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[bookmark: _Toc159401457][bookmark: _Toc164766648]Supplementary Materials and Methods
[bookmark: _Toc159401458][bookmark: _Toc164766649]Sperm DNA extraction
The DNA from sperm was extracted from fresh semen samples following the protocol as described previously using the Puregene Core Kit A (QIAGEN, #1042601) (Arbeithuber et al. 2015; Salazar et al. 2022; Moura et al. 2024). In brief, 2x106 sperm cells were taken from ∼25µl of well inverted semen sample for each donor, followed by a centrifugation step of 20 seconds at 8,000g then 90% of the supernatant was removed and remaining cells were resuspended in 10% of remaining supernatant. Afterwards, 150µl of cell lysis solution, 6µl of 1M DTT, and 0.5µl of Proteinase K solution (20mg/µl) (QIAGEN) were added and incubated at 37ºC overnight. The solution was incubated at 37ºC for 15 minutes after adding of 0.75µl of RNase A (4mg/ml). After the RNase A treatment, samples were cooled on ice for 15 minutes before adding 50µl of protein precipitation solution and mixed for 1 minute. Afterwards, the samples were centrifuged at 4°C for 20 minutes at 13,000g. Then the supernatant was transferred to a fresh tube and the same centrifugation conditions were repeated. After the second centrifugation, the clear supernatant was transferred into a low-binding DNA and RNA-free/siliconized tube and then 150µl of 100% isopropanol and 0.25µl of glycogen solution (QIAGEN, #1045724) were added to precipitate the DNA in this step. Therefore, the mixed sample was inverted gently until the DNA was formed by visible bundle. Then, the sample was centrifuged at 4°C for 30 minutes at 13,000g. The supernatant was discarded and the remining pellet was washed with 150µl of 70% ethanol followed by a centrifugation at 4°C for 3 minutes at 13,000g. The remained supernatant was discarded carefully, and the pellet was dried for around 3 minutes. Finally, the dried DNA was resuspended in 25µl of DNA hydration solution (TE, pH 7.5).

[bookmark: _Toc156324603][bookmark: _Toc159401459][bookmark: _Toc164766650]Testis dissection
The testis microdissection strategy has been applied based on published protocols (Qin et al. 2007; Choi et al. 2008; Choi et al. 2012; Shinde et al. 2013; Yoon et al. 2013; Moura et al. 2024; Striedner et al. 2024). Briefly, both testes were thawed on ice at 4°C overnight, after taking from -80°C to -20°C for 96 hours. Afterwards, the testis and epididymis were cut in half following an immediate fixation in 70% ethanol at 4°C for 72 hours. Then, all connective and fat tissues surrounding the testis were removed and the skin, epididymis, and vas deferens were cut into smaller pieces and were frozen at -20°C separately. Each half of testis was cut into 3 slices. Each slice was then dissected into 32 pieces by cutting into 4 vertical strips and 7 horizontal cuts. Consequently, each full testis was cut into 192 pieces. Note that because of the shape of the testis, there is some variation in the size of the dissected pieces. 
[bookmark: _Toc156324604][bookmark: _Toc159401460][bookmark: _Toc164766651]Testis, Skin and Epididymis DNA extraction
NucleoMag Tissue Kit (Macherey-Nagel, #744300.1) was used to extract testis DNA from each individual piece of testis tissue. In brief, 100µl of Buffer T1 and a 5mm steel bead (QIAGEN, #69989) were added to a maximum of 20mg of testis tissue which was transferred into a 2 ml round bottom tube. Then, the tissue was homogenized in the TissueLyser (Qiagen) at 25Hz for 1 minute and briefly spun down to collect tissue and foam at the bottom of tube. The steel bead was discarded carefully and remaining 100µl of Buffer T1 and 25µl Proteinase K solution (75mg/2.6ml) were added. The solution was mixed and spun down briefly to ensure that the buffer fully covers the whole tissue properly. The samples were incubated at 37°C overnight. Afterwards, 3µl of RNase A solution (4mg/µl; QIAGEN) was added to the lysed samples and incubated at 37°C for 1 hour, followed by a centrifugation step of 5 minutes at 6,000g. Then, 225µl of the cleared lysate were transferred to a low-binding DNA and RNA-free tube/siliconized tube. Next, 24µl of NucleoMag B-Beads (which was vortexed and spun down briefly before using) and 360µl Buffer MB2 was added to each sample tube followed by 16 times resuspending and incubating for 5 minutes at RT (RT) to bind the DNA to the NucleoMag B beads. The sample tube was placed in the magnetic separator for 2 minutes to separate the magnetic bead from the solution in order to remove the supernatant properly. Afterwards, the tubes were removed from the magnetic separator and beads were carefully resuspended in 600µl buffer to get a homogenous solution. The samples were incubated on the magnetic for 2 minutes and supernatant was discarded. The remaining beads were resuspended in 600µl of Buffer MB4 and again incubated for 2 minutes while on the magnetic separator. The supernatant was discarded and beads were washed. Therefore, 900 µl of Buffer MB5 was gently added to the beads while still attracted to magnet and incubated for 45-60 seconds before discarding the supernatant gently to remove traces of ethanol. The beads were resuspended with 50µl of Buffer MB6 and incubated at RT for 10 minutes. Finally, the tubes were placed on the magnetic for 2 minutes until the solution got clear and the supernatant containing genomic DNA was transferred to a fresh low-binding nucleic acid-free tube. 
[bookmark: _Toc156324605][bookmark: _Toc159401461][bookmark: _Toc164766652]Duplex library preparation
The protocol for the library preparation was based on (Salazar et al. 2022) with adaptations from (Salk et al. 2019; Abascal et al. 2021). The differences between the unrepaired and repaired approach included steps that remove DNA lesions, including treatments with USER and Fpg-Glycosylase and a blunting step with a Mung bean nuclease in combination with ddBTPs nick sealing. Specific library preparation strategies are summarized in Supplementary Table S12. 
[bookmark: _Toc156324606][bookmark: _Toc164766653]Adapter synthesis 
[image: ]We utilized DS_Hairpin_U (adapter 2) described in (Salazar et al. 2022) , which is a closed loop hairpin adapter (sequence details are listed in Supplementary Table S14). In brief, the adapter had a closed hairpin structure, which showed a better ligation efficiency and can be opened with the USER enzyme mix (New England Biolabs, NEB, #M5505) after the ligation step. 


[bookmark: _Toc156324609][bookmark: _Toc159401462][bookmark: _Toc164766654]Random fragmentation by Covaris shearing
The Covaris shearing was combined with two strategies called “unrepaired libraries” and “repaired libraries”. For repaired libraries an additional blunting step was added in combination with ddBTPs in order to reduce error rates, modified from (Abascal et al. 2021). 
[bookmark: _Toc159401464][bookmark: _Toc164766655]Unrepaired libraries: 
Genomic DNA (gDNA) random fragmentation was accomplished via focused ultrasonication (Covaris M220) to yield 250 bp fragments (100 sec, peak power 50, 20% duty factor, 200 cycles/burst) followed by a double size selection performed using Sera-Mag Select beads (Cytiva) to exclude fragments below or above 100-400 bp. Approximately 2 µg sonicated DNA, 1x CutSmart buffer (NEB), and 0.7 volumes of beads were combined in a 200 µl reaction. After careful mixing and a 10-minute incubation at room temperature, supernatant (190 µl) was transferred following magnetic separation. Subsequently, 2.5 volumes of beads were added, mixed, and incubated for 10 minutes. The beads were washed twice with 80% ethanol, dried, and the DNA was eluted in 20 µl nuclease-free water (Sigma Aldrich).
A maximum of 1 µg DNA was processed for end-repair/A-tailing using the NEBNext Ultra II End Repair/dA-Tailing Module (NEB, #E7546) followed by the ligation of duplex adapters (described in the previous section) in a 20-molar excess to the input DNA using the NEBNext Ultra II Ligation Module (NEB, #E7595) and purified using 1 volume of Sera-Mag Select beads (Cytiva, #29343052) according to manufacturer’s instructions. Pure DNA was eluted using 50µl of nuclease-free water. 
[bookmark: _Toc159401465][bookmark: _Toc164766656]Repaired libraries 
Genomic DNA (gDNA) fragmentation was achieved through focused ultrasonication (Covaris M220), producing 450 bp fragments (55 sec, peak power 50, 10% duty factor, 200 cycles/burst). Subsequently, up to 4 µg of DNA in 1x CutSmart buffer underwent USER digestion (4 units, NEB, #M5505L) in a 100-150 µl reaction, incubated at 37°C for 1 hr. The reaction was purified with 1.2 volumes of AMPure XP beads and eluted in 30 µl nuclease-free water. In a next step, DNA was treated by a Fpg digest in order to remove 8-oxoguanine bases, a product of modified guanine due to oxidation. Thirty microliters of the sample, supplemented with 1x NEBuffer 1, 1x BSA, and 16 units Fpg-Glycosylase (NEB, #M0240), underwent incubation at 37°C for 1 hr. Purification with 1.2 volumes of AMPure XP beads followed, and the elution was carried out in 20 µl nuclease-free water.
Removal of blunt ends and capping of nicks 
Here we introduced a blunting and a nick sealing step modified from (Abascal et al. 2021). Specifically, we used 1 µg DNA in a total reaction volume of 30 µl supplemented with 1x Mung Bean nuclease reaction buffer and 1 unit Mung Bean nuclease (NEB, #M0250) incubated at 30°C for 30 min. The reaction was stopped by inactivating the enzyme with 0.01% SDS. The sample volume was increased to 100 µl by adding nuclease-free water and the reaction was purified with 1.2 volumes AMPure XP beads (Beckman Coulter) according to manufacturer’s instructions eluting the purified DNA with 20 µl nuclease-free water. In a next step, DNA was phosphorylated by supplementing 20 µl of sample with 1x NEBuffer 4 (NEB, #B7004), 1 mM ATP and 10 units T4 Polynucleotide Kinase (NEB, #M0201) in a total of 30 µl and incubating at 37°C for 30 min. The sample was immediately processed for nick inactivation reaction by scaling up to a total of 50 µl reaction volume including 100 µM of dATP (NEB, #N0440), ddCTP, ddGTP and ddTTP (ddBTP; Ultrapure ddNTP set, Merck/Sigma Aldrich, #GE27-2045-01) each, 15 units Klenow Fragment (3’→5’ exo-; NEB, #M0212) in 1x NEBuffer 4 (NEB) and incubating at 37°C for 30 min. To the 50 µl reaction, 50 µl of nuclease-free water were added and purified with 1.2 volumes AMPure XP beads (Beckman Coulter) according to manufacturer’s instructions. Pure DNA was eluted using 30 µl of nuclease-free water. Next, we performed end-repaired and A-tailing with the NEBNext Ultra II End repair/dA-tailing module (NEB #E7546) followed by the NEBNext Ultra II ligation module (NEB #E7595) of a maximum 1µg DNA fragment with A-3´end overhangs to ligate to the DS adapters with T-3`overhangs followed by purification with by 1.2 volumes of AMPure XP beads (Beckman Coulter). In other words, since NEBNext® Ultra™ II End Repair/dA-Tailing Module is optimized for using the NEBNext™ Ultra II Ligation Module, first 50 µl of A-tailing reaction product (maximum 1 µg DNA) was added to 7 µl of NEBNext Ultra II End Prep Reaction Buffer (NEB), and 3 µl of NEBNext Ultra II End Prep Enzyme Mix (NNEB). Reactions were incubated at 20°C for 30 minutes followed by 65°C for 30 minutes. Then, the adapters were ligated in a 20-molar excess to the input DNA by using 60 µl of End-repair/A-tailing mix supplemented with 30 µl of NEBNext Ultra II Ligation Master Mix (NEB), 1 µl of NEBNext Ultra Il Ligation Enhancer (NEB), and 2.5 µl of adapter. The mixture was incubated at 20°C for 15 minutes, followed by 4°C overnight. Then, 3 units of USER enzyme were added and incubated at 37°C for 15 minutes. Then the reaction was immediately purified using 1.2 volume of AMPure XP beads (Beckman Coulter) according to manufacturer's instructions. Pure DNA was eluted in 50 µl of nuclease-free water. 
A comparison of different conditions used for the unrepaired and repaired library preparation conditions is shown below.
Differences between the unrepaired and repaired library preparation steps. 
	Unrepaired libraries
	Repaired libraries
	Notes

	Covaris
	Covaris
	Shearing with less energy forms bigger fragments and less DNA lesions

	~250bp
	~450bp
	

	 
	USER
	USER repairs for deaminated C

	Size Selection
	Size Selection
	 

	(100-400bp)
	(300-700bp)
	

	 
	Fpg-Glycosylase
	Fpg-Glycosylase repairs for 8-oxoguanine

	End-repair/A-tailing/adapter ligation
	Mung Bean nuclease
	avoids end-repair and blocks nick extension

	(NEB Ultra II Kit)
	Phosphorylation + A-tailing with dATP/ddBTP
	

	 
	+ Adapter ligation
	

	PCR1 + 2 rounds of targeted capture
	PCR1 + 2 rounds of targeted capture 
	 



[bookmark: _Toc156324611][bookmark: _Toc159401466][bookmark: _Toc164766657]DNA amplification and targeted capture in Duplex library preparation
[bookmark: _Toc156324612]Pre-capture amplification (PCR 1)
[bookmark: _Hlk125364374][bookmark: _Hlk125364081][bookmark: _Hlk125367468][bookmark: _Hlk125367477]In order to amplify ligated DNA, variable amounts of input DNA, depending on the library prepared, were supplemented with 1x Kapa HiFi Reaction Mix (Roche, #07958935001), 0.4 or 2 µM NEB_mws20 primer (for primer sequences see Supplementary Table S14 ) and a total of 2.5 or 3.5 mM MgCl2 (1x Kapa HiFi Reaction Mix already includes 2.5 mM MgCl2) in a 50 µl or 100 µl reaction (for details see Supplementary Table S13). First, an extension reaction was performed with an initial denaturation at 95°C for 4 min followed by 12 cycles or 6 cycles of 98°C for 20 sec, 65°C for 20 sec and 72°C for 45 sec and a final elongation at 72°C for 5 min. Second, 0.4 or 2 µM of NEBNext Universal primer (for primer sequences see Supplementary Table S14) was added to the reaction to amplify DNA with an initial denaturation at 95°C for 4 min followed by 5 or 2 cycles of 98°C for 20 sec, 65°C for 20 sec and 72°C for 30 sec and a final elongation at 72°C for 3 min (for detailed cycling conditions see Supplementary Table S13, S14). PCR reaction was purified using 1.2 volumes of Sera-Mag Select beads (Cytiva) according to manufacturer’s instructions. Pure DNA was eluted in 40 µl nuclease-free water. 
[bookmark: _Toc156324613]Targeted captures and post-capture amplifications (PCR 2 and 3) 
1-2 µg of amplified DNA were further processed in two rounds of targeted capture reactions with corresponding biotinylated NGS discovery pools (IDT; see Supplementary Table S15; S16) as described in (Salazar et al. 2022) and a subsequent PCR amplification after each targeted capture (PCR 2 and 3, respectively; for PCR details see Supplementary Table S13. 
Then the PCR product was purified by using Ampure XP beads according to the manufacturer’s instructions and pure DNA was eluted in 20 µl nuclease-free water. For the second targeted captures, the same procedure was repeated, except that only half of the amounts of Cot-I DNA, blocking oligos and biotinylated oligos were used (the remaining volume of the latter was replaced by PCR grade water). NEBNext® Multiplex Oligos for Illumina® (NEB) were used instead of NEB_mws20 primer in the PCR reaction to add indexes for sequencing multiple libraries in one sequencing run.
After each size selection or purification step, DNA concentration was measured using the DeNovix dsDNA High Sensitivity Kit (Biozym, #31DSDNA-HI1) and a DeNovix DS-11 FX fluorometer according to manufacturer’s instructions. In order to check the final fragment size distribution of libraries before sequencing, 0.1-10 ng/µl DNA were run on a 2100 Bioanalyzer instrument (Agilent) using the High Sensitivity DNA kit (Agilent, # 5067-4626). Analysis of results was carried on with the 2100 19 Expert Software (Agilent). 
[bookmark: _Toc156324618][bookmark: _Toc159401467][bookmark: _Toc164766658]Sequencing
Illumina sequencing was done using the MiSeq Reagent v3 600 cycles kit at the VBCF NGS Unit, Vienna, Austria or the HiSeq X 150 PE platform at Macrogen, Seoul, South Korea (referring to as ‘MiSeq’ and ‘HiSeq X’, respectively. 

[bookmark: _Toc156324614][bookmark: _Toc159401468][bookmark: _Toc164766659]Variant analysis
[bookmark: _Toc156324615][bookmark: _Toc159401469][bookmark: _Toc164766660]Duplex Sequencing data analysis 
The raw sequencing data were analyzed with Galaxy on private servers of the Johannes Kepler University Linz (zusie.jku.at) and the Medical University of Gdansk. The paired-end (PE) reads were pre-processed by Illumina adapter trimming with Trim Galore! (Krueger et al. 2023). Next, the duplex consensus sequences (DCS) was built with the Du Novo package, a duplex sequencing (DS)-specific pipeline (Stoler et al. 2016). Before the alignment to the human genome assembly hg38 with BWA-MEM (Li 2013) and BamLeftAlignIndels (Garrison and Marth 2012), we trimmed the DCS on both ends by 15nt to avoid false mutations introduced at 3’ overhangs. Next, we marked the overlapping mates as softclipped with clipOverlap from the package BamUtil (Jun et al. 2015). Finally, we called variants (only substitutions) with LoFreq (Wilm et al. 2012) unless the coverage is below 1000, and the variants were reassessed with the Variant Analyzer (Povysil et al. 2021) by assigning a tier based on the quality of the variant call. The workflow is available under this link: https://usegalaxy.org/u/jku-itb-lab/w/galaxy-workflow-erbb2. 
[bookmark: _Toc156324616][bookmark: _Toc159401470][bookmark: _Toc164766661]Variant filtering
Variants called by the LowFreq tool (Wilm et al. 2012) in the Du Novo pipeline in Galaxy were re-analyzed by the Variant Analyzer tool (VAR-A), which examines the detected single nucleotide variants (SNV) and assigns them a quality score based on a tier-based system (Povysil et al. 2021). Usually, the SSCS is formed with a minimum of three reads. However, ~5-12% of the DCS are built with fewer reads (Schmitt et al. 2012a). Therefore, by using the VAR-A, smaller families (family size (FS)=1-2) can be allowed during consensus building because confidence levels are assigned to the variant. Specifically, VAR-A classifies variants based on a range of tiers [1.0 to 7.0], or in other words, high-quality to low-quality tiers, where the higher the variant's tier, the less the confidence of this variant. These tiers are defined by the FS, the number of reads per family, and the fraction of reads carrying the variant, as exemplified in Supplementary Table S17.
[bookmark: _Toc156324620][bookmark: _Toc159401471][bookmark: _Toc164766662]Droplet Digital PCR (ddPCR)
[bookmark: _Toc159401472][bookmark: _Toc164766663][bookmark: _Hlk125969062]Experimental Set-Up
[bookmark: _Hlk125375926]The Site-specific mutation assays were used through the online platform of BioRad company (available at https://www.bio-rad.com/digital-assays) to design target site specific assays (see Supplementary Table S18). ddPCR reactions were composed of 10 µL of 10× SuperMix for probes (no dUTP), 6.7 µL of Nucleic Acid free water, 1 µL of probes (900nM per probe and 100nM of each primer), 0.3 µL of restriction enzyme (MseI; 10U/µL), and 2 µL of genomic DNA (~125 ng/µL; ~36,000 genomes/µl). Moreover, 4 reaction replicates were set up to reach the total of ~300,000 genomes per sample. The restriction digest was incubated at RT for 15 minutes and then transferred into the cartridges besides the 70µl of droplet generation oil for probes. Then the sealing gasket was properly placed and droplets were formed in the droplet generator. Afterwards, about 43µl of the formed droplets were transferred into ddPCR 96-wel plate and sealed at 180°C for 3-5 seconds in the PX1 PCR Plate Sealer (Biorad). Then the end point PCR was run with the following conditions: 10 minutes at 95°C, 40 cycles of 30 seconds at 94°C and 1 minute at 53/55°C (depending on the targets site, see supplementary Table S18-method for target-specific information, and a final step of 10 minutes at 98°C for 10 minutes by considering the ramp rate of 2°C for each step. Moreover, the lid was heated to 105°C. The PCR plate was transferred to the droplet reader and the end point analysis was done by using the QuantaSoft Analysis Pro Software Version 1. 7. 4 (Bio-Rad Laboratories Inc.). We determined the detection thresholds manually without considering a positive or negative control The data points were corrected by using Poisson correction. 
[bookmark: _Toc156324621][bookmark: _Toc159401473][bookmark: _Toc164766664]Use of ddPCR in the detection of rare variants 
[bookmark: _Hlk158645401]The fractional abundance (FA)/VAF of potential variants was assessed using the highly sensitive ddPCR method (BioRad) (Hindson et al. 2011), known for its superior sensitivity compared to other qPCR-based approaches. Screening was conducted in 17-22 sperm donors and two testis-dissected tissues, each divided into 48 DNA pools. The ddPCR method utilized in this study has been documented to detect mutants at frequencies as low as 10-5 (Moura et al. 2024). However, it is noteworthy that the site-specific TaqMan probes used in ddPCR can only bind to one DNA strand, in contrast to DS techniques that analyze both dsDNA strands like DS. Consequently, the sensitivity of ddPCR may be constrained by DNA lesions, potentially leading to inaccurate mutant counts and artificially elevated mutation frequencies (Arbeithuber et al. 2016).
Various tissues, including skin and epididymis, were included alongside sperm and testis samples. The threshold for each sample, positioned between negative and positive droplets, was established based on the fluorescent intensity of wild-type and mutant signals. Notably, a portion of sperm samples and testis pools for all variants yielded empty measurements (no mutants).
The Site-specific mutation detection assays were designed using the online platform of BioRad (https://www.bio-rad.com/digital-assays) listed in Supplementary Table S18. The reaction mix was incubated with the MseI restriction enzyme (NEB) at room temperature for 15 minutes to enhance target template availability. Next, the digested reaction mix was transferred into the cartridge, along with 70 µl of droplet generation oil for probes. The loaded cartridge was securely covered with a gasket, and the droplets were formed in the droplet generator. Approximately 43 µl of the newly formed droplet solution was transferred into a ddPCR 96-well plate and then sealed at 180°C for 5 seconds in the PX1 PCR Plate Sealer (BioRad). The PCR was performed with the following conditions: 95°C for 10 minutes, 40 cycles of 94°C for 30 seconds, 53°C to 56°C (see Supplementary Table S18-method for target-specific information) for 1 minute, and finally, a one-step of 98°C for 10 minutes, considering a ramp rate of 2°C/sec to each step along with the lid temperature of 105°C. The end-point PCR plate was transferred into the droplet reader for an end-point data analysis using QuantaSoft Analysis Pro Software (version 1.7.4; Bio-Rad Laboratories Inc.).
[bookmark: _Toc156324622][bookmark: _Toc159401474][bookmark: _Toc164766665][bookmark: _Hlk158646117]Site -Direct Mutagenesis (SDM)
[bookmark: _Toc156324623]To assess the functional impact of selected mutations site-specific single-nucleotide mutations were introduced into an expression plasmid containing the pcDNA3.1; mGFP-ErbB2 expression vector (mGFP-5xGGS-ErbB2_pcDNA3.1/Hygro(+)) using a site-directed mutagenesis strategy. In brief, oligonucleotide pairs were designed to amplify the ErbB2 expression vector with Phusion HS II high-fidelity polymerase (2U/µl; ThermoFisher Scientific, #F-549L). One primer carried the desired single nucleotide mutation (non-synonymous), while the other introduced a silent mutation (with similar usage frequency as the actual codon in humans) to trace potential aerosol contamination in sensitive experiments. Both primers had a 3' PTO bond to prevent proofreading polymerase digestion and enhance primer specificity. One of the primers also had a 5'-phosphate modification (see Supplementary Table S19 for details on back-to-back SDM oligonucleotides).
The mGFP-ErbB2 expression plasmid, with a length of 10065 bp, containing a strong Kozak sequence (6 bp), ErbB2 signal peptide sequence (66 bp), mGFP coding sequence (714 bp), a 5x GGS linker (39 bp), followed by the ErbB2 extracellular, transmembrane, and intracellular domain (3702 bp), was amplified using back-to-back primers to insert the desired mutations (primer sequences are listed in Supplementary Table S19). The PCR reaction included 5-10 ng of wild-type circular plasmid as a template, 0.3 U/µl of Phusion HS II High-Fidelity DNA Polymerase (ThermoScientific), and specific reaction conditions. The correct amplicon length was verified by gel electrophoresis (Supplementary Table S19 for site-specific annealing temperatures).
The linear PCR products were ligated by forming partially nicked circular DNA. The ligation reaction, including 1x T4 DNA Ligase Reaction Buffer (NEB) and 400 U T4 DNA Ligase (NEB), was directly used without purification. After incubation, DpnI (NEB) was added to digest the methylated template plasmid, followed by transformation into chemically competent E. coli NEB 10-beta (NEB). Ampicillin-resistant clones were screened by colony PCR using different oligonucleotides for screening based on the location of the mutated site (Supplementary Table S19). Positive clones were inoculated into LB medium containing ampicillin for overnight culture. Plasmid miniprep was performed using the PureYield Plasmid Miniprep System (Promega), and the plasmids were sequenced at LGC Genomics to verify the introduced mutant.
Preparation of mGFP-ErbB2 expression plasmid (mGFP-5xGGS-ErbB2_pcDNA3.1/Hygro(+))
A fusion construct containing the coding sequence of the human ErbB2 gene (NM_004448) with an N-terminal mGFP tag was introduced. The sequence of the mGFP contains a mutation that prevents dimerization of the fluorophore. The final fusion protein was cloned into the pcDNA3.1/Hygro(+) vector (Thermo Fisher Scientific), suitable for expression in mammalian cells. For proper IC transport and secretion of the fusion protein, the signal peptide (SP) of ErbB2 was cloned N terminal of the mGFP, followed by a 5xGGS-linker that serves as a spacer between the GFP and the other domains of ErbB2 (EC domain, TM domain, and IC domain); ErbB2(SP)-mGFP-5xGGS-ErbB2 (EC–TM–IC). To ensure efficient translation initiation, the strong Kozak sequence “GCCACC” was cloned upstream of the “ATG”-start codon. Cloning was performed by restriction enzyme digest and ligation in two steps. In step 1, the ErbB2 domains without the SP were cloned into the empty pcDNA3.1/Hygro(+) vector with XhoI and XbaI and in step 2, the generic construct Kozak-SP (ErbB2)-mGFP-5xGGS linker, which was synthesized and cloned by BioCat, was cloned upstream of ErbB2 by AflII and XhoI, A schematic of final construct is shown below.
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Control constructs:
Generation of dark ErbB2 construct (without mGFP-linker)
The dark version of the construct lacking mGFP and the linker sequence was generated from our wt-mGFP-ErbB2 construct (AFL II-Kozak and signal peptide-HindIII-mGFP-BsiWI-5XGGS linker-XhoI-EC,TM,IC domains of wild-type ErbB2-TAA stop codon and XbaI in pcDNA 3.1 +Hygro expression vector). This was achieved by excising the specified fragment from our wt-expression vector (HindIII-mGFP-BsiWI-5XGGS linker-XhoI) by digestion with HindIII and XhoI enzymes to remove the mGFP and linker sequences. To this end, 1 µl of HindIII-HF (NEB; 20,000 units/ml #R3104S) and 1 µl of XhoI (NEB; 20,000 units/ml #R0146S) were added to 2000 ng of our wt-expression plasmid, along with 3 µl of Cutsmart buffer (NEB), to reach a total reaction volume of 30 µl. The reaction mixture was then incubated at 37°C overnight, followed by heat inactivation at 80°C for 20 minutes. Subsequently, the digested vector was analyzed by electrophoresis on a 1% agarose gel, alongside undigested and singly digested controls using HindIII.
The expected double digestion pattern, yielding fragments of 9300 and 765 base pairs (bp), was observed on the agarose gel following treatment with HindIII and XhoI. The 9300 bp band corresponding to the desired fragment was excised from the gel and purified using the Promega - Wizard SV Gel and PCR Clean-Up System Protocol.
Following purification, the entire digested product was subjected to treatment with 1 µl of T4 DNA polymerase (NEB, 3 units/µl # M0203S) in a reaction mixture containing 1XCutsmart buffer, 1 µM dNTPs(Biozym), and nuclease free water up to a final volume of 30 µl. This step facilitated the removal of 3’ overhangs or the filling-in of 5’ overhangs by T4 DNA Polymerase activity, resulting in blunt ends. After heat inactivation at 75°C for 20 minutes, the mixture was purified again using the Promega - Wizard SV Gel and PCR Clean-Up System Protocol.
To enable subsequent ligation, 5´-phosphates were added to the DNA fragment. For this, 1 µl of T4 PNK (NEB, 10 units/µl #M02201S) and 5 µl of 1X T4 DNA Ligase Reaction Buffer (NEB #B0202) containing 1 mM ATP were added to the purified DNA, reaching a final volume of 50 µl. The ligation reaction was then incubated at 37°C for 30 minutes.Following phosphorylation, 10 ng of the digested product was ligated using 1 µl of T4 Ligase (NEB, 400 units/µl #M0202S), 2 µl of 10X T4 Ligase buffer, up to a final volume of 20 µl. The ligation reaction was allowed to proceed overnight at 16°C.Subsequently, the transformed NEB10-beta Competent Cells were plated and incubated at 37°C overnight according to the manufacturer's protocol. Selected colonies were subjected to colony PCR, and putative positive clones were extracted from cells using the PureYieldTM Plasmid Miniprep System (Promega) protocol. The extracted clones were sent to LGC for sequencing. 
Truncated Construct Lacking the Intercellular Domain (ΔIC) 
Here we removed the PTK domain and IC of ErbB2 from the mGFP-ErbB2-pcDNA3.1 vector by PCR with forward (XhoI-ErbB2_F: 5’-tatctaCTCGAGACCCAAGTGTGCACCGGCA*C -3’) and reverse (stopXba1_R: 5’-tgtcgtTCTAGATTACTGCGCCTGGTTGGGCAT*C -3’) primers, including XbaI and a stop codon. 
A quantity of 1 ng of the template vector was utilized in the PCR reaction linearized with AflII. The reaction mixture contained 0.3 U/µl of Phusion HS II High-Fidelity DNA Polymerase (ThermoScientific), with a concentration of 2 U/μL (# F549L), in a 25µl reaction volume, prepared in 1x HF-reaction buffer supplemented with 0.3% DMSO, 0.2 mM dNTPs (Biozym), and 0.4 µM of each primer. The PCR program consisted of an initial heating step at 98°C for 30 seconds, followed by 25 cycles at 98°C for 10 seconds, annealing and elongation steps at 72°C for 1 minute and 30 seconds, concluding with a final elongation step at 72°C for 3 minutes in a T100 Thermal Cycler (BioRad). Gel electrophoresis was employed to confirm the correct length of the amplicon. Refer to the table below for primer details. Subsequently, the amplified truncated ErbB2 (EC-TM-Without IC) was inserted into the pDNA3.1 expression vector using XhoI and XbaI restriction enzymes. For this purpose, 500 ng of the wild type mGFP-5xGGS-ErbB2_pcDNA3.1/Hygro(+) plasmid was digested with 0.5 µl of XhoI and 0.5 µl of XbaI in 2 µl of CutSmart buffer in a 20 µl reaction mixture, followed by incubation at 37°C for 90 minutes. Then, 1 µl of Antarctic Phosphatase (NEB, 5u/µl, # M0289S) and 2 µl of 10x Antarctic Phosphatase Buffer were directly added to the digested reaction for dephosphorylation and incubated for 15 minutes at 37°C, followed by heat inactivation for 20 minutes at 65°C. The reaction was analyzed on a 1% Agarose Gel along with the undigested wild type mGFP-5xGGS-ErbB2_pcDNA3.1/Hygro(+) plasmid , vector digested with only one restriction enzyme, and a non-template control (NTC) to validate the study. A fragment of the expected length of 6357 bp was observed from the double digestion and excised from the agarose gel for further experimentation, followed by column purification using the Promega Wizard SV Gel and PCR Clean-Up System Protocol.
The same procedure was applied to the PCR product to generate double sticky ends of the truncated ErbB2 with the restriction sites or the ligation with the digested wild type mGFP-5xGGS-ErbB2_pcDNA3.1/Hygro(+) plasmid. A molar ratio of 1:3 (vector: insert) was maintained by adding 1 µl of T4 ligase (NEB, 400,000 units/ml, #M0202S) supplemented with 1x T4 ligase buffer to the reaction mixture consisting of 50 ng of vector (3.9 µl) and 14.2 ng of purified PCR product (6.3 µl), making up a total reaction volume of 20 µl, which was then incubated overnight at 16°C. Subsequently, 10 µl of the ligation reaction was transformed into 50 µl of competent cells following the standard protocol and incubated at 37°C overnight. Selected colonies underwent colony PCR, and putative positive clones were isolated from cells using the PureYieldTM Plasmid Miniprep System (Promega) protocol. The extracted clones were then sent to LGC for sequencing. 
[bookmark: _Toc159401475][bookmark: _Toc164766666]Live cell micropatterning assay
[bookmark: _Toc156324624][bookmark: _Toc159401476][bookmark: _Toc164766667]Cell culture and transfection
HeLa cells were obtained from ATCC, cultured in RPMI medium supplemented with 10% FBS and 1% penicillin/streptomycin (all PAN-Biotech GmbH, Aidenbach, Germany) and grown at 37 °C in a humidified incubator with 5% CO2. Cells were transiently transfected with indicated fluorescent-fusion constructs using jetOPTIMUS DNA transfection reagent (Polyplus transfection, Illkirch, France), according to the manufacturer’s protocol. A total of 24–48 h after transfection, cells were used for subcellular micropatterning experiments.
[bookmark: _Toc156324625][bookmark: _Toc159401477][bookmark: _Toc164766668]Glass substrate activation
Nexterion glass slides (110 mm x 74 mm, 175 ± 20 µm thickness; Schott GmbH, Jena, Germany) were intially cleaned with EtOH and dH2O, dried under a stream of air (or nitrogen) and incubated with 15 mL AnteoBind™ Biosensor reagent (Sigma-Aldrich, Schnelldorf, Germany) for 30 min. Subsequently, excess reagent was carefully removed from the surface and the glass was again washed with dH2O and dried. Glass substrates where then immediately used for microcontact printing.
[bookmark: _Toc156324626][bookmark: _Toc159401478][bookmark: _Toc164766669]Preparation of large-area PDMS stamps and protein micropatterns
A PDMS prepolymer (Sylgard 184, VWR International GmbH, Vienna, Austria) was mixed in a ratio of 10:1 (w/w, precursor:curing agent) and degassed in a desiccator for 30 min to remove air bubbles. The PDMS mixture was then poured on a silanized wafer (Delta Mask, Enschede, The Netherlands) containing an array of round-shaped pillars with a feature size and depth of three micrometers. The mixture on the wafer was degassed again, cured for 2 h at 80 °C and, finally, peeled off from the wafer. To create a micron-scaled BSA grid on the coated glass substrate, the formed PDMS stamp was first washed with EtOH and dH2O, followed by drying under a stream of air. Next, the stamp was incubated with a BSA solution (10 mg/mL in PBS) for 1 h at RT. Subsequently, the stamp was washed again with PBS and dH2O, dried and placed by its own weight upside down on the activated glass. The stamp was peeled off after 30 min of incubation and the BSA-patterned substrate was bonded to a 96-well plastic casting using an adhesive tape (3M, laser cut to 96-well layout). The resulting reaction chambers were subsequently incubated with 70 µL streptavidin solution (50 µg/mL in 25 mM MES, pH 6; all Sigma-Aldrich, Schnelldorf, Germany) for 20 min at RT. For live cell experiments, streptavidin-patterned surfaces were washed three times with PBST (pH 7.4 with 0.05% Tween-20 (v/v)) and were further modified by incubating biotinylated anti-GFP antibodies (10 µg/mL; Abcam, Cambridge, UK) for another 20 min at RT. Antibody-functionalized chambers were finally washed with PBS (three times) and bait-protein expressing cells were grown on the patterned surfaces for at least 3–4 h prior to fluorescence imaging.
[bookmark: _Toc156324627][bookmark: _Toc159401479][bookmark: _Toc164766670]Total internal reflection fluorescence microscopy
The detection system was set up on an epi-fluorescence microscope (Olympus IX81). A diode laser (Toptica Photonics, Munich, Germany) was used for selective fluorescence excitation of green fluorescent proteins (GFP) at 488 nm. An additional 568 nm DPSS laser (Toptica Photonics, Munich, Germany) was used for excitation of red fluorescent proteins (RFP). Samples were illuminated in total internal reflection (TIR) configuration (CellTIRF, Olympus) using a 60 x oil immersion objective (NA  =  1.49, APON 60XO TIRF, Olympus, Munich, Germany). After appropriate filtering using standard filter sets, fluorescence was imaged onto a EM-CCD camera (ImagEMX2, Hamamatsu, Japan). Samples were mounted on an x-y-stage (CMR-STG-MHIX2-motorized table; Märzhäuser, Germany) and scanning of larger areas was supported by a laser-guided automated focus-hold system (ZDC-2; Olympus).
[bookmark: _Toc156324628][bookmark: _Toc159401480][bookmark: _Toc164766671]Quality controls for micropatterning preparation
As a prerequisite for quantitative TIRF microscopy we proved a flat interface between the plasma membrane and the patterned substrate of the seeded cells to avoid false-positive signals. To check for the cell-contact surface, we co-expressed GFP-ErbB2 (WT) and RFP-Lact-C2 (RFP fused with C2 domain of bovine lactadherin), given that the inner-leaflet peripheral protein Lact-C2 turned was demonstrated to be a good negative control in previous studies (Karimian et al. 2022). We did not observe RFP-Lact-C2 copatterning, an indication of a homogenous membrane-based signal in the central regions of GFP-ErbB2-patterned cells, indicating that m-GFP attachment to the slide has no measurable influence on plasma membrane curvature (Supplementary Figure SX).
[bookmark: _Toc156324629][bookmark: _Toc159401481][bookmark: _Toc164766672]Image analysis and statistical evaluation
Initial imaging recording was supported by the Olympus XcellenceRT software package (version 1.1). Images were exported as TIFF frames and fluorescence contrast analysis was performed using the Spotty framework (Borgmann et al. 2012). At first, 16-bit TIF images were imported in the micropatterning analysis software where an automatic gridding algorithm determines the grid parameters that correctly fit the micropatterned structure (mainly grid size and the rotation angle of the used image). The generated grid subdivides the total image into adjacent squares, each of which is quantified according to the average signal within a central circle comprising the micropattern spot (F+) and the signal outside this circle (F–). Based on the correct identification of the grid position, the fluorescence contrast ⟨c⟩ was calculated as ⟨c⟩ = (F+ – F–)/(F+ – Fbg), where F+ denotes the intensity of the inner pixels of the pattern. F– shows the intensity of the surrounding pixels of the micropattern and Fbg shows the intensity of the global background. Cells for quantitation were selected manually based on their morphology, size, and initial bait-patterning. In order to correct for putative differences in bait patterning efficiency, results were normalized for bait fluorescence contrast. For significance testing of more than two different groups we performed one-way ANOVA, which was followed by Tukey’s multiple comparisons test. All data transformation and statistical comparisons were carried out in GraphPad Prism software (version 9).
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Supplementary Figure S1: Substitution frequencies of repaired (A), unrepaired (B) and negative control libraries (C). Intronic variants, as well as SNPs (VAF >40%), or variants occurring in more than 40% of the libraries, were excluded from the analysis of the repaired and non-repaired libraries. (D) Average substitution frequencies of donors analyzed for both repaired ErbB2 exonic targets and control regions. Variants with high-quality tiers 1.1 to 2.5 were included and counted only once (unique), even if they occurred multiple times within the same library or in different libraries. The variants are listed in Supplementary Tables S1-3. 


[bookmark: _Toc156324636][bookmark: _Toc159401487][bookmark: _Toc164766679][image: ]
Supplemental Figure S2: Mutation spectra of all repaired (n=441) and unrepaired ErbB2 exonic DNMs (n=1517) compared to the ErbB2 spectra extracted from COSMIC and gnomAD. Intronic variants, as well as SNPs (VAF >40%), or variants occurring as part of rare haplotypes were excluded from the analysis. Variants with high-quality tiers 1.1 to 2.5 were included and counted only once (unique), even if they occurred multiple times within the same library or in different libraries. The variants are listed in Table S1-2. 
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[bookmark: _Toc156324639][bookmark: _Toc159401488][bookmark: _Toc164766680]Supplemental Figure S3. Haplotype analysis. Analysis of rare variants associated with other rare variants within the same DCS. 
(A) Examples of different haplotypes: (1) haplotype with one SNP C>G (brown bars) associated with a low-allele frequency variant (low-AF) G>A (green bars), (2) haplotype of five low-frequency variants (red bars) with high-quality tiers (1.1-2.5), and (3) haplotype with two variants (G > C and G > A) next to sequences marked as soft-clipped by the Burrows-Wheeler alignment algorithm (Bancaud et al. 2010) (left - green and red bars) with two low-AF variants further downstream identified in the same haplotype (in green and brown). The blue and red colors represent the consensus mates. Soft-clipped nucleotides (SC) do not align with the reference sequence and are ignored during the variant calling, but not the alignment. These soft clippings are sometimes called as supplementary alignments. 
(B) We analyzed the haplotypes with two or more low-AF variants (variants with a VAF <0.1%). This is unexpected, as low-AF variants are considered rare de novo mutations, which are not very likely to happen in proximity and in the same molecule. With the VAR-A tool, we identified variants associated with two or more low-VAF variants forming a haplotype (lowfreq > 1) and analyzed the quality and composition of these haplotypes. In the repaired libraries, we recorded in total 115 unique low frequency variants forming 66 different haplotypes (lowfreq >1), and 180 variants forming 107 haplotypes with another low-AF variant in non-repaired libraries. Four haplotypes (9 low frequency variants) were shared in multiple libraries within and among repaired and non-repaired libraries.  
(C) Distribution of lowfreq>1 categorized as intronic, exonic or exonic-intronic. The first bar represents non-repaired and the second bar repaired libraries, respectively. Most haplotypes comprised 2 variants and those that occurred within intronic regions were further ignored. We also plotted the position of the variant within the DCS sequence. In both repaired and non-repaired libraries, ~40% of the haplotypes were rather short (~60 base pairs) with variants located mainly at the end of the sequences. The rest of the haplotypes had a similar sequence length to other DCS, and the variants were evenly distributed throughout the DCS. The haplotypes reoccurring in multiple libraries were usually short (variants within 10 base pairs) and were part of supplementary alignments (a part of the read mapped to a different region of the genome). 
(D) Comparison of the VAF to the occurrence of a variant in different libraries (de novo occurrence). For the repaired libraries, we identified 11 variants that had both an unusually high VAF and occurred in more than 40% of the libraries. Most of these (8 out of 11) were also listed as part of a haplotype with another low-AF variant (lowfreq>1); see list in the table. Since most of these variants were part of a DCS with a supplementary alignment, these variants might represent a different genomic region, and these 11 variants were removed from further analysis. For example, haplotype '39723340-A', '39723348-A', '39723349-A' was discovered in 9 libraries 14 times and was marked by a supplementary alignment. For haplotype (39710176-T,39710376-T), 13 out of 19 molecules had a supplementary alignment. For haplotype (39723950-T, 39723961-T, 39723962-G), most of the sequences had supplementary alignments, with the full haplotype occurring sometimes in the full 104 bp, sometimes partially on 104 bp and occasionally in 60 bp. 
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[bookmark: _Toc159401489][bookmark: _Toc164766681]Supplemental Figure S4: Mutational signatures of all variants of repaired libraries. The signatures are built from the trinucleotide context (5’ and 3’ neighboring nucleotide of the variant) and compared to a catalogue of signatures from the COSMIC database. The left upper signature is the signature of the DS data considering all variants in the repaired libraries classified as unique (n=441), the lower left signature is the signature built from the COSMIC signatures (these have a cosine similarity of 0.87) and was built from the signatures on the right side of the figure. The variants are listed in Supplemental Table S1.
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Supplemental Figure S5: Mutational signatures of recurrent variants of repaired libraries. The signatures are built from the trinucleotide context (5’ and 3’ neighboring nucleotide of the variant) and compared to a catalogue of signatures from the COSMIC database. The left upper signature is the signature of the DS data considering all variants in the repaired libraries classified as unique (n=42), the lower left signature is the signature built from the COSMIC signatures (these have a cosine similarity of 0.81) and was built from the signatures on the right side of the figure. The variants are listed in Supplemental Table S4.
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[bookmark: _Toc159401490][bookmark: _Toc164766682]Supplemental Figure S6: Transcriptional bias of (A) all repaired (n=442) and (B) recurrent repaired ErbB2 exonic DNMs (n=42) based on unique variant counts, which are listed in Supplemental Table S1 and S4.
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[bookmark: _Toc159401491][bookmark: _Toc164766683]Supplemental Figure S7: Testis screening. VAFs measured with ddPCR for three ErbB2 variants in two human testes from a 73 and 70-year-old donor. Proportion of testis pools with or without mutant counts reflecting the detection limit of the ddPCR assay at an input level of and ~270,000-300,000 genomes per pool. 
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	variant
	query
	reference
	p-value
	corrected p-value
	reject

	p-R143Q
	DS-sperm
	ddPCR-sperm
	2.2E-01
	3.1E-01
	FALSE

	
	DS-sperm
	skin
	3.1E-01
	3.1E-01
	FALSE

	
	skin
	epididymis
	5.6E-05
	1.7E-04
	TRUE

	
	
	
	
	
	

	p.R678Q
	DS-sperm
	ddPCR-sperm
	2.3E-01
	2.3E-01
	FALSE

	
	DS-sperm
	skin
	1.3E-01
	2.0E-01
	FALSE

	
	skin
	epididymis
	1.4E-02
	4.1E-02
	TRUE

	
	
	
	
	
	

	p.V821I
	DS-sperm
	ddPCR-sperm
	3.9E-02
	1.2E-01
	FALSE

	
	DS-sperm
	skin
	2.8E-01
	2.8E-01
	FALSE

	
	skin
	epididymis
	2.3E-01
	2.8E-01
	FALSE




[bookmark: _Toc159401492][bookmark: _Toc164766684][bookmark: _Hlk158120250]Supplemental Figure S8. VAF comparison among ddPCR and DS. Comparison of the total mutant and wild type counts measured in the testis, a piece of scrotum skin (negative control), washed epididymis (positive control) of donor ND10354, and donor-matched sperm data measured with ec-Seq and ddPCR (Supplementary Table S7-8). For pairwise testing, the Fischer’s exact test with Bonferroni–Holm correction was used, and only significant differences are shown (∗) P-value < 0.05, (∗∗∗) P-value < 0.0005. 


[image: ]Supplemental Figure S9: Testis mutational screening of donor ND10354. VAFs measured in a post-mortem testis from a 73-year-old donor (ID: ND10354) with droplet digital PCR (ddPCR) for three different ErbB2 variants. The color denotes the measured VAF in the pool comprised of 4 individual pieces. 
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[bookmark: _Toc156324640][bookmark: _Toc159401493][bookmark: _Toc164766685]Supplemental Figure S10: Representative TIRF microscopy images of micropatterned cells transiently co-expressing the indicated mGFP-ErbB2 variant and Grb2-RFP (A) or Shc-mRFP (B)
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[bookmark: _Toc159401494][bookmark: _Toc164766686]Supplemental Figure S11: Control for specific bait-prey colocalization using the micropatterning assay. (A) Schematic presentation of GFP-ErbB2 enrichment into regular micro-domains using anti-GFP antibody patterns. RFP fused with the C2 domain of bovine lactadherin (Lact-C2-RFP) is used to control for unspecific prey copatterning as well as for investigating the influence of the plasma membrane curvature. (B) Representative TIRF microscopy images of Hela cells transiently co-expressing GFP-ErbB2 and Lact-C2-RFP grown on anti-GFP antibody patterns.
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[bookmark: _Toc156324642][bookmark: _Toc159401496][bookmark: _Toc164766688]Supplemental Figure S12: Sequencing data analysis workflow on the Galaxy platform. The workflow can also be found under this link https://usegalaxy.org/u/jku-itb-lab/w/galaxy-workflow-erbb2.
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