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ARTICLE

POLRTA variants underlie phenotypic heterogeneity
in craniofacial, neural, and cardiac anomalies
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Summary

Heterozygous pathogenic variants in POLR1A, which encodes the largest subunit of RNA Polymerase I, were previously identified as the
cause of acrofacial dysostosis, Cincinnati-type. The predominant phenotypes observed in the cohort of 3 individuals were craniofacial
anomalies reminiscent of Treacher Collins syndrome. We subsequently identified 17 additional individuals with 12 unique heterozygous
variants in POLRIA and observed numerous additional phenotypes including neurodevelopmental abnormalities and structural cardiac
defects, in combination with highly prevalent craniofacial anomalies and variable limb defects. To understand the pathogenesis of this
pleiotropy, we modeled an allelic series of POLRIA variants in vitro and in vivo. In vitro assessments demonstrate variable effects of indi-
vidual pathogenic variants on ribosomal RNA synthesis and nucleolar morphology, which supports the possibility of variant-specific
phenotypic effects in affected individuals. To further explore variant-specific effects in vivo, we used CRISPR-Cas9 gene editing to reca-
pitulate two human variants in mice. Additionally, spatiotemporal requirements for Polrla in developmental lineages contributing to
congenital anomalies in affected individuals were examined via conditional mutagenesis in neural crest cells (face and heart), the second
heart field (cardiac outflow tract and right ventricle), and forebrain precursors in mice. Consistent with its ubiquitous role in the essential
function of ribosome biogenesis, we observed that loss of Polrla in any of these lineages causes cell-autonomous apoptosis resulting in
embryonic malformations. Altogether, our work greatly expands the phenotype of human POLR1A-related disorders and demonstrates
variant-specific effects that provide insights into the underlying pathogenesis of ribosomopathies.

Introduction caused by disruption of ribosome biogenesis. Ribosome

biogenesis is a multi-step process that begins with tran-
Ribosomopathies are a phenotypically and genetically het-  scription of ribosomal DNA genes by RNA polymerase I
erogeneous group of congenital malformation syndromes (Pol I)." Pathogenic variants in TCOFI, a transcription
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factor which binds tDNA promotors and Pol I, are associ-
ated with Treacher Collins syndrome (TCS [MIM:
154500]) which is characterized by a specific pattern of
anomalous craniofacial development resulting in mandi-
bulofacial dysostosis.” Pathogenic variants in genes encod-
ing Pol I subunits POLR1A, POLR1B, POLR1C, and
POLR1D have been associated with more heterogeneous
human phenotypes. Pathogenic variants in POLRID
(MIM: 613715) are associated with dominant® or recessive®
TCS while pathogenic variants in POLRIC (MIM: 610060)
are associated with recessive TCS® or recessive leukodystro-
phy (MIM: 616494).° More recently, pathogenic variants
in POLR1B (MIM: 602000) were associated with dominant
TCS.° We previously showed that heterozygous pathogenic
variants in POLRIA (MIM: 616404), which encodes the
largest Pol I subunit, cause autosomal-dominant acrofacial
dysostosis, Cincinnati-type (AFDCIN [MIM: 616462)),
which is characterized by craniofacial anomalies reminis-
cent of TCS, as well as variable limb defects.”

Tcof1 and genes encoding the Pol I subunits A, B, C, and
D are broadly expressed during mouse embryogenesis® and
yet their associated human phenotypes range from rela-
tively restricted to the face (TCOFI1, POLR1B, POLR1D) to
variable craniofacial and limb involvement (POLRIA) and
variable craniofacial and neurologic involvement
(POLRIC). Of the genes encoding Pol I subunits A-D,
POLR1A variants have been described in a relatively small
group of individuals without recognized genotype-pheno-
type correlations and with broader phenotypic heteroge-
neity compared to individuals harboring variants in
POLR1B-D. Since 2015 when 3 individuals with AFDCIN
were reported, 4 additional individuals with POLRIA-
related disease have been described. Shenoy et al.” reported
a single individual (proband 7) with severe mandibulofa-
cial dysostosis without limb defects and a de novo POLR1A
¢.1325G>A (p.Arg442His) variant. An additional individ-
ual with the same variant as individual 1A2 in Weaver
et al.” was reported by da Rocha et al.'” as part of a series
of individuals with limb malformations (individual F12).
Finally, a report of neurodegenerative disease in two
brothers with homozygous POLR1A variants was published
in 2017,"" providing preliminary evidence that POLRIA
variants may also lead to neurologic disease without
craniofacial or limb involvement.

Here, we describe 17 previously unreported individuals
with heterozygous novel (not previously reported in gno-
mAD) or ultra-rare variants in POLRIA and provide addi-
tional clinical details on 1 previously reported individual
(F12 in da Rocha et al.).'” While all have some degree of
craniofacial dysmorphism, they also present with an
increased incidence of cardiac and neurodevelopmental
abnormalities, findings which were not appreciated in
the small number of previously described individuals.
Given that cardiac and neurodevelopmental abnormal-
ities have been associated with other disorders of ribo-
some biogenesis,”'*'? we hypothesized that human phe-
notypes associated with heterozygous POLRIA variants

extend beyond the face and limbs, and that there may
be genotype- and tissue-specific effects on development.
While recent work identified a critical developmental
requirement for Polrla in pre-migratory neural crest cells,®
variant-specific effects and the requirement for Polria in
other developmental lineages have not been defined. We
used a combination of in vitro (cell culture) and in vivo
(in mice) modeling to investigate the effects of specific
variants, further delineate the role of Polrla in craniofacial
development, and define the requirements for Polrla in
cardiac and neural development.

Material and methods

Identification and characterization of human cohort

The cohort was assembled through collaboration with GeneDx
(Gaithersburg, Maryland), GeneMatcher,'* and personal e-mail
communication to the corresponding author (K.N.W.). Individ-
uals were included if they had a heterozygous variant in POLR1A
interpreted as being of uncertain significance, likely pathogenic,
or pathogenic according to American College of Medical
Genetics/Association for Molecular Pathology consensus
criteria.'® Existing clinical information about each individual
was collected from the referring physician or healthcare pro-
vider. Individuals or their legal guardians agreed to participate,
and consent for publication of photographs (if included)
was obtained separately. The Institutional Review Board at Cin-
cinnati Children’s provided oversight of the study (IRB 2021-
0535).

In vitro assessment of POLR1A variant effects on rRNA
transcription

To generate expression vectors for 8 of the 12 unique POLR1A var-
iants, site-directed mutagenesis was performed to introduce each
point mutation into pEF1-FRT-HaloTag-POLR1A (RPA194)'° using
primers containing the desired mutation and a PCR protocol that
amplifies the entire plasmid template. A genome-edited HCT116
cell line expressing mAID-mClover-POLRIA (RPA194)'° from the
endogenous locus was transfected with each pEF1-FRT-HaloTag-
POLRIA construct (wild-type and 8 variants). Following transfec-
tion, cells were incubated in medium supplemented with doxycy-
cline (1 pg/mL) for 24 h at 37°C under 5% CO,, and then treated
with 500 uM indole-3-acetic acid (19119-61, Nacalai), a natural
auxin, in the presence of doxycycline for 3 h. As shown previously,
this results in rapid knock-down of the cells’ native POLR1A,"°
thus reducing the risk of indirect effects and allowing expression
of only the transfected (mutant or wild-type) Halo-Tag-POLRIA.
After the treatment, 5-ethinyl uridine (EU) incorporation was per-
formed with Click-iT RNA Alexa Fluor 594 imaging kits (C10330,
Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. EU incorporation provides a readout of RNA transcription
rate, but rRNA transcription specifically can be determined by re-
stricting analysis to the nucleoli. Section images were recorded
with a DeltaVision Elite microscope (Applied Precision). For quan-
titative analysis of rRNA transcription, the nucleolar region of
interest was created based on HaloTag-POLR1A signals in Fiji soft-
ware. To reduce the effect of variation in HaloTag-POLR1A expres-
sion level between cells, EU signal intensity was normalized to
HaloTag-POLRI1A signal intensity in a cell, and the relative ratio
of each mutant to wild-type cells was calculated.
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Image analysis by the wndcharm machine learning
algorithm and fisher linear discriminant analysis (FLDA)
For quantitative image analysis, we first excised nucleolar images by
Fiji software'” and subjected them to machine learning software,
wndchrm v.1.60.'"® Wndchrm (weighted neighbor distances via a
compound hierarchy of algorithms representing morphology) is a
computational pattern recognition approach that provides a quanti-
tative assessment of the differences between wild-type and mutant
morphological phenotypes.'®'? We created 10 image folders, each
containing deconvolved nucleolar images from Halo-tagged
POLRIA variant-expressing cells. Wild-type and 9 variants
were studied: 8 described in the current work (corresponding
to POLRIA p.Glu1330del, p.Cys1562Phe, p.AspS9Val, p.Vall631-
Met, p.Pro1638Leu, p.Met496lle, p.Vall241lle, p.Arg393His. and
p-Glu593GIn) as well as the previously published POLRIA
¢.1777G>C (p.Glu593Gln), reported by Weaver et al.” in an individ-
ual with severe craniofacial and limb anomalies. The dataset was
tested by 60 rounds of cross validations to measure class similarity
which was visualized as a phylogenetic tree by the PHYLIP package.*’
The numbers of images used were 93 (wild-type), 113 (p.Glu1330-
del), 127 (p.Cys1562Phe), 94 (p.Asp59Val), 93 (p.Vall631Met), 72
(p.Prol638Leu), 79 (p.Met496lle), 108 (p.Vall241lle), 67 (p.Ar-
g393His), and 37 (p.Glu593GIn). The options used for image analysis
were a large feature set of 2,919 (-1) and multi-processors (-m).

To visualize the relative image similarity individually in 3D scat-
ter plotting, we used a machine learning library called scikit-learn
in Python. All the images in each class were applied to wndchrm
to compute the Fisher scores of all 2,919 image features implanted
in wndchrm, and the top 438 were extracted. The 438 feature
values for each image were then used to perform Fisher Linear
Discriminant Analysis (FLDA). FLDA finds the vector that maxi-
mizes the separation between each variant of the image data and
enables dimensionality reduction from 438 to 3 to describe 3D
scatter plotting.

Generation of Polrla mouse alleles

The animal protocol for this work was approved by the Cincinnati
Children’s Hospital Medical Center Institutional Animal Care and
Use Committee (IACUC #2019-0043) or the Stowers Institute for Med-
ical Research (IACUC #2022-143). Polr1gt™aEVCOMMHmgu/BayMmucd
(henceforth  Polrla™!'¥+) mice were created as previously
described.®?! The Tm1a allele consists of an FRT sequence followed
by the LacZ sequence and a loxP site, a neomycin cassette driven by
the human beta-actin promoter, an SV40 polyA, a second FRT site, a
second loxP site, and a third loxP site downstream of exon 6
(Figure SSA). These mice were bred with germline Flpase transgenic
mice (B6.12954-Gt (ROSA)26Sor-"1FLPUDymRain)y 1o generate mice
with a conditional allele (Polr1a™* or Polr1a®*). Polr1a®*+
mice were bred with B6.C-Tg (CMV-cre)1Cgn/J mice to create mice
with a germline deletion allele, Polr1a™!¥*. Polrla allele constructs
are shown in Figure S5A. Polrla™!* and Polrla™!“ are functionally
both null alleles (Polr1a™").

A mouse model of POLR1A c.4685G>T (p.Cys1562Phe) was gener-
ated by the CCHMC Transgenic Animal and Genome Editing (TG)
Core. This variant was chosen because it was identified as a de novo
event in two unrelated individuals (15 and 16) with near-identical
phenotypes (infantile spasms, hypotonia, and hypertelorism)
(Figure 1A). The methods for design of sgRNAs and production of an-
imals were previously described.”” The sgRNA was selected using on-
and off-target scores from CRISPOR?* and transcribed in vitro using the
MEGAshorscript T7 kit (ThermoFisher). The product was purified

with the MEGACclear Kit (ThermoFisher) and stored at —80°C. The in-
jection mix was prepared by incubating sgRNA and Cas9 protein
(IDT) at 37°C for 15 min to form ribonucleoproteins and then adding
the single-stranded DNA donor oligo (IDT). The final concentrations
were 50 ng/pL sgRNA, 100 ng/uL Cas9 protein, and 75 ng/uL. donor
oligo. The mutant mice were generated by injection of the mix into
the cytoplasm of fertilized eggs of C57BL/6 genetic background, using
a piezo-driven microinjection technique.?* After injection, eggs were
transferred into the oviductal ampulla of pseudopregnant CD-1 fe-
males. In addition to the desired c.4676G>T (p.Cys1559Phe) muta-
tion, a silent mutation was also introduced (c.4680_4683delinsTTTA)
to enable genotyping with PCR followed by restriction enzyme digest
with Dral (New England Biolabs). Three mosaic male mice were born,
and all carried the desired Polrla c.4676G>T (p.Cys1559Phe) variant
that is orthologous to POLRIA c.4685G>T (p.Cys1562Phe). One
mouse had only the c.4676G>T variant (line known as Cy-
$1559Phe_b), while two mice had the desired variant in trans with de-
letions on the other allele (lines known as Cys1559Phe_a and Cy-
s1559Phe_c). The offspring of these mosaic founders were
sequenced to confirm genotyping and selected for future mating if
they had the G>T variant and no additional deletions. There were
no observed phenotypic differences between the a/b/c lines, which
will subsequently be referred to as Polr1a“’**F. sgRNA and donor se-
quences used for generation of this allele are shown in Table S1.

A mouse model of POLRIA c.4913C>T (p.Prol638Leu) was
generated using the same method as above, with the exception
that the sgRNA was purchased from Synthego. This variant was
chosen because it was identified in the individual who had the
most severe congenital heart defect among the entire cohort (indi-
vidual 18). Two mosaic male mice were produced. One had only
the desired c.4904C>T (p.Prol635Leu) variant, orthologous to
POLRIA ¢.4913C>T (p.Pro1638Leu). The other had the desired
variant as well as an additional substitution (c.4895C>T
[p.Alal632Val]) which was confirmed to be in cis with
c.4904C>T. The offspring of both founders were sequenced to
confirm genotyping before proceeding with any further mating.
sgRNA and donor sequences used for generation of these alleles
are shown in Table S1. The mice used for experiments are subse-
quently referred to as Polr1a’¢3t,

Mouse maintenance and genotyping

Mutant embryos were generated using breeding pairs as shown in
Table S2. Noon on the day after mating (as judged by vaginal plug)
was designated as embryonic day (E) 0.5, and somites were
counted in young (E9.5 and earlier) embryos to ensure staging
was consistent and accurate. Polrla animals were genotyped using
the primers listed in Table S3. The PCR product from Polr1a“?5%F
was digested by restriction enzyme Dral (New England Biolabs) to
produce 173 bp and 140 bp products in mutants. The PCR product
from Polr1a”%35" was digested by restriction enzyme Mboll (New
England Biolabs), producing 146 bp and 127 bp products.

For conditional deletion of Polrla in specific cell lineages of in-
terest, we used four different Cre recombinase-expressing alleles.
WntlCre (B6; Tg (Wntl-cre) ™™P) was used to delete Polrla in
pre-migratory neural crest cells and was genotyped as previously
described.”® Sox10Cre (B6; CBA-Tg(Sox10-cre)1Wdr/J) was used to
delete Polrla in migratory neural crest cells and was genotyped
as previously described.?® Mef2c-AHF-Cre (Tg(Mef2c-cre)2BIk/
Mmnc) was used to delete Polrla in the anterior heart field and
was genotyped as previously described.”” Foxgl-IRES-Cre
(B6.129T(SJL)-Foxg1m1-1@eobdmo/py wyas used to delete Polrla in
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Figure 1. Human cohort phenotypes
(A) Facial photographs of 12 individuals in the cohort.
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(B) Diagram of POLR1A with all reported variant locations indicated. Variants of individuals with photos are indicated in green triangles.
Variants reported in this work are above and previously published variants are below the protein diagram. Of previously published
affected individuals, IA1, IA2, and IA3 were reported by Weaver et al.” and 7III3 was reported by Shenoy.” IA3 variant details are
¢.3895G>T (p.Val1299Phe). Details for all other variants are contained within the manuscript and supplemental documents.

(C) Phenotype summary of all individuals with heterozygous POLRIA variants.

the telencephalon and was genotyped as previously described.*®
For lineage tracing, we used a ROSA?T"EGFP (B6.129(Cg)-
GHROSA)26Sor™HACTB-tdTomato, EGFP)Luo/yy - allele, which activates
GFP in cells that express Cre recombinase and their lineage de-
scendants.”” For all mutant lines created, a chi-square test was
used to compare observed and expected Mendelian genotypes
for each cross.

X-gal staining

LacZ transgene activity was visualized in whole embryos by fixing
for 15 min at room temperature with 4% paraformaldehyde,
washing with PBST three times (5 min each) at room temperature,
washing in LacZ Wash Buffer (0.36% sodium phosphate mono-
basic, 1.094% sodium phosphate dibasic, 0.2% 1M MgCl,,
0.0001% deoxycholate, and 0.0002% nonidet-P40 in ddH,0),
and staining overnight with X-gal (1 mg/mL). LacZ transgene activ-
ity was visualized in sectioned embryos by fixing for 2 h at room
temperature with 4% paraformaldehyde, washing with PBST two
times (5 min each) at room temperature, then dehydrating over-
night at 4°C with 30% sucrose, and embedding in OCT freezing
compound. Embedded embryos were sectioned at 12 pm, post-
fixed in 0.5% paraformaldehyde on ice for 10 min, and then rinsed
with cold PBS. Sections were then washed in LacZ Wash Buffer on
ice for 10 min, stained with X-gal at room temperature, washed
again with LacZ Wash Buffer two times (5 min each), and rinsed

with PBS for 5 min. Stained sections were sealed with Pro-Long
Gold (Invitrogen). Whole embryos and sectioned embryos were
viewed on a Zeiss Discovery V8 stereomicroscope and imaged on
brightfield with an Axiocam 305 camera.

Histology

Histological analysis was conducted on formalin- or Bouins-fixed
tissues, paraffin-embedded, sectioned at 8-10 um, and stained
with hematoxylin and eosin. Histology sections were viewed on
a Zeiss Discovery V8 stereomicroscope and imaged with an Axio-
cam 305 camera.

Myocardial thickness quantification

Histology images were viewed and measured using Zeiss ZEN Blue
software. The myocardial thickness for each sample was measured
at three positions for each ventricle: the dorsal, lateral, and ventral
surface. Seven sections of the ventricles were selected at random
for the measurements.

Skeletal preparations

Mouse embryo heads were collected at E17, deskinned, and fixed
in 95% ethanol for 2 days, then placed in Alcian blue for cartilage
staining overnight at room temperature. The skulls were then
washed in 95% ethanol for 2 days and cleared in a 1% KOH
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solution for 24 h at room temperature. Bone was counterstained
with Alizarin Red for 24 h at room temperature. The skulls were
then cleared with a 20% glycerol/1% KOH solution (at room
temperature, changing daily), stored in 50% glycerol/50% ethanol
solution, and photographed.

Mouse echocardiography

Mouse echocardiography was performed by the CCHMC
Cardiovascular Imaging Core Research Laboratory (CICRL).
Mice were anesthetized using inhaled isoflurane, had their
chest hair removed with a depilatory agent, and were secured
with tape to a warmed imaging platform. Transthoracic echocar-
diograms were performed using a Vevo 3100 mouse echocardi-
ography system equipped with a 40 MHz high-frequency trans-
ducer. Mice were returned to their cages and observed until they
had completely recovered (3-5 min). The echocardiography
data were downloaded to Vevo LAB analysis software. All
measurements were performed in triplicate on three consecutive
cardiac cycles and reported as an average value.

Whole-mount immunohistochemistry

Embryos used for whole-mount immunohistochemistry (WMIHC)
for Cleaved Caspase-3 (CC3) were fixed in 4% paraformaldehyde in
PBS for 30 min, followed by a 1-min wash in PBS. Samples were then
incubated in a WMIHC blocking solution (0.1% NGS, 0.01% so-
dium azide, 0.001% Triton X-100 in PBS) for 24 h, followed by incu-
bation with primary antibody anti-Cleaved Caspase-3 (CC3 1:300,
Cell Signaling Technology #9661, in WMIHC blocking solution)
for 72 h, then four washes (1 h each) in PBS, and incubation with
secondary antibody in the dark for 48 h. Secondary antibodies
included Invitrogen Alexa Fluor 488, Invitrogen Alexa Fluor 555,
and Invitrogen Alexa Fluor 594 (all goat anti-rabbit, applied at
1:500). The samples were then washed four times (30 min each)
in PBS, incubated in DAPI for 24 h, washed in PBS for 30 min,
then incubated in RIMS (88% Histodenz, 0.1% Tween 20, 0.01% so-
dium azide in 0.02M Phosphate Buffer) for 24 h. All washes and in-
cubations were done on a rocker at room temperature. Images were
taken on a Nikon C2+ confocal microscope.

Embryos used for WMIHC with PECAM-1 (platelet endothelial
cell adhesion molecule; BD Biosciences) were fixed in 4% PFA
overnight, dehydrated through a graded methanol/PBS series
into 100% methanol, and stored at —20°C until processed. Em-
bryos were treated with Dent’s bleach for 2 h, rehydrated through
a graded methanol/PBS series into PBS, immunostained with a
PECAM1 antibody (BD Pharmingen #553370 at 1:500), followed
by an HRP-coupled secondary antibody (goat anti-rat HRP,
1:500). Color revelation was performed using the DAB substrate
Kit (Vector laboratories, SK-4100) according to the manufacturer’s
instructions. The embryos were stained until the desired color in-
tensity was obtained, and then rinsed three times with PBST.
Bright-field images of embryos were taken on a Leica MZ16 micro-
scope using a Nikon DS-Ril camera. Manual z-stacks were taken
and assembled using Helicon Focus software.

Section immunohistochemistry

Embryos used for section immunohistochemistry (E9.25-E12.25)
were fixed overnight in 4% paraformaldehyde at 4°C, dehydrated
in 30% sucrose at 4°C, cryo-embedded in OCT compound, and
sectioned at a thickness of 10 um. Sections were collected on slides
and placed in boiling citrate buffer (1M sodium citrate, 1M citric
acid at pH 6.0) and allowed to cool on bench top for 40 min. Sec-

tions were then blocked in 4% Normal Goat Serum in PBST for
30 min and incubated overnight at 4°C with primary antibody
in a humid chamber. Primary antibodies included anti-Cleaved
Caspase-3 (1:300, Cell Signaling Technology #9661) and anti-
phospho-Histone H3 (1:500, Sigma-Aldrich HO412). Slides were
washed in PBS, and then secondary antibodies were added for
1 h at room temperature. Secondary antibodies included Invitro-
gen Alexa Fluor 488, Invitrogen Alexa Fluor 555, and Invitrogen
Alexa Fluor 594 (goat anti-rabbit, applied at 1:500). Slides were
then washed in PBS, incubated in DAPI for 15 min at room
temperature, washed again with PBS, sealed with ProLong Gold
(Invitrogen), and imaged on a Nikon C2+ confocal microscope.
Quantification of cells positive for CC3 or pHH3 immunostain-
ing was performed with Nikon Elements software. Cells were
counted using bright spot detection on respective channels.
Positive cell numbers were compared to total cells counted
(DAPI-stained cells) of the specific area. Regions of interest (ROI)
were manually drawn when required and are noted in figures.

Intravascular/intracardiac ink injection

E11.5 mutant Polr1a®¥8°% Wnt1-Cre and their littermate controls
were dissected free from the uterus with their yolk sacs intact in
Tyrode’s buffer solution at room temperature. Embryos were
then incubated in pre-warmed DMEM/F12 media at 37°C and
20% Og; 5% COy; 75% N in roller culture bottles (BTC engineer-
ing) for 30 min to ensure maintenance of a robust heartbeat. The
embryos were then transferred in warm media to a petri dish and
the vitellin vein of the yolk sac, which feeds through the umbilical
cord into the sinus venosus of the heart, was injected with undi-
luted highlighter ink from a liquid Sharpie pen®*’ using a mouth
pipette and pulled glass needle. The embryos were then returned
to roller culture for a few minutes to ensure the highlighter ink
had circulated throughout the entirety of the embryo and yolk
sac, before visualizing with a GFP filter on Leica stereoscope, fol-
lowed by fixation with 4% PFA and overnight staining in DAPI.
Embryos were imaged the next day on a Zeiss 700 upright confocal
microscope and processed with Zeiss Zen Blue software.

RNA sequencing and analysis

Telencephalons were dissected from E12.5 Polr1a®'>*%1°%; Foxg1-
Cre and Polr1a™1°%; Foxg1-Cre embryos as well as control litter-
mates. Dissected tissue was flash-frozen using dry ice and stored
at —80°C. RNA was extracted from frozen tissue using Trizol and
cleaned post-isolation through an ethanol and sodium acetate
precipitation. RNA sequencing was performed by Novogene
(Novogene, Davis Lab). The RNA-seq analysis was modeled after
the DIYtranscriptomics pipeline. Raw reads were checked for qual-
ity control through FastQC. Raw reads were pseudoaligned to the
reference mouse transcriptome (Ensembl v.39) in the Ubuntu
operating system using Kallisto. Kallisto outputs were imported
using tximport, and subsequent analysis was carried out in the sta-
tistical computing environment R. Various R packages were used
throughout the analysis; notably tidyverse, edgeR, limma, and
gprofiler2. Genes expressed less than 1 count per million (CPM)
in two or more samples were removed, and the remaining genes
were normalized using Trimmed Mean of M-values (TMM). To
identify differentially expressed genes, precision weights were first
applied to each gene using voom, then data were normalized using
the TMM method. Linear modeling and Bayesian stats were used
to find genes that were up- or down-regulated by 2-fold or more,
with a false-discovery rate (FDR) less than or equal to 0.1. Genes
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were divided into four modules, based on genotype and up- or
down-regulation. Gene ontology (GO) analysis was carried out
through the gprofiler2 package for each module.

Statistical analysis

Statistical analysis and data plotting were carried out in the statis-
tical computing environment R. Outliers (>1.5*IQR) were identi-
fied and removed. Unless otherwise stated, statistical significance
was determined with t tests: Student’s t test when groups had
equal variances and Welch’s t test when groups had unequal vari-
ances. When the cause of unequal variance is known (e.g., litter ef-
fect), it is stated in the figure legend.

Results

Phenotypes of individuals with POLR1A variants

Clinical or research exome or genome sequencing identified
13 heterozygous rare or novel (previously unreported in gno-
mAD) variants in POLRIA (GenBank: NM_015425.6) in 18
individuals. This included one sibling pair (individuals 1
and 2 are brothers), two mother/child duos (individuals 4
and 5 and individuals 6 and 7), four individuals with two
recurrent de novo variants (individuals 13 and 14 share a
variant, as do individuals 15 and 16), and eight additional
unique variants each found in one individual. Available
facial photographs, location of each variant, and a summary
of clinical phenotypes are shown in Figures 1A-1C. Addi-
tional, detailed clinical information about each individual
can be found in the supplemental informationand
Table S5. Nine variants were missense and four were
nonsense or frameshift. Seven variants were confirmed to
be de novo, three were maternally inherited, four were pater-
nally inherited, and four were of undetermined inheritance.
The most common phenotypes present in these individuals
were craniofacial anomalies (18/18 with anomalies ranging
from isolated hypertelorism to clefting and/or cranial bone
abnormalities as described in Figure 1C and Table S5) and
abnormal neurodevelopment (14/18 with developmental
delay, epilepsy, and/or abnormal muscle tone). One individ-
ual had cervico-thoracic syringomelia and ventriculomegaly
(individual 6, Figure S1A) and one individual had almost
complete acalvaria (individual 8, Figures S1B and S1C). Over-
all, 6/18 (33%) had epilepsy, 11/18 (61%) had developmental
delay, 8/18 (44%) had a congenital heart defect, and 6/18
(33%) had a limb defect. The most severe congenital heart
defect was identified in individual 18 (bicuspid aortic valve,
aortic and pulmonary artery aneurysm requiring surgical
repair, partial atrioventricular canal, and cleft mitral valve).
She also had significant craniofacial malformation as well
as developmental delay.

There were two recurrent variants identified in our
cohort. POLR1A ¢.4685G>T (p.Cys1562Phe) was identified
as a de novo variant in two unrelated individuals with
hypertelorism, infantile spasms, and hypotonia. Both pro-
gressed to multi-drug resistant epilepsy and have severe
global developmental delay. POLR1A ¢.3988_3990delGAG
(p-Glu1330del) was identified as a de novo variant in two un-

related individuals with hypertelorism, epilepsy, and devel-
opmental delay. POLRIA ¢.3649delC (p.GIln1217Argfs*10)
is a third recurrent variant previously reported by Weaver
etal.”and alsoin individual 10'"in this series, paternally in-
herited in both cases.

In vitro assessment of POLR1A variants

POLR1A variants affect rRNA transcription in vitro

To identify the functional effects of different variants in
POLR1A, we assessed rRNA transcription, nucleolar
morphology, and nucleolar patterning in vitro in cells over-
expressing wild-type or mutant POLRIA. Prior work using a
similar system demonstrated that POLR1A derived from
POLRI1A ¢.1777G>C (p.Glu593Gln) (described by Weaver
et al.”) not only sequesters wild-type POLR1A and causes it
to dissociate from rDNA chromatin, but also itself binds to
rDNA chromatin and prevents normal POLR1A from bind-
ing. Collectively, this leads to a dominant-negative effect
with reduction in rRNA transcription and the formation
of large nuclear bodies (nucleolar caps) containing
POLR1A.'**! We studied eight additional variants through
transient expression of each variant. As shown in
Figures 2A and S2A, endogenous mAID-mClover-tagged
POLRIA was knocked down with auxin after transfection
with HALO-tagged wild-type and mutant POLRIA. In each
of the eight transfection experiments, HALO-tagged
POLR1A demonstrated correct localization to the nucleolus
but had variable effects on rRNA synthesis. The largest
effect on rRNA synthesis as determined by the EU incorpora-
tion assay was observed in cells expressing POLRIA
c.176A>T(p.AspS9Val), ¢.3988_3990delGAG (p.Glul330-
del), and c.4685G>T (p.Cys1562Phe), all of which clearly
demonstrated increased transcription compared to wild-
type POLRIA (p value < 2.2e—16, Figure 2B). Expression of
two additional variants, c.1488G>T (p.Met496lle) and
€.3721G>A (p.Vall1241lle), also solicited a statistically signif-
icant (though quantitatively mild) increase in rRNA tran-
scription (p value = 4.6e—4 and 0.038, respectively). In
contrast, expression of c.1178G>A (p.Arg393His) led to a
decrease in rRNA transcription (p value = 3.9e—9) similar
to but less severe than c¢.1777G>C (p.Glu593GIn) (p
value < 2.2e—16). Expression of the remaining two variants,
c.4913C>T (p.Prol1638Leu) and c.4891G>A (p.Vall631-
Met), did not result in a significant difference in rRNA tran-
scription compared to wild type.

POLR1A demonstrates variant-specific differences in nucleolar
patterning

To test for POLRIA variant-specific effects on localization
of the corresponding proteins, we quantified the nucleolar
patterning of POLR1A generated from variant and wild-
type HALO-tagged POLRIA using the machine-learning
algorithm wndchrm. A selection of images used for this
analysis is shown in Figure S3. Wndchrm classified the
localization patterns of POLR1A foci from wild-type and
nine variants (including ¢.1777G>C [p.Glu593GIn] from
Weaver et al.)’ into three groups. These groupings roughly
aligned with the rRNA transcription levels quantified by
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Figure 2. Variant POLR1A effects on rRNA
synthesis and nucleolar morphology

(A) Scheme of rRNA synthesis analysis in a
genome-edited HCT116 cell line. rRNA syn-
thesis was monitored by incorporating
5-ethynyl-uridine (EU) in nucleoli after
transfecting the plasmid containing a
POLRI1A variant fused with a HaloTag and
subsequently adding the plant auxins,
indole-3-acetic acid (IAA), for rapid degrada-
tion of endogenous POLR1A fused with
mini-AID (mAID) and the fluorescent pro-
tein mClover (mAID + mClover). The scale
bar represents 5 pm.

(B) Boxplot of fluorescence intensity of
EU normalized to HaloTag-POLR1A inten-
sity in cells transiently expressing POLRIA
corresponding to wild-type, p.Glu1330del,
p-Cys1562Phe, p.Asp59Val, p.Vall631Met,
p-.Prol638Leu, p.Met496lle, p.Vall241lle,
p-Arg393His, and p.Glu593GIn POLR1A. Me-
dian values are indicated. p values for statisti-
cally significant difference between wild type
and each variant are indicated above the box-
plot of the mutant (Wilcoxon rank-sum test).
n =782 cells (wild-type POLR1A); n =551 cells
(Glu1330del), p < 2.2 x 1079 n = 409 cells
(Cys1562Phe), p < 2.2 x 107'% n = 267
cells (Asp59Val), n = 381 cells (Vall631Met),
p = 026, n = 384 cells (Prol638Leu),
p = 091; n = 317 cells (Met496lle), p =
46 x 107% n = 496 cells (Vall241lle),

Wild-type Val1241lle Met496lle

Val1631Met

Glu1330del Asp59Val

C‘s1 562Phe Ar‘393Hs

EU incorporation described in the previous section. The
first group consists of POLR1A p.Cys1562Phe, p.Glu1330-
del, and p.Asp59Val, all of which showed increased
transcription. The second group includes wild-type,
p.Pro1638Leu, and p.Val1631Met (no change in transcrip-
tion), and p.Vall241Ile and p.Met496lle (mild increase in
transcription). The third group includes p.(Arg393His)
and p.Glu593GlIn, both of which demonstrated reduced
transcription compared to wild type (Figure 2C).

We then further investigated the image features represen-
tative of each variant POLR1A’s localization, particularly
those in the transcription-upregulated group (p.Cys1562-
Phe, p.Glu1330del, and p.AspS9Val) and the transcription-
downregulated group (p.Arg393His and p.Glu593GlIn),
using 3D scatter plotting based on Fisher’s linear discrimi-

Glu593GIn

Pro1638Leu p = 0.038; n = 439 cells (Arg393His), p = 3.9
x 107% and n = 28 cells (Glu593Gln),
p<22x10716,

(C) Phylogeny shows the similarity of the
nucleolar morphologies of wild type and
nine POLR1A variants. HaloTag-POLR1A im-
age sets were analyzed with the wndchrm
program.

(D) Localization of fluorescently labeled
HaloTag-POLR1A variants. Each merged im-
age of DAPI (cyan) and HaloTag-POLR1A
variants (magenta) is the image with the
average feature score out of a set of
HaloTag-POLR1A variant images classified
by FLDA with Top 438 features out of
2,919 image features computed by the
wndchrm program. The scale bar represents
5 pm.

nant analysis (FLDA) (Figure S2B, material and methods).
The plot used 438 discriminative image features that were
computed and extracted by wndchrm (Figure S2B). Repre-
sentative images of the average morphology of cells express-
ing each of the POLR1A variants are found in Figure 2D. The
variants that elicited decreased rRNA synthesis (c.1178G>A
[p-Arg393His] and ¢.1777G>C [p.Glu593Gln]) also gener-
ated larger and fewer POLR1A foci than wild-type controls,
with POLR1A p.Glu593GIn forming the largest and fewest
foci. This phenotype is consistent with nucleolar dysfunc-
tion (Figure S3). However, these parameters did not yield
common features for the transcription-upregulated variants
(c.176A>T [p.AspS59Val], ¢.3988_3990delGAG [p.Glul330-
del], and c.4685G>T [p.Cys1562Phe]). Therefore, we
selected outlier images from each of these image sets for
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additional analysis to see whether they might reveal exagger-
ated morphology. Outlier Halo-tagged POLR1A p.Glu1330-
del, p.AspS9Val, and p.Cys1562Phe images were chosen
based on their distance from others in the 3D scatter plotting
(Figures S2B and S4). Analysis of their morphology revealed
that foci number is increased compared to wild type and
that the foci are extended and linear (indicated as a line-
like foci pattern in Figure S4). Taken together, modeling of
POLRIA variant in vitro shows differences in nucleolar
morphology (based on POLR1A foci) has some correlation
with rRNA transcription capacity or status.

In vivo assessment of spatiotemporal requirement for
Polrla

Polr1a expression exhibits spatiotemporal variation throughout
embryonic development

To examine whether there are distinct requirements for
Polrla across the different developing tissues that contribute
to the diverse phenotypes observed in our human cohort, we
first examined the expression of Polrla in mouse embryos.
The murine Polr1a™"'* allele consists of the first four exons
of Polrlafollowed by a splice acceptor, internal ribosomal en-
try sequence, and LacZ cassette (Figure S5A), allowing for
analysis of Polrla expression via X-gal staining. Embryonic
expression of Polrla is initially ubiquitous at E7.5 and E8.5
but becomes selectively enriched in certain tissues including
the branchial arches and frontonasal prominences by E9.5
(Figure S5B), consistent with other recently published
data.® At E10.5, Polrlaremains broadly expressed throughout
the embryo with persistent enrichment in the frontonasal
prominences, branchial arches, and limb buds as well as the
developing heart. This demonstrates the global activity of
Polrla in all tissues during development and the dynamics
of elevated expression in the structures affected in the human
cohort—face, heart, brain, and limbs.

Polr1a™" and Polr1a“’***f homozygosity causes early em-
bryonic lethality

To investigate whether different Polrla alleles have unique
effects on mouse development, we initially chose three
distinct alleles for study: a null allele (Polr1a™*/Polr1a"™1)
and two missense variants orthologous to variants in the hu-
man cohort, Polr1a“*%°F and Polr1a"'%3*" (orthologous to
POLR1A p.Cys1562Phe and p.Pro1638Leu found in individ-
uals 15/16 and 18, respectively). Polr1a"“is a null allele due
to presence of a stop codon after the LacZ cassette and
Polrla™ contains a multi-exon deletion (Figure S5A). Of
note, four individuals in the cohort had variants with pre-
dicted premature protein truncation (individuals 3, 9, 10,
and 12).

Polr1a™"" adult mice are healthy and fertile. We inter-
crossed Polrla™* Theterozygotes and identified no
Polr1a™™!' mutants among 22 E9.5-E10.5 embryos,
consistent with a recent study that observed pre-implanta-
tion lethality of homozygous null embryos by E3.5
(Table S4).* Heterozygous animals appeared in expected
Mendelian ratios (14/22 heterozygotes, 8/22 WT, chi-square
p=0.7). Polr1a™"* animals occurred in the expected sex dis-

tribution with no apparent abnormal phenotypes (n = 100,
chi-square p = 0.258).

Next, we assessed survival and phenotypes of mice with
missense variants, Pol