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ARTICLE

SMAD4 mutations causing Myhre syndrome are under
positive selection in the male germline
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Summary

While it is widely thought that de novo mutations (DNMs) occur randomly, we previously showed that some DNMs are enriched
because they are positively selected in the testes of aging men. These “selfish” mutations cause disorders with a shared presentation
of features, including exclusive paternal origin, significant increase of the father’s age, and high apparent germline mutation rate. To
date, all known selfish mutations cluster within the components of the RTK-RAS-MAPK signaling pathway, a critical modulator of
testicular homeostasis. Here, we demonstrate the selfish nature of the SMAD4 DNMs causing Myhre syndrome (MYHRS). By
analyzing 16 informative trios, we show that MYHRS-causing DNMs originated on the paternally derived allele in all cases. We docu-
ment a statistically significant epidemiological paternal age effect of 6.3 years excess for fathers of MYHRS probands. We developed
an ultra-sensitive assay to quantify spontaneous MYHRS-causing SMAD4 variants in sperm and show that pathogenic variants at
codon 500 are found at elevated level in sperm of most men and exhibit a strong positive correlation with donor’s age, indicative
of a high apparent germline mutation rate. Finally, we performed in vitro assays to validate the peculiar functional behavior of the
clonally selected DNMs and explored the basis of the pathophysiology of the different SMAD4 sperm-enriched variants. Taken
together, these data provide compelling evidence that SMAD4, a gene operating outside the canonical RAS-MAPK signaling pathway,
is associated with selfish spermatogonial selection and raises the possibility that other genes/pathways are under positive selection in
the aging human testis.

Introduction DNMs, the age of the father at conception has a modest

(and linear) impact on mutation rate, accounting for

Understanding the factors that impact the prevalence of
de novo mutations (DNMs) in the human genome is crit-
ical for our understanding of genetic disorders, genomic
diversity, and evolution. In humans, spontaneous germ-
line point mutations are estimated to occur at a rate of
1.2 x 10°® per nucleotide."”” These mutations tend to
be paternal in origin, with approximately 75% of DNMs
occurring on the paternally derived chromosomes.'**
This gender bias in DNM load likely originates from the
continued mitotic replications of spermatogonial stem
cells (SSCs) throughout male reproductive life. For most

approximately two additional DNMs in a child per addi-
tional year of age of the father at conception.'”° Howev-
er, for some congenital disorders, which are caused by
“selfish” or paternal age effect (PAE) DNMs, a different
presentation pattern of mutation is evident.”” PAE disor-
ders share three unusual characteristics: (1) the causative
mutations are exclusively of paternal origin, indicating
that the original mutational event occurs in the male
germline during spermatogenesis; (2) the disorders are
associated with a significant epidemiological paternal
age effect, where fathers are, on average, two to seven

MRC Weatherall Institute of Molecular Medicine, Oxford OX39DS, UK; ?Nuffield Division of Clinical Laboratory Sciences, Radcliffe Department of Med-
icine, University of Oxford, Oxford OX39DS, UK; 3NIHR Oxford Biomedical Research Centre, Oxford OX39DU, UK; *Molecular Genetics and Functional
Genomics, Bambino Gesu Children’s Hospital, IRCCS, 00146 Rome, Italy; SDepartment of Oncology and Molecular Medicine, Istituto Superiore di Sanita,
00161 Rome, Italy; %Medical Genetics, Mass General Brigham, Harvard Medical School, Harvard University, Boston, MA 02114, USA; "Victor Chang Cardiac
Research Institute, Darlinghurst, Sydney, NSW 2010, Australia; 8School of Clinical Medicine, St Vincent’s Healthcare Clinical Campus, Faculty of Medicine
and Health, UNSW Sydney, Sydney, NSW 2052, Australia; Department of Experimental Medicine, Sapienza University, 00161 Rome, Italy; '°Department
of Clinical and Biological Science, University of Torino, 10126 Turin, Italy; " Genetic Counseling Service, Regional Hospital of Bolzano, 39100 Bolzano,
Italy; '*Department of Experimental Medicine, San Camillo-Forlanini Hospital, Sapienza University, 00152 Rome, Italy; *Department of Medicine, Surgery
and Dentistry, University of Salerno, 84081 Salerno, Italy; “Institute of Medical Genetics, University of Zurich, 8952 Schlieren-Zurich, Switzerland;
SDepartment of Translational Medicine, Federico IT University, 80131 Naples, Italy; °Telethon Institute of Genetics and Medicine, Pozzuoli, Italy; ’Scuola
Superiore Meridionale (SSM, School of Advanced Studies), Genomics and Experimental Medicine Program, University of Naples Federico II, Naples, Italy;
”;Department of Women'’s and Children’s Health, University of Padova, 35128 Padua, Italy; 9Université Paris Cité, Service de Médecine Génomique des
Maladies Rares, INSERM UMR 1163, Institut Imagine, Hopital Necker-Enfants Malades, 75015 Paris, France

2%present address: School of Automation Science and Engineering, Xi’an Jiaotong University, Xi’an 710049, China

21Senior authors

22These authors contributed equally

*Correspondence: marco.tartaglia@opbg.net (M.T.), anne.goriely@imm.ox.ac.uk (A.G.)

https://doi.org/10.1016/j.ajhg.2024.07.006.

© 2024 The Authors. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

The American Journal of Human Genetics 117, 1-17, September 5, 2024 1


mailto:marco.tartaglia@opbg.net
mailto:anne.goriely@imm.ox.ac.uk
https://doi.org/10.1016/j.ajhg.2024.07.006
http://creativecommons.org/licenses/by/4.0/

Please cite this article in press as: Wood et al., SMAD4 mutations causing Myhre syndrome are under positive selection in the male germline,
The American Journal of Human Genetics (2024), https://doi.org/10.1016/j.ajhg.2024.07.006

years older than the population mean; and (3) a high
apparent germline mutation rate of the causative muta-
tions is observed (up to 1,000 times higher than back-
ground), translating into an elevated birth prevalence
and narrow mutational spectrum for specific recurrent
mutations.”

PAE mutations are well documented in FGFR2 (MIM:
176943), FGFR3 (MIM: 134934), HRAS (MIM: 190020),
PTPN11 (MIM: 176876), and RET (MIM: 164761); such
mutations cause dominant disorders and encode gain-of-
function (GoF) missense substitutions.’ Previously, we
have proposed that SSCs acquire rare spontaneous PAE mu-
tations during mitotic replication in the testes. These GoF
mutations are then positively selected, resulting in pro-
gressive clonal expansion of mutant spermatogonia as
men age, explaining the high apparent birth rate observed
for classical PAE disorders, such as achondroplasia (MIM:
100800), Apert (MIM: 101200), and Noonan (MIM:
163950) syndromes. So far, 13 genes have been directly
implicated in selfish selection and are all functionally
related to the RTK-RAS-MAPK signaling cascade,”'” a cen-
tral pathway controlling SSC homeostasis.'®'? The selfish
nature of PAE mutations has mainly been studied by look-
ing for local enrichment in human testes and/or quanti-
fying specific mutation levels in sperm from men of
different ages.*

Other genes may be under positive selection in human
testes. To identify new selfish candidate genes, we
reasoned that given that these mutations are selected in
aging testes and are present at elevated levels in the
semen of most men, they would be expected to recur
more frequently as DNMs in patient cohorts. The anal-
ysis of whole-exome sequencing (WES) data from more
than 31,000 parent-child trios with a child affected by
a developmental disorder had previously identified the
most commonly recurring DNMs.”” Among the top 15
were two known pathogenic mutations—c.1486C>T
(p-Arg496Cys) and c.1498A>G (p.Ille500Val) in SMAD4
(IMIM: 600993] GenBank: NM_005359.6)—which cause
Myhre syndrome (MYHRS [MIM: 139210]).?'%* Indepen-
dently, we identified both variants, as well as the
c.1500A>G (another missense change implicated in
MYHRS, encoding p.lle500Met) in the same gene in
screens of testicular biopsies,** suggesting that MYHRS-
causing SMAD4 mutations may be under positive selec-
tion in human testes.

MYHRS is a rare autosomal-dominant congenital disor-
der characterized by intellectual disability, dysmorphic
facial features, skeletal anomalies, and cardiovascular de-
fects,”> which is caused by heterozygous mutations within
either one of two codons (Arg496 and I1e500) of SMAD4.%°
SMAD4 is an essential effector of the TGF-B/BMP/activin
pathway, acting as a key mediator of signal transduction.?’
It is characterized by an N-terminal MH1 domain, respon-
sible for binding to DNA, a SMAD4 activation domain
(SAD) necessary for its transcriptional activity, and a C-ter-
minal MH2 domain, mediating SMAD4 transcriptional

activity and interaction with other SMAD proteins.?® All
resolved MYHRS cases to date have one of four heterozy-
gous missense variants in the two affected codons
(c.1486C>T [p.Arg496Cys], c.1498A>G [p.lle500Val],
c.1499T>C [p.lleS00Thr], or c.1500A>G [p.lle500Met])
within the MH2 domain of SMAD4. These substitutions
have been predicted to act via a GoF mechanism, possibly
through altered stability of the SMAD heterotrimer and/or
reduced ubiquitination of SMAD4,”'%*?*° although a
dominant-negative model has also been proposed.’” In
contrast, nonsense and truncating loss-of-function
(LoF) germline variants in SMAD4 are associated with
juvenile polyposis syndrome (JPS [MIM: 174900]) and
JPS-hereditary hemorrhagic telangiectasia (JPHT [MIM:
175050]).°"** The LoF variants are widely distributed
throughout the length of the protein although they are
distinctly absent around codons Arg496 and Ile500.%*
Similarly, gene deletions of SMAD4 and somatic inactivat-
ing intragenic lesions found throughout the gene length
frequently occur in various cancers including pancreatic
duct carcinomas (COSMIC).** Single-cell (sc)RNA-seq anal-
ysis has shown that SMAD4 is expressed in SSCs and that
TGF-B/BMP/activin signaling is critical for SSC homeosta-
sis.*>~*” Consistent with this, SMAD4 is expressed in SSCs
(Human Protein Atlas, www.proteinatlas.org).*>*® Taken
together with the narrow mutational spectrum and likely
pathogenic mechanism associated with MYHRS, our pre-
liminary findings identify SMAD4 as a candidate for selfish
selection in human testes.

Here, we tested the hypothesis that MYHRS-associated
SMAD4 variants are positively selected in the male germ-
line by asking whether these mutations fulfill the three
distinctive features of PAE disorders. To assess this, first,
we performed parent-of-origin studies on MYHRS-
affected family trios and showed that for all informative
cases, the SMAD4 DNMs are present on the paternally
derived allele. Secondly, we analyzed parental age data
from a well-characterized cohort of individuals with
MYHRS to quantify the PAE associated with SMAD4
DNMs. Thirdly, we developed an ultra-sensitive assay to
directly quantify spontaneous SMAD4 mutation levels
in the semen of men of different ages, and we show
that the missense changes resulting in p.lle500Val and
p-11eS00Thr are present at elevated levels in the sperm
of many men and increase in prevalence with the age
of the donor. We also show that the p.IlleS00Leu change
(caused by either c.1498A>T or ¢.1498A>C substitu-
tions), not previously reported in association with
MYHRS, is under positive selection in the male germline.
Finally, we validated the differential putative functional
impact of the SMAD4 selfish variants in terms of tran-
scriptional activity, protein stability, and intracellular
signaling. Overall, our data show that MYHRS-associated
SMAD#4 variants fulfill the presentation criteria of clas-
sical PAE disorders, and so represent selfishly selected
mutations affecting a signaling pathway outside the ca-
nonical RAS-MAPK pathway.
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Subjects, material, and methods

Biological samples

DNA from blood samples for 18 individuals with molecu-
larly confirmed clinical diagnosis of MYHRS and their
unaffected parents were collected in accordance with
ethical standards of institutional revision committees
and with informed consent, following approval by the
local Institutional Ethical Committee of the Ospedale Pe-
diatrico Bambino Gesu (1702_OPBG_2018), Rome, Italy
and Azienda Ospedaliera Universitaria Federico II, Naples,
Italy (48/16).

For the restriction enzyme digestion-PCR (RED-PCR) ul-
trasensitive detection assay, sperm and blood samples were
collected from anonymous donors (aged 24-75 years).
Written informed consent was obtained from all donors
and collected with the permission of the North East - New-
castle & North Tyneside 1 Research Ethics Committee (22/
NE/0025).

DNA was extracted from sperm and blood and quanti-
fied using standard fluorometric methods as previously
described.”

Haplotype-phasing of de novo MYHRS-causing SMAD4
mutations

Establishing the parental origin of MYHRS DNMs required
the presence of an informative single-nucleotide polymor-
phism (SNP) near the SMAD4 pathogenic variant in the pro-
band. To determine whether the proband carried a hetero-
zygous SNP that allows us to distinguish the two parental
alleles, up to 11 overlapping fragments covering a region
of ~4.4 kb around the mutation sites of SMAD4 (exon 11)
were PCR amplified with GoTaq DNA Polymerase (Prom-
ega) (primers reported in Table S1), purified (NucleoSpin
Gel and PCR Clean-up, Macherey-Nagel), and sequenced
(ABI BigDye Terminator Cycle Sequencing kit v.3.1, Applied
Biosystems) on an ABI Prism 3500 Genetic Analyzer, as per
manufacturer’s protocol. Following identification of het-
erozygous SNPs in probands, parental DNA was sequenced
to establish informativeness. For those families with an
informative SNP, a genomic fragment encompassing the
SMAD4 pathogenic DNM and the SNP was amplified from
the proband DNA (Table S1) and cloned using TA Cloning
Kit (Invitrogen), as per manufacturer’s protocol. To distin-
guish which haplotype (maternal or paternal) carried the
causative variant, dideoxy-sequencing analysis of the
cloned fragments was performed. A minimum of 10 clones
were sequenced for each proband.

For 4 families (ID 18, 19, 21, and 22), long-read
sequencing using Oxford Nanopore Technology covering
two genomic fragments (region 1, approximately 10 kb;
region 2, approximately 7 kb) (Table S2) was used to deter-
mine the phase, following a previously described ap-
proach,” which allowed identification of informative
SNP(s) in each individual family trio and haplotyping of
the DNM to take place in a single sequencing reaction.

Epidemiological parental age effects

We collected age data for 35 family trios for which the
affected proband was born in the USA, had a confirmed
de novo SMAD4 mutation, and had a clinical diagnosis of
MYHRS. This research was approved by the MGH (Mass
General Brigham, Harvard Medical School) Institutional
Review Board wunder protocols #2015P001173 and
#2000P001531. We compared the difference in age (at
the time of birth) of the parents with the year-matched
USA population average. To obtain the mean age of parent-
hood in the USA, we used de-identified data of live births
within mainland USA, which were obtained via the Na-
tional Vital Statistics System (NVSS) at https://www.nber.
org/research/data/vital-statistics-natality-birth-data (acce-
ssed 4th May 2023). The NVSS is an inter-governmental
data sharing program in which participating institutions
file birth certificates containing, among other information,
parental demographics. The annual natality data files
(spanning the years 1972-2021) were compiled into a sin-
gle dataset, as previously reported.*’ For each year, we
calculated the mean and standard deviation of paternal
and maternal ages based on a total of 145,978,354 and
180,536,851 available birth certificates, respectively.

We also estimated the paternal age effect for the MYHRS-
affected families for whom we demonstrated the paternal
origin of the DNMs. For those families with paternal age
data (n = 14), the father’s age at the time of birth was
compared with that of the mean paternal age from the En-
gland and Wales population data, matched for the year of
birth of the proband (1997-2015). The significance of the
paternal age effects was tested using a one-tailed t test.

Quantification of SMAD4 mutation levels in sperm and
blood

Mutations levels in blood and sperm DNA within the Nsil
restriction site located at c.1494_1499 of SMAD4 were
analyzed using a Restriction Enzyme Digest (RED)-PCR
enrichment strategy, which is illustrated on Figure S1 and
is similar to that previously used in other studies.® "
Generation of an Nsil-resistant human cell line using CRISPR-
Cas9 (Nsil-Integrant)

To quantify the absolute mutation levels of spontaneous
MYHRS-associated SMAD4 variants within the SMAD4
€.1494_1499 Nisil site, we generated an Nsil-resistant clone
with a unique molecular signature by CRISPR-Cas9 engi-
neering the human retinal pigment epithelial RPE-1-FRT/
TR cell line. Briefly, the PAM site located at genomic
location c¢hr18:51,078,290-51,078,292 (GRCh38/hg38)
(c.1482_1484) was targeted by designing a 20 bp guide
RNA (sgRNA) sequence (SMAD4 sgRNA Bbsl, Table S1)
and cloned into the pSpCas9(BB)-2A-GFP (PX458) plasmid
as previously described.””*! The construct integrity was
validated by dideoxy-sequencing before electroporation
(400 ng) into 2.5 x 10° RPE-1 FRT/TR cells using P3 Pri-
mary Cell Full Electroporation Buffer (Lonza) and the EA-
104 program on the 4D-Nucleofector System (Lonza),
in a final volume of 20 pL. Cells were plated in 1 mL
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pre-warmed Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS; Sigma-Aldrich),
1% of L-glutamine, 1% Pen-Strep, 1% sodium pyruvate,
and 1% non-essential amino acids (NEAA) (all reagents
from Thermo Fisher Scientific, unless specified otherwise)
and were allowed to recover for 48 h at 37°C with 5%
CO,. Cells were then trypsinized with 0.25% Trypsin-
EDTA (1x) and selected for GFP+ in 96-well plates by fluo-
rescence-activated cell sorting on a Sony MA900 Multi-
Application Cell Sorter. Single cells were cultured for
an additional 2-4 weeks under standard conditions
(DMEM media mix). Clones were screened for Nsil resis-
tance, following genomic DNA (gDNA) extraction using
the QuickExtract kit (Lucigen), PCR amplification with
primers SMAD4-3F and SMAD4-3R (Table S1) using QS5 po-
lymerase for 30 cycles of 98°C (10 s), 60°C (30 s), and 72°C
(30 s), and digestion with 1 U of Nsil (New England
BioLabs). Nsil-resistant clones were expanded in T75 flasks
for 1 week before DNA was extracted using the DNeasy
Blood and Tissue kit (Qiagen) and quantified using Qubit
dsDNA HS assay kit (Thermo Fisher Scientific). A mutated
clone (clone 21), containing a unique 17-bp heterozygous
deletion (c.1478_1494del), was verified by dideoxy
sequencing and used in the RED-PCR assay (referred to as
Nsil-Integrant) (Figure S1A).

Titration-reconstitution RED-PCR assay (dilution series)

To assess the sensitivity and accuracy of the Nsil RED-PCR
enrichment assay, DNA samples from two MYHRS-affected
individuals, heterozygous for the c.1498A>G (p.Ile500Val)
or ¢.1499T>C (p.1le500Thr) variant, were serially diluted
(from 10~* to 107°) in a titration-reconstitution RED-PCR
assay. The gDNA carrying MYHRS variants are resistant to
cleavage by Nsil at the position c¢.1494_1499ATGCAT
(cDNA GenBank: NM_005359.6, position of A or T
mutated in MYHRS underlined [see Figure 2]). 10 pg (~3
million haploid genomes) of DNA extracted from control
whole blood from an anonymous donor was spiked with
0.6 ng gDNA from the Nsil-Integrant cell line, correspond-
ing to a final dilution of 3 X 107>, or ~100 copies of the
Nsil-Integrant allele. This was supplemented with an equi-
molar mix of the heterozygous c.1498A>G (p.Ille500Val)
and ¢.1499T>C (p.lle500Thr) gDNA samples and added
in known amounts corresponding to final dilutions of
0 (no MYHRS DNA), 107 (0.02 ng of each MYHRS
DNA), 3 x 107° (0.06 ng), 10~° (0.2 ng), 3 x 10°°
(0.6 ng), and 1074 (2 ng). The titration samples were all per-
formed as technical duplicates and taken through the same
protocol of Nsil selection and mutation enrichment as the
sperm and blood samples (see below).

Nsil RED-PCR assay: Mutation selection and enrichment

An overview of the RED-PCR assay is presented in
Figure S1. Individual biological samples (sperm or blood)
were processed in triplicate: each technical replicate
comprising 10 pg of gDNA spiked with 0.6 ng DNA
from the Nsil-Integrant cell line (corresponding to a final
dilution of 3 x 10~° or ~100 mutant haploid genomes)
was digested in a 100 puL volume reaction containing

20 U Nsil-HF and 20 U PstI-HF (both from New England
BioLabs) for 2 h at 37°C, after which another 20 U of
each enzyme was added and incubated for a further 2 h.
Nsil mutant sequences generate a 1,332 bp Pstl fragment,
while the wild-type sequences are cleaved by Nsil into 2
fragments (488 and 844 bp). Each digest was loaded on
a 1% agarose/TAE gel and flanked by a A DNA/EcoRI lad-
der (Fermentas). Following electrophoresis at 4°C over-
night, the ladder lanes were excised from the gel and
stained with ethidium bromide for 20 min. Then, the
1,264 bp and 1,371 bp ladder bands were injected with
gel loading dye under ultraviolet light and the gel was re-
constructed. The narrow horizontal strip of each sample
lane between the two marked ladder bands was excised
and gel purified using a gel purification kit (Zymo). The
purified DNA was eluted in 25 plL and was stored at
—20°C until PCR amplification.

PCR amplification and library preparation

A first PCR (PCR1) was performed on the entire 25 pL gel
purified sample using 0.8 U QS5 Hot Start High-Fidelity
DNA polymerase (New England BioLabs), 1x QS bulffer,
200 pM dNTPs, 0.5 uM of SMAD4-1F, and SMAD4-1R
primers (278 bp product, Table S1) in a total reaction vol-
ume of 40 pL, and the following cycling conditions: 98°C
(2 min), followed by 25 cycles of 98°C (10 s), 68°C (30 s),
and 72°C (30 s), followed by a final extension at 72°C
(2 min). The entire product was further enriched by re-
digestion with 20 U Nsil-HF at 37°C for 1 h in a final vol-
ume of 100 uL. For each sample, an aliquot of 5 pL of the
re-digested PCR1 material was used as template for a
nested PCR amplification (PCR2) using 1 U DreamTaq
DNA polymerase (ThermoFisher), 1x DreamTaq buffer,
0.1 uM dNTPs, and 0.1 uM each of the SMAD4_CS1-2F
and SMAD4_CS1-2R primers (Table S1) in a final volume
of 75 uL, generating a 208 bp product. Cycle conditions
for PCR2 were as follows: 95°C for 5 min, followed by
20 cycles of 95°C (30 s), 64°C (30 s), and 72°C (30 s), fol-
lowed by a final extension at 72°C (5 min). For the titra-
tion experiments and reproducibility assays (see below),
PCR2 was performed in triplicate (3 independent PCR2)
for each of the re-digested PCR1 samples; for the final
assay assessing sperm and blood samples, PCR2 was per-
formed only once. To construct an Illumina library, a
unique 10 bp barcode was added to each PCR2 product
in a separate 20 uL, 12 cycles PCR reaction, using 1 pL
of a 1:100 dilution of the PCR2 products, 1x iProof
High Fidelity Master Mix, and 0.4 pM of each PE1-CS1
and unique (sample-specific) PE2-BC-CS2, where the BC
is a 10 bp (Ny0) generic Access Array Barcode for Illumina
sequencers (Fluidigm). The barcoded amplicons were
pooled in near-equimolar ratio, and the final pool sub-
jected to a further round of digestion with 1 U Nsil-HF
for 1 h at 37°C. The digested product was separated on
a 3% agarose/TAE gel, and the Nsil-resistant band was
excised and purified using a gel purification kit (Zymo).
The resulting library was quantified and assessed by
TapeStation (Agilent) and diluted to ~10 ng/uL.
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Ultra-deep massively parallel sequencing

Libraries were sequenced on a MiSeq platform (Illumina)
with 2 x 151 paired-end reads using custom CS1-Seq
primer (0.5 pM) for read 1, CS2-Seq primer for read 2,
and RC-CS2 primer for the Indexing read.*”
Bioinformatics analysis

The sequencing data were processed using Amplimap
v.0.4.20** with parameters ‘coverages pileups —njobs 10/,
as previously described.””** Amplimap is a complete
workflow for automating data analysis from targeted
next-generation sequencing experiments and by default,
and as used here, wraps BWA v.0.7.17-r1188, mpileup
v.1.16.1, bedtools v.2.29.2, and GATK v.4.2.0.0, aligning
reads to the human reference sequence GRCh38.p13.
The fasta and GTF files for these assemblies were down-
loaded from Ensembl v.106 (https://www.ensembl.org/
info/data/ftp/index.html). Additional information on
the analysis of the sequencing data presented in this study
is available at www.github.com/sjbush/smad4. Samples
with read depth <1000 reads or with coverage of the
Nsil-Integrant <250 reads (determined as <250 reads for
SMAD4 c.1494del) were excluded. For the titration and
reproducibility experiments, the total read counts of the
PCR2 technical triplicates were pooled together. To calcu-
late the estimated mutation levels within the Nsil site
(c.1494_1499ATGCAT) and the confidence intervals
(CIs), we assumed that the counts of the mutations in
the sequencing data (excluding the wild-type sequence)
were multinomial and calculated the 95% confidence in-
tervals (upper [UPR] and lower [LWR]). The method
used for the CI of multinomial proportion is by Sison
and Glaz,*® implemented in R v.4.3.1 (https://www.R-
project.org/) using the MultinomCI function of the
DescTools v.0.99.54 package (https://cran.r-project.org/
package=DescTools).

Functional assays

Cloning of SMAD4 coding sequence into mammalian expres-
sion vector

A 1,699 bp fragment containing the coding sequence of
wild-type human SMAD4 was amplified by PCR using Q5
HotStart High Fidelity DNA Polymerase master-mix (New
England BioLabs) and control human cDNA as a template,
according to manufacturer’s recommendations (Table S1).
The SMAD4 fragment was cloned into the pCMV6-AC-
HA mammalian expression vector (OriGene) using the
Gibson method.*® The successfully cloned construct was
transformed into competent bacteria, positive colonies
were cultured and vector DNA isolated using the
GenElute Plasmid Miniprep Kit (Sigma). The sequence
of the construct was verified by dideoxy-sequencing.
SMAD4 mutants were generated using a QS5 Site-Directed
Mutagenesis Kit (New England BioLabs) according to man-
ufacturer’s instructions using the primers listed in Table S1
(designed according to https://nebasechanger.neb.com/),
and identities of the mutants were verified by dideoxy-
sequencing.

Dual-Glo luciferase assays

HEK293T cells (American Type Culture Collection) were
cultured in Dulbecco Modified Eagle Medium (Gibco) sup-
plemented with 10% fetal bovine serum (Gibco), 1% peni-
cillin/streptomycin (Gibco), and 1% L-glutamine (Gibco)
and grown at 37°C with 5% CO..

HEK293T cells (1 x 10%) were seeded in 24-well culture
plates and after 24 h were co-transfected with 5 ng
Renilla internal control plasmid (Promega), 95 ng of
pGL4.48[luc2P/SBE/Hygro] luciferase plasmid (Promega),
and either 200 ng or 400 ng of pCMV6-AC-HA-SMAD4
wild-type or mutant plasmid, or empty pCMV6-AC-HA
plasmid, using Lipofectamine LTX (Invitrogen) according
to the manufacturer’s protocol. After 48 h, dual luciferase
reporter assays were performed using the Dual-Glo Lucif-
erase Assay System (Promega) according to manufacturer’s
instructions and a Promega GloMax luminometer. The
relative reporter activity was determined by normalizing
firefly activity to Renilla activity.

Protein stability assays

HEK293T cells (4 x 10* were seeded in 6-well culture
plates and incubated for 24 h at 37°C in a humidified at-
mosphere containing 5% CO,. Cells were transfected
with 1 pg of relevant pCMV6-AC-HA vectors (empty,
wild-type SMAD4 or each of the tested mutants), using
the polyethylenimine (PEI) transfection reagent (Poly-
sciences), according to the manufacturer’s instructions.
After 24 h, cells were treated for 2 h with 10 pg/mL of
cycloheximide (CHX) (Sigma-Aldrich) and then lysed in
radio-immune precipitation assay (RIPA) buffer (pH 8.0),
supplemented with protease and phosphatase inhibitors
(Sigma-Aldrich). Lysates were kept on ice for 30 min and
then centrifuged at 16,000 x g for 20 min at 4°C. Superna-
tants were collected and their protein concentration was
determined by Bradford assay (Bio-Rad Laboratories), using
bovine serum albumin (BSA) (lot#: SLCLO258, Sigma-
Aldrich) as a standard. Immunoblotting assays were per-
formed as previously reported.?’ In brief, equal amounts
of total proteins from cell lysates were resolved by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis.
Proteins were transferred to a nitrocellulose membrane us-
ing the Trans-Blot Turbo transfer system (Bio-Rad Labora-
tories). Blots were blocked with 5% non-fat milk powder
in PBS containing 0.1% Tween 20 for 1 h and incubated
at 4°C overnight with specific antibodies (3724S, rabbit
polyclonal anti-HA [lot #: C29F4, dilution 1:1,000, Cell
Signaling Technology] and sc-32233, mouse monoclonal
anti-GAPDH [lot#: 6CS5, dilution 1:1,000, Santa Cruz
Biotechnology]). Primary and secondary horseradish pe-
roxidase conjugated anti-mouse (31450, lot#: 093075],
dilution 1:3,000) and anti-rabbit (31460, lot#: WC32
0195, dilution 1:3,000, Invitrogen) antibodies were diluted
in blocking solution. Immunoreactive proteins were de-
tected by an enhanced chemiluminescence (ECL) detec-
tion kit (Thermo Fisher Scientific), according to the manu-
facturer’s instructions. Densitometric analysis of protein
bands was performed using NineAlliance UVITEC software
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(UVITEC) and statistical analyses were carried out using a
two-way ANOVA test in GraphPad Prism software v.8.4.3.
The uncropped pictures of the western blotting mem-
branes used for the densitometric analysis of SMAD4 pro-
tein levels are shown on Figure S2.

ERK phosphorylation assays

ERK phosphorylation assays were performed on trans-
fected HEK293T cells (1 png pCMV6-AC-HA vectors [empty,
wild-type SMAD4, or each of the tested mutants]), seeded
in 6-well plates the day before transfection (70%-80%
confluence). Cells transfected with 1 pg pcDNA6.2/V5-
DEST-LZTR1%247A51 were used as positive control for ERK
phosphorylation.*® Cells were serum-starved for 16 h and
subsequently stimulated with FBS (lot#: 2563330, 20% in
DMEM, Thermo Fisher Scientific) or TGF-f1 (lot#:
DCPU1123021, 20 ng/mL, Bio-Techne) for 5 and 15 min,
or left unstimulated. Cells were lysed in RIPA buffer, sam-
ples were centrifuged at 16,000 x ¢ for 20 min at 4°C,
and protein concentration in supernatants was deter-
mined by Bradford assay. Immunoblotting analyses were
performed as previously reported in protein stability assays
using the following antibodies: sc-32233, mouse mono-
clonal anti-GAPDH (lot#: 6CS5, dilution 1:1,000, Santa
Cruz Biotechnology); R96025, mouse monoclonal anti-
VS5 (lot#: 2675745, dilution 1:1,000, Invitrogen); 3724S,
rabbit polyclonal anti-HA (lot#: C29F4, dilution 1:1,000),
9102S, rabbit polyclonal anti-p44/42 MAPK (ERK1/2)
(lot# 28: dilution 1:1,000) and 9106S, mouse monoclonal
anti-phospho-p44/42 MAPK (ERK1/2) (lot# E10, dilution
1:2,000) (Cell Signaling Technology); horseradish peroxi-
dase conjugated anti-mouse (31450, lot# 0930735], dilution
1:3,000) and anti-rabbit (31460, lot# WC320195, dilution
1:3,000) (Invitrogen). The uncropped pictures of the west-
ern blotting membranes used for the densitometric anal-
ysis of ERK1/2 phosphorylation levels performed following
stimulation are shown in Figure S3 (FBS) and Figure S4
(TGF-B1).

Results

Parent-of-origin analysis of de novo MYHRS-causing
SMAD4 mutations

In order to determine the parent-of-origin of the SMAD4
DNM in subjects with sporadic MYHRS, we collected
DNA samples from 22 family trios and used a haplotyping
strategy relying on the presence of an informative single-
nucleotide polymorphism (SNP) in the vicinity of the
DNM to distinguish the two parental alleles. An SNP was
found to be informative when the proband was heterozy-
gous and at least one of the parents was homozygous.
Following the determination of the SNP informativeness
in each family trio, the phase of the DNM in respect to
the SNP was established and parent-of-origin assigned.***
Among the 22 available family trios, 16 were found to have
an informative SNP in the vicinity of the SMAD4 MYHRS-
causing DNM. These included 14 trios for which the SNP

was identified via cloning and sequencing of ~4 kb
genomic sequence around the DNM site. Using Oxford
Nanopore long-read sequencing on four family trios, infor-
mative SNPs located ~6.5 kb away were identified for two
further trios (Table S2). In all 16 informative families, the
causative DNM was present on the paternally derived
allele, a result statistically significant over the expected
80% paternal origin expected for DNMs (chi-square test,
p =0.02) and in line with previously studied PAE disorders
(Table S2).%°

De novo MYHRS-causing SMAD4 mutations are
associated with increased paternal age

To determine whether parents of MYHRS probands are
significantly older than the population average, it is neces-
sary to compare parental ages at the time of birth to a
matched control population. Paternal age varies across
different countries, demographic groups, local geography,
and year on year. To mitigate for some of these aspects,
we obtained age data from a series of 35 confirmed and
well-characterized MYHRS probands born in the USA,
and compared the age of their parents at time of birth to
the year-matched USA population mean (1980-2020), ob-
tained from National Vital Statistics System (NVSS) (see
subjects, materials, and methods). This cohort includes in-
dividuals carrying three different MYHRS-causing SMAD4
variants (12 with c¢.1486C>T encoding p.Arg496Cys
[34%]; 19 with c.1498A>G encoding p.Ille500Val [54.5%];
and 4 with ¢.1499T>C encoding p.[le500Thr [11.5%)]).
On average fathers of MYHRS probands were 37.3 years
old and showed a 6.3 (1.1 SEM) year excess compared
to the year-matched average age of fatherhood in the
USA, a difference that was statistically significant (one
tailed t-test, p = 1.68 x 10~°) and in line with the age ex-
cesses previously reported for other canonical PAE disor-
ders (Table 1; Figure 1).

Because MYHRS-causing SMAD4 DNMs show an exclu-
sive paternal origin, analysis of maternal ages is not antic-
ipated to be relevant. Nevertheless, given that maternal
and paternal ages are correlated variables,”*>> we per-
formed a similar analysis for maternal ages and found a
4.13 (=0.79 SEM) years average maternal age excess in
the USA cohort (Figure SSA).

As we were not able to perform parent-of-origin studies
for the USA cohort, we also examined the age of fathers
for the European (EU) family trios in which we had demon-
strated the exclusive paternal origin of the MYHRS-causing
DNMs. We had access to paternal age data for 17 EU fam-
ilies, among which 14 had proven paternal origin. Age
data for this small cohort was compared to year-matched
birth data of the UK average population and showed a
mean paternal age (=SD) of 37.0 = 8.9 years, which is
significantly older than the year-matched UK population
average (one tailed t test, p value = 0.023) and represents
a comparable paternal age excess (mean + SEM = 5.1 +
2.3 years) to that observed for the whole USA cohort
(Figure S5B).
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Table 1. Overview of the epidemiological paternal age effect (PAE) for MYHRS and other known PAE mutations

Syndrome Mutated gene Mean paternal age =SD (years) Number of cases Paternal age excess Reference

Myhre syndrome SMAD4 373 £ 6.7 35 6.3 years this study

Apert syndrome FGFR2 33.0 £ 6 51 2.3 years Moloney et al.>°
Crouzon/Pfeiffer syndromes FGFR2 345 7.7 30 4.1 years Glaser et al.”!
Achondroplasia FGFR3 35.6 + 7.2 39 7.1 years Wilkin et al.>*
Muenke syndrome FGFR3 34.7 + 7.7 19 4.1 years Rannan-Eliya et al.>*
Noonan syndrome PTPN11 35.6 15 6.1 years Tartaglia et al.*’

MYHRS-associated lle500 variants are prevalent in
sperm of men of different ages

In order to determine whether the MYHRS-causing muta-
tions are subject to positive selection in human testes, we
sought to quantify the levels of spontaneous SMAD4 muta-
tions directly in sperm of men of different ages. We antic-
ipated that if these mutations are clonally expanding in
human testes, they would progressively become enriched
in aging testes to reach detectable levels in sperm and in-
crease in prevalence with donor’s age. We adapted a previ-
ously published protocol for ultra-rare mutation detection
based on mutation enrichment using a restriction enzyme
digestion and PCR amplification (RED-PCR) approach, fol-
lowed by ultra-deep sequencing of the region of interest
(Figures 2 and S1).'"* Using the restriction enzyme
Nsil on DNA extracted from sperm and blood samples,
mutant sequences within the Nsil site located at position
c.1494_1499ATGCAT (cDNA GenBank: NM_005359.6
[NP_005350.1]) can be enriched. Of note, while the Nsil
digestion overlaps with two of the most common
MYHRS-causing SMAD4 variants (c.1498A>G [p.Ile500Val]
and c¢.1499T>C [p.lle500Thr]), this strategy enriches

10—
m c.1486C>T (p.Arg496Cys)
m c.1498A>G (p.lle500Val)
O ¢.1499T>C (p.lle500Thr)

Number of cases

I R

b S o
PPN N N
R b

Difference between MYHRS father's age
and year-matched population average (years)

Figure 1.
mutations
Distribution of the observed difference between the ages of fathers
(n = 35) of MYHRS-affected individuals and year-matched USA
population average (pooled in 3-year bins). The shift to the right
side of the figure illustrates the paternal age excess. The specific
SMAD4 mutation identified in the proband is denoted according
to the color chart indicating the MYHRS variant and predicted
amino acid change. The maternal age effect for these families is
shown in Figure S5A.

Paternal age effect for de novo MYHRS-causing SMAD4

equally all 18 possible nucleotide substitutions within
the 6-bp Niil site (affecting codons Leu498, Cys499, and
[1e500) (Figure 2A).

To assess the capability and sensitivity of the assay to
detect mutations at ultra-low levels (down to the range
of 107 to 107%, based on the expected rarity on these
mutations and the low birth prevalence of MYHRS), we
performed a titration-reconstruction experiment using
two technical replicates each containing 10 nug of control
gDNA extracted from blood (equivalent to ~3.3 x 10°
copies of the haploid genome) supplemented with a dilu-
tion series of equimolar gDNA from two individuals het-
erozygous for the SMAD4 c¢.1498A>G (p.lle500Val)
(MYHRS 1) or ¢.1499T>C (p.lle500Thr) (MYHRS 2) vari-
ants (range of input mutant molecules from ~3 [dilution:
1 x 107%] to ~333 [dilution: 1 x 10~%]). To obtain an ab-
solute quantification of mutation levels following
Nsil digestion, we used a CRISPR-Cas9 genome modifica-
tion approach to engineer an Nsil-resistant clone and
obtained a clone containing a 17 bp heterozygous
deletion in SMAD4 corresponding to cDNA position
c.1478_1494del (see subjects, materials, and methods).
As the final base of the deletion encompasses the first
base of the Nsil cut site (position c.1494A), the mutant
allele is resistant to Nsil digestion (c.1494_1499ATGCAT)
(Figures 2A and S1A). Conveniently, this Nsil-Integrant
clone has a unique genomic signature, making it well
suited to be used as a molecular spike to quantify abso-
lute mutation levels across the Nsil site. For accurate
quantification of the dilution series, all titration samples
were spiked with 100 mutant copies (dilution equivalent
to 3 x 107°) heterozygous gDNA from the Nsil-Integrant
clone. Figure 2B shows a robust correlation (Rg = 0.98-
0.99) between the levels of input for each of the
two MYHRS gDNA samples and the mutation levels esti-
mated by massively parallel sequencing, following two
rounds of Nsil digestion and PCR amplification, indi-
cating a good sensitivity of the assay to measure
MYHRS mutation levels down to levels as low as ~1 x
107 (Figure 2B; Table S3).

To assess the reproducibility of the assay across biolog-
ical and technical replicates, we used the same strategy to
measure all 18 single nucleotide substitutions within the
Nsil restriction enzyme site in technical triplicates of 12
sperm samples from four different individuals taken at
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Figure 2. Nisil restriction enzyme digestion (RED)-PCR assay for enrichment of spontaneous MYHRS-associated SMAD4 mutations

(A) SMAD4 sequence context around codon 500 (red), which encompasses an Nsil restriction site (yellow box—note the palindromic
nature of the site, indicated by the dotted red line). Pstl digestion releases a 1,332 bp gDNAfragment and wild-type sequences are
also digested with Nsil to generate two smaller fragments (844 and 488 bp) (Figure S1). All nucleotide substitutions (and corresponding
amino acid changes) resistant to Nsil digestion are indicated and are color coded according to the amino acid involved. The two known
MYHRS-causing mutations that can be enriched by this strategy are indicated in bold. The CRISPR-edited Integrant clone, a 17 bp
(c.1478_1494del) heterozygous deletion (in purple within the dotted rectangle), is also resistant to Nsil digestion.
(B) Mutation levels estimated in a titration-reconstruction assay with serial dilutions of two gDNA from MYHRS-affected individuals
with the p.Ile500Thr (red) or p.lle500Val (black) variant (as indicated on the figure) mixed with blood carrier gDNA and the Integrant
DNA. Values plotted are means of two technical replicates and error bars represent 95% binomial confidence intervals (CIs) (see

Table S3)

(legend continued on next page)

8 The American Journal of Human Genetics 177, 1-17, September 5, 2024




Please cite this article in press as: Wood et al., SMAD4 mutations causing Myhre syndrome are under positive selection in the male germline,
The American Journal of Human Genetics (2024), https://doi.org/10.1016/j.ajhg.2024.07.006

different time points (Figure S6; Table S4). For donors 21
and 27, we had access to DNA extracted from two inde-
pendent ejaculates collected within three days of each
other (biological replicates). For donors 14 and 17,
DNA from four ejaculates were available, which included
two independent biological samples taken three days
apart and a further two biological samples taken three
years later. We obtained consistent mutation level esti-
mates across the 18 substitutions of the Nsi-site both in
technical replicates and from different samples of the
same individual (even for those collected three years
apart), indicating that analysis of single sperm samples
at one time point accurately reflects mutation prevalence
in the individual (Figure S6). We next quantified muta-
tion levels for all 18 substitutions across the Nsil site
(c.1494_1499; Leu498, Cys499, 11e500) in 5 blood and
57 sperm samples from healthy individuals without fam-
ily history of MYHRS, which were run as technical tripli-
cates (Figures 2C-2E and S7; Table S5). To analyze the
data agnostically, we considered the mutation levels for
substitutions at each of the codon encompassing the
Nisil site in turn and exploited the fact that the recogni-
tion site of the enzyme has a palindromic structure
(Figure 2A). The mutation levels at c.1494A, which en-
codes the last position of the Leu498 codon, did not
differ between sperm and blood samples and were not
present above background (~107°) in any sample
(Figure S7; Tables S5 and S6). For substitutions affecting
the nucleotides encompassing Cys499 (c.1495_1497),
two substitutions (c.1496G>T [p.Cys499Phe] and
¢.1497C>A [p.Cys499*]) had mutation levels above back-
ground in the majority of samples; however, the muta-
tion levels were similar in sperm and blood samples
and did not correlate with donor age (Rs = 0.125 for
c.1496G>T and Rs = —0.006 for c.1497C>A). Rather,
the levels of ¢.1496G>T strongly correlated with the
c.1497C>A levels within the same sample (Rg = 0.718,
p < 2.2 x 1079 (Figures 2C and S7; Tables S5 and S6).
Given that these G>T/C>A transversions are present in
all samples regardless of type or age and affect reciprocal
positions within the palindromic Nsil site, they are likely
to result from a technical artifact. Consistent with
this interpretation, G>T transversion is a known heat-

induced mutational signature associated with oxidative
stress arising during DNA preparation or long-term
storage.”® The levels of the other seven substitutions
affecting the Cys499 codon were at or below 10~ (limit
of detection) for all samples, both blood and sperm
(Figure S7; Tables S5 and S6). In contrast, at the last 2 po-
sitions of the Nsil site, encoding the [1e500 codon, the
€.1498A>G (p.lle500Val) variant was present above back-
ground levels in 42/57 (73%) sperm samples, but in none
of the blood samples, and showed a significant and pos-
itive correlation between mutation levels and donor’s age
(Rs = 0.487) (Figure 2E). The mean mutation level in
sperm (the mean age of the sperm donors was 40.71
years [range: 27.22-75.86]) was 9.33 per million, with a
maximum of 92.5 per million in a sample from a 59.9-
year-old man. Likewise, the level of the c.1499T>C
(p-I1e500Thr) MYHRS-causing variant was detected above
background levels in 14/57 (25%) sperm samples, but in
none of the blood samples, with a positive (although
weaker than for p.lle500Val) correlation between muta-
tion levels and donor age (Rs = 0.318) (Figure 2F). The
mean mutation levels measured in sperm across the 57
sperm samples was 0.9 per million, with a maximum of
13.2 per million in a sample from a man aged 71.8 years.
Unlike the correlation observed between the ¢.1496G>T
and its reciprocal ¢.1497C>A, the cognate positions
within the Nsil palindrome to the MYHRS variants (i.e.,
c.1495T>C [p.Cys499Arg] is reciprocal to c.1498A>G
[p-Ile500Val] and c.1494A>G [p.Leud98=] is reciprocal
to ¢.1499T>C [p.lle500Thr]) did not show elevated mu-
tation levels (Figures 2C and S7). At the I1e500 codon,
there are two alternative DNA substitutions resulting
in an isoleucine-to-leucine change, c.1498A>C and
c.1498A>T. While the p.lle500Leu has not previously
been reported as a MYHRS recurrent mutation or in
genomic variation databases, c.1498A>C was present
above the assay limit of detection (10~°) in sperm sam-
ples from eight men and positively correlated with donor
age (Rs = 0.435), while c.1498A>T was found at elevated
levels in samples from five individuals (Rs = 0.204)
(Figures 2G and 2H). Neither of these substitutions
were present above background levels in any of the
blood samples or at their reciprocal positions in the

(C) Comparison of the mutation levels (per million) in sperm samples for the equivalent (i.e., reciprocal) substitutions within the palin-
dromic Nsil site (ATG|CAT)—note that for the top row (and in particular the top left panel), the ¢.1497C substitution levels within in-
dividual samples correlate significantly with the levels of their cognate c¢.1496G change. This pattern is best explained by the DNA sub-
stitutions occurring through a passive process, such as oxidative damage. By contrast for the other substitutions (middle and bottom
rows), the relationships between equivalent substitutions are different, with mutation levels of reciprocal/cognate substitutions not
correlating with one another. Note the variable range of the axes that have been adjusted to reflect the levels of the highest
measurements.

(D) Cumulative mutation levels for the 18 different substitutions enriched by the Nsil RED-PCR assay (see color chart) observed in sperm
(top) and blood (bottom) samples. Mutations encoding the p.lle500Val, p.lleuS00Thr, and p.lleu500Leu changes dominate the land-
scape, while the ¢.1496C>A and its cognate c.1497G>T variant are found in similar proportions. Individual plots are presented in
Figure S7.

(E-H) Mutation levels of four apparently selected variants at 11e500 (c.1498A>G [p.Ile500Val], c.1499T>C [p.1le500Thr], and c.1498A>C
and A>T which both encode p.lle500Leu) plotted against the age of the donors on a log10 scale. The dotted line represents the 10~ limit
of detection of the RED-PCR assay. Blood (red) and sperm (black) samples are plotted as the mean of three independent technical rep-
licates and their 95% binomial CI.
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Figure 3.

Functional characterization of the sperm-enriched SMAD4 variants

(A) Transcriptional activity (assessed by luciferase assay using SBE3 binding site in HEK293T cells) of wild-type (WT) and enriched
SMAD4 protein mutants, as indicated on the figure. The graph bars represent mean + SEM and values of 3 individual replicates are indi-
cated as white circles.

(B) Protein levels and stability of SMAD4 mutants. Immunoblot analysis shows WT and variant HA-tagged SMAD4 protein levels in
transfected HEK293T cells, basally and after cycloheximide (CHX) treatment. GAPDH was used as loading control. Representative blots
(below) and mean + SEM densitometry values (above) of three independent experiments are shown. Asterisks indicate statistically sig-
nificant differences compared to the WT SMAD4 (***p < 0.001; **p < 0.05; two-way ANOVA followed by Dunnett’s multiple comparison
test).

(C and D) Serum-stimulated phospho-ERK (pERK) assay. Representative blots (below) and graphs reporting mean + SEM densitometry
values (above) of at least three independent experiments are shown. HEK293T cells were transiently transfected with the indicated HA-
tagged SMAD4 or V5-tagged LZTR1 construct, serum starved (16 h), and stimulated with FBS (C) or TGF-p1 (D), in time-course experi-
ments or left untreated. Equal amounts of total proteins from each cell lysate were resolved on 10% polyacrylamide gels. Asterisks
indicate statistically significant differences in the phosphorylation levels compared to cells transfected with empty vector at the corre-

sponding experimental points (**p < 0.01; *p < 0.05; two-way ANOVA followed by Dunnett’s multiple comparison test).

Nsil site (Figure 2C). For the other two substitutions
affecting the I1e500 codon, c.1499T>G (p.Ille500Arg)
was observed above background in a single sperm sample
at a level of 3.2 per million, while ¢.1499T>A (p.[1e500-
Lys) was below background levels in all sperm and blood
samples (Figures 2C and S7). Taken together, these data
indicate that the two previously reported MYHRS-
causing SMAD4 mutations are detected at elevated levels
in the sperm of most men and the levels show an
increase with donor’s age. This behavior is consistent
with clonal selection driven by the encoded protein
changes rather than hypermutability of the specific
DNA substitutions. Moreover, our data suggest that the
p-lle500Leu variants (encoded by two different DNA sub-
stitutions) may also be under positive selection in aging
testes.

Functional impact of positively selected SMAD4

missense variants

To refine our interpretation of the significance of
the sperm-enriched MYHRS-associated SMAD4 variants
(p-Ile500Val, p.Jle5S00Thr, and p.JlleuSO0Leu), which
exhibit a signature of selection, and those detected at levels
above background (p.Cys499Phe and p.Cys499*), we per-
formed in vitro assays to evaluate their functional behavior.
First, we used a dual luciferase assay to establish the
impact of the different SMAD4 mutants on the expression
of a TGF-B-dependent reporter target construct. Wild-type
and mutant SMAD4 cDNAs were cloned into the p.CMV6-
HA-CA mammalian expression vector and co-transfected
into HEK293T cells, along with a firefly luciferase reporter
gene under the control of three copies of a SMAD-binding
element (SBE3) (Figure 3A), as previously described.”” The
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p-1le500Val and p.Ile500Thr mutant proteins both showed
a small but significant increase in luciferase activity
compared to the wild-type construct (1.69 RLU and 1.77
RLU, respectively). Similarly, both constructs encoding
the p.lle500Leu SMAD4 mutants, which had not previ-
ously been associated with MYHRS, also resulted in a sig-
nificant increase of luciferase expression (1.72 RLU and
1.54 RLU for the ¢.1498A>C and A>T changes, respec-
tively). By contrast, the p.Cys499Phe mutant showed no
significant difference in luciferase expression compared
to the wild-type protein, and the p.Cys499* construct re-
sulted in complete loss of luciferase expression—at a level
similar to the empty vector—suggesting that the truncated
protein is non-functional (Figure 3A).

We then assessed the effects of the SMAD4 selected var-
iants at codon I1e500 on protein stability (Figure 3B).
Because I1e500 lies in close proximity to Lys519, a known
site of SMAD4 ubiquitination, it has been previously pro-
posed that the pathophysiological mechanism of MYHRS
involves an impaired/defective protein ubiquitination
affecting protein stability and/or function.”” Indeed, Le
Goff et al. showed increased levels of SMAD4 protein and
reduced SMAD4 ubiquitination in fibroblasts from individ-
uals heterozygous for the p.IleS00Thr variant compared to
control individuals.?' Based on these considerations, we
performed a protein stability assay for the panel of selected
mutants and found that proteins carrying the MYHRS-
associated p.lle500Val, p.1le500Thr, and p.lle500Leu
(both permutations) amino acid substitutions were signif-
icantly more stable than wild-type SMAD4—both basally
and after cycloheximide (CHX) treatment. No significant
difference of protein stability was observed between the
four selected mutants. By contrast, the p.Cys499Phe
mutant protein exhibited protein levels and a stability pro-
file indistinguishable to those observed for wild-type
SMAD4 (Figure 3B). As the truncated p.Cys499* mutant
does not produce a full-length protein, its function was
not assessed in this assay. Taken together, these results
show that the four SMAD4 variants at codon Ile500
found to be enriched in sperm exhibit similar transcrip-
tional activity in vitro, likely resulting from an increased
protein stability, with the two substitutions encoding
p-lle500Leu mutants acting similarly to the p.lleS00Val
and p.lleS00Thr MYHRS-causing variants. By contrast,
the p.Cys499Phe and p.Cys499* mutant proteins did not
increase the SMAD4 transcriptional activity, with the
p-Cys499Phe mutant being indistinguishable to the wild-
type protein and the truncated p.Cys499* producing a
non-functional protein. These results further support
our interpretation that c.1496G>T (p.Cys499Phe) and
¢.1497C>A (p.Cys499*), despite being observed at elevated
levels in semen samples, are technical artifacts likely result-
ing from heat stress occurring during DNA extraction.

While SMADA4 is a key effector of the TGF-B/BMP/activin
signaling pathway, all the evidence collected so far suggests
that clonal selection of spermatogonial stem cells is medi-
ated through upregulation of the RAS-MAPK signaling

cascade. Hence, we asked whether the sperm-enriched
SMAD4 mutants were able to perturb the RAS-MAPK signal
flow in vitro. To this end, we first investigated the levels of
phosphorylated ERK (pERK), the last tier of the MAPK
pathway, in HEK293T cells transiently transfected to ex-
press wild-type or mutant SMAD4 constructs, in time-
course experiments upon stimulation with a cocktail of
growth factors (20% FBS).>” A dominant-negative LZTR1
mutant construct, previously shown to upregulate ERK
phosphorylation in stimulated conditions, was used as a
positive control in the assay.*® As shown in Figure 3C,
the positively selected Ile500 mutants promoted a stim-
ulus-dependent upregulation of ERK phosphorylation, in
a manner similar to the dominant Noonan syndrome-asso-
ciated LZTR1 mutant. To further delineate the pathway
involved in SMAD4 activity, we performed the same
PERK assay where FBS induction was replaced by TGF-p1
stimulation (Figure 3D). In this condition, overexpression
of wild-type SMAD4 did not result in a significant perturba-
tion of pERK levels, neither basally nor following growth
factor stimulation. By contrast, both p.Ille500Val and
p-11e500Thr SMAD4 mutants promoted a significant stim-
ulus-dependent increase of ERK phosphorylation. These
in vitro findings suggest that the MYHRS SMAD4 mutants
act not only through a GoF mechanism within the canon-
ical TGF-B signaling pathway, but may also confer a “neo-
morphic” function to SMAD4, by providing the mutant
proteins with the ability to modulate a crosstalk with the
RAS-MAPK signaling cascade.

Discussion

In this study, we explored the possibility that MYHRS-
causing SMAD4 mutations are under positive selection in
the adult male germline. To this end, we asked whether
MYHRS presentation’s features fulfill the three criteria pre-
viously observed for bona fide PAE disorders. First, the anal-
ysis of the parental origin of MYHRS-causing variants in 16
informative family trios via haplotype phasing showed
that the DNMs arose on the paternally derived allele in
all cases, demonstrating the exclusive paternal origin of
the SMAD4-causing mutations. Using parental age data of
a well-characterized MYHRS cohort, we then documented
that men who fathered a child with a pathogenic SMAD4
DNM were on average 6.3 years older when compared to
year-matched population average, demonstrating a statis-
tically significant epidemiological paternal age effect for
MYHRS. Finally, we developed an ultra-sensitive sperm
assay to quantify the levels at which spontaneous
MYHRS-causing SMAD4 variants are observed in sperm
samples and showed that MYHRS-associated SMAD4
variants at codon 500 are found at elevated level in
sperm of most men and exhibit a strong and significant
positive correlation with donor age, indicative of a high
apparent germline mutation rate. Taken together, these
findings strongly support a model in which spontaneous
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MYHRS-associated variants become progressively enriched
in the testes of aging men via a mechanism of clonal selec-
tion of mutant SSCs over the course of time. Importantly,
this study provides compelling evidence that selfish sper-
matogonial selection can be mediated by genes located
outside the canonical RAS-MAPK signaling pathway.

We showed that the RED-PCR assay allows unbiased
quantification of all spontaneous mutations within six
base-pairs (within the Nsil site) of SMAD4 in sperm of
men of different ages. This approach has several advan-
tages that have allowed us not only to detect selfish be-
haviors of specific mutations but also to anticipate the
relative prevalence of pathogenic DNMs in the popula-
tion. For example, we showed that there were 2.86 times
more sperm samples carrying detectable levels of the
pathogenic p.lle500Val than the p.Ile500Thr variant.
These data are consistent with the observation that
p-1le500Val is at least twice or three times as frequent as
p.11e500Thr in MYHRS.***? The mean mutation level in
sperm across the sperm donors cohort for p.Ille500Val
(~1:100,000) was also considerably higher than that for
p-1e500Thr (~1:1,000,000), suggesting that the clonal se-
lection of the former may be stronger. Our in vitro func-
tional assays did not show a differential impact of the
two missense changes on SMAD4 transcriptional activity
or protein stability, suggesting that additional aspects of
SMAD#4 function, that have not been assessed here, likely
contribute to the differential clonal selection driven by
the p.lle500Val and p.Ile500Thr variants. Our data also
identified two other nucleotide substitutions, both encod-
ing a p.lle500Leu amino acid change, as being enriched in
sperm. Based on similarity of amino acid physico-chemi-
cal properties with the other known pathogenic MYHRS-
associated variants, we reasoned that the p.Ille500Leu
mutants could also be pathogenic, a proposal that was
supported by our in vitro functional assays that demon-
strated the p.IleS00Leu SMAD4 variants behaved indistin-
guishably to p.[le500Val and p.[1eS00Thr. Interestingly,
the p.lle500Leu variant has recently been reported as
likely causative in an individual with mild features of
MYHRS® and as a de novo variant of uncertain signifi-
cance in a proband diagnosed with type 2 congenital
microcephaly 2 (MCPH2 [MIM: 604317]) who carried in-
herited compound heterozygous variants in WDR62
(MIM: 613583).°" Our findings of enrichment of these
variants in sperm and their in vitro activity further support
the likely pathogenicity of p.Ile500Leu. Of note, it is strik-
ing that despite being pathogenic, all MYHRS-causing var-
iants encode conservative amino acid changes (for
example, the “Grantham difference” score for Ile>Val is
29 and for Ile>Leu is 5)° and are likely to confer subtle
GoF properties to mutant proteins. Given that Ile500
lies in close proximity to Lys519, a known site of ubiqui-
tination, our protein stability assays, confirming the
increased stability of the SMAD4 mutants over wild-type
protein, are consistent with the previous hypothesis that
subtle protein structural rearrangements caused by

MYHRS mutations may affect ubiquitination at this
Site.21_23

As arare disorder with a narrow mutational target within
SMAD4, it is difficult to obtain an accurate estimate of the
population prevalence of MYHRS. Based on our data, the
average mutation levels quantified in sperm for the most
common MYHRS variant (p.Ille500Val) were ~1:100,000
across a cohort of sperm donors aged on average 40.7 years
(median age = 38.3 years [range: 27-76 years]), which is
significantly older than the mean age of fatherhood. These
levels measured in sperm are in line with those previously
observed for other PAE disorders—for example, the FGFR2-
causing Apert syndrome c.755C>G (GenBank: NM_00
0141.5) (p.Ser252Trp) change (estimated to account for
~1:100,000 births) was quantified at an average level of
~1:40,000 in sperm of a cohort of men aged on average
39.1 years (median age = 37.0 [range: 24-73 vyears]).®
While the mutation levels measured in sperm demonstrate
that MYHRS-causing variants are present more abundantly
than other non-pathogenic substitutions in the male
germline, they may not reflect directly the birth rate of
this rare disorder given that some affected pregnancies
may not reach term or alternatively, MYHRS may be under-
diagnosed. We note the presence of 7 individuals with
SMAD4 ¢.1486C>T (p.Arg496Cys) and one individual car-
rying the ¢.1498A>G (p.lle500Val) change in the gnomAD
population database (gnomAD v.4.1.0), suggesting that
some of the SMAD4 pathogenic variants are not fully
penetrant.

The identification of clonal selection of MYHRS-associ-
ated SMAD4 variants in the male germline represents an
unanticipated finding as components of the TGF-3/BMP/
activin signaling have not been associated previously
with paternal age effects or selfish selection. Yet, this is
intriguing because disorders associated with mutations in
genes of the TGF-B/BMP/activin pathway, such as Marfan
syndrome (MIM: 154700), Loeys-Dietz syndrome (MIM:
610168), Shprintzen-Goldberg (MIM: 182212), or fibrodys-
plasia ossificans progressive (FOP; MIM: 135100) share
some common features with known PAE disorders.>***

SMADYA4, also known as co-SMAD, operates at the core of
the TGF-B/BMP/activin superfamily where it acts as an
obligatory component of the signaling cascade, forming
transcriptionally active heterotrimeric complexes with
R-SMADs that are able to translocate to the nucleus and
control expression of target genes.”’**°* SMAD4 is ex-
pressed at high levels in several testicular cell types,
including somatic cells (Sertoli and Leydig cells) and
germ cells. Tissue-specific knock-out murine models have
demonstrated an essential role for Smad4 in Sertoli cells®®
but its precise role in adult spermatogonial stem cells
remain poorly characterised.’® Recent single-cell transcrip-
tomics data confirmed that SMAD4 is expressed in undif-
ferentiated human spermatogonial stem cells®’ and that
members of the TGF-B superfamily (including activins,
BMPs, and TGF-Bs) are key regulators of testis development
and play a key role in spermatogonial homeostasis.*>*% ¢’
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Specifically, BMPs and activins have been reported to pro-
mote specification, survival, and proliferation of murine
germ cells and are required for maintenance of adult sper-
matogenesis.”®’"~"* By contrast, TGF-B signaling has been
documented to have a key inhibitory role during testis
development by promoting germ cell quiescence.”®
Further work is required to demonstrate or rule out a direct
relevance of the “canonical” TGF-B/BMP signaling medi-
ated by R-SMAD-SMAD4 complexes in mutant germ cells
carrying MYHRS-causing variants. However, it is important
to consider that signal transduction elicited in response to
growth factors of the TGF-B superfamily can also involve
the activation of “non-canonical” pathways.”® In this
context, SMADs likely act as key nodes mediating cross-
talk between major signaling pathways and orchestrate
coherent cell decisions during development and/or
homeostasis.

With this in mind, it is relevant to consider our finding
showing that the levels of phosphorylated ERK are
increased in response to activation by the SMAD4 I1e500
sperm-enriched mutants compared to the wild-type pro-
tein. This suggests that the functional impact of the
SMAD4 mutants may also (at least in part) be mediated
via increased activation of the RAS-MAPK pathway. This
“neomorphic” function of the MYHRS-associated SMAD4
mutations suggests a potential cross-talk between the
TGF-B/BMP and RAS-MAPK signaling pathways. While
experimental evidence of a direct functional interaction
between SMADs and the MAPK cascade is limited, previous
studies have indirectly implicated a potential cross-talk
through shared regulators or effectors.”® For example,
TGF-B has been reported to modulate the amplitude and
duration of MAPK activation with slow kinetics, suggesting
a contribution associated with SMAD-dependent transcrip-
tion responses; however, evidence also exists for rapid
activation of ERK, the downstream tier of the MAPK
cascade, in response to TGF-p stimulation, suggesting inde-
pendence from transcription.”” Moreover, the SMAD4
Thr277 residue in the linker region of SMAD4 is phosphor-
ylated by MAPK-ERK in response to FGF and TGF-B, which
facilitates its transcriptional activity and stability.”® Like-
wise, the protein phosphatase WIP1 antagonizes FGEF-
induced ERK-mediated phosphorylation of SMAD4.”%-8¢
While the cross-talk between the TGF-B/BMP and
MAPK signaling cascades is likely complex and context
dependent,”®*"*? the short-term enhanced MAPK si-
gnaling associated with the expression of MYHRS-causing
SMAD4 mutants that we observed following serum and
TGF-B1 stimulation suggests that positive selection of
MYHRS variants in testes may be driven via upregulation
of the MAPK signaling cascade. Although dedicated efforts
are required to dissect the mechanisms of this modulatory
role, these findings further emphasize the predominant
role of the RAS-MAPK signaling upregulation in clonal se-
lection in human SSCs.

Taken together, we have provided compelling evidence
that MYHRS-associated DNMs in SMAD4 are under posi-

tive selection in the male germline. As SMAD4 is an inte-
gral part of the TGF-B/BMP/activin signaling pathway, its
association with selfish spermatogonial selection high-
lights the important role of this signaling cascade in con-
trolling homeostasis in human testes. Our approach also
demonstrates that screening of sperm or human testes pro-
vides a means to identify functional/pathogenic mutations
and predict their pattern of occurrence in the population.
Our findings have important implications for genetic
counseling and prenatal testing, and also for public health
advice more generally, as the average age of fatherhood
continues to increase widely across the developed world.
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