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Null and missense mutations of ERI/T cause
a recessive phenotypic dichotomy in humans
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Summary

ERI1 is a 3'-to-5’ exoribonuclease involved in RNA metabolic pathways including 5.8S rRNA processing and turnover of histone mRNAs.
Its biological and medical significance remain unclear. Here, we uncover a phenotypic dichotomy associated with bi-allelic ERI1 variants
by reporting eight affected individuals from seven unrelated families. A severe spondyloepimetaphyseal dysplasia (SEMD) was identified
in five affected individuals with missense variants but not in those with bi-allelic null variants, who showed mild intellectual disability
and digital anomalies. The ERI1 missense variants cause a loss of the exoribonuclease activity, leading to defective trimming of the 5.8S
rRNA 3’ end and a decreased degradation of replication-dependent histone mRNAs. Affected-individual-derived induced pluripotent
stem cells (iPSCs) showed impaired in vitro chondrogenesis with downregulation of genes regulating skeletal patterning. Our study
establishes an entity previously unreported in OMIM and provides a model showing a more severe effect of missense alleles
than null alleles within recessive genotypes, suggesting a key role of ERI1-mediated RNA metabolism in human skeletal patterning
and chondrogenesis.
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Introduction

ERI1 (MIM: 608739) encodes a 3'-to-5' exoribonuclease that
consists of an amino-terminal SAP domain (nucleic-acid-
binding domain) and a carboxy-terminal 3’ exonuclease
domain and belongs to the DEDDh family that includes
poly(A) ribonuclease, RNase T, and the € proofreading sub-
unit of Escherichia coli DNA polymerase IIL." Eril is recruited
into several conserved and species-specific RNA metabolic
pathways. In Caenorhabditis elegans, ERI-1 forms a complex
with Dicer that generates specific classes of endogenous
siRNAs.”* In Schizosaccharoniyces pombe, Eril regulates the
turnover of chromatin-associated siRNAs.> In the mouse,
Eril targets three types of RNA molecules: tRNA, histone
mRNA, and miRNA. Eril deficiency in mice results in
abnormal 3’ end trimming of the 5.8S rRNA, impaired degra-
dation of replication-dependent histone mRNAs, and
increased abundance of mature miRNAs.®® The rRNA trim-
ming function of ERI1 is conserved in Caenorhabditis elegans
and Schizosaccharomyces pombe.” However, the impact of
ERI1 on these RNA molecules in humans remains unclear.

A homozygous 284 kb genomic deletion, which covers
three genes (ERI1, MFHASI, and MIR4660), was found
in an individual with intellectual disability, cardiac malfor-
mation, and digit abnormalities.'® Recently, a homozygous
nonsense variant in ERI1 was reported in an individual with
developmental delay and distal limb abnormalities.'" This
evidence supports the involvement of ERI1 in skeletal
patterning and implies that a disorder is caused by the
disruption of the exoribonuclease function.

In this study, we uncovered a phenotypic dichotomy
in eight individuals from seven unrelated families with
different types of ERI1 variants and highlighted the
association of missense variants with spondyloepimetaphy-
seal dysplasia (SEMD), which is a group of skeletal diseases
characterized by anomalies in spine and long tubular bones.
In contrast, the affected individuals with bi-allelic null vari-
ants showed mild intellectual disability and digital anoma-
lies. The detailed evaluation of the skeletal phenotypes of
Eril knockout (KO) mice and the in vitro chondrogenesis of
affected-individual-derived induced pluripotent stem cells
(iPSCs) supported the functional involvement of ERI1 in
skeletal development. Analyses using ERI1 KO HeLa cells
and affected-individual-derived cells demonstrated func-
tional conservation of ERI1 with its mouse ortholog in 5.8S
TRNA maturation and histone mRNAs decay. The 5.8S
rRNA maturation is involved in ribosome biogenesis, defects
of which are known to cause ribosomopathies characterized
by skeletal dysplasia.'*"'> Our study leads to the findings of
an SEMD associated with ribosomopathy and established a
framework for understanding the molecular mechanisms
underlying the ERI1 phenotypic dichotomy.

Material and methods

Next-generation sequencing
The study was approved by the ethical committee of RIKEN
(approval number: 17-16-40(6) and data were shared in accor-

dance to those of participating institutions. Genomic DNAs were
extracted by standard procedures from peripheral blood of the in-
dividuals and their parents after informed consent. Exome
sequencing (ES) and genome sequencing were performed as previ-
ously described.'®~> We searched for rare coding or splicing vari-
ants in disease-causing genes with transmissions consistent with
Mendelian patterns of inheritance.

PCR and Sanger sequencing

Genomic fragments containing the variants identified by whole-
exome sequencing (WES) were amplified by PCR and Sanger
sequenced for both strands. The PCR primer sets are shown in
Table S1.

RNA gel electrophoresis

Total RNAs were extracted from HeLa cells or the affected-individ-
ual-derived lymphoblastoid cells via SV Total RNA Isolation Sys-
tem (Promega). Small RNAs were extracted from HeLa cells via mir-
Vana miRNA Isolation Kit (Thermo Fisher Scientific). 2.5 pg total
RNAs or 3 pg small RNAs in Novex TBE-Urea Sample buffer
(Thermo Fisher Scientific), Century Plus RNA Marker (Thermo
Fisher Scientific), and microRNA Marker (New England Biolabs)
were separated on 6% or 15% Novex TBE-Urea Gels in the Novex
Mini-Cell (Thermo Fisher Scientific) for 60-70 min at a constant
voltage of 180 V. Post-electrophoresis gels were stained by
2 pg/mL ethidium bromide for 20 min or SYBR Gold Nucleic
Acid Gel Stain (Thermo Fisher Scientific) for 10 min in DEPC-
treated water and images were captured under UV light.

Construction of expression plasmids

Clones for the coding sequences of ERII (GenBank:
NM_153332.4) were PCR-amplified from a cDNA library derived
from human peripheral blood via KOD -Plus- (Toyobo). The PCR
amplicons were cloned into the Sall and Notl sites of the pCMV-
HA expression vector (Clontech). The mutations were generated
by inverse PCR-based site-directed mutagenesis kit (Toyobo). All
PCR primers are shown in Table S1. HeLa cells were transfected
with TransIT-LT1 (Mirus Bio) according the manufacturer’s
instructions.

Generation of ERIT KO Hela cell line

Guide RNA (gRNA) sequences targeting genomic DNA of ERI1
were designed by E-CRISP (Figure S2A). Complementary oligos
containing the gRNA sequences and Bbsl ligation adapters were
annealed and ligated into the Bbsl-digested pX330 vector (Addg-
ene #42230).>* The oligo sequences are listed in Table S1. We co-
transfected the pair of pX330 plasmids with pEGFP-N1 (Clontech)
vector, which we used as a fluorescent marker to sort transfected
cells by FACSAria (BD Biosciences) (Figure S2B). We obtained
monoclonal cell populations by limiting dilution of the sorted
cells in half 96-well plate as performed previously.'? The cell lines
with deletions covering exon 2 of ERI1 were identified by PCR for
genomic DNA (Figure S2C) and confirmed by Sanger sequencing
(Figure S2D). We performed western blot and RNA electrophoresis
to validate the knockout effect (Figures S2E and S2F).

Western blot

Whole-cell lysates were harvested with 200 uL of RIPA Lysis and
Extraction Buffer (Thermo Fisher Scientific). Western blots were
performed by standard procedures with antibodies for ERI1 (1:100
dilution, sc-137089, Santa Cruz), B-actin-HRP (1:10,000 dilution,
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Table 1. Clinical and radiographic findings of the families with ERIT variants
Individual with at least one missense variant Individual with bi-allelic null variant
Individual Individual 1A Individual 1B Individual 2 Individual 3 Individual 4 Individual 5 Individual 6 Individual 7
Hoxha Choucair
Family Family 1 Family 1 Family 2 Family 3 Family 4 Family 5 Family 6 Family 7 etal.’ etal.’®
Variant®
DNA c.[450A>T]; c.[450A>T]; c.[464C>T]; c.[401A>G]; c.[464C>T]; c.[514C>T]; c.[730C>T]; c.[582+1G>A];  c.[352A>T]; 8.[8783887_
[893A>G] [893A>G] [893A>C] [895T>C] [62C>A] [514C>T] [730C>T] [582+1G>A] [352A>T] 9068578del];
[8783887_
9068578del]
Protein p-[Glul50Asp];  p.[Glul50Asp];  p.[Prol55Leu];  p.[Asp134Gly]; p.[Prol55Leu]; p.[GIn172*]; p-[GIn244*]; p-I?; 71 p-[Lys118*]; whole gene
[Asp298Gly] [Asp298Gly] [Asp298Ala] [Ser299Pro] Ser21*] [GIn172%] [GIn244*] [Lys118*] deletion
Demographics
Sex F M M M M F M F F M
Age at last 28 years 26 years 3.5 months 3.5 months 2 years 8 years 13 years 7 years 7 years 5 years 6 months
follow-up (died) (died) (died) 9 months 3 months
Weight 24 kg 26 kg NA 3.3 kg failure 22 kg (8™ 62 kg (85™ 27.6 kg normal N/A
(-5 SD) (-5 SD) (-4 SD) to thrive centile) centile) (50™ centile)
Height 112 cm 128 cm NA 50.3 cm short 130.8 cm 155 cm 130 cm normal 105 cm
(-8 SD) (-7 SD) (=5 SD) stature (46™ centile) ~ (25™ centile)  (90™ centile) (<3 centile)
Consanguinity - - - - - - + + - +
Gestational/perinatal record
Fetal hydronephrosis hydronephrosis short limbs N/A severe IUGR unremarkable unremarkable unremarkable unremarkable unremarkable
ultrasound
Gestation age term term term term prematurity term term term term term
Birth weight N/A N/A 2180 g 2,000 g N/A 2,760 g 2,810 g 2,600 g 4,010 g 3,000 g
(—3.2SD) (—3.3SD) (—1.6 SD) (-2 SD) (91% centile) (50" centile)
Birth length N/A N/A 40 cm 41.7 cm N/A 50 cm at 49 cm normal 49.5 cm 50 cm
(-5 SD) (—4.3 SD) 6 weeks (-1.3 SD) (43" centile)  (-1.3 SD)
(—2.1SD)
Skeletal radiograph
Spine anomaly + + + + N/A - - - - -
Metaphyseal anomaly N/A N/A + + N/A - - - - -

(Continued on next page)
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Table 1. Continued

Individual with at least one missense variant

Individual with bi-allelic null variant

Individual Individual 1A Individual 1B Individual 2 Individual 3 Individual 4 Individual 5 Individual 6 Individual 7

Hoxha Choucair
Family Family 1 Family 1 Family 2 Family 3 Family 4 Family 5 Family 6 Family 7 etal.' etal.'®
Epiphyseal + + + + + - - + (wrists) - -
anomaly
Syndactyly + + + + + + - + - +
Brachydactyly/ + + + + + + + + + +
clinodactyly/
camptodactyly
Others
Cardiac anomaly - - + - + + - - - +
Hydronephrosis + + N/A - + - - + N/A -
Intellectual disability/ - - N/A N/A +P 4 +4 +4 + +

developmental delay

M, male; F, female; N/A, not available; IUGR, intrauterine growth restriction.
#Variants are named according to GenBank: NM_153332.4 or NC_000008.11.

PDelayed motor milestones and speech, generalized hypotonia.
“Global developmental delay, autism.
d . ore R

Intellectual disability, mild.




Figure 1. Photographs of affected individuals
(AandB) Individual 1A. Note zygomatic hypoplasia, prominentalveolar processes of the maxillaand mandible, and small and low-set ears.

(C and D) Individual 1B. Note zygomatic hypoplasia and prominent alveolar processes of the maxilla and mandible.
(E and F) Maximal elbow extension for individuals 1A and 1B. Note distal camptodactyly in individual 1B.

(legend continued on next page)
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PMO0S53-7, MBL, Japan), mouse IgG—peroxidase (1:10,000 dilution,
#7076, Cell Signaling Technology), and HA-tag-HRP (1:1,000 dilu-
tion, #14031, Cell Signaling Technology). The signals were detected
by ECL Prime Western Blotting Detection Reagents (RPN2232, GE
Healthcare).

Real-time quantitative PCR

Affected-individual-derived fibroblasts and HeLa cells were treated
with 5§ mM hydroxyurea for 45 min. Total RNA from affected-indi-
vidual-derived iPSCs and fibroblasts, and HeLa cells, was extracted
with the SV Total RNA Isolation System (Promega) or QIAzol (-
QIAGEN) according to the manufacturer’s instructions. qPCR
was performed as previously described.'”?* The qPCR primers
are listed in Table S1.

Mice

Mice were housed in specific pathogen-free barrier facilities and
used in accordance with protocols approved by the animal care
and use committees of the Helmholtz Center, Munich and Univer-
sity of California San Francisco. We created the Eril-deficient mice
by gene targeting in BRUCE4 C57BL/6 ES cells by using standard
techniques.” Wild-type (WT) C57BL/6/] and Actin-FLPe trans-
genic mice (B6; SJLTg(ACTFLPe)9205Dym/J) were obtained from
Jackson Laboratories, CMVCre transgenic mice (6.C-Tg(CMV-cre)
1Cgn) were provided by K. Rajewsky (Harvard Medical School,
Boston). To rescue mice from death, which affects offspring on a
pure C57BL/6 background,” we intercrossed mice once with the
NMRI outbred strain background to then generate homozygous
F2 mice. The mice used for blood cell tests were on a mixed ICR/
C57BL/6 background, which were similarly generated by crossing
ICR mice to Eril*/~ C57BL/6 mice and backcrossing F1 mice to
Eri1*/~ C57BL/6.° Blood was collected in EDTA-coated tubes for
red blood cell counts analyzed with a Hemavet system counter
(CDC Technologies).

X-ray examination

Screening of bone phenotypes of the mice was performed at the age
of 16 weeks. At the German Mouse Clinic (GMC), mice were main-
tained in individually ventilated cages with water and standard
mouse chow according to German laws and GMC housing condi-
tions.”® The skeletal morphology of the adult mice was analyzed
with Faxitron X-ray Model MX-20 (Specimen Radiography System)
equipped with an NTB Digital X-ray Scanner EZ 40 (NTBGmbH).
Image processing was performed with Image]J software.

Generation of iPSCs

Experimental wuse of affected-individual-derived cells was
approved by ethics committees of RIKEN IMS (Yokohama).
Informed consent was obtained from legal guardians of individ-
uals by relevant institutions. The Epstein-Barr virus (EBV)-immor-
talized lymphoblastoid cell lines (LCLs) were generated from the
peripheral blood lymphocytes of the individual and the parents
as described previously.?® LCLs were cultured in Roswell Park Me-
morial Institute (RPMI) 1640 medium (Sigma) supplemented with
10% fetal bovine serum (Gibco Life Technologies). Reprogram-

ming of LCLs was performed with episomes as previously
described with a minor modification.?” Briefly, LCLs were electro-
porated with four episomal vectors (pCXLE-hOCT3/4-shpS53-F,
pCXLE-hSK, pCXLE-hUL, and pCXWB-EBNA1), which were gifts
from Shinya Yamanaka (Addgene #27077, #27078, #27080, and
#37624).>® The nucleofected LCLs were seeded on iMatrix-511
(Nippi)-coated plates containing TeSR-E7 reprogramming media
(STEMCELL Technology) without feeder cells. After 18-21 days,
iPSC colonies were manually picked and expanded in mTeSR-1
maintenance media (STEMCELL Technologies).27 The iPSCs were
routinely passaged every 5-7 days at a ratio of 1:6 with TrypLE
(Gibco Life Technologies).

Validation of the established iPSCs

Morphological images of iPSC colonies were captured with an
Olympus CKKS53 microscope with an UPlanFL N 4 x/0.13na objec-
tive lens (Olympus) and Canon digital camera EOS Kiss X10
(Figure S3A). Expression of OCT3/4, SOX2, and NANOG mRNAs
was confirmed by real-time quantitative PCR (Figure S3B). Primers
sequences are provided in Table S1. Chromosomal G-banding an-
alyses were performed by Chromocentre (Figure S3C). Established
iPSCs were differentiated into ectoderm, mesoderm, and endo-
derm lineages via Pluripotent Stem Cell Functional Identification
Kit (R&D Systems) according to the manufacturer’s protocol
(Figure S3D). In brief, cells were fixed in 4% paraformaldehyde
for 20 min at room temperature (RT), washed with PBS, and
blocked for 45 min at RT with blocking solution (PBS + 1%
BSA + 0.3% Triton-X-100 + 10% normal donkey serum). After
blocking, cells were stained with primary antibodies overnight at
4°C. The next day, the cells were washed with PBS and incubated
with Anti-Goat Alexa Fluor 488 secondary antibody (ab150129,
Abcam) for 1 h at RT. Nuclei were stained with DAPI and the slides
were mounted with fluorescent mounting medium (Dako). Images
were acquired with a Nikon A1 microscope.

Chondrogenic differentiation of iPSCs

iPSCs were induced into chondrocytes as described previously.*’
In brief, the iPSCs were initially differentiated into mesendoder-
mal cells in DMEM/F12 (Gibco Life Technologies) with 10 ng/
mL of Wnt-3a (R&D Systems), 10 ng/mL of Activin A
(PeproTech), 1% ITS (Gibco Life Technologies), 1% FBS, and 50
units and 50 pg/mL of penicillin and streptomycin. After 3 days,
the medium was changed to a chondrogenic medium that consists
of DMEM with 1% ITS, 1% FBS, 2 mM L-glutamine, 1 x 1074 M
nonessential amino acids (Wako), 1 mM Na pyruvate (Sigma),
50 pg/mL of ascorbic acid (Wako), 10 ng/mL of BMP2 (Protein-
tech), 10 ng/mL of TGF-B1 (Proteintech), and 10 ng/mL of GDF5
(PeproTech), 50 units of penicillin, and 50 ug/mL of streptomycin.
We added 10 ng/mL of bFGF (Wako) to the chondrogenic medium
from day 3 to day 14 to increase the cell proliferation. The medium
was changed every 2 days.

RNA sequencing (RNA-seq)
Total RNA from was extracted with the SV Total RNA Isolation Sys-
tem (Promega) according to the manufacturer’s instructions. Total

(G and H) Individual 3, born at full term. Short stature with short limbs (G) and oligo-syndactyly of the right hand (H) and the right foot

(G). The black box in (G) is used to increase anonymity.

(I and J) Lateral view of feet of individuals 1A (I) and 1B (J). Note short feet.
(K) Hands of individual 1A. Clinodactyly of the proximal interphalangeal joint of second right digit.
(L and M) Dorsal view of feet of individuals 1A (L) and 1B (M). Note short feet and 4-5 syndactyly.
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Figure 2. Radiographs of affected individuals

(A) Lower spine of individual 1A with lumbar scoliosis.

(B) Lateral spine of individual 1B showing flattened vertebral bodies and irregular plates.
(C-E) Platyspondyly in individuals 2 (C) and 3 (D and E).

(legend continued on next page)
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RNAs were quantified and qualified by Qubit RNA Assay (Thermo
Fisher) and TapeStation RNA ScreenTape/BioAnalyzer RNA Pico
Kit (Agilent). RNA-seq library preparation was conducted with
MGIEasy RNA Directional Library Prep Set V2.0 (MGI Tech). The
libraries were fed into a DNBSEQ-G400 sequencer (MGI Tech) ac-
cording to the manufacturer’s instructions, with paired end reads
and mean read lengths of 150 bp. Read quality was assessed and
adapters were trimmed from the reads via fastp v.0.20.0. RNA-
seq yielded about 40 million reads per sample.

Differential gene expression analysis of RNA-seq data
The reads from RNA-seq were aligned to the human genome
(GRCh38) with HISAT2 v 2.2.0. Aligned reads were quantified
with featureCounts 2.6.0. Transcripts per million (TPM) counts
was calculated by Python package bioinfokit v2.0.8. The volcano
plot and the ridgeline plot were created with ExpressAnalyst.
The heatmaps were created by GraphPad Prism 8.0. Enrichment
analysis was performed by ExpressAnalyst.

Alcian blue staining

Cells were fixed with 95% methanol for 20 min and stained with
1% Alcian blue 8GX (Sigma) in 0.1 M HCL overnight.** We washed
the stained cells aggregated in plates at least three times with deion-
ized water to guarantee only specific staining was left and we
scanned these cells with a light microscope (Olympus CK40).

Statistical analysis

Continuous variables were reported as mean + SD and compared
with a two-tailed Student’s t test or a one-way ANOVA followed by
a post-hoc Tukey’s multiple-comparison test as specified in the
figure legends. p values < 0.05 were considered to be significant.

Results

A phenotypic dichotomy is identified in individuals with
ERIT variants

ERI1 variants were identified as candidates for the severe
skeletal dysplasia by ES analysis independently for families
1, 2, and 3. It was identified as a candidate for the distal limb
anomalies independently by ES analysis for families 5 and
6. Investigators were in contact through GeneMatcher.
Family 4 was identified by a search of the Baylor Genetics
Laboratories exome variant database for individuals with
two ERI1 potentially deleterious variants, and family 7

was identified by a search of the 100,000 Genomes Project
variant database. Six missense variants, three nonsense var-
iants, and one splice-site variant of ERI1 were identified in
these affected individuals (Table 1). Homozygosity or com-
pound heterozygosity of these variants was confirmed in
the individuals except individual 4, who harbored
p-Ser21* and p.Pro155Leu, as the parents were not avail-
able. The frequency of these variants was less than 0.0001
(c.464C>T [p.Prol5SLeu], ¢.893A>G [p.Asp298Gly]) or
not present (the others) in gnomAD and ExAC.

Although various digital abnormalities existed in all
affected individuals (Figures 1E-1N and 2Q-2W), SEMD
was only present in those with missense ERI1 variants (fam-
ilies 1-4) (Figures 2A-2P, Table 1). Additional clinical mani-
festations, including cardiac anomalies, developmental
delay, and hydronephrosis, were found in some of the indi-
viduals (Table 1). Clinical summaries are provided in the
supplemental note and pedigrees in Figure S1. A search of
known monogenic skeletal disorders, including disease en-
tities registered in the latest version of the international
nosology and classification of genetic skeletal disorders,”'
did not find any reports matching the characteristic SEMD
that was observed in this study. We tentatively suggest the
name SEMD, Guo-Campeau type for this phenotype.

In contrast, three individuals with bi-allelic ERII null
mutations (families 5-7) showed a much milder skeletal
phenotype, which affects the patterning of digital bones
but without any chondrodysplastic feature such as SEMD
(Table 1). The prominent clinical manifestation of these in-
dividuals was intellectual disability (Table 1), consistent
with the previous individual with homozygous 284 kb
deletion reported by the Mégarbané’s group.'®

The ERIT variants exhibit loss of 3'-to-5’ exoribonuclease
activity

ERI1 includes two functional domains: the amino-terminal
SAP (SAF-A/B, Acinus, and PIAS) domain and the carboxy-ter-
minal 3’ exonuclease domain (Figure 3A). The structure of the
exonuclease domain complexed with riboadenine-5'-mono-
phosphate (rAMP) is determined in the presence of Mg>"
ions (Figure 3B).>” The six missense variants, p.Asp134Gly,
p-Glul50Asp, p.Pro155Leu, p.Asp298Gly, p.Asp298Ala, and
p-Ser299Pro, identified in our study are all located in the

(F-M) Long tubular bones showing epi-metaphyseal dysplasia characterized by irregular epiphyses and frayed metaphyses in individuals
1A (F), 1B (G), 2 (H and I), and 3 (J-M). The right upper limb of individual 3 shows ulnar hypoplasia and radial bowing with elbow dislo-
cation (J).

(N-P) Hypoplasia of pelvis and epi-metaphyseal dysplasia of femurs in individuals 1B (N), 2 (O), and 3 (P). Note right coxa vara and left
coxa valga (N), iliac hypoplasia and delayed pubic ossification (O and P).

(Q) Right hand of individual 1A. Note single thumb phalanx, ulnar deviation of the second finger at proximal interphalangeal joint, and
narrow metacarpal bones.

(R) Left hand of individual 2 showing brachy-syndactyly of the third and fourth fingers.

(8-V) Hands and feet of individual 3. The left hand (S) shows brachydactyly with hypoplasia of all middle phalanges, the first proximal
and distal phalanges, and the second and third distal phalanges as well as ulnar clinodactyly of the second and third fingers and radial
clinodactyly of the fourth and fifth fingers. The proximal end of the proximal phalanges and distal ends of the metacarpals are conspic-
uously cupped. The right hand shows oligo-syndactyly (split hand) (T). Both feet show postaxial syndactyly and the third and fourth
metatarsal bases may be fused (U and V). The right fourth metatarsal is hypoplastic (V).

(W) Right foot of individual 7. Note absence of the fifth ray, proximal fusion of the third and fourth metatarsal bones, and widened
fourth metatarsus. The black boxes in (J), (L), and (U) mask arrows previously used in clinical discussions.
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Figure 3. Functional analysis of ERIT pathogenic variants

(A) Schematic overview of ERI1 showing the position of the variants identified in the individuals. ERI1 includes two functional domains:
amino-terminal SAP (SAF-A/B, Acinus, and PIAS) domain and carboxy-terminal 3’ exonuclease domain.
(B) 3D structure of ERI1 with annotated residues Asp134, Glu150, Pro155, Asp298, and Ser299 generated via UniProKB (https://www.

uniprot.org/uniprot/Q81V48). PDB: 1ZBU. rAMP, riboadenine-5'-monophosphate.

(legend continued on next page)
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carboxy-terminal 3’ exonuclease domain of ERI1 (Figure 3A).
A 3D structure of ERI1 indicates that the residues correspond-
ing to these missense variants are parts of the active site of the
nuclease domain and are required to coordinate the two
Mg*" ions (Figure 3B), thus suggesting their key roles for
ERI1 enzyme activity. ¢.582+1G>A was a canonical splice-
disrupting variant. The location of the nonsense variants
p-Ser21*, p.Glnl172* and p.Gln244* suggests that all of
them are subjected to nonsense-mediated mRNA decay.

Erilis a 3/-to-5' exoribonuclease that catalyzes 5.8S rRNA
processing.”” To study a potential deleterious effect of
these missense ERII variants, we generated an ERI1 KO
HeLa cell line (Figure S2) and demonstrated that ERI1
was required for proper 5.8 rRNA 3’ end formation also
in human cells (Figures 3C and S2F), consistent with the
previous findings in mice, worms, and fission yeast.”’
Then we attempted to rescue defective 5.8S rRNA process-
ing by generating ERI1 from the WT construct and the
missense variant constructs in KO HelLa cells. While WT
ERI1 efficiently catalyzed conversion of the abnormal
5.8S rRNA to its normal size, all of the variant ERI1s failed
to do so (Figure 3C). Consistently, electrophoresis of total
RNA extracted from the family 3-derived lymphoblastoid
cells showed that the affected individual, but not his par-
ents or an unrelated unaffected individual, exhibited the
same 5.8S rRNA processing defect as the KO HelLa cells
(Figure 3D). Thus, both in vitro and in vivo evidence indi-
cates that the ERI1 missense variants cause a loss of func-
tion of the 3’-to-5" exoribonuclease activity of ERI1.

Effect of ERI1 deficiency on abundance of replication-
dependent histone mRNAs and miRNAs

Besides 5.8S rRNA processing, Eril regulates the abundance
of histone mRNAs and miRNAs in mouse cells.”” In mouse
embryonic fibroblasts, loss of Eril leads to excessive accu-
mulation of replication-dependent histone mRNAs.® To
assess the corresponding function in human cells, we
analyzed histone mRNA levels in the mother- and
affected-individual-derived iPSCs from family 3 by using
RNA-seq data. Indeed, the replication-dependent histone
mRNAs showed an overall increased abundance in the
affected-individual-derived iPSCs compared to the replica-
tion-independent histone mRNAs (Figure 4A), in accor-
dance with the previous findings in mouse cells.® This ef-
fect was also evident in the ERI1 KO HeLa cells and
affected-individual-derived iPSCs and fibroblasts treated
with hydroxyurea (Figures 4B-4D), which induces degra-
dation of replication-dependent histone mRNAs similar
to their physiologic regulation at the end of S phase.®
These findings confirm the regulatory role of ERI1 in this

class of mRNAs as shown in mouse cells® and indicate a
decreased degradation of replication-dependent histone
mRNAs in affected individuals.

Additionally, conditional deletion of Eril in mouse nat-
ural killer (NK) and T cells displayed a global, sequence-in-
dependent increase in miRNA abundance.® We electro-
phoresed total small RNAs shorter than 300 nucleotides
(nts) extracted from WT and ERI1 KO HeLa cells and
affected-individual-derived lymphoblastoid cell lines to
evaluate the proportion of miRNAs (Figures 4E and 4G).
We enhanced the visualization of small RNAs by using
SYBR Gold Nucleic Acid Gel Stain.** As a result, a smear
of bands corresponding to single-strand RNAs (ssSRNAs) be-
tween 21 and 25 nts was detected; however, the overall
abundance of these small RNA species did not change in
ERI1 KO HelLa cells or affected-individual-derived lympho-
blastoid cells (Figures 4F and 4H).

Impaired chondrogenesis in affected-individual-derived
iPSCs

To examine possible roles of ERI1 in chondrogenesis that
could then explain the etiology of the individuals’ skeletal
phenotypes, we established and verified four iPSC lines by
using affected-individual-derived lymphoblastoid cell lines
(Figure S3), which were generated from peripheral blood
lymphocytes of an affected individual and his mother
from family 3. The iPSC lines were differentiated toward
chondrocytes as described previously.”” While Alcian
blue (AB) staining of sulfated glycosaminoglycan accumu-
lated in the mother-derived lines at day 21, significantly
decreased AB staining was found in the affect-individual-
derived lines (Figures 5A and 5B). The expression of the
chondrocyte marker COL2A1 was also decreased in the
affected-individual-derived lines, as compared to its
expression in the mother-derived lines (Figure 5C). We
then subjected the differentiating iPSCs at day 8 (which
correspond to mesodermal cells*’) to RNA-seq. We identi-
fied 634 differentially expressed genes (Figure 5D). A
gene set enrichment analysis identified several Gene
Ontology (GO) terms, including “skeletal system develop-
ment” and “pattern specification process” (Figure SE), in
which the genes were mostly downregulated in the
affected-individual-derived cells. The downregulated genes
included DLX5, DLX6, PKDCC, BMP4, SUFU, ROR2, TBX3,
TRAPPC2B, and GDF11, which are associated with skeletal
dysplasias,®>*' thereby uncovering disease-relevant
changes in mesodermal differentiation of cells from
affected individuals (Figure 5F). These skeletal dysplasias
have defective development in the short tubular bones,
such as split hand/foot malformation (MIM: 183600) and

(C) The upper panel shows ethidium bromide-stained RNA from the wild type (WT) and ERI1 knockout (KO) HeLa cells. Nt, nucleotide.
WT, p.Asp134Gly, p.Glul50Asp, p.Pro155Leu, p.Asp298Gly, and p.Ser299Pro ERI1 were produced in the KO cells to rescue the 3'-to-5'
exoribonuclease activity of ERI1 in catalyzing 5.8S ribosomal RNA (rRNA) processing. The lower panel shows western blot of whole-cell

lysates.

(D) Ethidium bromide-stained RNA from the lymphoblastoid cell lines of the affected individual 3, his parents, and a healthy control.

5.8S., long form of 5.8S tRNA; 5.8Ss, short form of 5.8S rRNA.
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Figure 4. Effect of ERIT deficiency on histone mRNAs and miRNAs

(A) Histone mRNA levels of the family 3-derived iPSCs in the process of chondrogenic differentiation (day 8). Both replication-depen-
dent and replication-independent histone genes are ranked according to the fold change (FC) of the differentially expressed genes in Mo-
iPSC-1 versus Pa-iPSC-1. *p < 0.05. n = 3 biologically independent samples. Statistical significance was assessed via two-sided t test.
p value was adjusted by false discovery rate (FDR).

(B-D) gPCR for histone mRNAs before and after hydroxyurea (HU) treatment for 45 min. All markers are replication-dependent histone
genes except H3-3A.

(B) Family 3-derived iPSCs.

(C) Fibroblasts from three healthy control individuals and the two affected individuals in family 1.

(D) Wild type (WT) and knock-out (KO) HeLa cells. The data in (B)—(D) indicate mean + SD.n = 3 biological replicates. Statistical test was
assessed via multiple t tests. *p < 0.0S.

(E-H) SYBR Gold-stained small RNAs from the wild type (WT) and ERI1 knockout (KO) HeLa cells (E) and family 3-derived lympho-
blastoid cells (G). nt, nucleotide. The arrows show single-strand RNAs between 21 and 25 nt, corresponding to the abundance of
miRNAs. Quantification of the miRNA to total small RNA (<300 nt) ratio in HeLa cells (F) and lymphoblastoid cells (H). The data indi-
cate mean = SD. p = 0.44 and 0.33. n = 3 biological replicates. Statistical significance was assessed via two-sided t test and one-way
ANOVA.
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Figure 5. Chondrogenic differentiation of the affected-individual-derived induced pluripotent stem cells (iPSCs)

(A) Alcian blue (AB) staining for the chondrocytic nodules induced from the healthy mother iPSCs (Mo-iPSC-1 and -2) and affected-in-
dividual-derived iPSCs (Pa-iPSC-1 and -2) in family 3.

(B) Quantification of AB staining; n = 3 biologically independent samples. *p < 0.05. Error bars represent SD.

(C) qPCR for COL2A1; n = 5 biologically independent samples. *p < 0.05. AU, arbitrary unit. The data in (B) and (C) indicate mean * SD.
Statistical test was assessed via one-way ANOVA.

(legend continued on next page)
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brachydactyly, type B1 (MIM: 113000), and in the long
tubular bones and spine, such as spondyloepiphyseal
dysplasia (Figure 5F), which are similar to the skeletal phe-
notypes of affected individuals described here. These re-
sults indicate that affected-individual-derived iPSCs with
bi-allelic missense variants are impaired in their ability to
undergo chondrogenesis, suggesting that defects in both
digital patterning and chondrogenesis are caused by
missense variants.

Eri1 KO mice partially recapitulate skeletal dysplasia
caused by human ERI1 pathogenic variants

Eri1 KO mice on the C57BL/6 inbred strain background
show a growth defect with reduced body size and neonatal
mortality.” Neonatal lethality was rescued by breeding Eril
KO mice on outbred strain backgrounds.” To test potential
phenotypic similarities between the affected individuals
and the KO mice, we evaluated the morphological changes
of the Eril KO mice skeleton on an NMRI x C57BL/6
mixed background. The Eril KO mice showed brachydac-
tyly (Figures 6A and 6B), which was also characteristic for
the affected individuals with ERI1 variants (Figures 2Q-
2W). The examination of X-rays and histological stain
did not show obvious change in the epimetaphyseal re-
gions of the long tubular bones of the Eril KO mice
(Figure S4). Although the Eri1 KO mice showed platyspon-
dyly (Figures 6C and 6D), which was also characteristic for
the affected individuals with ERII missense variants
(Figures 2A-2F), such a phenotype was mild in the KO
mice, perhaps being secondary to the reduced body size.
Therefore, the skeletal phenotypes of Eril KO mice were
more similar to the affected individuals with null variants
than those with missense variants.

Discussion

In this study, we describe a type of SEMD by characterizing
the phenotypes caused by different types of bi-allelic ERI1
variants. The SEMD was present in the five individuals
with at least one missense variant (Table 1). In contrast,
three individuals with ERI1 null mutations and the Eril
KO mice showed a much milder skeletal phenotype without
any evidence for SEMD, consistent with the two individuals
reported previously, who had homozygous a 284 kb dele-
tion and p.Lys118*. Notably, of the five individuals with
SEMD, three died within 2 years after birth, suggesting
missense variants lead to a poor prognosis.

The phenomenon that more severe clinical phenotypes
are associated with missense variants rather than null

variants is frequently observed in some dominant disorders,
such as osteogenesis imperfecta caused by COL1IA1 and
COL1A2 mutations,*” but not reported in recessive disor-
ders. All missense variants in affected individuals are
located in the carboxy-terminal 3’ exonuclease domain
without disrupting the sequence of the amino-terminal
SAP domain, which is an RNA-binding motif. These exonu-
clease-dead proteins may compete for the target RNA mole-
cules with other exonucleases that have functional redun-
dancy with ERI1, staying bound to those RNA molecules
and thus leading to a more severe phenotype in skeleton
(Figure 7). Alternatively, these exonuclease-dead proteins
may impair the chondrogenesis by an additional mecha-
nism (Figure 7). The genotype-phenotype association needs
to be verified further by finding more affected individuals
and comparing the phenotypic difference between the
KO mice and the knockin mice to be generated with the in-
dividual-specific missense variants.

Eril is a 3'-to-5' exoribonuclease, whose functions gener-
ally show evolutionary conservation in the processing of
5.8S rRNA and histone mRNAs and species-specific differ-
ences in the regulation of small RNA pathways that include
endogenous siRNAs and miRNAs.”**** The 5.8S rRNA 3
end forms a duplex reminiscent of pre-miRNAs by base
pairing with the 5’ end of the 28S rRNA, which leaves a
3’ ssRNA overhang processed by Eril into a duplex with
1-2 nt 3’ overhang.”” Our study demonstrated that ERI1
processes 5.8S rRNA in humans as it does in other species.
Although the biological significance of the ERI1-mediated
5.8S rRNA 3’ trimming remains unknown, the biological
process is conserved from yeast to humans, suggesting its
importance in ribosome biogenesis, a complex endeavor
that involves coordination of three RNA polymerases,
approximately 80 ribosomal proteins (RPs), 70 small nucle-
olar RNAs, and several rRNAs.**

Variants in ribosomal proteins and regulators of ribosome
biogenesis lead to ribosomopathies, a group of disorders
that show developmental defects in craniofacial bones
and long and short tubular bones, causing skeletal dyspla-
sias such as Treacher Collins syndrome 1 (MIM: 154500),
postaxial acrofacial dysostosis, Shwachman-Diamond syn-
drome 1 (MIM: 260400), Roberts syndrome, and cartilage
hair hypoplasia (MIM: 250250).*>~* The skeletal pheno-
types of these disorders include spondylo-metaphyseal
dysplasia and digit deformities, showing similarities with
affected individuals reported here. Ribosomopathies are
also characterized by hematologic phenotypes such as
macrocytic anemia in Diamond-Blackfan anemia 1 (MIM:
105650) and congenital neutropenia in Shwachman-
Diamond-like syndrome.’°*? Macrocytic anemia and

(D) Volcano plot of RNA-seq data for the differentiating iPSCs at day 8 showing differentially expressed genes (DEGs) in Mo-iPSC-1
versus Pa-iPSC-1 (n = 3 biologically independent samples) with respect to fold change (FC) and significance (adjusted p value). Each
dot represents an individual gene. Blue dots represent significant downregulated DEGs (FC < 0.5) and red dots represent significant up-
regulated DEGs (FC > 2). Statistical significance was assessed via moderated t test in limma. p value is adjusted by false discovery rate.
(E) Gene set enrichment analysis for RNA-seq data in (D). The genes belonging to the corresponding GO terms are enriched at the bot-

tom of the entire ranked list of genes.

(F) Heatmap of DEGs associated causally with human skeletal dysplasia.
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Figure 6. Skeletal dysplasia of Eri1 knockout (KO) mice

Caudal vertebrae

Caudal vertebrae

(A) X-ray images of paws of the wild type (WT) and Eril KO mice at 16 weeks. Scale bar, 1 mm.

(B) Quantitative analysis of the paw length shown in (A) (n = 9 mice). *p < 0.05. The above quantitative data indicate mean + SD and
statistical significance was assessed via two-sided t test. Error bars represent SD.

(C) X-ray images of the WT and Eri1 KO mice at 16 weeks. The areas highlighted by the dotted box in the upper panels are magnified in

the lower panels. Scale bar, 1 cm.

(D) Measurement of the height of the caudal vertebral bodies shown in (C) (n = 9 mice). *p < 0.05.

congenital neutropenia were also evident in individual 3
and the Eri1 KO mice (Figures S5 and S6). Thus, both the bio-
logical function of ERI1 and the clinical manifestations
suggest existence of a ribosomopathy in the individuals re-
ported here. The known genes associated with ribosomopa-
thies cover functions in methylation and cleavage of 47S
precursor tRNA, 18S rRNA maturation, and assembly of ri-
bosomal subunits.” The defective processing of 5.8 rRNA
in our cohort would provide a link that associates human
disease with ribosome biogenesis, thus enriching the pre-
sent list of ribosomopathies.

Eril participates in fast degradation of replication-depen-
dent histone mRNAs in mice by binding to the oligouridy-
lated histone mRNA 3’ end and trimming two nucleotides
at the end of S phase, similar to its role in 5.8S rRNA matu-
ration.® Marked accumulation of replication-dependent
histone mRNAs were observed in our affected-individual-
derived cells and ERI1 KO HelLa cells as found in the Eril
KO mouse cells, indicating the function of histone mRNA
exonuclease of ERI1 is also conserved in humans. High

levels of histone mRNAs are closely linked to DNA replica-
tion so that numerous histones are produced in S phase to
accommodate DNA packaging into nucleosomes. Histone
mRNA abundance then falls rapidly in G2 by fast degrada-
tion. Although the biological effects of excessive replica-
tion-dependent histone mRNAs remain unknown in mam-
mals, failure to coordinate histone gene expression with
cell-cycle progression results in genomic instability and
cell-cycle arrest in yeast.’* Our study suggests that the defec-
tive histone mRNA decay may disrupt skeletal development
singly or in combination with the defective 5.85 rRNA
maturation in the affected individuals.

Previous studies using Eri1 KO micereported that Eril loss
causes a global, sequence-independent increase in mature
miRNA abundance in NK and T cells.® Unexpectedly, we
did not detect a global increase in the abundance of 21-25
nt ssSRNAs in ERI1 KO HelLa cells and affected-individual-
derived lymphoblastoid cells. Eril is highly expressed in
mouse spleen and thymus compared to other tissues.” NK
and Tlymphocytes upregulate Eri1 expression to high levels
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Figure 7. Hypothesis of the pathological mechanism underlying the phenotypic dichotomy between null and missense variants of
ERIT

Both null and missense mutations of ERI1 cause loss of 3'-to-5’ exoribonuclease activity of ERI1, leading to defective processing of 5.8S
rRNA and impaired degradation of replication-dependent histone mRNA in humans, which interrupt diverse cellular processes
including ribosome biogenesis and coordination of histone gene expression with cell cycle progression. These defects singly or jointly
alter gene expression profiling that regulates acral patterning, thus inducing digit abnormalities. ERI1 missense mutations also produce
exonuclease-dead proteins, which may compete with other exonucleases having functional redundancy with ERI1, thus aggravating the
dysfunction of ERI1-mediated RNA metabolism. The aggravated dysfunction or additional unknown effects lead to impaired chondro-
genesis that causes spondyloepimetaphyseal dysplasia, finally contributing to the phenotypic dichotomy between null and missense
variants of ERI1. Solid arrow, causal connection; dashed arrow, hypothetical connection; red line, additional effects of exonuclease-
dead ERI1 to the loss of the exoribonuclease activity.

upon activation, thus suggesting the Eril effects on miRNA The multiple RNA metabolic pathways regulated by Eril
turnover may be cell/context-dependent.® Alternatively, make the deeply conserved exoribonuclease play an
the regulatory role of ERI1 in miRNA homeostasis may extremely complex role in the crosstalk and co-regulation
not be completely conserved between mice and humans. of diverse cellular processes. Our study establishes a causal
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link between ERI1 deficiency and human skeletal dysplasia
and reveals the evolutionarily conserved functions of ERI1
in RNA metabolic pathways, which associate 5.8S rRNA
maturation and histone mRNA decay with the regulation
of bone morphogenesis (Figure 7), thus leading to further
exploration of the roles of ERI1-mediated RNA metabolism
in skeletal development. Our study reveals a phenotypic di-
chotomy between null and missense variants of ERI1, thus
serving as a precedent for a nuanced form of mechanistic
heterogeneity for recessive conditions in humans (Figure 7).
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