencing of the aberrant amplified products re-
vealed the presence of the first 54 bp of intron 5
(Figure 1C). These results confirmed that the intronic
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Figure 1. Mapping and Localization of the RPL13 (eL13) Variants Observed in Four Individuals

(A) Schematic representation of the gene RPL13 located in 16q24.3 region and its protein with the site of variants in the intron 5.

(B) Agarose gel electrophoresis of RT-PCR products of RPL13 mRNA from two healthy donors, one parent, P1, and P2 (left panel). Western
blot analysis of cell lysates from MSCs or lymphoblastoid cells from healthy donors (HD), P1, and P2 illustrating the presence of the
variant protein RPL13, 2kDa larger than the wild type protein. p-tubulin was used as loading control (right panel).

(C) Pedigree drawings, intragenic variants of RPL13 revealed by Sanger and X-Rays photographs of individuals at the ages (respectively)
of 4 years and 4 months (P1), 3 years and 4 months (P2), 4 years (P3), and 2 years and 10 months (P4) showing shortened long bones,
bowed femora with metaphyseal enlargement, and irregularities.
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Figure 2. Structural Consequences of
the Polypeptide Insertion on RPL13 and
Ribosomal Architecture

(A) The U-shaped RPL13 structure in sur-
face representation is colored from the
N-terminal in blue to the C-terminal in
red. The polypeptide insertion introduce
a compact patch displayed in sphere rep-
resentation (model 1, magenta; model 2,
yellow; model 3, tan; model 4, white;

e [P ]

missense variants abolish the natural donor splice-site of
intron 5 and demonstrated that a cryptic new donor splice
located in intron 5 of RPL13 was utilized in individuals P1
and P2. This leads to an abnormal mRNA containing 54 bp
of intron 5. Translation of this abnormal mRNA is expected
to encode a 229-amino-acid protein containing the 18
supplementary amino acids. The fourth ¢.548G>C variant
was confirmed by Sanger sequencing and was de novo. It
leads to the substitution of arginine 183 by a proline,
which is expected to break the long alpha-helix present
at the C terminus of the protein. The arginine 183 is highly
conserved throughout species (PhastCons score 1, Muta-
tion Taster®). This variant is also absent from all genomic
databases and is predicted to be pathogenic (score 0.966
[PolyPhen”], PHRED score 26.0 [CADD'’], score 106 [Mu-
tation Taster]).

At the protein level, western blot analysis carried out on
protein lysates from mesenchymal stem cells (MSCs, indi-
vidual P1) and from lymphoblastoid cells (individual P2)
confirmed RT-PCR data. Two bands (24kDa and 26KkDa)
were detected for the two individuals, and only one band
was detected in control cells (Figure 1B, right panel). The
two bands differed by 2kDa, corresponding to an 18-resi-
due peptide coded by the first 54 bp of intron 5.

To assess the putative consequences of RPL13 variants
on the ribosome structure, the 18-residue-long (individuals
P1, P2, and P3) peptide was inserted into the RPL13
sequence and submitted to I-TASSER for structure predic-
tion. The first model obtained had a TM-Score of 0.44,'!
which is indicative of a high confidence in the models.
All five predicted models are very similar, with a root-
mean-square deviation (RMSD) between them less than

model 5, blue).

(B) The insertion for model 1 (magenta
surface) would induce a steric clash with
Adenine 509 (in sphere representation)
of the 28S RNA (black) in its ES7L region.
(C) General organization of the ribosome
including the variant RPL13 protein. The
40S subunit is removed for clarity, 60S
proteins are indicated in yellow, 60S
RNAs are indicated in gray. Letters A, P,
and E allow approximatively location of
the aminacyl, the peptidyl, and the exit
sites. The tRNA found in the deposited
structure at the exit site is displayed in or-
ange surface. The polypeptidic exit tunnel
(T) is indicated above the picture
although its exact location is more buried
in the ribosome structure.

2 A to the native RPL13 fold. The 18-residue-long polypep-
tide addition is modeled as a compact structure conserving
the U-shaped RPL architecture (Figure 2A). In the human
ribosome structure, RPL13 is in contact with Expansion
Segment 7L (ES7L) of the 28S RNA around positions 500-
530 (complementary strand: 630-660). A direct interaction
between adenine 509 and RPL13 tyrosine 161 is clearly
observed in the deposited 4V6X structure, with the
adenine extruded from the double-stranded DNA. The
additional polypeptide insertion, as modeled in our study,
would introduce steric clashes with the DNA at that posi-
tion, thus preventing this specific interaction (Figures 2B
and 2C). This polypeptide patch seems nevertheless
compatible with a merely intact ribosome structure
because RPL13 presents an extended contact zone at the
surface of the ribosome, close to the tRNA exit site
(Figure 2D).

To investigate the functional consequences of RPL13
variants on ribosome biogenesis, we first assessed their
impact on pre-rRNA processing by comparison with cells
depleted of RPL13. As shown in Figure 3A, knockdown of
RPL13 with siRNAs in HeLa cells severely affected the
pre-tRNA pattern detected by northern blot. The most
conspicuous effect was a defect in pre-rRNA cleavage at
site 2 in ITS1, as revealed by the accumulation of 41S
pre-TRNA relative to the 30S and 21S pre-rRNAs, and
the high levels of 36S and 36S-C pre-rRNAs. We also
noticed a drop of the levels of 12S pre-rRNA relative to
its precursor, the 32S pre-rRNA (Figures 3A). A similar
phenotype was observed in a control lymphoblastoid
cell line treated with these siRNAs (Figure S1). When
analyzed through the use of northern blot, total RNAs

The American Journal of Human Genetics 705, 1040-1047, November 7, 2019 1043



A B

s -

]

455

438 435 @-H l-
118

fibroblasts LCLs fibroblasts LCLs

o >

$ $
N Q
S &S Qv

-—-w = "

218
21S-C
18S-E
5'ITS1 probe
128 12S -
| 458 . =
— 43S
ITS2 probes 41S ITS2 probes
_gggc 285
28S ~ Voo-
h N\ 3258
188- ITS1-5.8S probe 183 ﬁ i
[OP——— —
c SIRPL13-1 P1 P2
(n=2) (n=7) (n=4)
n
2 41S/458 | e -+
o | 365418 -+ [
o | 325415 | f ] + 1
S| 12sm2s | - |
305/41S - }
2| 21s/308 { — {
w
| 18s-E/21S } — -E
§  28s/188 o - |
5 3 24 041 2 24 @6 1 224081 2
Log, (ratiospecimen) - Log, (ratiocontrol)

Figure 3. Consequence of Mutant RPL13 on Pre-rRNA Processing
(A) Northern blot analysis of pre-RNAs in HeLa cells treated with RPL13 siRNAs. The 5'ITS1 and the ITS2 probes detect the precursors to
the 40S and 60S subunit RNAs, respectively. The ITS1-5.8S probe evidences accumulation of 36S and 36S-C precursors, indicative of a

defect in cleavage at site 2.

(B) Northern blot analysis of pre-rRNAs from fibroblasts of individual P1, lymphoblastoid cells of individual P2, and healthy donors with

the same probes as in (A).

(C) Quantification of changes in the pre-rRNA pattern in (A) and (B) by ratio analysis of multiple precursors (RAMP)(27), expressed as
variations relative to the respective controls (number of replicate are stated in the figure). The analysis shows no significant variation

in individual cells, unlike in RPL13 siRNA-treated cells.

from cells established from individuals P1 and P2 did not
show such an abnormal pre-rRNA pattern, indicating
that the RPL13 variants do not affect pre-tRNA matura-
tion like a null mutant does (Figures 3B and 3C). Consis-

tent with the lack of impact on pre-rRNA processing, a
ribosome profile on a sucrose gradient in lymphoblastoid
cells from individual P2 showed a normal ratio of free
40S to 60S subunits compared to the control (Figures
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4A and 4B). Importantly, we found that the RPL13
variant protein distributed in the gradient exactly as
the wild-type protein. The variant is therefore incorpo-
rated into 60S subunits that form ribosomes competent
for translation. We noticed, however, a decrease of
the 80S and polysome peaks in the individual sample,
which may indicate a change in translation dynamics
(Figure 4C).

CD34+ cells isolated from peripheral blood were
cultured in liquid culture over 15 days to evaluate
erythroid proliferation. Only the late phase of the terminal
erythroid differentiation was affected in the individual
with the variant of RPL13 (Figure S2A). Cell viability dur-
ing the complete erythroid differentiation time course
has been confirmed (Figure S2B).

To assess the localization pattern of RPL13 in bone
growth plate, cross sections of growth plate from 8-week-
old healthy male mice were analyzed through the use of
immunohistochemistry. Immunostaining revealed that
RPL13 is present in cells from the hypertrophic zone and
the remodelling zone. A weaker immunostaining was
observed in cells located in the bone marrow compartment
(Figure 5). Subsequently, we also evaluated three different
RPs from the large and the small subunits of the ribosomes.
RPL3 (MIM: 604163), RPS3 (MIM: 600454), and RPS10
(MIM: 603632) were immunohistochemically detected
in cells from the growth plate, and they displayed the
same localization pattern as did RPL13. RPL3, RPS3, and

Control RPL13 RPL3 RPS3

shown in (A) and (B) for lymphoblastoid
cells from a healthy control (ctl; dotted
gray line) and from individual P2 (P2; solid
black line).

RPS10 were also found in the bone marrow compartment
(Figure 5).

In this study, we report four unrelated individuals with
a severe bone dysplasia sharing common clinical and
radiological features. The abnormalities shared by the
four individuals confirm a rare form of SEMD previously
described for two of them.® All individuals presented
with short stature, genu varum, epimetaphyseal anoma-
lies, and platyspondyly but did not show any other symp-
toms, nor did they show any hematological abnormality
on blood counts. The decreased erythroid cell proliferation
reported at the terminal orthochromatophilic erythroblast
stage should not be sufficient to generate an erythroid
blockade and a aregenerative anemia as seen in DBA.

All individuals harbored a de novo RPL13 splice-site or
missense variant. Based on the modeling of the adverse
structural effects of the splice-site variants from two indi-
viduals, the mutant proteins are expected to be incorpo-
rated in pre-60S particles. Indeed, pre-rRNA processing
does not seem to be affected in analyzed cells. We also
showed that for variants ¢.477+1G>T and c.477+2
T>C, the variant protein is incorporated into the ribo-
somes to the same extent as is wild-type RPL13 in
analyzed cells.

These data provide evidence that these de novo variants
in RPL13 cause a rare form of bone dysplasia with severe
short stature, responsible for a human ribosomopathy
which specifically affects bone tissue. Affected individuals

RPS10 Figure 5. Immunochemistry of Four Ri-

boproteins in Mouse Growth Plate
Micrographs of longitudinal sections of
tibiae from 8-week-old mice immunohis-
tochemically stained for the expression
of RPL13, RPL3, RPS3, and RPS10. RPL13
is expressed in cells from the hypertrophic
zone (black stars) and the remodeling zone
(arrowheads) with a weaker staining in
cells from the bone marrow compartment
(solid arrows). Expression of RPL3, RPS3,
and RPS10 was detected with the same
pattern in the three compartments. Scale
bars correspond to 100um.
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do not show any other symptoms such as anemia, bone
marrow failure, or cranio-facial abnormalities, as can be
observed in other ribosomopathies such as DBA, Shwach-
man-Diamond syndrome (SDS [MIM: 617941]) and carti-
lage hair hypoplasia (CHH-AD [MIM: 250250-607095])."

RPL13, also known as eL13,'? is a 211-amino-acid-long
protein. RPL13 is known to be essential to ribosomal as-
sembly because its depletion leads to maturation arrest
at an early ribosomal assembly stage in yeast.'*> Consis-
tently, we show that knockdown of RPL13 by siRNA in
HelLa cells leads to an early defect in pre-rRNA processing,
a defect which is characterized by an increase of the 45S
and 41S precursors. However, our data suggest that ribo-
some biogenesis is not significantly affected by the vari-
ants reported here: we did not observe similar abnormal-
ity in pre-rRNA processing in the cells of individuals P1
and P2 (Figure 4B). We cannot exclude the possibility
that a mild defect in ribosome biogenesis occurs in highly
proliferative tissues like the growth plate, but could not be
unambiguously detected here. The 60S subunits contain-
ing the RPL13 variants were detected in the same propor-
tion as were the normal 60S subunits, including in the
polysome fractions, which further indicates that incorpo-
ration of a variant RPL13 into a nascent 60S particle does
not compromise its maturation, nor does it affect its sta-
bility in the cytoplasm. This is a fundamental difference
compared to DBA, in which haploinsufficiency of RPs im-
pairs synthesis of ribosomes and thereby decreases their
production rate. The ribosomal profile on sucrose
gradient in cells expressing the RPL13 variants is mildly
changed, which suggests that translation is affected in in-
dividuals’ cells. We assume that RPL13 could play a spe-
cific role in the translation of particular mRNAs in chon-
drocytes or/and osteoblasts of the growth plate. In
support of this hypothesis, loss of function of RPs has
already been linked to very specific developmental
defects in mouse models in the absence of global transla-
tion defects.'*">

In DBA, mutations affecting RPs primarily affect
erythropoiesis, but they also affect multiple other organs
with variable penetrance. Skeletal abnormalities (e.g.,
abnormal thumbs, radial hypoplasia, short stature) have
been reported in ribosomopathies such as DBA, but these
conditions are not classified as skeletal dysplasias. In
contrast, CHH-AD is a metaphyseal chondrodysplasia
caused by RMRP (MIM: 157660) pathogenic variants and
is considered to be a ribosomopathy.'® RMRP is the RNA
component of RNase MRP, a nucleolar ribonucleoprotein
particle which catalyzes the endonucleolytic cleavage of
the pre-tRNA at site 2.'7''® RMRP is a key factor for the
regulation of hypertrophic chondrocytes. It has been
shown that the knockdown of RMRP leads to a defect of
chondrocyte differentiation.'” Our data show that
RPL13, together with other RPs, is highly expressed in
the growth plate and in cells lining the newly primary
bone trabeculae, similar to RNase MRP. These high expres-
sion levels further stress the importance of ribosome

biogenesis and translation in the growth plate. Whether
the pathophysiological mechanisms underlying these
two skeletal dysplasias share some common grounds re-
mains to be explored.

Interestingly, a direct interaction between adenine 509
of the 28S rRNA and tyrosine 161 of RPL13 has been
shown, with the adenine extruded from the double-
stranded DNA.?’ Here, molecular modeling suggested
that the 18-amino-acid insertion localized in this region
might induce the removal of this interaction. A primary
consequence of this insertion might be the blockade of a
conserved 28S RNA binding on ES7L. Consistent with
the production and stability of the 60S subunit containing
the variants, the polypeptide insertion in RPL13 does not
seem to influence the overall ribosome architecture. The
p-Arg183Pro missense variant affects an amino acid which
interacts with the 28S rRNA and is predicted to break the
C-terminal alpha helix of RPL13, an alpha helix which
extensively contacts the 285 rRNA. Hence, both splice
and missense variants may destabilize the interaction of
RPL13 C terminus with the 28S rRNA and compromise
its function in translation.

In summary, our data demonstrate that RPL13 variants
cause a rare skeletal dysplasia with short stature. The identi-
fied RPL13 variants do not modify overall ribosome biogen-
esis, even when the resulting variant RPL13 protein is inte-
grated to the mature large subunit. This ribosomopathy
might affect bone development by affecting the translation
level of specific mRNAs in cells from the growth plate, as
shown in the erythroid lineage. Future studies will attempt
to unravel the specific impact of these RPL13 variants on
translation of key factors of the growth plate.

Accession Numbers

The ClinVar accession numbers for the newly reported sequence
variants are VCV000689800, VCV000689801, VCV000689802,
and VCV000689803 (GenBank: NM_000977.3).

Supplemental Data

Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2019.09.024.
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