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Exposure to mutagenic sources such as ionizing radiation or chemical agents leads to
damage of the genome, however DNA double-strand breaks (DSB) and the subsequent
repair machinery pose a basic necessity for a functional immune response *.

Two pathways restore genomic integrity: Non-homologous end-joining (NHEJ) is error-prone
and leads to TCR and immunoglobulin diversity; defects in the NHEJ process result in severe
combined immunodeficiency, radiosensitivity and developmental errors %

On the other hand homologous recombination (HR) conveys a high-fidelity process. It is
restricted to the S and G2 phase as a homologous “sister chromatid” template is required.
HR is vital in providing repair to DSB and DNA interstrand crosslinks (ICL) *. ICL are toxic DNA
lesions preventing separation of the two complementary double helix strands.
Chemotherapeutic agents as mitomycin C (MMC), nitrogen mustards and platinum
compounds, can induce irreversible covalent linkage *. Fanconi anemia (FA) is an autosomal-
recessive disorder due to a mutation in one of at least 18 genes leading to bone marrow

failure, developmental delay and increased incidence of malignancies *

. The inability to
repair ICL is a key feature of all FA genes. BRCA2 (=FANCD1) and other genes involved in
breast and ovarian cancer also show regulation on ICL repair >. We report on an 18-year-old
man  with  profound combined immunodeficiency, Epstein-Barr-Virus  (EBV)
lymphoproliferation and chemosensitivity similar to FA patients and a missense mutation in
the RAD52 gene. While RAD51, its paralog RAD51C, BRCA1, BRCA2 and PALB2 have been
associated with FA and DNA damage repair; the precise function of RAD52 in the
recombination process is still unclear. We suspect a modification in the ssDNA annealing
function of the protein and hence a disturbed homologous recombination leading to cancer

and lymphoproliferation in the patient and his family. The patient presented with leukopenia

with predominantly reduced lymphocytes (absent B, CD4 and CD8 T cells, expansion of



TCRy6 cells). Candidate primary immunodeficiencies (PIDs) were ruled out by various
immunological investigations. Immunohistochemistry of an extracted lymph node revealed
polymorphic monoclonal EBV-associated B cell lymphoproliferation of type Il latency (Fig. S1
- detailed history see supplemental). The patient’s mother died early from breast carcinoma
(age of 39) and further cases of colon carcinoma had been reported in the maternal lineage.
We performed whole-exome-sequencing on peripheral blood of the patient, the patient’s
sister and father, and stored samples of the deceased patient’s mother, which revealed 122
single nucleotide variants (SNV) common in the patient and the mother. Three were in PID
genes (BCL10, CHD7 and PRF1), which were excluded due to the clinical presentation. Only
one SNV came to our attention as we saw a connection to a known DNA repair pathway.
Interestingly, our in-house tool to detect SNV near known PID genes also highlighted the
same SNV to be related to known PID with DNA repair disorders (Fig. S2). Both, patient and
his mother showed a heterozygous missense mutation in RAD52 (c.547C>T, P183S) in the
ssDNA-annealing domain of the protein (Fig. S3), confirmed by capillary sequencing.
BRCA1/2 analysis in the mother did not show any abnormalities. We did not find any de-
novo mutations in a known or likely PID-causing gene.

Molecular dynamic (MD) simulations were performed to compare the average structure of
wild type (wt) RAD52 with the mutant one. We depicted the influence of the P183S
mutation on dynamics and structure (Fig. 1). As expected for a proline->serine substitution,
we demonstrated a change in configuration and increase in distance between the C, atom of
residue 183 and the close a4’ helix. Average structures of both protein variants are highly
structurally similar, indicating only a local influence of the P183S mutation. However,
structural changes triggered by the P183S mutation caused reorientation of a K169 sidechain

subsequently, which were predicted to disturb ssDNA binding and, hence, the ssDNA



annealing function of RAD52 (detailed analysis in supplemental). Primary human fibroblasts
were exposed to MMC, a known DNA intercalating agent, and cultured for 48h as part of our
diagnostic strategy in patients with unknown cytopenia. Cells, exposed to MMC showed an
increased number of G2 phase cells, indicating that cells were in a cycle arrest after damage
by MMC. A G2 increase was not seen in healthy controls, but detected in a similar quantity
in an internal control with fibroblasts from an MMC sensitive disease control (Fig. 2A).
Lymphoblastoid cell lines (LCL) from patient’s bone marrow were analyzed in a routine flow
cytometric cellular DNA content analysis, showing repeatedly abnormal aneuploid DNA
content (Fig. 2B).

SsDNA binding of purified mutant P183S and wt protein was assessed in an electrophoretic
mobility shift assay (EMSA). The P183S-ssDNA complexes showed an increased mobility shift
in repeated experiments, although densitometric analyses of EMSA bands revealed a lower
amount of complex formation in the P183S-ssDNA bands despite an increasing protein
concentration (Fig 3A,B). Similar changes (as the Y171A variant) have been seen in other
publications ®.

We transfected HT-1080 cells with wt EGFP-RAD52 and EGFP-RAD52°*** via bicistronic
expression vectors previously used for stable expression in human cells. We assayed the
ability of the P183S variant and wt to produce DNA breaks detectable as RAD52 foci by
immunofluorescence in transfected HT1080 cells. The cells were irradiated with 1 Gy or 10
Gy, and cultured for 4h or 24 hours respectively. While all conditions showed a numerically
decreased foci formation in the P183S cell line, the higher (10 Gy) irradiation and longer (24
hours) culture period showed a further, but non-significant, decrease in the mutant (Fig.

3C,D). RAD51 foci after MMC induction were counted previously in patient’s primary



fibroblasts showing no abnormalities (data not shown), thus we did not repeat that assay in
EGFP-RAD52"%* transfected cells.

In conclusion, we describe a patient with T cell depletion associated comorbidities as EBV
lymphoproliferation and severe varicella infection. The past medical history suggests a
combined immunodeficiency. The patient presented to us with hypersplenism, hence WBC
was low and the patient’s immunological phenotype could not be revealed completely. The
most striking abnormality was the detection of FA-like chemosensitivity in patient’s
fibroblasts. The overlap of genes involved in breast cancer and FA  and increased mortality
due to adenocarcinoma in the maternal lineage led us to the assumption of an inherited
disease or at least variant conferring a higher risk of disease.

The discovery of FA genes has revealed the molecular pathway (FA/BRCA) of DNA
maintenance. The core element is E3 ligase-mediated monoubiquitination of the protein
complex D2-l, which is carried out by an upstream complex consisting of classical FA
proteins. Downstream of this step other proteins associate with the D2-1 complex and apply
HR to the induced DSB. Proteins involved in this part of the FA/BRCA pathway have a major
role in HR and vice versa °. RAD52, which was not associated with this pathway in humans,
exists in an undecameric ring structure and consists of an N-terminal ssDNA annealing,
central RPA interacting and C-terminal RAD51 mediating domain °_Initial findings suggested
an indispensable role in yeast, but increasing evidence attributes RAD52 to HR in
mammalian cells. During DSB repair DNA strand exchange takes place in which a template
strand invades a homologous DNA strand. RAD51 recombinase binds to replication protein
A(RPA)-coated ssDNA to form a nucleoprotein filament able to invade duplex DNA. Assembly
of this filament is mediated by RAD52. After capture of the second end of the DSB and

6,9-11

strand extension RAD52 anneals RPA-coated ssDNA . The heterozygous P183S mutation



lies in the ssDNA-annealing domain and our assays suggest that ssDNA annealing of mutant
P183S is impaired. A second DNA binding site was identified in RAD52 for dsDNA and
showed that impaired ability to form RAD52-ssDNA leads to a less stable complex with
dsDNA, which leads further to decreased HR °. We show evidence of some reduced
formation of RAD52 foci in the P183S-transfected HT1080 cell line after irradiation
suggesting reduced capacity of HR. Furthermore the MMC assay indicates disturbance of ICL
repair, of which HR plays a major role. Synthetic lethality of RAD52 inactivation in BRCAL,
BRCA2 and PALB2 deficient cells has been described suggesting RAD52 as part of an

1213 We and other groups

alternative repair pathway parallel to RAD51 mediated HR
propose the alternative RAD52 pathway as being required for DNA stability and attribute a
tumor-suppressor function. Additive germline mutations in other DNA repair genes might
confer an increased tumor risk. We are aware of the possible interaction of RAD52 with
genes of NHEJ (LIG4 or MRN complex genes), as also depicted in our gene-association
network. However due to full aplasia when we investigated the patient, we could not check
for NHEJ related disturbance (e.g. TCR repertoire). We observe a heterozygous mutation in
the patient and mother with reduced mRNA expression and suggestive assays for reduced
HR capacity. In line with emerging data in genome wide association studies in other patients
with malignancies, results from targeted synthetic lethality studies and our own findings in

reduced RAD52 foci and ssDNA annealing we strongly suggest that RAD52 plays a major role

in DNA repair and cancer predisposition.
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Manuscript figure legend of “Human RAD52 — a novel player in DNA repair in cancer and

immunodeficiency”

Figure 1 — Overall structural similarity of wild type and mutant RAD52 (A) Overlay of
average structures of wild type RAD52 (colored by a gradient from blue to red) and the 5183
mutant (white). The average structures were obtained from MD simulations of 80 ns length;
the proteins are depicted in cartoon representation. The average structures differ by a C,
atom rmsd of 1.0 A (B) As in panel A), but rotated by 90° (C) Local influence of the P183S
mutation on dynamics and structure. Cutaway of the RAD52 11mer (white), with one
protomer colored in dark grey. The orange region depicts helix a4, the preceding region of
310 helices, and part of the loop between a4 and a5 where the largest changes in rmsf are
observed between wild type and mutant RAD52. The backbone atoms of residue 183 are
depicted as spheres. Helix a4’ of the neighboring protomer is colored blue. The distance
measured between the Cy atom of residue 183 and the center of a4’ is shown as a dotted
black line. The side chain of K169 is shown in stick representation. The distance measured
between atom C, of P183 or O, of S183 and N, of K169, respectively, is indicated by a dotted-
dashed line. The orientation of the sidechain of K169 was determined with respect to the
center of the 11mer (red cross). The dashed arc indicates the position of ssDNA according to

suggestions (Kagawa et al, 2002)

Figure 2 — (A) Mitomycin C (MMC) sensitivity assay - patient fibroblasts (without MMC, left
chart) were exposed to MMC (12 ng/ml) and cultured for 48h. Staining with DAP| shows an
increased number of G2 phase cells, indicating that cells are in a cycle arrest after induced

damage by MMC, a known DNA intercalating agent (second right chart). A G2 increase is not



seen in healthy controls (second left chart), but detected in a similar quantity in an internal
control with fibroblasts from a MMC sensitive patient control (right chart). Cell cycle
distribution among mentioned samples — chi-square test show significant difference
between healthy control and patient sample and MMC sensitive patient control, while there
is no difference between patient sample and MMC sensitive patient control (bottom right
chart) (B) Flow cytometric DNA content measurement of two different LCLs generated from
patient’s bone marrow stained with PI following ethanol fixation. Both cell lines were
cultured and processed under same standard conditions from the same specimen. Left:
Patient LCL#1 cells (blue) show slightly increased DNA amount than normal control LCLs
(grey). Right: Patient LCL#2 cells (green) show aneuploidy (another experiment polyploidy),

compared to healthy human samples.

Figure 3 — (A) Electrophoretic mobility shift assay (EMSA) of wild type and mutant synthetic
RAD52 protein {0,1-1 uM) complexes which were formed with a 50bp ssDNA. The purified
mutant protein forms faster migrating complexes compared to wt, despite (B) densitometric
analyses of EMSA bands for wt and mutant RAD52/ssDNA complexes reveal a lower amount

of complex formation irrespective of applied protein concentration in the mutant. Data are
representative of three independent experiments. (C) Representative examples of HT-1080
cells stably expressing GFP-RAD52 or GFP-RAD527%*%after irradiation with 10 Gy and further
24 hours of culture. Phase contrast and fluorescence microscopy. (D) Foci counting per cell

in both cell clines after 10 Gy and 4h or 24h of subsequent culture. Irradiation with 1 Gy did

not show any difference (not shown).
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Supplemental to “Human RAD52 - a novel player in DNA repair in cancer and

immunodeficiency”

Case report

We report on an 18-year-old man, who presented at our department with chemosensitive
combined immunodeficiency, EBV lymphoproliferation, severe varicella infection and vasculitis.
The patient was from a non-consanguineous German background. Briefly, he suffered from
recurrent respiratory tract infections (pneumonia, bronchitis and bronchiectasis) and
splenomegaly since birth; at the age of five years he developed severe generalized warts
(verrucae vulgares), at the age of eight years he suffered from bacterial meningitis. There were
no syndromic features in the patient. Lab results revealed mild hemolytic anemia, leukopenia
and reduced 1gG2 and IgG4 levels. However, due to loss to follow-up a diagnosis was not
established. Nine years later, he was referred to us for further evaluation as symptoms had
worsened. He was suffering from varicella zoster virus meningitis and B symptoms (fever,
drenching night sweat, weight loss). Hematological studies showed leukopenia with
predominantly reduced lymphocytes (WBC 1200 cells/ul, Lymphocytes 6%, Absolute: CD3 20
cells/ul, CD4 5 cells/ul, CD8 1 cells/ul, CD3 vy § 15 cells/ul, CD20 7 cells/ul, CD3-DR = absent B,
CD4 and CD8T cells, relative expansion of y& T cells) and decreased IgG2 and 1gG4 levels. As the
immunological phenotype indicated a combined immunodeficiency we excluded the most
obvious ones: ADA and PNP enzymatic levels were physiological, flow cytometry showed
normal expression of WASP, XIAP and SAP, furthermore VDJ recombination on fibroblasts and

capillary sequencing of RAG1/2 were normal. Determination of telomere lengths was not
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suggestive of dyskeratosis congenita or other telomeropathies. PCR analysis of the peripheral
blood revealed low EBV viremia. The young man developed a severe herpes zoster rash at
different sites; furthermore lesions resembling vasculitis were seen on lower limbs (Fig. S4). As
bone marrow studies showed a normal differentiation, we attributed hypersplenism as the
main cause of aplasia; splenectomy was performed (Fig. S5); within one day the white blood
count (WBC) increased from aplasia to a count of more than 1000 cells/ul; however we only
observed neutrophil reconstitution with continuously decreased lymphocytes. Biopsy of a left
inguinal lymph node at the same time revealed polymorphic monoclonal EBV associated B cell
lymphoproliferation (Fig. S1); and a chest CT demarked infiltration of the lower right lung. We
treated with 4 cycles of Rituximab (375mg/m2/week); due to persistent lymphopenia and
severity of the viral infections we proceeded to perform HSCT with peripheral blood stem cells
from the patient’s haploidentical sister (8/10 match in graft-versus-host direction, 6/10 match
in host-versus-graft direction). In light of the assumed DNA repair disorder we chose a reduced-
intensity conditioning regimen consisting of fludarabine (4x40 mg/m?, days -7 to -4), thiotepa
(1x8 mg/kg, day -3) and melphalan (2x50 mg/m?, day -2), TBI (2x2 Gy, day -1) and serotherapy
with ATG (3x10 mg/kg, days -10 to -8). The graft was TCRoB/CD19 depleted before
transplantation (5,3x10° CD34+cells/kg; 19x10° TCRo/B cells/kg); graft-versus-host-disease
(GvHD) prophylaxis consisted of mycophenolate mofetil. The peritransplant period was
uneventful. We did not observe severe infections, toxicity or GvHD. Granulocyte-Colony
Stimulating Factor (G-CSF) was given from day 4, and neutrophil engraftment was achieved on

day 7. Bone marrow aspiration on day 28 showed a normal marrow with 99.3% donor cells.



Methods
Patient and cell lines

Whole exome sequencing (WES) was done on peripheral blood of the patient, the patient’s
sister and father, and stored samples of the deceased patient’s mother. Informed consent was
obtained from the patient, the patient’s sister and father. Informed consent to analyze the
sample of the deceased patient’s mother was obtained from the only children (patient and his
sister) and the sister of the mother. All investigations were conducted in accordance to the
Declaration of Helsinki. Patient’s fibroblasts were grown from skin explant, obtained during
insertion of a Hickman line. B lymphocytes from bone marrow samples were transformed for
the generation of an EBV lymphoblastoid cell line (LCL) — culture conditions available upon
request.

Sequencing

DNA / RNA were extracted from peripheral blood samples, in the patient also from bone
marrow and the fibroblast line (AllPrep DNA/RNA Kit, Qiagen, Hilden, Germany). A 100 bp
single-read whole-exome sequencing run was performed on an lllumina HiSeq2000 platform
(Hlumina, San Diego, CA, USA) running on HiSeq control software (HCS) 1.4.8. For library
preparation and recovery of captured DNA, sample preparation was carried out using the
NimbleGen SeqCapEZ2.0 (Roche NimbleGen, Madison, WI, US). Cluster generation was
performed with Truseq SR Cluster kit v3 (lllumina) and sequencing run was executed using
Truseq SBS kit v3-HS (lllumina). Raw image data conversion was performed using consensus
assessment of sequence and variation version 1.8.2 (CASAVA). Reads were aligned to the

reference genome (hg19/grch37) using BWA and alignment post-processing was carried out



with SAM- and Picard-tools. Called and filtered SNVs were annotated with the Variant Effect
Predictor (VEP) from Ensembl using the local copy of Ensembl database (Ensembl 70 and
dbSNP137) as well as the prediction tools SIFT and Polyphen. Annotated SNVs were uploaded
into an internal SQL database. Quality scores of the called SNVs were set with a Phred-like
Score of min. 30 and sequencing reached a 30x coverage for 280% of targeted regions in
average. Common variants, defined as those present in dbSNP137 with a minor allele frequency
> 15%, were filtered out. Interactions with genes of known primary immunodeficiencies and
DNA repair disorders were visualized by in-house programming based on STRING-DB9. Found
mutations were confirmed by capillary sequencing. RAD52 mRNA expression was analyzed by

Real Time PCR with an ABI PRISM 7900HT (Applied Biosystems, Foster City, CA, USA)

Electrophoretic Mobility Shift Assay (EMSA)

We assayed the ability of wt and mutant protein to bind DNA by performing EMSA as previously
described *. Briefly, we preincubated 0,1 pL of 10 uM 32P-labeled 5S-repeat oligonucleotide
(eurofins genomics, Ebersberg, Germany) with 2 uL buffer D at 37°C for 5 min. Subsequently,
different concentrations (0-1 uM) of wt RAD52 and P183S RAD52 protein (OriGene, Rockville,
MD, USA) were added and incubated for 5 min. Complexes were then fixed with 1%
glutaraldehyde at 37°C for 20 min and fractionated through a 4% polyacrylamide gel in 0.25x
TBE buffer for 1 h at 250 V. Gels were dried, exposed to an imaging plate, and visualized using
FLA-7000 (FUJIFILM Life Science, Stamford, CT, USA). Densitometry was performed using LAS-

3000 software.



Structural modeling

Molecular dynamics simulations

The starting structure for human RAD52 wt was taken from the apo crystal structure of the
undecamer (PDB ID 1KNO). The P183S variant was generated therefrom by removing side chain
atoms of proline and adding those of serine with the help of the program leap from the AMBER
10 suite of programs. For the MD simulations, the ff99SB force field was used for the protein.
Each protein structure was placed into an octahedral periodic box of TIP3P water molecules,
with distances between the edges of the water box and the closest atom of the protein of at
least 11 A. The particle mesh Ewald method was used to treat long-range electrostatic
interactions. Bond lengths involving bonds to hydrogen atoms were constrained using SHAKE.
The time-step for all MD simulations was 2 fs, with a direct-space, non-bonded cutoff of 8 A.
Applying harmonic restraints with force constants of 5 kcal mol™ A to all solute atoms, NVT-
MD was carried out for 50 ps, during which the system was heated from 100 K to 300 K.
Subsequent NPT-MD was used for 150 ps to adjust the solvent density. Finally, the force
constants of the harmonic restraints on solute atom positions were gradually reduced to zero
during 100 ps of NVT-MD. The following 80 ns of NVT-MD at 300 K were used for analysis with
the program ptraj, with conformations extracted every 20 ps. Independent duplicate MD
simulations were performed to test for the robustness of the results. No gross differences were
observed with respect to structural deviations across the two MD simulations, respectively, for

RAD52 wt and the P183S variant (Figure S6).



Foci formation

HT-1080 cells were stably transfected with wt EGFP-RAD52 and EGFP-RAD52°'%*° via bicistronic
expression vectors previously used for stable expression in human cells 2. Cells were seeded at a
density of 4000 cells/cm® and irradiated one day later with a calibrated X-ray source (Xstrahl
RS225, Gulmay Medical, Camberley, UK) at a dose rate of 1 or 10 Gy /min. Subsequently the cell
line was cultured for 4 or 24 hours respectively and analyzed by phase contrast and
epifluorescence microscopy on a Zeiss Axiovert 100 (Carl Zeiss, Oberkochen, Germany) inverted
light microscope equipped with an on-stage heating chamber (TC3 from Bioptechs, Butler, PA,
USA), a heated 63x/1.4NA oil immersion objective system, a mercury lamp and appropriate

filter sets.

Results

Polyphen2 result of P183S variant

Possibly damaging with a score of 0.839 (sensitivity: 0.84; specificity: 0.93)

Molecular dynamics simulations of RAD52 wt and the P183S variant

All-atom MD simulations of undecameric RAD52 wt and the P183S variant of 80 ns length were
performed. Average structures of both protein variants are highly structurally similar (C, atom
root mean square deviation: 1.0 A; Figure 1A, B), indicating only a local influence of the P183S
mutation. Analysis of root mean square fluctuations of atomic coordinates confirmed this

result, showing differences in atomic mobility between wt and the P183S variant predominantly
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in the loop between helices a4 and a5, the location of the mutation (Figure 1C), in helix a4
itself, and the preceding region of 3, helices (Figure S7A). Notably, the P183S mutations
stabilizes these structural elements, as shown by a decrease of atomic mobility compared to wt
(Figure S7A). The stabilization is accompanied by a tighter packing between S183 and helix a4’
of the neighboring protomer, as demonstrated by more frequent short distances between the
C, atom of S183 and the center of a4’ than between P183 and a4’ (Figure 75B). Investigating
interactions formed by S183 to identify the origin of this stabilization revealed that the side
chain of S183 temporarily interacts with the sidechain of K169 by a charge-assisted hydrogen
bond (distance between the two polar sidechain atoms as close as 3 A; Figure S7C); such an
interaction is precluded for proline. As a consequence, the sidechain of K169 points for about
half of the time towards S183 and, hence, to the outside of the undecamer (Figure S7D). In
contrast, in the wt, the sidechain is predominantly oriented towards the center (Figure S7D),
placing its positive charge close to the implicated ssDNA binding grove (Figure 1C) **. We thus
hypothesized that the reorientation of K169, triggered by the P183S mutation, disturbs ssDNA

binding and, hence, the ssDNA annealing function of RAD52.

Foci formation:

10 Gy, 4h: 32 cells with 1033 foci in wt and 31 cells with 882 foci in P183S were counted (p=0.5)

10 Gy, 24h: 13 cells with 368 Foci in wt and 10 cells with 196 foci in P183S were counter (p=0.29)
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Figure S1 - Lymph node biopsy with complete effacement of the architecture and a
polymoprhic infiltrate composed of lymphocytes, histiocytes and blastic cells (A, hematoxylin
and eosin). The number of CD20 positive B-cells is reduced (B) and among the T-cells a/B T-cells
(TCRB chain, C) are dominating over y/6 T-cells (TCRy chain, D). Most blastic cells harbor EBV
(EBER in situ hybridization, E) and some of these cells express EBNA2 (F) indicating a latency
type lll. Double staining for CD79a (red) and EBER (brown) suggests that most EBV-positive cells

are B-cells (G) rather than T-cells (CD3 red and EBER brown, H).
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Figure S2 - Gene-association network of genes involved in primary immunodeficiencies (PID) as
defined by IUIS and further reported in literature (Tab. S1 and ). Orange dots represent PID
genes without detected SNVs; violet dots represent PID genes with found SNV; blue dots
represent found SNV in genes which are directly or indirectly connected to known PID genes.
RAD52 has been found in interaction with genes, that give rise to PIDs with DNA repair defect;
furthermore, it is the only gene showing a heterozygous phenotype in the patient and his

mother.
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Figure S3 - (A) Capillary sequencing of RAD52 showing the heterozygous ¢.547C>T variant in the
patient (left) and wt sequence in father (middle) and sister (right). The mother has the same
phenotype as the patient. Sequence given with reverse (top graph) and forward primer (bottom
graph) applied. (B) Domain organization of the RAD52 protein. While the N-terminal ssDNA
annealing site has been studied in depth in human, the mediating function of RAD52 for RAD51
activity (through RPA and the RAD51 binding site) is still debated. (C) Homologous
recombination (HR) is a key DNA repair pathway for double strand breaks (DSB) and interstrand
cross links (ICL). 1) RAD51 recombinase filament needed for strand invasion into a homologous
sequence. In S. cerevisiae RAD52 mediates this step; in human, most probably BRCA2 and other
proteins can mediate it as well. 2) Strand invasion into a homologous sequence with D-loop
formation. 3) After capture of the second end of the DSB and strand extension RAD52 anneals

RPA-coated ssDNA (Model based on °).
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Figure S4 - Skin manifestations of T cell depletion in the patient. Left and middle: Severe zoster

infection with VZV in the left ear lobe and lower left leg with necrotizing skin affection. Middle
and right: Lower extremities showing widespread vasculitis-like lesions, possibly as sign of

dysregulation.
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Figure S5 - Splenic tissue with strongly reduced white pulp (A, hematoxylin and eosion),
extramedullary hematopoiesis (upper insert in A, hematoxylin and eosin) and increased
hemophagocytosis (lower insert in A, CD163). The spleen is depleted of lymphatic cells but
among T-cells (CD3, B) a/B T-cells are in minority (TCRB chain, C) compared to y/& T-cells (TCRy

chain, D).
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Figure S6 - Structural deviation over the course of the MD simulations. The Ca atom rmsd with
respect to the starting structures is depicted for two independent MD simulations each of

RAD52 wt (red, green) and the P183S variant (blue, magenta).
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Figure S7 - Local influence of the P183S mutation on dynamics and structure. (A) Rmsf of C,
atoms determined from the MD simulations of wt (red) and mutant (blue) RAD52. The values
were averaged over the 11 protomers. The secondary structure of a protomer is depicted at the
top of the plot. (B) Frequency distribution of the distance between the C, atom of residue 183
and the center of a4’ for wt (red) and mutant (blue). The distributions comprise values of all 11
protomers. (C) Frequency distribution of the distance between C, of P183 (red) or O, of 5183
(blue) and N, of K169, respectively. The distributions comprise values of all 11 protomers. (D)
Frequency distribution of the angle defined by the point tripe (C, of K169; N, of K169; center of

the 11mer) for wt (red) and mutant (blue). The distributions comprise values of all 11
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protomers. Angle values closer to 0 indicate an orientation of the side chain of K169 towards
the center; angle values closer to 180° indicate an orientation pointing to the outside of the

11mer.

18



Table S1 (see file) - Tab WES results: Whole-exome sequencing results detecting 129 intragenic
non-synonymous single-nucleotide-variants, which are shared by patient and his mother, which
are not reported in public databases (HapMap, 1000 Genomes) and have a GMAF of less than
15%.

Tab PID genes: 265 genes reported by IUIS and literature to be causative in primary

immunodeficiency disorders.
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‘ENSG00000005100
‘ENSG00000034152'
‘ENSG00000167291'
‘ENSG00000154080'
‘ENSG00000078043'
‘ENSG00000175221'
‘ENSG00000104904'
‘ENSG00000197408'
‘ENSG00000079435'
‘ENSG00000263002'
'ENSG00000104941'
‘ENSG00000134815'
‘ENSG00000105373'
‘ENSG00000167634'
‘ENSG00000083844'
‘ENSG00000185052'
‘ENSG00000078814'
‘ENSG00000080839'
‘ENSG00000101407'
‘ENSG00000101425'
‘ENSG00000100372'
'ENSG00000138944'
‘ENSG00000182583'

'IVD'
'CHACT'
'INO80
'IGDCC4'
‘LCTL'
'IQCH’
'IQCH’
'IDH3A'
‘CHRNAS'
'FBXO31'
'SERPINF1'
'SMG6'
ENSG00000262314'
'ITGAE'
'C1QBP!
ENSG00000108561"
'MAP2K3'
‘TBC1D16'
'CHST9'
'PIAS2'
'MED16'
'OAZ1
'CYP2B6'
'LIPE'
'ZNF234'
'‘RSPH6A'
'DHX34'
'GLTSCR2'
'NLRP7'
'ZNF264'
'SLC24A3'
'MYH7B'
'‘RBL1'
TTI1'
'‘BPI'
'SLC25A17'
'KIAA1644'
VX!



genetic_elements.ensembl_feature_consequence
'[regulatory_region_variant] ENSRO0000528861:(l:
'[regulatory_region_variant] ENSRO0000162195:(l:
'[feature_truncation] ENST00000472194:(l:
'[splice_region_variant] ENSTO0000378625:(l:
'[regulatory_region_variant] ENSRO0000529131:(l:
'[missense_variant] ENSTO0000421089:(l:
'[missense_variant] ENSTO0000371210:(l:
'[feature_truncation] ENST00000495994:(l:
'[feature_truncation] ENST00000495994:(l:
'[frameshift_variant] ENST00000371007:(l:
'[missense_variant] ENSTO0000370757:(l:
'[feature_truncation] ENST00000271015:(l:
'[feature_truncation] ENST0O0000370378:(l:
'[missense_variant] ENSTO0000565488:(:
'[missense_variant] ENSTO0000271332:(l:
'[regulatory_region_variant] ENSRO0001039754:(l:
'[feature_elongation] ENST00000369466:(l:
'[missense_variant] ENSTO0000444015:(l:
'[missense_variant] ENSTO0000449930:(l:
'[feature_truncation] ENST00000447624:(l:
'[missense_variant] ENSTO0000327757:(l:
'[feature_truncation] ENST00000330266:(l:
'[feature_truncation] ENST00000416913:(l:
'[feature_elongation] ENST00000473786:(l:
'[missense_variant] ENSTO0000445609:(l:
'[missense_variant] ENSTO0000441564:(l:
'[feature_truncation] ENST00000409475:(l:
'[feature_truncation] ENST0O0000498595:(l:
'[missense_variant] ENSTO0000515659:(l:
'[missense_variant] ENSTO0000264990:(l:
'[feature_truncation] ENST00000511392:(l:
'[missense_variant] ENSTO0000309993:(l:
'[regulatory_region_variant] ENSRO0001484302:(l:
'[missense_variant] ENSTO0000496455:(l:
'[feature_truncation] ENST00000479756:(l:
'[regulatory_region_variant] ENSR00001428670:(l:
'[feature_truncation] ENST00000515342:(l:
'[missense_variant] ENSTO0000381846:(:
'[regulatory_region_variant] ENSRO0001431605:(l:
'[missense_variant] ENSTO0000505113:(l:
'[regulatory_region_variant] ENSR00001408162:(l:
'[missense_variant] ENSTO0000381677:(l:
'[splice_region_variant] ENST00000231188:(l:
'[missense_variant] ENSTO0000539041:(l:
'[missense_variant] ENSTO0000368250:(l:



'[missense_variant] ENSTO0000275198:(l:
'[missense_variant] ENST0O0000239374:(l:
'[missense_variant] ENSTO0000414028:(l:
'[feature_truncation] ENST00000438073:(l:
'[regulatory_region_variant] ENSRO0000064980:(l:
'[feature_truncation] ENST00000476923:(l:
'[missense_variant] ENSTO0000444851:(l:
'[missense_variant] ENSTO0000523846:(l:
'[missense_variant] ENSTO0000450006:(l:

T

'[missense_variant] ENSTO0000520615:(l:
'[splice_region_variant] ENST00000307121:(1:
'[missense_variant] ENSTO0000517462:(l:

T

'[feature_truncation] ENSTO0000395383:(l:
'[splice_region_variant] ENST00000375337:(l:
'[feature_truncation] ENST00000478227:(l:
'[feature_truncation] ENST00000486754:(l:
'[missense_variant] ENSTO0000318971:(l:
'[missense_variant] ENSTO0000361518:(l:
'[missense_variant] ENSTO0000299498:(l:
'[missense_variant] ENSTO0000525748:(l:
'[splice_region_variant] ENST00000263181:(l:
'[feature_truncation] ENST00000452722:(l:
'[missense_variant] ENSTO0000358495:(l:
'[regulatory_region_variant] ENSRO0000425176:(l:
T

'[feature_elongation] ENST00000536007:(l:
'[missense_variant] ENST00000202967:(l:
'[missense_variant] ENSTO0000540495:(l:
'[regulatory_region_variant] ENSRO0001468567:(l:
'[feature_truncation] ENST00000456228:(l:
'[regulatory_region_variant] ENSRO0000512605:(l:
'[missense_variant] ENSTO0000382466:(l:
'[missense_variant] ENST0O0000382292:(l:
'[missense_variant] ENSTO0000540661:(l:
'[feature_elongation] ENST00000463407:(l:
T

'[missense_variant] ENSTO0000376581:(l:
'[frameshift_variant] ENST00000261244:(l:
'[missense_variant] ENSTO0000406854:(l:
'[missense_variant] ENST00000247226:(l:
'[missense_variant] ENSTO0000352093:(l:
'[missense_variant] ENSTO0000393096:(l:
'[missense_variant] ENST00000298912:(l:
'[missense_variant] ENSTO0000318792:(l:



'[splice_region_variant] ENST0O0000560660:(l:
'[initiator_codon_variant] ENST00000487220:(l:
'[missense_variant] ENSTO0000558357:(l:
'[missense_variant] ENSTO0000352385:(l:
'[missense_variant] ENSTO0000341509:(l:
'[regulatory_region_variant] ENSRO0000237949:(l:
'[missense_variant] ENSTO0000546225:(l:
'[missense_variant] ENSTO0000559881:(l:
'[missense_variant] ENST0O0000394802:(l:
'[splice_region_variant] ENST00000563113:(l:
'[feature_elongation] ENST00000572048:(l:
'[feature_truncation] ENSTO0000570659:(l:

T

'[regulatory_region_variant] ENSRO0001533776:(l:
'[feature_elongation] ENST00000225698:(l:

T

'[missense_variant] ENSTO0000526076:(l:
'[regulatory_region_variant] ENSRO0001538551:(l:
'[missense_variant] ENSTO0000581714:(l:
'[missense_variant] ENSTO0000585916:(l:
'[missense_variant] ENSTO0000395808:(:
'[regulatory_region_variant] ENSRO0001014741:(l:
'[splice_region_variant] ENST00000593831:(l:
'[regulatory_region_variant] ENSRO0000346885:(l:
'[missense_variant] ENSTO0000592437:(l:
'[splice_region_variant] ENST00000600188:(l:
'[missense_variant] ENST0O0000328771:(l:
'[missense_variant] ENSTO0000594182:(l:
'[missense_variant] ENSTO0000590030:(l:
'[missense_variant] ENSTO0000263095:(l:
'[missense_variant] ENST00000328041:(l:
'[regulatory_region_variant] ENSRO0000400210:(l:
'[missense_variant] ENSTO0000373664:(l:
'[feature_truncation] ENST00000373447:(l:
'[missense_variant] ENST00000262865:(l:
'[feature_truncation] ENST00000447566:(l:
'[missense_variant] ENSTO0000381176:(l:
'[missense_variant] ENSTO0000341408:(l:



