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Abstract

Background—Wiskott-Aldrich syndrome (WAS), X-linked thrombocytopenia (XLT), and X-
linked neutropenia (XLN), caused by WAS mutations affecting WASp expression or activity,
manifest in immunodeficiency, autoimmunity, genomic-instability, and lymphoid-cancer. WASp
supports filamentous-actin formation in the cytoplasm and gene-transcription in the nucleus.
Although the genetic basis for XLT/WAS has been clarified, the relationships between mutant
forms of WASp and the diverse features of these disorders remain ill-defined.
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Objective—To define how dysfunctional gene transcription is causally linked to the degree of
Thelper (Th) cell deficiency and genomic instability in XLT/WAS clinical spectrum.

Methods—In human Th1- or Th2-skewing cell culture systems, co-transcriptional R-loops
(RNA:DNA duplex and displaced single-stranded DNA) and DNA double-strand breaks (DSBs)
were monitored in multiple XLT and WAS patient samples, and in normal T cells depleted of
WASp.

Results—WASp-deficiency provokes increased R-loops and R-loop-mediated DSBs in Th1-cells
relative to Th2-cells. Mechanistically, chromatin-occupancy of Serine2-unphosphorylated-RNA
Polymerase Il is increased and that of topoisomerase-1, a R-loop preventing factor, is decreased at
R-loop-enriched regions of /FNG and 7BXZ21 (Th1l genes) in Thl-cells. These aberrations
accompany increased unspliced (intron-retained) and decreased spliced mRNA of /FNG and
TBXZ21 but not of /L13(Th2-gene). Significantly, increased cellular load of R-loops and DSBs,
which are normalized upon RNaseH1-mediated suppression of ectopic R-loops, inversely
correlates with disease severity scores.

Conclusion—Transcriptional R-loop imbalance is a novel molecular defect etiologic in Thl-
immunodeficiency and genomic-instability in WAS. The study proposes that cellular R-loop load
could be used as a potential biomarker for monitoring symptom severity and prognostic outcome
in the XLT-WAS clinical spectrum, and could be targeted therapeutically.
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Introduction

WAS mutations result in X-linked thrombocytopenia (XLT), X-linked-neutropenia (XLN),
or classic WAS.13 Although the genotype-phenotype association is imperfect, most manifest
some combination of immunodeficiency, autoimmunity, genomic instability, and/or
hematologic malignancy.48 WASp, encoded by WAS, is a multi-domain, adaptor protein
that regulates actin-polymerization in the cytoplasm® and RNA polymerase-11 (RNAP2)-
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dependent transcription in the nucleus of cells of the hematolymphoid lineage.19-14 WASp-
deficient CD4*Th-cells show decreased expression of Thil-genes in Th110 and Tfh (Th-
follicular) cells.1> WASp is also required for the transcriptional-activation of the CD19gene
in human B-cells,1® and nuclear WASp partakes in murine T-cell development.1” WASp in
human myeloid cells,18 and multiple other WASp-family proteins (Wavel, WASH) in
different organisms,19-22 also support nuclear-functions or modulate transcription. Human
WASp by modulating the activity of chromatin-remodeling complexes of the SWI/SNF-
family influences promoter “readiness” and gene-activation.12 Murine WASH modulates
chromatin activity of nucleosome-remodeling-factor (NURF) at the ¢c-Myc promoter,20 and
drosophila Wash influences global nuclear organization by influencing chromatin
configuration.?! Yeast-Las17, a homolog of human WASp, is part of nucleolar rDNA-bound
proteins involved in maintaining nucleolar integrity.2% Xenopus Wavel, like human WASp,
facilitates RNAP2 transcription.1® Accordingly, multiple evidence links WASp-family
proteins, well-known for their actin-polymerizing function, also to nuclear/transcriptional
function(s) in both higher and lower organisms. As such, the transcriptional function of
human WASp and xenopus Wavel, is uncoupled from its actin-polymerizing function,11.19
and the identification of the nuclear-localizing and nuclear-export sequences (NLS, NES)
has allowed linking nuclear WASp, but not cytoplasmic WASp, with transcriptional
activities.1! Together, these findings underscore the evolutionary pressure to preserve the
nuclear/transcriptional role(s) of WASp-family proteins across different species, and for
humans, propose WAS also as a disease of dysregulated transcription.

Regulated transcription is a multi-step process that includes safeguarding the newly
synthesized, pre-mRNA (intron-containing) strand. Because DNA:RNA association is
thermodynamically more stable compared to DNA:DNA association,24 such nascent RNA
transiently hybridize to its template single-strand(ss) DNA, inducing the formation of R-
loops, a 3-stranded nucleic-acid structure consisting of RNA:DNA duplex and a displaced
non-template ssDNA.25 R-loops normally occur genome-wide, covering up to 5% of the
human genome,28 where they function in gene transcription, immunoglobulin class-
switching, DNA replication, and DNA repair.25-30 R-loops form both at 5'-TSS (promoter)
and 3’-TTS (terminator) of a transcribing gene,31:32 where they are involved in remodeling
the chromatin.33 These functions represent the physiologic roles of R-loops in transcription-
initiation and -elongation. Conversely, unresolved or aberrant R-loops can retard elongation
efficiency,3435 and are detrimental to the genome by invoking activation of transcription-
coupled nucleotide excision repair (TC-NER) factors that cleave R-loops to generate DNA
single or double-strand breaks (SSBs or DSBs), which disrupts transcription.36-38
Accordingly, R-loops both activate or repress transcription, and hence can be beneficial or
detrimental.39-43 To mitigate detrimental effects, cells employ multiple R-loop modulating
factors to restrict aberrant R-loops. These are RNaseH1/H2 (degrade RNA moiety of RNA-
DNA duplex),*445 Aquarius and Senataxin (RNA/DNA-helicases),*6:4” THO-complex and
SRSF1 (mRNP-biogenesis factors),3248-50 and topoisomerases (TOPs, resolve DNA-
supercoiling).51:52 As such, TOP1 curbs R-loops both by relieving negative DNA-supercoils
and facilitating mRNA-splicing.535 These factors are central to preventing R-loop-linked

genome instability, since their loss/dysfunction results in human diseases including cancer.
55-57
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In this connection, we previously demonstrated that in WASp-deficient Th1-cells, decreased
mRNA level of /FNG, a signature Thl-cytokine, accompanies reduction in the chromatin-
enrichment of RNAP2-pCTD-Ser2 (S2P, a mark of transcription-elongation) but not of
RNAP2-pCTD-Ser5 (S5P, a mark of transcription-initiation) in its gene-body.12 Because
RNAP2-complexes that are Ser2-unphosphorylated (hereinafter S2unP) could still produce
unspliced (intron-retaining, IR™) short-transcripts through non-productive elongation®® and
because such IR* transcripts could potentially reanneal to their template DNA-strand,>9:60
we tested the possibility that WASp-deficiency might trigger the formation of aberrant R-
loops at actively-transcribing genes in T cells. In this study, we demonstrate a link between
WASp-deficiency, R-loop accumulation, and DNA-damage, defects that are more
pronounced in Thl-cells relative to Th2-cells, which we propose contributes to the
development of an aspect of WAS symptomatology. Furthermore, our data of R-loop
imbalance rationalize the associated but less severe disorder, XLT, also caused by WAS
mutations.

Cells, transfection, and pharmacological-modulation

CD4* T helper (Th) cells were isolated from PBMCs by MACS-apparatus (Meltenyi) from 3
normal-donors: ND1 (hereinafter NIH001-WT), ND3, ND8, and 7 WAS-patients (using
Transcript Variant NM_000377.2 based nomenclature): P1 (c.223G>A, p.V75M), P2 (c.
116T>C, p.L39P), P3 (c.173C>G, p.P58R), P4 (c.570del, p.G191Vfs*70), P5 (c.450del,
p.R151Gfs*110), P6 (c.1509A>C, p.*503ext*79 and P7 (c.23del, p.G8Efs*37), hereinafter
NIH002-WAS).4-6:11.61 NJH001-WT and NIH002-WAS were immortalized by HTLV-1 (gift
from Dr. Fabio Candotti).10 Patient samples were collected under the guidelines of the
Institutional Review Board (IRB). NIH002-WAS was stably-transfected to express either
Flag/Myc-dual tagged wild-type WASp (hereinafter wt-WASp) or different disease-causing
WASp-mutants, as previously described.11-13 T cells were polarized into Th1 or Th2 cells
using Human Th1l- or Th2-Differentiation Kit from R&D Systems. Primary, non-
immortalized, patient-derived Th cells (P1-P6) were propagated for multiple weeks in vitro
in IL2-containing culture by adding irradiated, unrelated donor PBMCs (1x10%/mL) and JY,
an EBV-BLCL (0.1x108/mL), and stimulating with PHA (1pg/mL). For RNaseH1-
expression, pPEGFP-M27-RNaseH1 plasmid lacking mitochondrial-localizing sequence but
containing a nuclear-localization sequence or its vector-only plasmid (gift from Dr. Robert
Crouch) was transfected into Th1-cells by Amaxa®Nucleofector® (Lonza). RNaseH1-
expressing Thi-cells were enriched by FACS-sorting the GFP* subpopulation. For
transcription inhibition assays, Th1-cells were treated with 5,6-Dichlorobenzimidazole-1-p-
D-Ribofuranoside (DRB) at 25uM for 30min, 50uM for 1h or 2h, and 100uM for 2h, or with
5ug/ml a-amanitin for 16hr. For F-actin depolymerization, normal Th1-cells were treated
with 2uM of Cytochalasin-D or Latrunculin-B for 1h or 2h.

CRISPR/Cas9-mediated knock-out and shRNA-mediated knock-down of WASp expression
in human Th-cells

WASp-deficient Th-lines were generated from NIH001 and Jurkat (WT/WKO isogenic
pairs) by CRISPR-mediated KO and from ND8 (WT/WKD isogenic pair) by sShRNA-
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mediated KD (and scrambled-vector control KD). NIHO01-WT and Jurkat-WT were
transfected with 2ug of WASP-CRISPR/CAS9-GFP plasmid (sc-400712-KO-2) using
Amaxa-nucleofaction. GFP* cells were FACS-sorted, plated into 96-well plates by serial
dilution, and screened by PCR to identify clones exhibiting biallelic (total) WAS-KO
(NIH001-WKO and Jurkat-WKO). DNA-sequencing of gDNA, RT-PCR of mRNA and
Western blot for WASp-expression were employed to verify successful WASp-depletion. For
RNAi-mediated KD of WAS in primary Th-cells, lentiviral vectors encoding GFP and
shRNA-sequences targeting WAS or a control (scrambled sequence) were used as described,
62 and WASp expression assessed on sorted GFP* Th-cells.

Coimmunoprecipitation and Mass-Spectrometry

Coimmunoprecipitatios/Western blots were performed as we described previously,10-13
using commercial reagents shown in Supplementary file-1. Multiple MS-assays on
immunoprecipitated WASp-enriched protein-complexes were performed after pretreating
normal donor, primary T cells samples with micrococcal nuclease (MNase),!! the latter
known to mitigate false-positive protein-protein interaction by cleaving single- and double-
stranded DNA and RNA.63

Confocal Microscopy and Flow cytometry

Immunofluorescence imaging was performed using Zeiss LSM710 integrated with Zen
software, and z-stack images acquired at 0.3uM step-size at 63x magnification for analyses,
as we described previously.10:64 F1JI-image analysis software (NIH) was used for all
quantifications. Automated counting of S9.6+ foci/nucleus (nucleoplasm-+nucleolus) was
performed using the “particle analysis” function of Image-J software isolating the analyses
to DAPI-stained regions. Signal saturation of yH2A.X in the nucleus was calculated using
“3D-Object counter” and “Coloc-2” functions (Image-J software). Intracellular staining of
proteins for flow was performed as we described previously.11-13

DNA-RNA immunoprecipitation (DRIP), ChIP-gPCR, and RT-PCR

Modified-DRIP was performed as described previously.5® Briefly, total nucleic-acid isolated
from Th1-cells was sonicated to a size of 400-500 bp and pretreated with RNasel to clear of
contaminating single-stranded RNA. 3ug of eluted sample, after phenol/chloroform
extraction, was incubated for 15hr with S9.6 antibody and immunoprecipitated RNA:DNA-
hybrids were used in PCR-assays. All single-ChIP (1-round) and Re-ChlP (sequential 2-
rounds of ChIP) assays were performed with MNase-digested chromatin as previously
described.10-13 ChIP-grade and their isotype-lg antibodies used to pull-down DNA:protein
complexes are shown in Supplementary file-1. Non-specific signals obtained with control
1gG-ChlIP were subtracted from those obtained in the test samples. RT-PCR assays including
gPCR analyses on RT2 Profiler™ PCR Array Human NF-xB-Signaling-Pathway-Plus
(Qiagen) were performed as we described previously.11-13

Pre-mRNA estimation

Pre-mRNA was enriched using click-it nascent-RNA-capture-kit (Thermo-Fisher). Briefly,
10x108 cells were cultured with 5-ethynyluridine (EU) for 0.5h or 1h. 1ug/ul of RNA was

J Allergy Clin Immunol. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sarkar et al.

Page 6

biotinylated with 10mM biotin azide, 50uL of Dynabeads® MyOne™ Streptavidin-T1
magnetic beads, and the 5-EU-labelled RNA used for gPCR assays (see Supplementary
file-2 for primer/probe sequences).

Neutral comet assay

Results

2.5 x 10° cells/ml mixed with 50uL of 1% low gelling agarose (Sigma) were pipetted onto
CometSlide™ (Trevigen) and placed in the Sub-Cell® GT Agarose Gel Electrophoresis
System (Bio-Rad) for 45 min at 30V in neutral electrophoresis buffer.66 Slides were stained
with SYBR-Gold dye (Thermo-Fisher) and z-stack images acquired using a Zeiss-confocal
microscope. Comet images were analyzed for tail-moment statistics using OpenComet
software.

WASp-deficiency triggers R-loop accumulation in human Thl-cells

Using S9.6 antibody (monitors RNA-DNA hybrids), we quantitated nuclear R-loops in
NIH002-WAS Th-line (WAS patient-derived) and in 3 isogenic pairs of Th-lines (donor-
derived), each either expressing or lacking WASp: 1) NIHO01-WT and NIH001-WKO, 2)
ND8-scrambled KD and ND8-shRNA WKD, and 3) Jurkat-WT and Jurkat-WKO (See
Supplementary Figure 1 for phenotypic characteristics and Supplementary Figure 2 for
WASp depletion). Thl-activation triggered high R-loops (S9.6™ foci) in NIH002-WAS and
all 3 WASp-deficient Th-lines (NIH001-WKO, ND8-WKD, Jurkat-WKO) relative to their
WT-control pairs, captured at a single-cell level by confocal microscopy (Figures 1A, B) and
at population level by flow cytometry (Figure 1C). Overexpression of eGFP-tagged
RNaseH1 (an endoribonuclease that degrades RNA in a RNA:DNA hybrid) into NIH001-
WKO (Supplementary Figure 3), decreased the number of S9.6+foci/nucleus, which
establishes $9.6*foci as authentic RNA:DNA hybrids. Moreover, treating NIH001-WKO
with DRB or a-amanitin, both inhibitors of RNAP2-driven transcription, also decreased the
number of S9.6*foci (Figures 1A, B). Disrupting F-actin assembly in normal (NIH001-WT)
Th1-cells, by cytochalasin-D or latrunculin-B (Figure 1D), or stalling transcription-
elongation by DRB (Supplementary Figure 4) did not provoke increased R-loop
accumulation. The latter suggests that perturbing elongation alone is insufficient to trigger
R-loops in human Thi-cells when WASp is present. Interestingly, Th2-skewing did not
increase the number of $9.6* foci in ND8-WKD relative to ND8-WT, but it did increase in
NIH001-WKO relative to NIHO01-WT (Supplementary Figure 5A). However, the number
and size of $9.6*foci were significantly lower in NIH001-WKO Th2-cells compared to
NIH001-WKO Th1l-cells (Supplementary Figure 5B). Together, these findings demonstrate
that R-loops accumulate to a greater degree in WASp-deficient Thl-cells as compared to
WASp-deficient Th2-cells.

To clarify the consequences of R-loops on Th1-differentiation, at the chromatin level, we
next mapped R-loop frequency, in the presence or absence of WASp, on a subset of Thl-
network genes (/FNG, TBX21, RUNX3, IL12RB2, TLRI). Using ChIP-qPCR, we first
show that endogenous-WASp is recruited to multiple regions of the /FNG-locus (Figure 1E)
in NIHOO1-WT, where its enrichment increases towards the 3”-region of the gene (Figure
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1F), as shown previously using the ChlP-on-chip approach.1 This WASp-binding profile
coincides with a similar 3’-biased accumulation of multiple other transcription factors.67:68
Using S9.6 antibody in DRIP-gPCR, we show in NIHO01-WT Th1-cells that R-loops
formed at a low level on the /FN/G-locus, where the R-loop enrichment, like that of WASp,
also increased towards the 3’-region of the gene (Figure 1G). This DRIP-profile is consistent
with the physiologic role of R-loops in transcription elongation/termination of actively
transcribing genes.2”:31 By contrast, R-loops accumulated at a high level in NIH002-WAS
Th1 cells, which were normalized upon transfecting either wild-type(wt)-WASp or
RNaseH1 (Figures 1H, I), or treating with a-amanitin (Figure-1J), the latter established S9.6
DRIP-signals as representing co-transcriptional RNA:DNA hybrids. High R-loop
accumulation was also captured at 3”-ends of multiple other Th1-genes in NIH002-WAS
relative to NIHO01-WT (Figure 1K). Notably, increased R-loops are not observed in Th1-
cells at 3"-ends of /L5 (Th2-gene), /L10(Treg-gene), FOXP3 (Treg-gene), /L17A (Th17-
gene) or ZNF544 (R-loop-resistant locus)32 (Figure-1K).

WASp-deficiency provokes R-loop-linked DNA-damage in Thl-cells

Because unresolved R-loops cause DSBs,36:40 we investigated the effect of increased R-
loops on genomic stability in WASp-deficient Th1- and Th2-cells. Using confocal
microscopy and flow cytometry, we first quantified the signal-saturation of
YH2A X (pSer139)* foci as a surrogate of DNA damage induction.® This showed a
significantly higher yH2A.X-signal saturations in both NIH002-WAS and NIH001-WKO
Th1-cells relative to NIHO01-WT Thl-cells by imaging (Figures 2A, B) and flow-cytometry
(Figure 2C). Notably, overexpressing RNaseH1 into NIHO01-WKO Th1-line or treating with
DRB (or a-amanitin) both significantly decreased -yH2A.X signal-saturation (Figures 2A,
B), as did transfecting wild-type WASp into NIH002-WAS Th1-cells (Figure 2C).
Furthermore, neutral comet assay, which reports on DSBs,56 showed that DSBs accumulated
with higher frequency in all 3 WASp-deficient Th1-lines (NIH001-WKO, ND8-WKD,
Jurkat-WKO) relative to their WT counterparts (Figure 2D), and the DSB-load is
significantly reduced upon degrading R-loops (by RNaseH1) or inhibiting transcription (by
DRB) (Figure 2E). Notably, like R-loops, the DSB load (tail-moment value) is also
significantly higher in WASp-deficient Thl-cells compared to WASp-deficient Th2-cells
(Supplementary Figure 5A).

We next investigated whether DNA-damage occurs on Th1-genes at/or around the site(s) of
R-loop formation. By ChIP-gPCR, we show that yH2A.X-enrichment at /FNG is
significantly higher in NIHO02-WAS relative to NIHO01-WT Thi-cells (Figure 2F, left). At
the 3’-region of /FNG, ~80% of histone-H2A is yH2A.X-modified in NIH002-WAS
compared to ~20% in NIHOO1-WT Th1-cells (Figure-2F, right). Moreover, Re-ChlP assays
(2-rounds of ChlIPs: 15t yH2A . X>2"d:DNA-PKcs) showed that yH2A.X and DNA-PKcs
(targets DNA-breaks)0 co-enriched at a higher frequency at the same 3’-regions of multiple
Th1-network genes in NIH002-WAS relative to NIHOO1-WT Th1-cells (Figure 2G), which
is normalized by transfecting wt-WASp (Figure 2F) or RNaseH1 (Figure 2I). Interestingly,
transfecting NIH002-WAS Th1-cells with ANES-WASp (nucleus-*“only” WASp re-
expression)!! reduced both R-loop- and yH2A.X-load, whereas, transfecting ANLS-WASp
(cytosol-“only” WASp re-expression)!! did not (Supplementary Figure 6). We conclude that
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nuclear deficiency of WASp results in DNA-damage, in part through the accumulation of
RNA:DNA-hybrids.

WASp-deficiency favors accumulation of intron-retaining, unspliced transcripts of IFNG
and TBX21 but not IL13 in Thl-cells

In WASp-deficient Thl-cells, increased R-loops at /FNG and 7BX21 loci occurs in the
context of decreased mature mRNA-expression of the same genes (Figure-3A).10-13 Because
R-loops are co-transcriptional products, these findings although counterintuitive, suggest
that ongoing nascent transcription must be occurring at these Th1-genes to fuel R-loop
formation. To test this possibility, we employed nonradioactive Click-iT® assay, in which
Th1-cells were labelled with 5-ethynyluridine (EU) for 30min and 1h (Figure-3B). Using
multiple qPCR primer-pairs covering all intron-exon boundaries of /FNG, TBX21 (Thl-
genes), /L13(Th2-gene) and TUBA1A (control-gene), we show a multifold increase in the
expression of pre-mRNA-transcripts of /FNG and TBX21 in NIH001-WKO relative to
NIH001-WT Th1-cells (Figure 3B). In contrast, there was a multifold decrease in the
expression of mature, processed mRNA-transcripts (reported by primers covering coding-
exons) of /FNG and TBXZ21, but not TUBAIB or /L13, in the same RNA-samples (Figure
3A).

Because transcriptional defects that generate intron-retaining, pre-mRNAs also result in
decreased level of mature mRNA, the latter by its degradation in the nonsense-mediated
decay (NMD) pathway,’! we asked if WASp-deficiency triggers accumulation of pre-mRNA
transcripts containing whole introns. Intron-retention was assayed by both quantitative RT-
gPCR and semi-quantitative RT-PCR to monitor the relative abundance of unspliced versus
spliced transcripts of /FNG, TBXZ21, IL13, and TUBA1Bin 1h EU-labelled total-RNA from
NIH001-WKO and NIHO01-WT Th1-cells. MaxENT-scores (maximum-entropy-splicing-
strength) were calculated for 5'-donor and 3”-acceptor splice-sites,’2 and an intron
associated with high splice-site strength, i.e., one that would be readily spliced-out co-
transcriptionally, was selected. Accordingly, intron-2 of /FNG (MaxEnt 5":9.85; 3":8.68),
intron-4 of 78X21(5°:8.41; 3°:10.5), intron-2 of TUBA1B(5":9.27; 3":13.06), and intron-2
of /L13(5°:9.33; 37:9.88) were analyzed. We found a multi-fold increase in the frequency of
intron-retained pre-mRNA transcripts (EU-labeled, 1h) with a high unspliced:spliced
transcript ratio for /FNG and 7TBXZ21 in NIH001-WKO relative to NIHOO1-WT Th1l-cells
(Figure 3C-E). In contrast, TUBA1 and /L 13 mRNA transcripts were fully-spliced, equally
in NIHO01-WKO and NIHO01-WT Th1-cells, indicating that the splicing defect associated
with WASp-deficiency is gene-specific. Together, the data demonstrates that transcription,
albeit non-productive of mature mRNA, is still ongoing at these Th1-genes even when
WASp is absent, and that WASp plays a yet to be defined role in pre-mRNA splicing.

WASp-deficiency favors accumulation of Ser2-unphosphorylated RNAP2-complexes at
IFNG in Thl-cells

To further define the nature of transcriptional-dysfunction provoked by WASp-deficiency,
we investigated the relationship between R-loops and RNAP2. Using ChIP-gPCR, we show
decreased accumulation of Ser2-modified-RNAP2 (elongating-S2P) in the gene-body and at
3’-region of /FNG, this despite normal accumulation of Ser5-modified-RNAP2 (initiating-
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S5P) at its 5”-region, in NIH002-WAS Thil-cells compared to NIH001-WT Thil-cells
(Figure-4A), which verifies our previous findings.12 Decreased S2P-occupancy was captured
also at the 3”-regions of multiple other Th1-genes, but not at GAPDH, in NIH002-WAS
Th1-line, in which re-expressing wt-WASp was sufficient to correct S2P-defect (Figures 4B,
C).

Because R-loops could destabilize or remodel RNAP2-complexes,347376 we investigated
whether decreased S2P-occupancy is due to decreased occupancy of total-RNAP2 (i.e.,
destabilized) or from ectopic accumulation of Ser2- UNphosphorylated(S2unP)-RNAP?2 (i.e.,
remodeled). ChIP-gPCR using pan-RNAP2-antibody, showed that total-RNAP2-occupancy
was high (not low) at the /FNG-locus (Figure-4A). Accordingly, WASp-deficiency provokes
increased chromatin-accumulation of S2unP-complexes (Figure-4D). Notably, RNaseH1-
overexpression into NIH002-WAS Th1-cells resulted in ~4.5-fold increase in S2P-
occupancy over its untransfected control (Figure-4E). By comparison, re-expressing wt-
WASp into NIH002-WAS Th1-cells increased S2P-occupancy by ~10-fold. Because
suppressing R-loops offered a partial S2P rescue, we postulate that loss of WASp impairs
S2P-modification by altering multiple mechanisms, at least one of which is linked to R-loop
accumulation.

WASp-deficiency disrupts TOP1 accumulation at Thl-genes

Because TOP1-recruitment to RNAP2 requires S2P-modification,’# it is possible that S2P-
deficiency would disrupt TOP1-occupancy at Th1-genes, which could then provoke R-loop
accumulation in WAS Thi-cells, as shown in other systems.51:52 To test this possibility, we
queried our LC-MS/MS-dataset of WASp-interactors previously generated from human Thl-
cells.1! These micrococcal nuclease (MNase)-treated, immunoprecipitation(1P)-based MS-
assays®3 captured polypeptides of DNA-topoisomerase-1, -2A, -2B (TOP1, TOP2A,
TOP2B) from the nuclear-WASp-complexes (Figure 5A, Supplementary file 3), whereas
control 19gG-1P/MS did not recover TOP-peptides. The physiologic association between
WASp and TOP1 was verified by co-immunoprecipitation/western-blot (Figure 5B) and
MNase-treated Re-ChlP (1S'ChIP:TOP1—2"9ChIP:WASp), which showed WASp: TOP1-
complexes to co-enrich at 3’-regions of multiple Th1-genes in NIHO01-WT Thi-cells
(Figure 5C). In contrast, WASp-deficiency provoked a significant decrease in TOP1-
occupancy, contemporaneously with increased R-loops, in the gene-body and at 3’-region of
Th1-genes in NIHO02-WAS Th1-line, both of which (TOP1, R-loops) were normalized by
re-expressing wt-WASp (Figures 5D, E). We conclude that WASp plays an essential role,
direct or indirect, in modulating TOP1-occupancy at certain Th1-genes, which we propose
contributes to R-loop formation in WASp-deficient Th1 -cells.

Suppressing R-loops normalizes mRNA-levels of NF-xB-response genes in WASp-
deficient Thl-cells

We previously showed,1213 and verified here, that WASp-deficiency causes wide-spread
decreases in steady-state mRNA-expression of multiple NF-xB-response genes in NIH002-
WAS Th1-line (Figure 6A, Supplementary file 4). In contrast, expression of CSF2and
TINFAIPZ, both pro-inflammatory cytokines, was elevated. (Figures 6A, B). To show a direct
connection between R-loops and cell-function, we down-modulated R-loops in NIH002-
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WAS Thi-cells by RNaseH1, which resulted in normalization of mRNA-levels (e.g., T/FNG,
STAT1, TBX21, IL12RB2. \ CSF2, TNFAIP2) (Figures 6A-C). These results imply that the
level of S2P-upregulation (~4.5-fold) afforded by RNaseH1-mediated R-loop suppression
(Figure 4E) is sufficient to restore Th1-cell functionality, at least of the immune-function
genes examined. How RNaseH1-mediated R-loop suppression decreases mRNA-levels of
CSF2and TINFAIPZin WASp-deficient Thl-cells is unclear, but we speculate that by
decreasing R-loop-mediated DSBs, the expression of pro-inflammatory genes, known to be
pathologically increased by chronic DDR-activation,””:"8 will be also be suppressed.

R-loop-mediated DNA-damage correlates with disease-severity in XLT/WAS clinical

Spectrum

Finally, we asked if the R-loop defect in Th1-cells, uncovered here, correlates with the
disease-severity scores of XLT/WAS.4-6:61 |n a reconstitution study with engineered WASp-
mutants, we show that mutations presenting in a subset of patients initially as XLT but may
evolve subsequently into classic WAS with a score of 5 in the same patient (T45M,
V75M)46 (Figure 7A) triggered R-loop accumulation and inscribed chromatin marks of
DNA breaks at the /FNG locus, but not at non-Th1 gene loci in NIH002-WAS Th1-line
stably transfected with these pathogenic mutants (Figures 7B, C; Supplementary Figure 7).
In contrast, mutations that have been reported to always associate with XLT (A236G,
R477K),%6 did not manifest these aberrations at Th1 or non-Th1 gene loci. Significantly, in
primary Th1-cells (not immortalized) from 6 patients (3 XLT [P1, P2, P3], 3 WAS [P4, P5,
P6] and 2 normal-donors [ND8, ND3]), we show that the magnitude of R-loop and DSB-
load in the patient Th1-cells with clinical-scores of 4-5 (i.e., WAS) is significantly higher
than in the patient Thl-cells with clinical-scores of 0.5-1 (i.e., XLT) (Figure 7D-F).
Together, the findings in primary Th cells (Figure 7D) and Th cell lines (Figures 1, 2, and
7A) support the conclusion that the degree of R-loop-linked DNA damage in Th1-cells
correlates with the disease-severity scores of XLT-WAS for the pathogenic mutations tested.

Discussion

Our study uncovers R-loop-mediated genomic-instability as a new molecular defect in WAS
Th1-cells, where the magnitude of defect correlates with clinical-severity scores in the XLT-
WAS disease-spectrum. Accumulation of S2unP-RNAP2, decreased TOP1 chromatin-
enrichment, and increased generation of unspliced pre-mRNA transcripts together manifest
in increased R-loops, DNA-DSBs, and mature mRNA deficiency in a subset of Th1-genes.
These aberrations manifest to a greater degree in WASp-deficient Th1-cells as compared to
WASp-deficient Th2-cells, which may explain the observed Th1/Th2-imbalancel®.79
contributing to eczema, hyper-IgE, and other atopic/clinical features of WAS.4-6 Based on
our findings, we propose a model (Figure-8) in which the “platform” function of multi-
domain WASp enables targeting of TOP1 and CDK9 to transcriptionally-active Th1-genes,
and together with a similar “platform” function described for TDRD3 and BRCA1/BRAC?2
in restricting R-loops,80-82 these observations support “adaptor-signaling” as a means to
focally-concentrate anti-R-loop enzymology to transcribing- and replicating-chromatin.
Accordingly, by providing new mechanistic clarification of how nuclear-WASp influences
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gene-transcription, this and previous studies together consolidate the idea that WAS is also a
disease of dysregulated transcription.10-17.64.79

R-loops and S2P-deficiency: cause or consequence in WAS Thl-cell pathology?

R-loop-‘centric’ model (R-loop is a primary defect)—This model proposes that
WASp-deficiency disrupts chromatin recruitment/retention of anti-R-loop factor(s) (e.g.,
TOP1), as a primary defect. Because TOP1 chromatin-recruitment is regulated by SWI/SNF-
activity and H3K4me3,83 both of which we show are deficient in WAS Thi-cells, 1012 the
model proposes that TOP1-defect could also arise from these chromatin/epigenetic
aberrations. Because TOP1-defect impedes elongation and/or splicing,>1-53:84 the latter
causing accumulation of intron-retained (IR+) pre-mRNA, could further fuel R-loop
formation (Figure-8), as shown recently in spinal muscular atrophy.89 Loss of yeast-TOP1
also results in accumulation of pre-rDNA transcripts, R-loops, and impeded RNAP1-
transcription.5 Nonetheless, whether aberrant R-loops are a cause or consequence of
splicing-defect in WAS Th-cells remains an open question.

S2P-‘centric’ model (S2unP is the primary defect)—Our findings of increased
accumulation of S2unP-complexes present this alternative model, which offers an additional
benefit of explaining a 3’-biased gradient for excessive R-loop formation (Figure-8). Our
results in WASp-deficient Th1-cells demonstrating impaired chromatin-recruitment/retention
of a S2P-kinase CDK912 and TOP1, the latter essential also for S2P-modification by
BRD4,74 together support this model. Given NF-xB's role in S2P-elongation,®® a defect in
NF-xB-activity seen in WASp-deficient lymphocytes,13:64 could also contribute towards
S2P-deficiency.

Indeed, it is also possible that WASp exerts parallel, independent effects on both of these
phenomena (R-loop and S2P models). Therefore, clarifying whether R-loops are a cause or
consequence of defective S2P-elongation, which defect is a primary, disease-driving
aberration in WAS, and how global are these aberrations in the WAS Th-cell genomes (Th1,
Th2, etc.), will offer better definition of WASp-role in transcriptional R-loop metabolism.
Similarly, since WASp-defect renders Thi gene-promoters “inactive”,10-12-14 whether
abnormal gene-body R-loops induce epigenetic-silencing of the 5”-promoter® or an
abnormal 5”-promoter chromatin-status induces abnormal gene-body R-loop formation33 in
WAS is an open question, clarification of which would provide basis for modulating a
specific chromatin-signaling pathway(s), potentially for therapy.

R-loops as a potential metric to monitor disease-severity in the XLT-WAS clinical spectrum

Of immediate clinical relevance are our findings that WAS-mutations that cause classic-
WAS associate with high R-loops and DSBs, whereas, mutations that cause XLT do not, at
least for mutations/patient-samples tested. Interestingly, for V75M, which has been reported
to cause XLT or WAS in different patients, and in the same patient reported to evolve from
XLT to WAS, R-loop profiles are instructive. Specifically, WAS™!! Thi-line (NIH002-WAS)
stably-transfected with engineered V75M-WASp mutant shows high R-loop/DSB burden,
whereas primary Th1-cells from a VV75M-patient obtained at the time of mild-disease
(score-1) show low R-loop/DSB burden. Such contrasting findings propose that for the same
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pathogenic-mutation, R-loop-mediated genomic-instability can be modulated by patient's
genetic makeup and/or clinical context, two disease-madifiers that are challenging to test in
any inbred, isogenic mouse-model of WAS, which underscores the necessity to conduct
experimental studies in patient samples. Accordingly, serial monitoring of R-loop/DSB at
different time-points in the same patient is likely to be more informative about disease-
scores in XLT/WAS spectrum, especially because some XLT patients are known to
subsequently evolve into serious WAS during their lifetime.#8 Identification of R-loops as a
potential biomarker of disease-severity is of clinical value because complete loss of WASp
does not always correlate with severe WAS phenotypes.4-6:86 Nonetheless, reproducing the
R-loop: disease-score correlation, identified here in 10 pathogenic-mutations, in a larger
number of mutations, is required to bolster the diagnostic/prognostic value of monitoring R-
loops in XLT/WAS spectrum. Certainly, we do not favor the idea that all aspects of WAS
complications can be explained by the cell-autonomous consequences of R-loops in Th-cells
alone. We anticipate the Th-cell-specific DNA-damage to have systemic consequences,
including provoking autoimmunity/autoinflammation as a non-cell autonomous response to
chronic DNA damage.”’:"8

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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WAS
XLT
XLN
WASp
RNAP2
pCTD

S2P or S5P

S2unP

Thi, Th2, Tth cells

RNaseH1, H2, I
SWI/SNF
SRSF1

MmRNP

TOP

TSSand TTS
PBMC

EBV-BLCL

Wiskott-Aldrich syndrome

X-linked thrombocytopenia

X-linked neutropenia

Wiskott-Aldrich syndrome protein

RNA polymerase |1

Phosphorylated C-terminal domain of RNAP2

Phosphorylation of Serine 2 or Serine 5 residues of the
CTD

Serine 2 unphosphorylated C-terminal domain of RNAP2

CD4+ T helper 1, T helper 2, T follicular helper
lymphocytes

Ribonuclease H1, H2, |

SWitch/Sucrose Non-Fermentable
Serine/Arginine-Rich Protein-Specific Factor 1
Messenger ribonucleoprotein

Topoisomerase

transcription start site and transcription termination site
Peripheral blood mononuclear cells

Epstein-Barr virus immortalized B lymphoblastoid cell line
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HTLV-1
LC-MS/MS
TDRD3
BRCA1/BRAC?2

WKO/WKD

Phytohemagglutinin

Enhanced green fluorescent protein

Human T-cell lymphotropic virus type 1

Laser capture tandem mass spectrometry

Tudor Domain Containing 3

Breast Cancer Susceptibility Protein Type 1/Type 2

WAS knock out/knock-down
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Key Messages

1. WASp deficiency triggers R-loop-mediated DNA damage in a subset of
immune function genes.

2. R-loops accumulate to a greater degree in WASp-deficient Thl-cells as
compared to WASp-deficient Th2-cells.

3. The magnitude of R-loop-linked DNA damage correlates with clinical
severity scores in the XLT/WAS spectrum for a subset of mutations.
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Figure 1. R-loops accumulate in WASp-deficient Thl-cells
(A) confocal microscopy images of the indicated Thl-skewed cells under indicated

experimental conditions dual-labelled with S9.6-antibody (R-loops, green) and DAPI
(nucleus, blue). Displayed images are the collapsed composites of 20-30 z-stack images
acquired at x63 magnification. (B) Box-and-whisker plots (whiskers@10-90%, horizontal
bar denotes median, “+” denotes mean) generated from 3D (z-stack) images of at least
n=100 cells from n=3 independent experiments. (C) Flow cytometry. Histogram plots and
bar graphs of their mean fluorescence intensity (MFI) for total histone-H3 (control) and S9.6
(R-loops) in the indicated Th cells. (D) confocal images of S9.6+ foci (R-loops) and their
abundance (box-and-whisker plot) in normal donor Th1-skewed cells treated with
Cytochalasin-D (Cyt-D), Latrunculin-B (LAT-B), or DMSO-control; n=100 cells from n=3
independent experiments. p-values: ****<0.0001; *=0.01; ns, not significant using Mann-
Whitney 2-tailed nonparametric analyses. (E) Genomic locations of 12 PCR primer/probes
across the human /FNG-locus (UCSC-Hg18) showing distances (kB) from the 5’ TSS and
3’TTS. (F) ChIP-gPCR profile of WASp-enrichment across the /FNG-locus in indicated
Th1-cells/conditions. (G-J) DRIP-gPCR profiles of R-loop frequency across the /FNG-locus
in Thl-skewed, indicated Th-cells/conditions. (K) DRIP-gPCR: R-loop frequencies at 3’-
ends of the indicated genes in the indicated Th1-cells, transfected with RNaseH1 or control
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vector. Displayed data is the mean of n=3 independent experiments, +SEM; shown are
actual Mann-Whitney p-values that compare all data points for the entire /FNG-locus in one
condition relative to other. Note: in this study, SNRPN is used as a positive-control for R-
loops as previously described (primer coordinates, Chr15:25223714-2522381, in the
SNRPN mRNA-sequence, region1-2).32 In another study, an upstream region of the
SNRPN-SNURF locus (Chr 15: 25132924-25132943, not in the SNRPN mRNA-sequence)
was used as a negative-control for R-loops. 87
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Figure 2. Loss of WASp provokes R-loop-mediated DNA damage
(A) Confocal images of indicated Th1-skewed cell lines under indicated conditions, dual-

labelled with anti-yH2A.X antibody, an indicator of DNA damage and DNA replication
stress (green for NIH002; red for NIHO01) and DAPI (blue). (B) Box-and-whisker plots
display yH2A.X signal saturation/nucleus in 3D images of the cell, n=100-120 cells,
****n<0.0001, *p=0.01 by Mann-Whitney. (C) Flow cytometry. Plot showing MFI values
for yH2A.X, H2A.Z, and total-H2A (control) immunofluorescence in the indicated T cells/
conditions; unTx, untransfected; Tx, transfected. (D and E) Neutral comet assay.
Representative images of comet tails in indicated Th-line pairs/conditions. Tail moment
statistics are displayed as box-and-whisker plots, n=100-150 cells from 3 independent
experiments for each condition. ****p-value<0.0001, **p-value<0.001 *p-value=0.01 by
Mann-Whitney. (F) ChIP-gPCR. Left, yH2A.X-enrichment at the /FNG-locus in indicated
Th1-lines. Right, relative abundance of yH2A.X-modified histone-H2A at 3"-end of /FNG
(point#9, Figure 1E). (G) Re-ChlP assay. In 2 sequential-rounds of ChIPs (1StChlP:
vH2A. X or IgG, 2"4ChIP: DNA-PKcs), co-enrichment profiles of yH2A.X and DNA-PKcs
at the same 3’-ends of indicated genes in indicated Th1-lines. (H) ChIP- and DRIP-gPCR
profiles of the indicated factors at 3"-end (point #9) of the /FNVG-locus in indicated Th1-
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lines transfected with RNaseH1-eGFP (RNHL1 tx.) or its empty-vector (vector tx.). The data
in panels F-H are mean of n=3, +SEM; actual p-values by Mann-Whitney.
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Figure 3. Loss of WASp favors accumulation of intron-retained, nascent pre-mRNA transcripts
of IFNG and TBX21 in Th1 cells

(A) Expression of processed (spliced, intron-removed) mRNA transcripts was quantified by
generating multiple RT-gPCR primers that encompass indicated exon-exon junctions of all
coding-exons of indicated genes, and is displayed as fold-change in WASp-deficient (WKO)
relative to WASp-sufficient (WT) Thl-skewed lines (NIHO001, isogenic pair). For /L13, only
one exon-exon junction was tested. (B) 7gp, 5-ethynyluridine(EU)-labelling steps that yield
EU-total RNA and EU-immunopurified RNA after 0.5h and 1h of EU-labelling. Bottom,
expression of unprocessed (unspliced, intron-retained) pre-mRNA transcripts was quantified
in both EU-total and EU-immunopurified RNA samples by generating multiple RT-gPCR
primers that encompassed indicated intron-exon boundaries of indicated genes. Bar graphs
depict mRNA fold-change in WKO Th1-cells relative to WT Th1-cells (NIH00Z1, isogenic
pair), after normalizing to their respective GAPDH mRNA levels. For fold-change
calculations, mMRNA-values obtained in WT were normalized as 1.0. Displayed values are
mean+s.d., n=3 biological replicates, each with their separate, new EU-labeling. (C, D)
Intron retention assayed by quantitative RT-gPCR (panel C) and semi-quantitative RT-PCR
(panel D) for indicated introns displaying high splice-strengths (5" -acceptor and 3’-donor
MaxEnt-scores) in WT and WKO Th1-line pairs. Data average of n=3, +s.d. In panel D, the
relative abundance of unspliced (US) over spliced (S) transcripts was calculated using gel-
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densitometry, n=3 independent experiments. Note, the bar graphs display the abundance of
“unspliced” mRNA for /FNG and TBXZ21, and “spliced” mRNA for /L13and TUBAI1B. (E)
nucleotide sequences of the RT-PCR products, aligned to the indicated genomic-sequences
(gDNA). Yellow shading denotes aligned sequences.
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Figure 4. Accumulation of Ser2-unphosphorylated (S2unP) RNAP2-complexes on the IFNG
locus in WAS Thi-cells

(A) ChIP-gPCR profiles of indicated RNAP2-modifications at the /FNG locus in indicated
Th1-lines. S2P or S5P denotes ChIP performed with antibody specific for Ser2- or Ser5-
phosphorylated RNAP2. (B) ChIP-gPCR profiles of S2P-enrichment at 3”-end of indicated
genes in NIH002-WAS Th1-line (untransfected control, unTx.) and the same WAS Th1-line
stably-transfected with wt-WASp. p-values are as described in the legend to Figure 1K. (C)
ChIP-gPCR profiles of S2P- and total-RNAP2 (unmodified) at 3"-end of /FNG and GAPDH
(control locus) in WAS and WT Th1-lines. (D) The ChIP-gPCR values for S2P and total-
RNAP2 calculated from data in panel A show the relative abundance of S2unP-RNAP2
across the /FNVG-locus, in WT and WAS Th1-lines. (E) Bar graphs show an inverse
relationship between chromatin-enrichments of R-loops (S9.6 DRIP) and S2P (ChlIP) at the
3’-end of /FNG, under indicated conditions (RNH1-transfected, wt-WASp-transfected, or
untransfected control); data are an average of n=3 +SEM. ****p<0.0001; ns, nonsignificant,
Wilcoxon nonparametric test.
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Figure 5. Loss of WASp disrupts chromatin-occupancy of TOP1 at same cis-sites where R-loops

accumulate in Thl genes

(A) LC-MS/MS. Number of unique polypeptides of indicated topoisomerases associated
with WASp isolated from nuclear fraction of MNase-treated Thl-skewed, primary Th-cells
(endogenous WASp-proteome) or Jurkat Th-cells (Flag/Myc-tagged, transfected wt-WASp-
proteome) by immunoprecipitation (IP) with anti-WASp antibody (Ab) or anti-FLAG/Myc
Abs (2-step immunopurification, 1511P:Flag Ab, 2"IP: Myc Ab). MultiConsensus reports of

peptides/proteins were generated using the SEQUEST-platform from n=4-5 biological

replicates after applying the filtering criteria previously described.1l MS data from 1gG-1P
conducted in parallel did not recover TOP peptides (not shown). (B) Coimmunoprecipitation
(colP)/Western blot. Protein-complexes isolated by colP from nuclear extracts of WT Th1-
cells resolved by sequentially immunoblotting the same gel with TOP1 and WASp. MM,

Molecular marker (kDa). Input is 10%. (C). Re-ChIP assay. In 2 rounds of ChIP

(1S'ChIP: TOP1/or IgG, 2"9ChIP:WASP), co-enrichment profiles of TOP1 and WASp at the
same 3’-ends of indicated genes in WT Th1-cells. (D) ChIP-gPCR. Enrichment profiles of
TOP1 across the /FNG-locus (see Figure 1E) in indicated Th1-lines; unTx, untransfected;
wt-WASp Tx, transfected with wt-WASp. (E) ChIP- and DRIP-gPCR. Enrichment profiles
of indicted reagents at the 3"-ends of indicated genes in the same WAS Th1-line, unTx or
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wt-WASp Tx. For panels C, D, E, data is from n=3, mean +SEM; p-values in panel D by
Wilcoxon nonparametric test.
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Figure 6. R-loop load modulates the steady-state mMRNA expression patterns in human Thl-cells
(A) Heat maps reporting on the RT-gPCR-based mRNA expression profiles of NF-xB

response genes for WAS Thl-line, untransfected (control), or transfected with either
RNaseH1 or wt-WASp using the 96-well plate format from Qiagen. The up/down gene
modulation shown is in the context of transitioning from ThO-unstimulated to Thl-skewed
state, /n vitro. Red, gene up-regulation, Green, gene down-regulation, black, unchanged.
Also see Supplementary file 4 for actual values. (B) Bar graphs display the actual values
(fold-change) of the indicated 4 genes derived from the mRNA expression array (heat-maps)
shown in panel B. /FNG is at C-03 and STAT1 at E-03 in the heat-map layout, and both
become upregulated, whereas, CSF2 (GM-CSF) is at B05, TNVFA/P2is at G-11, both pro-
inflammatory cytokine genes become downregulated in WAS Th1-cells upon expressing
RNaseH1 or wt-WASp. (C) RT-gPCR. Fold change in the mRNA expression of 3 indicated
Th1-genes in WAS Th-line (Th1-skewed) relative to the same WAS Th-line, untransfected
(control) or transfected with RNaseH1. n=3, mean +SEM.
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A WAS Genotype Clinical scores reported WASp expression R loop/DSB load
in literature (N=patients) reported in literature

NIH002-T45M Exon 1, pT45M 1,2, 1554, 2>5A reduced or high
(n=13) absent
XLT/WAS NIH002-V75M Exon 2, pV75M 1,2, 155A, 2>5A normal, reduced, or high
Th lines (n=22) absent
NIH002-A236G Exon 7, p.A236G 1 absent low
(n=1)
NIH002-R477K Exon 11, p.RA77K 2 reduced low
(n=1)
B DRIP-gPCR (IFNG locus) (o] DRIP-gPCR and ChIP-qPCR (IFNG 3'end, #9)
NIH002-WAS (Th1) NIH002-WAS (Th1)
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Pa ¢.570del 5 5 absent high
p.G191Vfs*70 (n=1)
P5 c.450del 5 S5 absent high
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P6 c.1500A>C 4 4 absent high O
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)
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Figure 7. R-loop and DNA-damage levels in Th1l cells correlate with disease-severity scores in
WAS-XLT spectrum

(A) The table shows 4 disease-causing WAS-mutations engineered /n vitro for stable
transfection into NIH002-WAS-null T-cell line to generate Th-lines representative of
mutations that associate with mild or severe clinical phenotypes, as shown. Clinical-severity:
score-1, 2: mild-XLT with eczema; score-5A, -5M, severe immunodeficiency with
autoimmunity (A) or malignancy (M); 1, 2—5A/5M denotes disease progression to severe
WAS after initially presenting as XLT in the same patient.-6.:86 (B) R-loop frequency across
the /FNG-locus in NIH002-WAS Th1-line stably-expressing indicated WASp-mutants. p-
values by Wilcoxon nonparametric test. (C) ChIP and DRIP (S9.6) enrichment profiles of
indicated factors at 3’-end of /FN/G (point #9, Figure 1E) in the indicated mutant. n=3, mean
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+SEM. (D) The table shows genotype-phenotype characteristics of pathogenic mutations in
patients from whom primary Th cells (P1-P6) and a Th cell line (P7), as well as Th cells
from normal donors (ND1, ND3, ND8) were generated.10.61(E) A representative confocal-
image (a collapsed composite of multiple z-stack planes) for each patient and donor T-cell
sample shows their respective R-loop load (S9.6+ foci) and DSB load (yH2A.X and neutral
comet assay). (F) Box-and-whisker plots (whisker@ 10-90%), calculated on z-stacks
(n=20-30 stacks/cell) from n=120-190 cells (exception: n=33 cells analyzed for patient-P2
due to small sample volume) for indicated read-outs. S9.6+ foci, yH2A.X signal-saturation
in the nucleus, and comet tail moment were processed and quantified using ImageJ 2.0 and
Prism7 programs. Entire multi-cell images were optimized equally by Adobe Photoshop to
reduce any background fluorescence (“signal-noise”). ***p<0.0001, *p=0.01, ns=
nonsignificant, p>0.1 by two-tailed non-parametric Mann-Whitney.
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L Th1 transcription in WASp-deficient Th cells
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Figure 8. Model proposing WASp effect on proteins and pathways that modulate R loop balance
Event in blue-box denotes our previously published finding.12 Events in yellow-box denote

our findings of this study. Unboxed events denote predicted consequences of our results.
Bold black arrows connect proposed mechanistic pathway for the observed signaling
outcomes based on our findings of this study. Hatched grey arrows indicate putative
consequences of our findings on other related pathways, not tested in this study, but
predicted from published results in other systems. Modef L oss of WASp disrupts chromatin-
occupancy of CDK912 and TOP1. CDK9-deficiency contributes to impaired S2P-
modification, the latter further compromising TOP1 recruitment to RNAP2.74 S2P-deficient
RNAP2 can still generate short, unprocessed mRNA transcripts,>® which could fuel R-loop
formation. TOP1 defect will also contribute to R-loop formation through its effects both on
DNA-supercoiling and splicing factors.>1-54 R-loops are known to incite DNA-damage,
which via ATM-mediated spliceosome displacement,>® could further fuel R-loop formation.
R-loop-mediated DDR-signaling activates S2P-phosphatases, e.g., protein phosphatase-1,88
which will dephosphorylate S2P contained within the elongation-complex in the gene-body.
Together, a feed-forward causative loop of either R-loops=elongation-defect=R-loops (R-
loop model) or elongation-defect=>R-loops=>elongation-defect (S2P model) will develop in
WASp-deficient Thl-cells, resulting in R-loop-mediated DSBs. DSBs will elicit chronic-
DDR, the latter known to perturb the global transcription programs of the affected cell,
including provoking pro-inflammation,””:”8 which we propose contributes to
immunodeficiency and autoimmunity/autoinflammation in both cell-autonomous and non-
cell autonomous fashion.
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