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SUMMARY

B cells generate functionally different classes of antibodies through class switch recombination
(CSR), which requires classical nonhomologous end-joining (C-NHEJ) to join the DNA-breaks
at the donor and acceptor switch (S) regions. We show that the RNA-binding protein HNRNPU
promotes C-NHEJ-mediated S-S joining through the 53BP1-shieldin DNA repair complex.
Notably, HNRNPU binds to the S region RNA/DNA G-quadruplexes, contributing to
regulating R-loop and ssDNA accumulation. HNRNPU is an intrinsically disordered protein
that interacts with both C-NHEJ and R-loop complexes in an RNA-dependent manner.
Strikingly, recruitment of HNRNPU and the C-NHEJ factors is highly sensitive to liquid-liquid
phase separation inhibitors, suggestive of DNA repair condensate formation. We propose that
HNRNPU facilitates CSR by forming and stabilizing the C-NHEJ ribonucleoprotein complex
and preventing excessive R-loop accumulation, which otherwise would cause persistent DNA

breaks and aberrant DNA repair, leading to genomic instability.



INTRODUCTION

Expression of activation-induced cytidine deaminase (AID) in antigen-stimulated B-
lymphocytes diversifies the Ig heavy chain (/gH) gene locus through somatic hypermutation
(SHM) and class switch recombination (CSR) 2. While error-prone repair of AID-induced
DNA breaks in the variable (V) region results in SHM, nonhomologous end-joining (NHEJ)-
mediated DNA repair of AID-induced DNA double-strand breaks (DSBs) in the donor and
acceptor switch (S) regions results in CSR *#. During S-S recombination, the paired S region
DSBs come into proximity, presumably through a process known as synapsis, followed by
DSB end-processing and ligation of the DNA break ends, which takes place mainly through
classical NHEJ (C-NHEJ) that requires minimal or no sequence homology between two
ligating DNA ends 6.

B cells deficient in one of the C-NHEJ components, such as KU80, XRCC4, Ligase IV, 53BP1,
or shieldin complex proteins, show compromised CSR and loss of the C-NHEJ signature at
CSR junctions 7. During CSR, 53BPl-bound chromatin promotes ATM-dependent
recruitment of RIF1, which blocks DNA end-resection by recruiting the shieldin complex
(SHLDI1, SHLD2, SHLD3, and REV7) at the DSB site '>!4, As C-NHEJ plays a pivotal role
in the resolution of AID-induced S region DSBs, any impairment or alteration of the pathway
influences CSR and associated genomic instability >!°. Although the defect of C-NHEJ is
compensated by an alternative end joining (A-EJ) DNA repair pathway, it is less efficient and
leads to decreased CSR '®!7. Therefore, cis- and trans-acting factors that influence the choice
of DNA repair pathway during CSR are of great importance.

Recent advances in the field suggest that DNA damage itself can generate transient R-
loop/DNA:RNA hybrids at DSB sites through the activation of local transcription, promoting

DNA repair by providing a recruitment platform for DNA repair factors '¥-2°. The RNAs at the



DNA break can influence DNA repair by inviting RNA binding proteins (RBPs) that are
responsive to DNA damage or acting as a template for DNA repair 2122, It is well documented
that /gH S region sequences are highly repetitive and G-rich on the non-template strand and

thus frequently form R-loops during S germline transcription 232*

. The R-loop structure
consists of DNA:RNA hybrids on the transcribed strand and single-stranded DNA (ssDNA) on
the non-template strand. The displaced ssDNA can form non-B structures, including G-
quadruplexes (G4) and stem-loops that are substrates of S -region DNA breaks **2°, Persistent
R-loops can be potentially deleterious due to increased incidents of AID- or other pathway-
induced DNA breaks, leading to genomic instability 2627, Unscheduled and/or unresolved R-
loops can also impair DNA repair efficiency by obstructing the binding of DNA repair factors
to DSB sites and interfering with the DSB end processing necessary for C-NHEJ. R-loops are
particularly beneficial in homologous recombination (HR) because cleavage of the R-loops can
generate long 3’ssDNA, which are perfect substrates for template DNA invasion during HR
2829 1t has been reported that RNA processing and modification defects associated with the
switch region could lead to DNA:RNA hybrid accumulation and suppression, respectively 33!,

In both cases, AID-targeting was affected, and CSR junctions showed elevated microhomology

(MH).

In the context of the IgH locus, bidirectional transcription-induced S region R-loops are mainly
implicated in AID-induced S region DNA breaks, although a role of R-loops in S-S synapsis
has also been suggested 323, Recently, it has been shown that G4 structure resolution in S-
germline transcripts (GLTs) by the RNA helicase DDX1 promotes R-loops, which correlates
with AID recruitment and CSR efficiency **. Another study showed that an m6A modification
to Su-GLT promotes G4 resolution and R-loop formation, again correlating with AID

recruitment and CSR efficiency 3!. All studies point to a positive relationship between the S-



region R-loop and DSB formation. Here, we show that HNRNPU (Q00839), a G4 and
DNA/RNA structure binding protein >3, plays a critical role during CSR at the crossroads of
R-loop and C-NHEJ regulation. The analysis of S-S recombination in HNRNPU-depleted cells
showed the hallmark of C-NHEJ defects, accompanied by elevated R-loops and ssDNA in the

recombining S-regions.



RESULTS

CSR requires HNRNPU to promote C-NHEJ

We initially identified HNRNPU as a CSR cofactor during a screen of HNRNP family genes
involved in CSR 378, However, the underlying mechanism remains unknown. To investigate
the function of HNHRNPU in CSR, we knocked down (KD) Hnrnpu by introducing a small
interfering RNA (siRNA) into the murine B-cell line, CH12F3-2A, which undergoes IgM to
IgA class switching in response to CIT (aCD40/IL4/TGF-p) stimulation 3°. As evident in the
FACS profiles, HNRNPU-depleted cells showed a marked reduction in IgA switching after 24
h of CIT stimulation, and CSR was impaired even at 72 h (Figures 1A, S1A, and S1B). Hnrnpu
KD had no apparent effect on AID expression or switch germline transcription (WGLT and
aGLT), the essential prerequisites for CSR initiation at the IgH locus (Figures 1B and 1C).
Similarly, HNRNPU depletion in primary B cells also hindered IgGl switching without
affecting AID and GLT expression (Figures S1D-S1F). A marked elevation of HNRNPU at
the S regions was also observed in both CH12F3-2A and wild-type primary B cells in response
to CSR activation or AID (Figures 1D and 1E). However, Hnrnpu ¥P did not perturb AID-
induced S-region DNA breaks (Figure S3H), suggesting its role is in the DNA repair phase of
CSR 38,

The recombination phase of CSR requires either the C-NHEJ pathway or the A-EJ pathway to
join the cleaved acceptor and donor switch regions %41, To investigate the impact of Hnrnpu
KD on the choice of repair pathway, we PCR amplified and sequenced the Sp-So recombination
junctions in WT and HNRNPU-depleted cells stimulated with CIT for 48 h. Sequence analysis
of the CSR junctions revealed a striking reduction in direct/blunt end-joining and an increase
in longer microhomology (MH) at the CSR junctions in HNRNPU-depleted cells (Figure 1F).
In WT, most sequenced junctions (84%) showed no MH (0 nt) and short MH (< 3 nt), typical

of C-NHEJ and denoted as “direct joining” (Figures 1F and 1G). However, in HNRNPU-



depleted cells, 37% and 28% of the sequenced recombination junctions showed 0-3 nt and > 4
nt MHs, respectively (Figures 1F and 1G). HNRNPU-depleted cells also displayed a
significantly higher frequency of junctions with insertions (Ins; WT 8% vs. Hnrnpu XP 35%)
(Figure 1G), with a marked elevation of > 1 nt insertions (Figure 1F). Collectively, these
findings suggest that HNRNPU functions primarily to promote C-NHEJ during CSR.

CSR junctions are similar between HNRNPU and shieldin deficiencies

To investigate the nature of the C-NHEJ defect in Hnrnpu P cells, we compared HNRNPU
deficiency with 53BP1 and shieldin-component deficiencies within a unified system (CH12F3-
2A cells) under identical CSR activation conditions (CIT-induced IgM to IgA switching). We
used a previously reported three gene knockout (KO) CHI12F3-2A lines, 53bp1 ¥©, Shidl X©,
and Shld3 O #2, In agreement with previous reports, 53bpl KO cells showed significant IgA
CSR impairment (Figures 2A and S1G) >3, There was also a modest decrease in direct joining
(0-3 nt; 84% vs. 62%) in the Spu-Sa junctions with an increase in MH usage (> 4 nt; 8% vs.
13%) compared to WT/siControl-treated cells (Figures 2C and 2F). Interestingly, depletion of
Hnrnpu in 53bpl ¥O cells further reduced direct joining (0-3 nt; 62% to 38%) at the CSR
junctions (Figure 2F). When we compared the number of junctions with longer MHs, we
observed a significant shift toward MH-mediated repair in 53bpl XO cells upon Hnrnpu
depletion (>4 nt; 13% to 30%) and slight elevation of total insertions (Ins; 25% to 32%) (Figure
2F).

Consistent with previous studies, cells deficient in shieldin subunits showed strongly impaired
IgA CSR compared to WT/siControl-treated cells (Figures 2B and S1I). The co-depletion of
HNRNPU and shieldin subunits did not reduce CSR further (Figures 2B and S1I-S1K). In
Shid1 X© and Shid2 ¥P cells, 48% and 47% of the sequenced recombination junctions showed
direct joining (0-3 nt), respectively, which is closer to what we observed in Hnrnpu XP cells

(37%). Notably, there was a significant increase in longer MH (> 4 nt) usage in Shidl ¥© and



Shld2 ¥P cells (23%) compared to WT (8%) and similar to Hnrapu XP (28%) (Figures 2D and
2F). Moreover, the CSR junctions of both Shidl ¥© and Shld2 ¥P cells showed elevated
insertions (29% and 30%), as observed in the Hnrnpu XP cells (35%) (Figures 2D and 2F).
Consistent with the observation, when Hnrnpu XP was combined with Shldl X© or Shld2 ¥P,
CSR junctions did not show any additive influence in direct joining (0—3 nt; 40% and 42%,
respectively), longer MH usage (> 4 nt; 28%), or insertion frequency (Figures 2E and 2F).
Interestingly, 65% of the sequenced CSR junctions in Skld3 X© cells showed direct joining (0—
3 nt), similar to what was observed in 53bpI ¥ cells (62%) (Figures 2D and 2F). However,
longer MH (> 4 nt) usage in Shld3 ¥© cells (28%) was comparable to Shidl *©, Shid2 XP: and
HnrnpuXP cells (23-28%) (Figure 2F). Strikingly, Shld3 X© cells had CSR junctions with only
a few insertions at nearly the same level as those in the WT/siControl-treated cells (Figures 2D
and 2F). As expected, when Hnrnpu %P was combined with Shld3 X©, direct joining was
reduced (0-3 nt; 65% to 45%), and the insertion frequency in the double-deficient cells became
similar to the HnrnpuXP cells (Figures 2E and 2F). Overall, shieldin-deficient cells, particularly
SHLD1 and SHLD?2 cells, showed CSR junctional features comparable to those of Hnrnpu ¥P
cells, suggesting an overlapping functional pathway in CSR.

HNRNPU is dispensable for SHM but not IgH/c-Myc translocation

To better understand HNRNPU’s role in AID-induced Ig gene diversification, we investigated
S region hypermutations and IgH/c-Myc translocations. Although HNRNPU-depleted cells
showed a slight increase in S-SHM frequency, the overall SHM frequencies did not differ
significantly among the samples compared to the WT/siControl-treated cells (Figures S3A-
S3C and Table S3). No specific base bias was detected in the mutation pattern (Figure S3B).
The unaltered mutation frequency in 53bp1 KO cells agrees with a previous report that 53BP1
is dispensable for S-SHM as well as V-SHM 34, We, therefore, conclude that HNRNPU is

dispensable for S-SHM during CSR but essential for S-S recombination.



Next, we examined the CSR-associated IgH/c-Myc translocations by analyzing the translocated
genomic junctions (Figure S3D). Consistent with CSR impairment in HNRNPU-depleted cells,
the IgH/c-Myc translocation frequency was significantly reduced (Figures S3E and S3F).
Strikingly, the of shieldin but not 53bp/ deficiency impaired IgH/c-Myc translocation,
suggesting that HNRNPU and shieldin are functionally interlinked and impact both the cis and
trans recombinational repair required for CSR and IgH/c-Myc translocation, respectively.
Concerning 53BP1, our data are consistent with the finding that 53bp/ deficiency does not
affect or increase AID-induced IgH/c-Myc translocation *>6, We confirmed that AID-induced
DSB frequency did not differ among HNRNPU, 53BP1, or shieldin complex deficiency by
linker ligation-mediated PCR (LM-PCR) assay (Figures S3G-S3I), further emphasizing that
HNRNPU’s role in DNA repair is similar to the 53BP1/shieldin.

HNRNPU is associated with the DDR

Since HNRNPU is critical in the DNA repair phase of CSR, we examined HNRNPU protein
expression in response to DNA breaks other than AID-induced damage. We treated 293T cells
with increasing doses of etoposide, a potent pharmacological inhibitor of topoisomerase II,
which causes genome-wide DSBs and/or DNA damage 7. As evident in Figure S4A,
HNRNPU steadily increased in expression in response to etoposide treatment. Consistent with
the notion that etoposide-induced DNA lesions are repaired by C-NHEJ #"*¥ there was a
gradual increase in KU80 and 53BP1 (Figure S4A). To test whether HNRNPU interacts with
the DDR and C-NHEJ factors in response to DNA damage, we performed HNRNPU
immunoprecipitation (IP) in 293T cells exposed to etoposide. A pronounced interaction was
observed with yYH2AX, KUS80, 53BP1, DNA-PKcs, and FEN1 (Figures S4B and S4C), some
of which were enhanced in response to etoposide. Consistently, a notable fraction of etoposide-
induced DNA induced DNA damage foci showed the nuclear co-localization of HNRNPU with

YH2AX, KU80, and 53BP1 (Figures S4F-S4K). Interestingly, HNRNPU interacted specifically



with structure-specific ssDNA endonuclease FENI but not ASTE1, which was recently
implicated in the processing of DSB ends with 3’ overhangs #*-°,

As expected, SHLD1-MF IP by anti-FLAG pulled down the same protein complex, including
HNRNPU (Figure S4D). IgG/FLAG IP using non-transfected 293T cells did not pull down any
of these proteins (Figures S4B-S4D and S6A). Next, we examined HNRNPU and AID
expression during S-region DSBs in CH12F3-2A cells in response to CIT. The AID expression
corresponded with the DSB marker YH2AX and rapidly peaked within 24 h (Figure S4E).
HNRNPU showed mild but sustained increased expression that reached saturation at 48 h.
Moreover, increased occupancy of HNRNPU at the recombining S regions was observed in
response to CSR activation and AID expression (Figures 1D and 1E), further emphasizing a
DNA damage response-specific function of HNRNPU in CSR. Overall, our result is also
consistent with a previous study that shows rapid recruitment of HNRNPU to radiation-induced
DNA damage sites °!.

HNRNPU facilitates the recruitment of C-NHEJ factors

Since HNRNPU depletion significantly diminished C-NHEJ-mediated S-S recombination, we
examined whether the recruitment of critical CSR repair factors was also affected. The
depletion of HNRNPU caused a significant reduction in HNRNPU, 53BP1, and KUS80
occupancy at Sp and Sa (Figures 3A-3D). There was no decrease in DSB-induced YH2AX
signal in HNRNPU-depleted cells, confirming an uninterrupted S-region DSB (Figure 3E).
This result is consistent with the LM-PCR result demonstrating the dispensability of HNRNPU
in AID-induced S-region DSBs (Figure S3H). Moreover, there was a striking elevation of RPA
in HNRNPU-depleted cells (Figure 3F), similar to 53BP1/shieldin deficiency due to excessive
DNA end-resection and ssDNA accumulation '*46. These data suggest that HNRNPU
facilitates the stabilization/recruitment of critical DNA repair factors that regulate DNA end-

resection at the DSB. This conclusion is further supported by the finding that both HNRNPU
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and SHLD1 interact with the DNA 5’flap-end processing enzyme FENI1, and the loss of FEN1
impairs C-NHEJ (Figure S5) 2.

HNRNPU loss increases R-loop and DSB end-resection

As R-loop/DNA:RNA hybrid formation facilitates DNA end-resection, which in turn can
promote homology-directed repair 2%, we speculated a possible alteration in the S-region upon
HNRNPU depletion. We conducted DNA:RNA immunoprecipitation (DRIP) using an S9.6
antibody that exclusively detects the DNA:RNA hybrid structure in a sequence-independent
manner (Figure 4A) 3. HNRNPU depletion resulted in a substantial increase in DNA:RNA
hybrid formation at the recombining S-regions and at the c-Myc locus (Figure 4B). As elevated
R-loop facilitates AID-induced DSB 3134, this result is consistent with the persistent YH2AX
signal at the S region.

To test whether HNRNPU associates with the R-loop/DNA:RNA hybrid complex, we
generated a CH12F3-2A line expressing catalytically dead RNaseH1 (dRNaseH1) with a V5
epitope tag (Figure 4C) -6, The CHI2F3-2A line expressing dRNaseH1-V5 showed IgA
switching and its inhibition upon HNRNPU depletion (Figure 4C). As depicted in Figure 4D,
we pulled down the DNA:RNA hybrid-specific protein complex by anti-V5 IP of dRNaseH1-
V5 from the indicated siRNA-transfected cells stimulated with CIT. The detection of
HNRNPU in the R-loop complex was specific, as it corresponded well with HNRNPU protein
levels in siControl- or siHnrnpu-treated cells. The presence of three R-loop-associated
helicases, DHX9, DDX1, and DDXS5, further validated the dRNaseH1-V5 specific pull-down
(Figure 4E) 5>°7. Additionally, we pulled down the R-loop complex by S9.6 IP and reconfirmed
the presence of HNRNPU along with DDX1 and DHX9 (Figure 4F). DNA damage by laser
irradiation induces transient R-loops, where co-localization of HNRNPU with other DNA

repair proteins was also observed °!. Taken together, we conclude that the loss of HNRNPU
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upregulates S-region R-loop and DSB end-resection, as evidenced by the enrichment of ssDNA
sensor RPA 87,

HNRNPU binds to switch RNA/ DNA G-quadruplexes

As S regions are enriched with tandem G clusters, the GLTs and the non-template strand are
prone to forming G-quadruplex (G4) structures 20, Since HNRNPU binds telomeric G4
structures ¥, we investigated whether HNRNPU binds to S region G4-RNA/DNA. We used
biotinylated synthetic RNA/ssDNA oligonucleotides (b-Oligos) containing four tandem G
repeats representing S GLT/non-template strand for a pull-down assay (Figures 5A, S6D, and
S6E). More HNRNPU was pulled down with SiuG4-RNA folded in the presence of KCl than
the LiCl-treated oligo. No binding of HNRNPU was observed with SuG4™", a mutated RNA
oligo lacking G-quadruplex forming potential due to C-substitutions in its tandem G stretches
(Figures 5B and S6E). As previously observed, SuG4-RNA but not the SuG4™* RNA pulled
down DDXI1 (Figure 5B) 3%

We next tested ssDNA and dsDNA b-Oligos with identical Sy sequences (Figure S6E).
HNRNPU showed a significant binding with SpuG4-ssDNA pre-folded in the presence of KCl
but not LiCl. No HNRNPU binding was detected with the SuG4 sequence that formed the
dsDNA. DHX36 showed a strong interaction with SuG4-RNA/ssDNA but not SuG4-dsDNA,
which is consistent with its affinity for G-rich RNA/ssDNA. RPA32 binding to SuG4-ssDNA
but not SuG4-dsDNA is consistent with its specificity for binding to ssDNA and the S region
(Figure 5C) ¢!, We also pulled down AID with the KCl-folded SuG4-RNA/ssDNA, to confirm
the validity of the assay (Figure 5D) . The slot blot assay panels (Figures 5B-5D) confirmed
that the RNA/DNA amounts recovered from streptavidin beads under different conditions were
comparable.

The binding of HNRNPU to telomeric G4 DNA has been shown to be dependent on its C-

terminus RGG-domain *. In order to examine the requirement of the RGG-domain for binding
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SuG4-RNA/ssDNA, we conducted another binding assay using HNRNPU protein We
expressed WT and RGG domain-deleted HNRNPU in 293T cells and used FLAG-IP (Figures
5E-5G). Consistent with the result of CSR-activated B cells (Figures 5B and 5C), ectopically
expressed WT HNRNPU showed a similar binding affinity with SuG4-RNA/ssDNA pre-
folded in KCI buffer (Figures SF-5H) Surprisingly, RGG domain-deleted HNRNPU (ARGG)
could not bind effectively to SuG4-RNA/ssDNA (Figure SH). Conversely, the RGG domain
itself showed binding with SuG4-RNA/ssDNA was comparable to WT (Figure SH), suggesting
the C-terminus of HNRNPU is crucial for recognizing both RNA and ssDNA G-quadruplexes
present in the S region. In other words, HNRNPU can bind the G4 structure of GLTs and the
non-template ssSDNA in the S region and/or R-loop 2.

HNRNPU interacts with C-NHEJ and R-loop complex

As HNRNPU is involved in both C-NHEJ and R-loop regulation, we performed HNRNPU [P
using nuclear extracts from CIT-stimulated CH12F3-2A cells in the absence (—) or presence
(+) of RNase A (Figure 6A). In this assay, HNRNPU interacted with well-known and newly
identified C-NHEJ factors, including KU80, DNA-PKcs, and SFPQ. As expected, the
HNRNPU complex also contained R-loop/DNA:RNA hybrid-associated proteins DHXO,
DDXI1, TOP1, NONO, and SFPQ (Figure 6A). This result is consistent with the identification
of HNRNPU in the R-loop complex by S9.6 and dRNaseH1-V5 IP (Figure 4).

As CSR junctions in the context of HNRNPU deficiency are highly similarity to shieldin
deficiency, especially with SHLD1, we speculated that HNRNPU and SHLD1 might interact
and/or share the same protein complex. Therefore, we performed SHLD1 IP, as a representative
of the shieldin and C-NHEJ complex, from nuclear extract of transfected CH12F3-2A cells
(Figure 6B). Normal IgG and a FLAG IP of untransfected CH12F3-2A cells served as negative
controls (Figures 6B and S6C). Indeed, SHLD1 IP pulled down HNRNPU along with KU80,

DNA-PKcs, and 53BP1, which are expected to associate with the shieldin/C-NHEJ complex.
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Strikingly, SHLD1 IP also pulled down several R-loop-associated proteins (DDX1, DHXO,
SFPQ, NONO, and FENI) that coimmunoprecipitated with HNRNPU (Figure 6B). We
reproduced the interaction between SHLD1 and HNRNPU, KUS80, and FEN1 in 293T cells
(Figure S7B), further supporting HNRNPU’s association with the C-NHEJ complex in non-B
cells.

Notably, many of these interactions with HNRNPU were highly sensitive to RNase A treatment
(Figure 6A), suggesting that HNRNPU likely forms a ribonucleoprotein complex with C-NHEJ
and R-loop-associated cofactors. HNRNPU without the RGG domain failed to interact with
KUS80, SFPQ, NONO, or TOP1 but retained a substantial interaction with FEN1 (Figure S7A),
suggesting that the HNRNPU complex contains both protein-protein and RNA-protein
interacting partners. A complementary IP using selected HNRNPU interacting proteins
successfully pulled down HNRNPU with all its interacting partners (Figures S7C-S7H).
Benzonase treatment, which degrades RNA and DNA, showed a similar result as observed with
RNase A treatment (Figure 6A), suggesting that most interactions were RNA-mediated.
Notably, the HNRNPU and FENI1 interaction turned out to be a protein-protein interaction.
Next, we examined whether the complex contains the C-NHEJ-associated long noncoding
RNA LINPI, which tethers DNA-PKcs and KU70/80 to promote C-NHEJ 6%, We isolated
HNRNPU- or SHLD1-bound RNA using 293T cells transfected with FLAG-tagged HNRNPU
or SHLDI. The successful capture of the FLAG-tagged bait proteins and their interaction with
KUS80 were confirmed in their respective IP complexes (Figure 6C). Quantitative RT-PCR
showed significant enrichment of LINPI RNA in the complex pulled down by HNRNPU or
SHLD1 but not IgG (Figure 6C). The lack of enrichment of unrelated GAPDH RNA confirms
the specificity of the IP. The presence of a comparable amount of L/INP/ with HNRNPU and
SHLDI1 further emphasizes their physical and functional link with the C-NHEJ complex

(Figure 6D).
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HNRNPU harbors IDRs and is functionally perturbed by LLPS inhibitors

An increasing number of studies suggest that proteins with intrinsically disordered regions
(IDRs) are involved in DDR and repair %7, The IDR domains in the proteins drive liquid-
liquid phase separation (LLPS) or condensation to form specialized compartments or condense
to facilitate DSB/DNA damage repair °*%°. Specific noncoding RNAs are often the principal
driving force for sequestering the phase separation and are thus sensitive to chemical agents
and environmental alterations that disrupt the LLPS.

Sequence analysis of HNRNPU predicted that it contains IDRs at the N- and C-terminus
(Figure 7A). Intriguingly, the C-terminus IDR extended over the RGG domain, which appears
crucial for RNA-dependent DNA repair complex formation (Figures 6A and S7A). We
performed a protein precipitation assay (Figure S8A) using biotinylated isoxazole (b-isox), a
chemical known to selectively precipitate IDR-containing proteins from cell-free lysates 7°. In
this assay, b-isox precipitated HNRNPU in a dose-dependent manner from both unstimulated
and CIT-stimulated CHI12F3-2A cell extracts (Figure 7B). AID was precipitated from CIT-
activated cell lysates but to a lesser extent than HNRNPU, consistent with a recent report that
AID has a weak IDR region 7. To confirm further, we used 293T cells to ectopically express
WT and mutant HNRNPUSs (Figures S8A and S8B). Endogenous HNRNPU and EGFP and
FLAG epitope-tagged WT HNRNPU were readily detected in the b-isox precipitate compared
to RGG domain-deleted HNRNPU (Figure S8C). On the other hand, the RGG domain alone
(with or without NLS) was present in the b-isox precipitate similar to WT (Figure S8D),
suggesting the RGG domain embedded within the C-terminus IDR contributes significantly.
Next, we treated CH12F3-2A cells with 1,6-hexanediol (1,6-HD) or NH4OAc, which disrupt
LLPS or condensate formation in vivo by perturbing multivalent hydrophobic protein-protein
and/or RNA-protein interactions "4, We used the lowest dose that effectively inhibited CSR

while also not affecting cell proliferation or GLT and AID transcription. The treatment of
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CH12F3-2A cells with 1,6-HD or NH4Ac drastically reduced HNRNPU occupancy at the S-
regions, accompanied by the loss of 53BP1 and KUS80 (Figures 7C and 7D, upper panel). We
confirmed that the expression levels of HNRNPU, 53BP1, and KUS8O proteins were not
affected by the LLPS inhibitors (Figure S8E). Intriguingly, the accumulation of DSB-induced
H2AX and RPA phosphorylation and R-loop-associated H3S10 phosphorylation remained
unchanged (Figure 7D, lower panel), suggesting that NHEJ-complex formation was
particularly affected. In contrast, treatment with RNAP II inhibitor a.-amanitin/DRB abolished
all signals, indicating that transcription and/or RNAs are upstream of both DNA break and
repair sites. These results suggest that the DNA repair complex assembly at the S-region
requires LLPS and condensate formation involving HNRNPU and the C-NHEJ factors

necessary for CSR.

DISCUSSION

HNRNPU promotes CSR by facilitating C-NHEJ-mediated DNA repair:

AlID-induced S-region DSBs are repaired primarily by the C-NHEJ pathway, which involves
no or short MH (1-3 nt)-dependent DSB joining. In the absence of C-NHEJ, CSR junctions are
repaired via A-EJ using longer MHs (> 4 nt) and insertional DNA repair, which reduces CSR
efficiency 64175, In HNRNPU deficiency, the Sp—Sa recombination junctions showed a sharp
drop in direct or blunt-end joining (3.9-fold) and an elevation in longer MHs (> 4 nt; 3.5-fold)
and insertions (4.3-fold) at the recombination junctions. This finding is consistent with the C-
NHEJ defect upon HNRNPU depletion, which is usually compensated for by the backup A-EJ
pathway, as observed in well-known C-NHEJ factor deficiencies, such as KU70/80, XRCC4,
LIG4, and DNA-PKcs 7. SHLD1 or SHLD2 deficiency reduced the C-NHEJ signature and
increased the frequencies of longer MHs and insertions at the CSR junctions (Figures 2D and

F; Table S1 and S2). In contrast, SHLD3 and 53BP1 depletion induced a modest decrease in

16



the C-NHEJ signature and an increase in longer MHs. Consistent with a previous report 4,
53BP1 deficiency led to increased insertion, while SHLD3 deficiency was completely devoid
of any insertions at the CSR junctions, which may reflect unrecognized functional differences
among the shieldin subunits. Overall, this comparison study suggests that the CSR DNA repair
regulation by HNRNPU has a high similarity with SHLD1/2-dependent C-NHEJ. HNRNPU
depletion in combination with SHLD1/2 did not have an additive impact on C-NHEJ-mediated
repair of CSR junctions (Figures 2E and 2F), implicating impaired SHLD1/2 function was
likely responsible for the C-NHEJ defect observed in HNRNPU deficiency. As the shieldin
complex binds directly to ssDNA through SHLD2 at the DSB site, in its absence, RPA occupies
the exposed ssDNA '3, Notably, HNRNPU deficiency exhibited the same feature, a striking
increase in RPA occupancy at the S regions (Figure 3F), suggesting that HNRNPU loss causes
excessive ssDNA formation and fails to recruit shieldin and other essential C-NHEJ factors.
Recently, it has been shown that ASTE1, an XPG family 3’DNA endonuclease, directly
interacts with SHLD2 and facilitates the processing of DSB ends with 3’ overhangs. Our study
shows that another XPG family nuclease, FEN1, with 5'-flap endonuclease and 5'-3’
exonuclease activities, not only interacts with HNRNPU but also with SHLDI1, and its
depletion impairs IgA switching in CH12F3-2A cells (Figure S5). CSR junction analysis of
FEN1-deficient CHI12F3-2A cells also showed a typical defect of C-NHEJ with a decrease in
direct joining and elevation of longer MHs and insertions, which corresponded to HNRNPU
and shieldin deficiency (Figure S5). Therefore, ASTE1 and FEN1, associated with SHLD2 and
SHLDI, respectively, can facilitate ssDNA overhang processing at S-region DSBs to promote
DNA repair through C-NHEJ. In agreement with the requirement of NHEJ for chromosomal
translocations 7’8, SHLD1/2, and HNRNPU deficiencies significantly decreased AID-induced
IgH/c-Myc translocations.

HNRNPU forms an RNA-dependent C-NHEJ complex:
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In B cells stimulated for CSR, the recruitment of HNRNPU at the recombining S regions was
strikingly elevated, suggesting its intimate connection with AID-induced DNA damage and
repair. In line with this, the loss of HNRNPU reduced the recruitment of 53BP1 and KUS8O at
the S regions, resulting in inefficient C-NHEJ-mediated repair of the CSR junctions.
Consistent with HNRNPU’s involvement with the DNA repair phase of CSR, HNRNPU
interacted with KU80, DNA-PKcs, 53BP1, and the shieldin complex, which are essential C-
NHE]J factors in CSR. Additionally, the HNRNPU complex also contains the SFPQ-NONO
heterodimer (Figure 6A), which binds with KU proteins and functions at the ligation step of C-
NHEJ 789, Britton et al. (2014) also showed that HNRNPU interacts with SFPQ through its
RNA-binding RGG domain. Intriguingly, our study also indicates that the interaction between
HNRNPU and the NHEJ factors is RGG domain-dependent and thus sensitive to RNase A
treatment (Figures 6A and S7A).

As such, it is highly conceivable that RNA-mediated C-NHEJ complex formation occurs
during CSR DNA repair. It is known that 53BP1 binds to RNA and DNA damage-induced
noncoding RNAs, which is functionally relevant as 53BP1 foci formation at the DNA damage
site is impaired by RNase A treatment 22!, Similarly, the RNA-binding property of KU and
DNA-PKcs is critical for their function in C-NHEJ #283, An especially relevant long noncoding
RNA is LINP1, which stabilizes KU80 and DNA-PKcs at the C-NHEJ synaptic complex .
Thus, that HNRNPU forms an RNA-dependent C-NHEJ complex or HNRNPU and SHLD1
associate with LINPI is highly relevant and in line with the increasing number of studies
supporting the involvement of RNA and RNA binding proteins in DNA repair 3%, In the
absence of HNRNPU, increased export of noncoding RNAs from the nucleus was observed
due to the lack of their stabilization through HNRNPU 8., HNRNPU contributes to chromatin

organization through its interaction with chromatin-associated noncoding RNAs 7%, In the
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present study, HNRNPU can recruit scaffolding noncoding RNAs and other proteins to the IgH
locus to promote DNA repair factor assembly (Figure 6D).

LLPS underlies HNRNPU and C-NHEJ factor recruitment to the S region:

Our proposal of RNA-dependent, DNA repair RNP complex formation is further supported by
the accumulation of HNRNPU and NHEJ factors like 53BP1, upstream of the shieldin complex,
at AID-induced DSB sites sensitive to transcriptional inhibition and LLPS perturbing agents
(Figure 7D). HNRNPU also exhibited characteristics typical of intrinsically disordered proteins
along with the RGG domain (Figure 7A) and undergoes oligomerization in ATP and RNA-
dependent manner ¥7-%°. An earlier study also showed that the C-terminal low-complexity RNA-
binding region has the feature of a prion-like domain (PLD) that forms a polymer-like “mesh”
structure linking RNA and DNA %91,

Several RNA binding proteins, including FET proteins (FUS, TAF15, and EWSR1) and
RBM14, possess IDR regions and PLDs, which are recruited to the DNA damage site where
PAR formation and LLPS occur 223, HNRNPU has also been shown to binds PAR and
recruited to the laser-induced damage site in a PAR-dependent manner through its C-terminus
31, High local concentrations of specific RNA and PAR formation at the DNA damage site act
as a seed for condensation by promoting multivalent RN A-protein and/or protein-protein non-
covalent interactions. Our study shows that a 40-nucleotide sequence from the S-region
RNA/DNA, when folded into G4-structure, binds more HNRNPU as reported for telomeric
G4-repeat structure. As repetitive and G4 RNAs can promote LLPS **, S-GLTs and/or G4-
structured RNAs could be involved in HNRNPU-associated condensate formation during CSR.
HNRNPU’s interaction with repetitive, repeated domain RNA significantly impacts genomic
architecture, and thus its’ loss or failure to oligomerize can trigger chromosomal instability 87
8. The DDR factor 53BP1 also contains IDR and RGG-like domains at the C-terminus and

undergoes RNA-dependent oligomerization 7. Intriguingly, 53BP1 recruitment to the S-region,
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in response to AID-induced DSB, can be entirely disrupted by LLPS-perturbing chemicals 1,6-

HD and NH40OAc, and condition like sorbitol-induced osmotic dysregulation 5667

, suggesting
that CSR recombination/repair foci involve nuclear condensate formation.

HNRNPU prevents R-loop and DNA end-resection:

Bidirectional transcription through GC-rich, repetitive S regions promotes R-loop formation
and induces ssDNA on both strands, resulting in non-B structures and AID-induced DNA
breaks 32. GLT processing and post-translational modification affect R-loop and AID targeting,
leading to altered DNA break and MH-mediated repair 3%3!-3, In the case of HNRNPU loss,
AlID-induced DSBs were not affected, as evidenced by the LM-PCR assay and yH2AX
occupancy at the S region (Figures 3E and S3H), implying that AID-targeting remained intact.
Loss of HNRNPU caused a marked decrease in C-NHEJ with a concomitant elevation in MH,
as observed due to the DSB-end protection defect in KU80, 53BP1, or shieldin deficiency.
HNRNPU also prevented the accumulation of R-loop and ssDNA at the S region (Figures 3F
and 4), facilitating C-NHEJ. Persistent R-loops are roadblocks for efficient repair by C-NHEJ,
and nick in the displaced strand of the R-loop generates free ssDNA-end, promoting HR 267,
Since HNRNPU facilitates DNA-G4 formation, the free ssDNA at the CSR-DSBs may adopt
a G4 structure similar to the telomere. HNRNPU resides at the telomere with DNA-PKcs and
shelterin complex and contributes to long G-rich ssDNA protection, including telomeric-G4
regulation 3%, Intriguingly, HNRNPU binds to the S region G4 through its RGG domain, as
in the case of the telomere. Notably, G4-interacting proteins such as FEN1, EXO1, BLM, and
53BP1 interacting protein RIF1 can be found in the CSR repair complex. RIF1 may favor
NHEJ; however, its oligomerization with multiple G4 structures can especially promote CSR,

as the S region harbors long stretches of G4 67

. Interestingly, DNA-G4 structures have also
been reported to promote specific DNA repair pathways and to facilitate recombination by

DNA strand pairing %1%, The HNRNPU binding to GLT/ G4 (Figures S9 and 5) may regulate
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the R-loop formation as binding of RBPs to the nascent transcript prevents snap-backing to the

template strand, reducing the R-loop !°!

. The RNA secondary structure also impacts the R-loop
as the G4-structure unwinding by helicase elevates R-loop **.

We propose a dual function of HNRNPU in the DNA repair phase of CSR (Figure S10). First,
in response to AID-induced DSBs, elevated HNRNPU at the S regions promotes stabilization
of the C-NHEJ complex through a noncoding RNA scaffold. Second, it limits the DNA end-
resection/ssDNA accumulation through R-loop and/or DNA-G4 regulation. Identifying
noncoding/G4 RNAs involved may reveal how LLPS occurs and how the HNRNPU/C-NHEJ

complex promotes S-S recombination. Dynamic compartmentalization by liquid demixing

likely occurs to form DNA repair/recombination-specific condensate formation during CSR.

Limitations of the study

We could not generate Hnrnpu KO CH12F3-2A cells by CRISPR/Cas9 targeting due to poor
viability. We also faced difficulty overexpressing HNRNPU in B cells, potentially limiting
further functional investigation in B cells. The shieldin antibodies reported are suitable for
immunoprecipitation of human but not mouse endogenous SHLD proteins, which could help

generate additional information on CSR and the role of HNRNPU.
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FIGURE LEGENDS

Figure 1. HNRNPU promotes CSR through C-NHEJ

(A) Top: Scheme of the IgA-switching assay in CH12F3-2A cells. Bottom: Representative
FACS profiles of IgA switching in siControl- and siHnrnpu-transfected CH12F3-2A cells
stimulated with CIT for 24 h. (B) Western blot of whole-cell extracts from stimulated CH12F3-
2A cells transfected with siControl or siHnrnpu. (C) Quantitative RT-PCR of uGLT and aGLT
from the indicated samples. The values are the mean + SD (n = 3). (D-E) HNRNPU occupancy
at the recombing S regions during IgA and IgG1 switching in CHI12F3-2A (D) and primary B
cells (E), respectively. Western blots show the expression of HNRNPU and AID in the whole-
cell extracts. The black bars below the plots show the position selected for the ChIP assay. The

values are means = SD (n = 3). (F) Top: Schematic representation of the Sp—Sa junction
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analysis. Bottom: Bar graphs quantifying the distribution of junction features of Sy—Sa
recombination in genomic DNA isolated from CIT-stimulated CHI12F3-2A cells after
transfection with siControl or siHnrnpu. Statistical significance, according to Fisher’s exact
test, is shown. (G) Pie charts showing the distribution of Sp-Sa junction features derived from

control and HNRNPU knockdown cells.

Figure 2. Pronounced C-NHEJ defect in HNRNPU and 53BP1 double deficiency

(A-B) IgM to IgA switching profile of WT, 53BP1, and shieldin KO/KD CHI12F3-2A cells
transfected with indicated siRNAs (siControl or siHnrnpu). These data are the mean = SD (n =
3). The percentage of IgA-switched cells was normalized to the value of the WT/siControl
samples (= 100%). (C-E) Analyses of junction features of Su—Sa recombination in genomic

DNA isolated from CH12F3-2A cells stimulated with CIT for 48 h. Comparison of WT vs.
538P1 *° and siHnrnpu-transfected 53BP1 “O CHI2F3-2A cells (C). Comparison of WT vs.
Shld1 KO, Shld?2 KD, and Shid3 “° CH12F3-2A cells (D). Comparison of WT vs. siHnrnpu-
transfected Shldl KO, -Shld2 KD, and - Shid3 *° CH12F3-2A cells (E). Statistical significance

according to Fisher’s exact test is shown. (F) Pie charts showing the distribution of Sp—Sa

junction features derived from the indicated genomic DNA samples.

Figure 3. HNRNPU depletion affects DNA repair factor recruitment

(A) Schematic diagram of the Sp and Sa regions of the mouse IgH locus. The tiny black bars
below the scheme indicate the positions (a-d) of the ChIP assay PCR products. (B-F) ChIP
assays using siControl- and siHnrnpu-transfected CH12F3-2A cells stimulated with CIT for 24
h. The antibody used for each ChIP assay is listed on the right-hand side of the respective panel.
ChIP data were normalized to the input DNA, and the values are presented as means = SD (n

=3).
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Figure 4. HNRNPU depletion increases R-loop at IgH and c-Myc loci

(A) Schematic depiction of the R-loop/DNA:RNA hybrid after immunoprecipitation with an
S9.6 antibody (DRIP assay) with and without RNaseH treatment. (B) Top: Schematic
representation of /gH locus Sp and Sa regions and the c-Myc locus. Small black bars are the
positions of the DRIP-qPCR products. Bottom: R-loops were quantified by DRIP-qPCR at the
indicated positions in the /gH and c-Myc loci. The DRIP-qPCR results show the levels of DNA
enriched at the indicated sites relative to the input. The values are presented as means + SD (n
= 3). (C) Top: Schematic diagram of the dRNaseH1-V5 construct introduced into CH12F3-2A
cells. NLS, nuclear localization signal; HBD, DNA:RNA hybrid binding domain; LR, linker
region; HC, DNA:RNA hybrid catalytic domain; D210N, catalytic inactivation mutation; V5,
V5 epitope tag. Bottom: A representative FACS profile of IgM to IgA switching in siControl-
or siHnrnpu-treated CH12F3-2A cell lines expressing dRNaseH1-V5. (D) An illustration
depicting the indirect capture of the R-loop/DNA:RNA hybrid complex. (E) Anti-V5 antibody
immunoprecipitation of the dRNaseHI-V5-bound complex and detection of the indicated
coimmunoprecipitated proteins by immunoblot analysis. (F) Top: Workflow of the direct
capture of the R-loop/DNA:RNA hybrid complex by S9.6 antibody immunoprecipitation.
Bottom: Detection of HNRNPU, DDX1, and DHX9 in the DNA:RNA hybrid complex pulled

down by S9.6 antibody immunoprecipitation.

Figure 5. HNRNPU binds to Sp G-quadruplex

(A) Biotinylated oligonucleotide (b-Oligo) pull-down assay using CH12F3-2A cells. SA-Bead,
Streptavidin magnetic bead. (B) Western blot analysis of proteins (HNRNPU and DDXT1)
pulled down by b-RNA-Oligo, SuG4, and SuG4mut (for sequences, see Figure S6E). The G4
and the linear structure produced in different buffers are indicated on the top. Slot blot (SB)

analysis shows the SA magnetic bead-bound input b-RNA-Oligos. (C) Western blot and SB
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analyses of the pull-down assay using b-RNA/b-ssDNA/b-dsDNA Oligo of identical SuG4
sequence. RPA32 was used as a control for ssDNA binding protein. None of the conditions
showed SFPQ binding to SuG4 sequences, thus serving as an excellent negative control. (D)
AID was examined as a positive control for Sp-derived G4 RNA/ssDNA. (E) Assay of
biotinylated oligonucleotide (b-Oligo) binding to HNRNPU using 293T cells. FLAG-Ag, anti-
FLAG-conjugated agarose bead. (F-G) Representative Western blots showing the expression
levels and successful FLAG-IP of the indicated constructs. MF, Myc-FLAG; HF, and HA-
FLAG. (H) Slot blot analysis of b-RNA/b-ssDNA Oligo recovered from FLAG-agarose-bound
WT or mutant HNRNPU. Data shown in B-D and F-H are representative of more than three

experiments.

Figure 6. HNRNPU associates with C-NHEJ and R-loop complex

(A) Endogenous HNRNPU was immunoprecipitated from the nuclear extracts of stimulated
CHI12F3-2A cells with and without RNase A treatment. The HNRNPU IP complex was
subjected to a series of immunoblot analyses as indicated. (B) Ectopically expressed SHLD1-
MF (Myc. FLAG) IP with an anti-FLAG antibody. The immunoprecipitated SHLD1 complex
was subjected to a series of immunoblot analyses as indicated. (C) Left: Confirmation of
HNRNPU and SHLDI pull-down by anti-FLAG IP. Right: RT-qPCR results showing the
relative abundance of LINPI and GAPDH (control) RNA in the HNRNPU or SHLD1 IP. The
enrichment was normalized to the input RNA. The values are presented as means = SD (n = 3).
(D) A model showing the interaction between HNRNPU and the CSR-associated C-NHEJ

complex along with the long noncoding RNA LINP].

Figure 7. LLPS inhibitors disrupt HNRNPU and repair factor recruitment
(A) PONDR prediction of the intrinsically disordered region (IDR) in HNRNPU. (B)

Representative Western blots of biotinylated isoxazole (b-isox) precipitation assay using
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CHI12F3-2A cell extracts. (C) Representative FACS profiles showing the substantial CSR
impairment by liquid-liquid phase separation (LLPS)-perturbing compounds. (D) ChIP
analyses showing the occupancy of HNRNPU and other DDR factors at S regions in response

to indicated LLPS inhibitors. Data were compiled from two independent experiments.
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STAR*METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-lgA-PE Southern Biotech Cat# 1040-09; RRID: AB_2794375
Anti-IgM-FITC eBioscience Cat# 1-5890-85; RRID: AB_465291
Rabbit IgG Millipore Cat# PP64B; RRID: AB_1977567
Anti- IgG1 BD Pharmingen Cat# 553441, RRID:AB_394861
Anti-KU80 Santa Cruz Cat# sc-1485; RRID: AB_2288756
Anti-KU80 Santa Cruz Cat# sc-5280; RRID:AB_672929
Anti-AlID Cell Signaling Cat# 4949s; RRID: AB_2258037
Anti-HNRNPU Santa Cruz Cat# sc-32315; RRID: AB_627741
Anti-SHLD2 NovusBIO Cat# NBP1-88980; RRID: AB_11006815
Anti-ASTE1 NovusBIO Cat# NBP1-81661; RRID: AB_11031613
Anti-FLAG M2 Sigma Cat# F-3165; RRID: AB_259529
Anti-FLAG Agarose Sigma Cat# A2220; RRID: AB_10063035
Halo-Trap Agarose ChromoTek Cat# ota-10; RRID:AB_2827595
Anti-GFP Agarose MBL Cat# D153-8; RRID:AB_591815
Anti-RPA32 Abcam Cat# ab10359, RRID:AB_297095
Anti-Phospho RPA32 Bethyl Cat# A300-245A, RRID:AB_210547
Anti-DHX36 Proteintech Cat# 13159-1-AP, RRID:AB_2092157
Anti-H3S10P Active Motif Cat# 39253

Anti-mouse-HRP Rockland Cat# 18-8817-33; RRID: AB_2610851
Anti-rabbit-HRP Rockland Cat# 18-8816-33; RRID: AB_2610848
Anti-TUBULIN Calbiochem Cat# CP06; RRID: AB_2617116
Anti-SFPQ Abcam Cat# ab38148; RRID: AB_945424
Anti-NONO Abcam Cat# ab70335; RRID: AB_1269576
Anti-53BP1 NovusBIO Cat# NB100-304; RRID: AB_10003037
Anti-53BP1 Santa Cruz Cat# sc-22760; RRID:AB_2256326
Anti-DNA-PKcs Santa Cruz Cat# sc-5282; RRID: AB_2172848
Anti-GAPDH Millipore Cat# MAB374; RRID: AB_2107445
Anti-CTCF Millipore Cat# 07-729; RRID: AB_441965
Anti-FEN1 Bethyl Cat# A300-255A; RRID: AB_185550
Anti-TOP1 BD Bioscience Cat# 556597; RRID: AB_396474
Anti-BRCA1 Proteintech Cat# 22362-1-AP; RRID:AB_2879090
Anti-yH2AX Millipore Cat# 05-636; RRID: AB_309864
Anti-DHX9 Proteintech Cat# 17721-1-AP; RRID: AB_2092506
Anti-DDX1 Proteintech Cat# 11357-1-AP; RRID: AB_2092222
Anti-DDX5 Bethyl Cat# A300-523A; RRID: AB_451048
Anti-V5 Agarose Abcam Cat# ab1229; RRID: AB_308681
Anti-rabbit Alexa 488 Abcam Cat# ab150077; RRID:AB_2630356
Anti-mouse Alexa 647 Abcam Cat# ab150115; AB_2687948
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Anti-V5

Abcam

Cat# ab9116; RRID: AB_307024

Chemicals, Peptides, and Recombinant Proteins

mCDA40L supernatant Dr. Tasuko Honjo's Lab Nakamura et al., 1996
TGF-B R&D Systems Cat# 240-B-010
IL-4 WAKO Cat# 090-06621

QuickChange Site-Directed Mutagenesis Kit

New England Biolabs

Cat# E0552S8

Expand Long Template PCR System Roche Cat# 11 681 842 001
PrimeSTAR HS DNA Polymerase Takara Cat# RO10A

LaTaq DNA Polymerase Takara Cat# R0O1

Pyrobest DNA Polymerase Takara Cat# R005B

SuperScript ™ IV Reverse Transcriptase

Thermo Fisher Scientific

Cat# 18090050

KOD FX Neo DNA Polymerase

TOYOBO

Cat# KFX-201

PowerUp SYBR Green Master Mix

Applied Biosystems

Cat# A25742

Expand Long Template PCR System Roche Cat# 11681842001
T4 DNA polymerase Takara Cat# 2040A
BD IMag Anti-PE Magnetic Particles DM BD Biosciences Cat# 557899

Dynabeads™ Protein G

Thermo Fisher Scientific

Cat# 10003D

Dynabeads™ M-280 Streptavidin

Thermo Fisher Scientific

Cat# 11205D

Streptavidin (HRP)

Abcam

Cat# ab7403

Lipofectamine 2000

Thermo Fisher Scientific

Cat# 11668027

SF Cell line 96-well Nucleofector Kit Lonza Cat# V4SC-2096
Subcellular Protein Fractionation Kit Thermo Fisher Scientific Cat# 78840
Mouse B lymphocyte enrichment kit BD Biosciences Cat# 557792
NE-PER™ Nuclear and Cytoplasmic Extraction Thermo Fisher Scientific Cat# 78833
ChlP DNA Clean & Concentrator Zymo Research Cat# D5201
RNase H Takara Cat# 2150A
RNase A Nippon Gene Cat# 312-01931
EDTA free protease inhibitors Roche Cat# 5056489001
RNase Inhibitor Invitrogen Cat# 10777019
Ammonium Acetate (NH40OAc) Thermo Fisher Scientific Cat# AM9070G
1,6-Hexanediol (1,6-HD) Sigma Cat# 88571
Sorbitol Sigma Cat# S3889
Biotinylated isoxazole Sigma Cat# 900572
ChIP-IT® Express Kit Active Motif Cat# 53008
Stealth siRNA

Mouse HNRNPU Thermo Fisher MSS225085

Mouse SHLD2
CCUGUGUAUGUCUGUGUACCAUGUA

Thermo Fisher

Custom made

Mouse FEN1

Thermo Fisher

MSS204267

Experimental Models: Cell Lines

CH12F3-2A cells

Nakamura et al., 1996

53BP1 Knockout CH12F3-2A cells

Gupta et al., 2018

SHLD1 Knockout CH12F3-2A cells

Gupta et al., 2018
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SHLD3 Knockout CH12F3-2A cells Gupta et al., 2018

dRNaseH1-V5 expressing CH12F3-2A cells This manuscript

HEK293T cells ATCC

Oligonucleotides

Primers for gPCR See Table S4
Primers for Sp-Sa junctions See Table S4
Primers for SHM See Table S4
Primers for DRIP See Table S4

Recombinant DNA

Plasmid: HNRNPU-MF This paper

Plasmid: SHLD1-MF This paper

Plasmid: dRNase H1-V5 Addgene cat# 111904
Plasmid: FLAG-tagged Ku80 Addgene cat #46958
Plasmid: eGFP-tagged 53BP1 Addgene cat ##60813
Plasmid: FLAG-tagged SFPQ Addgene cat ## A1360
pGEM-T Easy vector Promega cat# A1360

Software and algorithms

GraphPad Prism 8 GraphPad RRID:SCR_002798
BD FACSCalibur Flow Cytometry System BD Biosciences RRID:SCR_000401
Imaged https://imagej.net RRID:SCR_003070
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, Tasuku Honjo (honjo@mfour.med.kyoto-u.ac.jp).
Material availability
This study did not generate new unique reagents.
Data and code availability
e Data not included in the main or supplementary figures is available from the lead
contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary B-cell culture

Wild type or AID KO C57BL/6 mice aged 6 to 8 weeks were used to prepare B lymphocytes
using a mouse B lymphocyte enrichment kit (BD Biosciences). Cells were cultured in RPMI
media supplemented with 10% FBS, 1x non-essential amino acids, 1mM sodium pyruvate, and
0.05% 2-mercaptoethanol. In siRNA transfection experiments, WT primary B cells were pre-
activated with LPS for two days, followed by electroporation with 40 pmoles of siRNA (control
or Hnrnpu). Approximately 6-7 x10° cells were used per electroporation with the SF Cell Line
96-well Nucleofector Kit for activated mouse B cells using program # 96-DI- 100. The cells
were cultured in the presence of LPS and IL4 for three days ! and then surface stained with an
anti-IgG1 biotinylated antibody in combination with allophycocyanin-labeled streptavidin
102,103

. Dead cells were excluded from analysis by gaiting propidium iodide-positive cells. A

ChIP assay using the primary B cells was performed, as previously described %4,

Cell Culture and Transfections

The Bcl2-expressing mouse B-cell lymphoma line CH12F3-2A was cultured as described in
the literature ', Briefly, the cells were maintained in complete RPMI supplemented with 5%
NCTC, 10% FBS, and 0.05% 2-mercaptoethanol. Stealth RNAi™ siRNA (ThermoFisher) or
locked nucleotide acid (LNA) GapmeR ASO (antisense oligonucleotide) (QIAGEN) was used
to knockdown specific genes in CHI12F3-2A cells. The gene-specific siRNA or ASO was
electroporated into the cells (1x 10%) using the SF Cell Line 96-well Nucleofector Kit,
according to the manufacturer's guidelines (program CM-150).

Human embryonic kidney (HEK)-293T cells were cultured in complete DMEM supplemented

with 10% FBS and penicillin-streptomycin. Approximately 2.5 x 10° HEK293T cells were
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plated the day before transfection using FuGENE 6, and the plasmid DNA was dissolved in
Opti-MEM (Gibco). The cells were harvested at 48 h post-transfection and subjected to further

analysis.

Stable cell line generation

To generate stable CH12F3-2A transfectants of catalytically dead RNaseH1 (dRNase H1), the
V5-tagged D210N mutant of RNase H1 was transfected into CHI12F3-2A cells and subjected
to hygromycin B (GIBCO) selection. Hygromycin-resistant clones with good dRNase H1-V5
expression were selected for the downstream experiment. We used three previously reported
gene knockout (KO) CH12F3-2A lines, 53bp1 KO, Shld1 X©, and Shld3 ¥© (Gupta et al., 2018).
The CRISPR/CRISPR-associated protein 9 (Cas9)-mediated disruption of the target locus was
confirmed by sequencing a single cell clone from each KO line (Figure S2A-C). We also
confirmed that no WT transcript could be detected in the Shidl ¥© and Shld3 ¥© lines (Figure

S2D). Similarly, no expression of 53BP1 was observed in the 53bpI X© line (Figure S1H).

METHOD DETAILS

Constructs and Mutagenesis

The HNRNPU coding DNA sequence (NM_016805.3) was PCR amplified from an Addgene
plasmid (#38068) and cloned into the Mlu 1/A4siS 1 sites of the pCMV6-Entry mammalian
expression vector (OriGene) to generate a MY C-FLAG®-tag (MF) fusion at the C-terminus of
HNRNPU. The monomeric Kusabira-GFP gene fragment (mKG_C) was added in frame with
MF by cloning into the Kpn I/EcoR I sites of the phmKGC-MN mammalian expression vector
(AM-1100; MBL). The final construct was designated HNRNPU-MF and was used as a

template to generate the HNRNPU mutant ARGG-MF.
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For construction of MYC-FLAG epitope-tagged and EGFP fused HNRNPU, the MYC-FLAG
epitopes DNA sequence of HNRNPU was cloned into the Sall/ HindIII sites of the pPEGFP-C1
vector (Clontech). The Q5® Site-Directed Mutagenesis Kit was used to delete the RNA-
binding RGG domain. To construct C-terminally epitope-tagged SHLD1, the coding DNA
sequence (NM_001358260.2) of the Shldl gene was obtained by RT-PCR of the total RNA
extracted from CH12F3-2A cells. The PCR product was cloned into the Mlu 1/4siS 1 sites of
the pCMV6-Entry vector (OriGene) in frame with MYC-FLAG®. All constructs were verified

by Sanger sequencing.

CSR assay and flow cytometry

To induce IgM to IgA antibody class switching, CHI2F3-2A cells were treated with CD40 L,
IL4, and TGFp (CIT) * for 24 h or 48 h. The CIT-stimulated cells were surface stained with
FITC-conjugated anti-mouse IgM (Invitrogen) and PE-conjugated anti-mouse IgA (Southern
Biotech) antibodies. Cells were also stained with propidium iodide to exclude dead cells. Flow
cytometry data acquisition was performed on a BD FACS Calibur, and post analysis was

performed using either BD FlowJo or BD CellQuest software.

Immunoprecipitation and immunoblotting

For immunoprecipitation (IP) of endogenous HNRNPU, nuclear extracts were prepared from
CHI12F3-2A cells stimulated for 24 h with CIT following the manufacturer’s instructions for
NE-PER™ Nuclear and Cytoplasmic Extraction Reagents. Nuclear extracts were divided and
incubated with Protein G Dynabeads precoated with an anti-HNRNPU antibody or negative
control IgG antibody overnight at 4°C. For the SHLD1 immunoprecipitation, CH12F3-2A cells
were transiently transfected with SHLD1-MF and stimulated 24 h later with CIT and incubated

for another 24 h. Nuclear extracts were prepared as described, and anti-FLAG IP was
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performed using Protein G Dynabeads precoated with the anti-FLAG M2 antibody. For IP
using 293T cells, anti-FLAG IP was performed using nuclear extract from cells transfected
with the indicated FLAG-tagged construct. All immunoprecipitated samples were washed three
times with modified RIPA buffer (30 mM Tris-HCL; pH 7.4; 150 mM NaCl; 10% glycerol,
0.05% sodium deoxycholate; 5 mM EDTA and 1% Triton X-100) supplemented with EDTA-
free protease inhibitors. Immunoprecipitated samples were untreated or treated with RNase A
for 30 min at 37°C. The immunoprecipitants (bead-bound) were heated at 85°C for 10 min in

the presence of 1X SDS sample buffer.

For whole-cell protein extraction, cells were washed and lysed on ice with modified RIPA
buffer supplemented with EDTA-free protease inhibitors. The extract was centrifuged at
15,000 rpm for 10 min at 4°C. The final samples were prepared with 1X SDS sample buffer

and heated at 85°C for 10 min.

For immunoblotting, heated samples suspended in 1x SDS buffer were size separated on a 4—
20% Mini Protein TGX™ Precast Gel (BioRad #4561096) and transferred to a PVDF
membrane (Amersham #10600003). The membranes were blocked with 5% nonfat milk and
immunoblotted using the primary and secondary antibodies (HRP-conjugated) as needed. The
signal was developed using chemiluminescence reagents, and protein bands were visualized

using an LAS 4000 imaging system.

Isolation of HNRNPU- or SHLD1-bound RNA and RT—-qPCR

For extraction of RNA from the immunoprecipitated complex, nuclear extract was prepared
using NE-PER™ Kt from CH12F3-2A cells stimulated for 24 h with CIT (Figure S9) or from
293T cells transfected with either HNRNPU-MF or SHLD1-MF construct (Figure 6C). This

extract was subjected to HNRNPU-IP or FLAG-IP in CH12F3-2A and 293T cells, respectively,
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using precoated Protein G Dynabeads with HNRNPU, FLAG or IgG antibody. The beads were
washed with ice-cold Magna Immunoprecipitation (RIP) buffer (Merck Millipore #17-700)
supplemented with EDTA free protease inhibitors and RNase Inhibitor. The RNA—protein
complex-bound beads were subjected to protein and RNA extraction in duplicate. For
immunoblotting, HNRNPU/SHLD1-IP beads were heated with 1X-SDS sample buffer for
Western blotting. For total RNA extraction, beads were suspended in TRIzol reagent, and

subsequently, RT—qPCR was performed using the primer set listed in Table S4.

Class-Switch Recombination Junction Analysis

For Sp-Sa recombination junction analysis, CH12F3-2A cells were stimulated with CIT for 48
h, and IgA (+) cells were isolated using anti-PE Magnetic Particle-DM, followed by genomic
DNA extraction. The junctions from switched cells were amplified by nested PCR with the Sp-
and Sa-specific primers listed in Table S4. PCRs were performed using PrimeSTAR HS DNA
Polymerase. The PCR conditions for the first PCR were 95°C for 2 min, 98°C for 10 s, and
68°C for 7 min for a total of 22 cycles with the first-round primers. After purifying the PCR
products, the resulting DNA was subjected to 23 cycles of a second PCR (95°C for 2 min, 98°C
for 10 s, and 68°C for 1 min and 20 s) using the second-round primers. PCR products between
0.3 and 1.5 kilobases were gel-extracted, A-tailed by Taq DNA Polymerase, and TA-cloned
into the pGEM-T Easy vector. The plasmids obtained from individual colonies were sequenced
using T7 forward and Sp6 reverse universal primers with an ABI PRISM 3130x]l Genetic
Analyzer (Applied Biosystems). To identify junctions, the sequence was aligned against mouse
1 (AH005309.2) and o (D11468.1) switch region sequences of immunoglobulin genes using
pairwise nBLAST in the NCBI database. The detailed number and sequences of the analyzed

CSR junctions per genotype are shown in Tables S1 and S2.
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Analysis of S-region SHM

For S-SHM analysis, genomic DNA was isolated from CHI12F3-2A cells after 48 h of CIT
stimulation followed by PCR amplification using PrimeSTAR DNA polymerase with the
following amplification conditions: 95°C for 5 min, 30 cycles at 98°C for 10 s, 55°C for 5 s,
and 72°C for 1 min. Purified PCR fragments were A-tailed by Taq DNA Polymerase, cloned
into pPGEM-T Easy vector, and sequenced using T7 forward and Sp6 reverse universal primers,
as described above. Mutations were analyzed over 565 bp from the Sp region using the
Sequencher DNA software (Gene Codes). The mutation frequency was calculated from the

number of mutations per total bases analyzed. The primers used for SHM analysis are listed in

Table S4.

IgH/c-Myc chromosomal translocation analysis

CHI12F3-2A cells were stimulated with CIT for 48 hours, and genomic DNA was purified by
phenol:chloroform extraction. [gH/c-Myc translocation junctions (der15) were PCR-amplified
using nested PCR, as described 9197 Several aliquots of DNA (750 ng/reaction) were
analyzed (24 reactions/sample) using the Expand Long Template PCR System. The first PCR
conditions were 94°C for 3 min, 94°C for 15 s, 62°C for 15 s, 68°C for 7 min and 20 s per
cycle for 25 cycles, and 5 min at 68°C for a final extension. The second round of PCR was
similar to the first round, except the extension was only 7 min. After the PCR products were
electrophoresed on EtBr-treated gels, southern blotting was performed using c-Myc locus-

specific probes. The sequences of the primers and c-Myc probe are shown in Table S4.

RNA extraction, cDNA synthesis, and quantitative RT-PCR
Total RNA was isolated from CH12F3-2A cells using TRIzol (Gibco BRL), and cDNA was

synthesized from 1 pg of total RNA using SuperScript IV reverse transcriptase. PowerUp

SYBR Green Master Mix was used for the quantitative real-time PCR (RT-PCR) with an RT-
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PCR system (Applied Biosystems). Gene expression was normalized to Gapdh and calculated

using the 2-AACT method. The primers used for qPCR are listed in Table S4.

Double-strand DNA break detection by LM-PCR

Gene knockout or knockdown CH12F3-2A cells were stimulated for CSR, and Su DNA breaks
were analyzed using established methods 19-11° Briefly, the ligation of the dSDNA oligo-linker
into the genomic DNA was performed in the processed cells embedded in the low-melting
temperature agarose plugs. The ligation reaction proceeded overnight at 16°C, followed by
inactivating of the T4 DNA ligase by heating the samples at 70°C to the linker-ligated DNA
was subjected to PCR using KOD FX Neo DNA polymerase and an Sp-specific and linker-
specific nested primer set. Nonisotopic Southern blotting of the PCR products was performed
using a DIG-labeled Sp probe and following the standard protocol. The amount of genomic
DNA input was monitored by Gapdh gene locus-specific PCR. The sequences of the primers

and probes are described.

Chromatin immunoprecipitation (ChIP) assay

We used the ChIP-IT® Express Kit with minor modifications. Briefly, 510 CH12F3-2A cells
were fixed with 1% formaldehyde for 8 min at room temperature. The reaction was quenched
by adding 0.125 M glycine, and the crosslinked cells were lysed for 10 min at 4°C with rotation.
The nuclei were resuspended in shearing buffer and sonicated on a Bioruptor ® (Diagenode)
to generate fragments ranging in size from 200-1000 bp. The soluble crosslinked chromatin
fraction was immunoprecipitated overnight with 3-5 pg of antibodies and Protein A/G
magnetic beads at 4°C with rotation. The bead-bound chromatin was extensively washed, and
the bound chromatin was eluted according to the manufacturer's instructions.
Immunoprecipitated DNA was analyzed by quantitative RT-PCR using the Power SYBR

Green Master Mix and normalized to the amount of input DNA '3,
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DNA-RNA immunoprecipitation (DRIP)

The DRIP assay for the IgH locus was adopted from previously developed methods 1112,
Briefly, genomic DNA was extracted from activated CH12F3-2A cells transfected with
nonspecific control or gene-specific siRNA. Genomic DNA (50 ng) was digested with a
restriction enzyme cocktail (Hind 111, EcoR 1, Xba 1, Ssp 1, BsrG 1) in digestion buffer (10 mM
Tris-HCI pH 8; 10 mM MgCl2; 50 mM NaCl; 1 mM dithiothreitol (DTT) overnight at 37°C
followed by RNase A treatment and the purification of the genomic DNA by phenol-
chloroform. Digested DNA (6 pg) was either untreated or treated with RNase H overnight at
37°C. The RNase H-treated and untreated genomic DNA samples were incubated overnight
with the S9.6 antibody (1 pg/ul) in DRIP buffer (10 mM NaPO4 pH 7.0; 140 mM NacCl; 0.1%
Triton X-100) at 4°C, followed by further incubation for 3 h with 30 pL of Protein G
Dynabeads at 4°C. The antibody DNA complexes bound to Protein G Beads were washed three
times with DRIP buffer and once with TE buffer (20 mM Tris-HCI pH 8; 1 mM EDTA) and
eluted twice with 60 pl of elution buffer (100 mM NaHCO3; 1% SDS). Proteinase K was added
to eluted DNA, and finally, the DNA—RNA hybrids were purified using a DNA purification

kit. Quantitative RT-PCR was performed using the primers listed in Table S4, and the DRIP-

qPCR/input ratio was used to calculate the enrichment.

Immunofluorescence (IF) staining

For the IF experiment, 293T cells were seeded in 8-well chamber slides (ThermoFisher,
#155411) for 24 h prior to EGFP-fused HNRNPU transfection. Transfected cells were treated
with 100 pM etoposide for 30 min to induce DNA damage. Immunofluorescence staining was
conducted as previously described '3, Briefly, after etoposide treatment, the cells were washed
with PBS and pre-extracted for 4 min with CSK extraction buffer (10 mM Pipes, pH 7.0, 100

mM NaCl, 300 mM sucrose, 3 mM MgCl2, and 0.7% Triton X-100) at room temperature,
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followed by fixation with 4% paraformaldehyde (PFA) for 10 min and permeabilization with
0.5% Triton-X-100 in PBS for 10 min at room temperature. Cells were washed with PBS,
blocked with 1% BSA-PBS for 30 min, and incubated at room temperature for 2 h with primary
antibodies diluted in blocking solution: anti-y-H2AX, anti-KU80, and anti-53BP1. After
washing, secondary antibodies (Alexa Fluor 674) were added and incubated at room
temperature for 1 h. After washing three times with PBS, the slides were mounted in media
containing DAPI. Cells were visualized using a Nikon ECLIPSE Ti2 microscope, followed by

a co-localization study performed by Nikon’s NIS-Elements software, as described .

Biotinylated SuG4 RNA/DNA oligonucleotide pull-down assay

The stepwise workflow of the assay is depicted in detail in Figure S6D, and F. The synthetic
5’-biotinylated RNA (Spu4G-RNA and SpdG™'-RNA) and DNA (Spd4G-ssDNA)
oligonucleotides shown in Figure SSE were purchased from Integrated DNA Technologies
(IDT). The folding of the oligonucleotides in KCl or LiCl buffer, confirmation, and pull-down
for detection were performed as previously described ¢°; minor differences are as follows. We
harvested CH12F3-2A cells stimulated with CIT for 24 h, used 5-6 times fewer cells to prepare
the cell extract, and the pull-down was carried out by Dynabeads™ M-280 streptavidin (25
pl/assay). We noticed that HNRNPU was readily detected in our b-Oligo pull-down assay at
various concentrations of the whole cell extract ranging from 0.5-1x107 cells/ml. However,
AID detection strictly requires a higher concentration of CIT-stimulated CH12F3-2A cell

extract (5 x 107 cells/ml), possibly due to its relatively low abundance.

293T cells expressing EGFP fused and Myc-FLAG epitope-tagged HNRNPU (WT or mutant)
were lysed in the same lysis buffer as for CH12F3-2A cell lysis. Anti-FLAG-IP was performed

using FLAG-agarose beads (20 pl/assay) to immunoprecipitate EGFP-HNRNPU-MF proteins
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or the EGFP-HF protein as a negative control. After five successive washes, the
immunoprecipitated beads were suspended in the oligonucleotide pull-down assay buffer and
incubated with pre-folded oligos. All downstream steps, including the extraction and detection

of bound protein and RNA/DNA oligonucleotides, were performed as described .

Biotinylated isoxazole-mediated HNRNPU precipitation assay

The b-isox precipitation assay was conducted according to previously described protocols 7115,
Whole-cell extracts were prepared from unstimulated and CIT-stimulated CH12F3-2A cells.
Approximately 1-1.5 x107 cells were suspended in 1 ml of lysis buffer (20 mM Tris-HCI pH
7.4, 300 mM NaCl, 5 mM MgCl2, 1% NP40, 10% glycerol, 20 mM B-mercaptoethanol)
supplemented with protease inhibitor (EDTA free) and a protein phosphatase inhibitor mix
containing vanadate and NaF. Cells were first kept on ice for 30 min, followed by a brief
sonication (Bioruptor) centrifugation at 4°C, 15,000 x g for 20 min. The clear supernatant was
aliquoted equally into a low protein binding Eppendorf tube. The aliquots were mixed with b-
sox and rotated at 4°C for 30-60 min. Various concentrations of b-isox were tested, ranging
from 10 uM to 200 uM. B-isox precipitates were collected by centrifugation for 15 min at 4°C.
Pellets were washed (4x) with the lysis buffer supplemented with EDTA-free protease inhibitor
and RNaseOUT. The final pellet, suspended in 1x SDS sample buffer containing B-
mercaptoethanol, was heated at 95°C for 8 min and subjected to Western blot analysis. All
fractions, including input, pellet, and post-pellet supernatant, were monitored during the initial
optimization. Since b-isox was dissolved in DMSO, we also treated the cell extract with an
identical concentration of DMSO as a control, which did not precipitate HNRNPU. The same

protocol was adapted for 293T cells transfected with various HNRNPU constructs, as

illustrated in Figure S8A and B.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was determined using an unpaired Student’s t-test using Prism 8

(GraphPad Software). In all cases, ns: not significant (p > 0.05), *: p < 0.05, **: p < 0.01, **x*:

p <0.001, and *x**: p <0.0001. Figure legends indicate the number of replicates for each

experiment and if data are represented as means or medians + SD.
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Supplementary Figure 1. CSR impairment in the absence of HNRNPU, 53BP1, and Shieldin in

CH12F3-2A cells.

(A-F) Knockdown of HNRNPU impairs immunoglobulin isotype switching. (A) Representative FACS
profiles of IgM to IgA switching in siControl- and siHnrnpu-transfected CH12F3-2A cells stimulated with
CIT. (B) Bar graphs quantifying the FACS data of IgM to IgA switching are from three independent
experiments. (C) Western blot analysis of whole-cell extracts of CH12F3-2A cells stimulated with CIT at
the indicated time points. The knockdown of HNRNPU was monitored for 72 h, which remained at a
reduced level. AID expression dropped at 72 h of CIT stimulation. (D) Left: Schematic representation of
the IgG1 switching assay in primary B cells and representative FACS profiles of IgG1 switching in
siControl- and siHnrnpu-transfected cells. Right: Bar graphs quantifying the FACS data of [gG1 switching
are from three independent experiments. (E) Western blot analysis showing HNRNPU and AID expression
levels. TUBULIN was used as a loading control. (F) Quantitative RT-PCR of yIGLT transcript from

siControl- and siHnrnpu-transfected primary B cells. The values are presented as mean = SD (n = 3).
(G-K) HNRNPU knockdown decrease CSR in 53bp1 KO but not in shieldin subunit-deficient CH12F3-

2A cells. (G) Representative FACS profiles of IgM to IgA switching in WT and 53bp1 KO cells transfected
with siControl or siHnrnpu. (H) Western blot analysis showing HNRNPU and 53BP1 expressions in whole-
cell extracts of the indicated samples. (I) Representative FACS profiles of IgM to IgA switching of WT and
indicated shieldin subunit-deficient CH12F3-2A cells in the presence or absence of siHnrnpu (right and left
panel, respectively). (J) Quantitative RT-PCR analyses of Shld1, Shid2, and Shld3 in RNAs isolated from
WT/siControl or the indicated shieldin subunit-deficient CH12F3-2A cells. (K) Quantitative RT-PCR and
Western blot analyses of WT or the indicated shieldin subunit-deficient CH12F3-2A cells transfected with
siHnrnpu. Confirmation of Shld1, Shid2, or Shld3 depletion (RT-PCR) and HNRNPU depletion (Western

blot) in double-deficient cells. RT-PCR data are presented as means + SD (n = 3).
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Supplementary Figure 2. CRISPR/Cas9-targeted disruption of the 53bp1, Shld1, and Shld3 gene loci

in CH12 cells.

(A) Genomic sequence analysis of the 53bpl KO (lonal line indicates alterations in two alleles in the
vicinity of the expected CRISPR/Cas9-targeted DSB (marked by a long arrowhead). Both alterations (A17

and A19+ In806 bp) caused frameshifts and early termination (*). (B) Genomic sequence analysis of the

Shid1 KO clonal line indicates a single alteration in both alleles in the vicinity of the expected
CRISPR/Cas9-targeted DSB (marked by a long arrowhead). A single base insertion caused a frameshift
and premature termination (¥*). (C) Genomic sequence analysis of the Shld3 KO clonal line indicates a
single alteration (A2+ In 90 bp) in both alleles in the vicinity of the expected CRISPR/Cas9-targeted DSB
(marked by a long arrowhead). The 2-bp deletion and 90-bp insertion caused a frameshift and translational
termination (*). The guide RNA sequences used for 53bp1, Shidl, and Shld3 targeting are underlined in the
WT nucleotide sequences (A-C). (D) Quantitative RT-PCR analysis of 53BP1, Shild1, and Shid3 transcripts

from the indicated CH12F3-2A lines. The values are presented as means £+ SD (n = 3).
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Supplementary Figure 3. IgH locus SHM and DSB, but not IgH/c-Myc translocation, are impaired

by HNRNPU or shieldin depletion.

(A-C) A detailed summary of the S-SHM analysis. (A) Top: Experimental design of the S-SHM analysis.
Bottom: Schematic shows the position of the 565-bp region in the 5'-Sp analyzed. (B) The 5’Su region was
PCR-amplified, cloned, and sequenced. The SHM data were calculated from two independent experiments;
mutational base substitution patterns are shown. (C) Comparison of the mutation frequency in the genomic

DNA derived from the indicated CH12F3—-2A cells stimulated with CIT.

(D-F) Analysis of the IgH/c-Myc translocation frequency. (D: left), Schematic diagram showing the
experimental design for the translocation assay. (D: right), Illustration of the PCR amplification scheme for
IgH/c-Myc translocation detection. The black arrows represent the primer locations for amplifying the
recombined chromosome. The black bar indicates the c-Myc-specific probe used for southern hybridization.
(E) Southern blot analysis of the indicated samples. (F) IgH/c-Myc translocation frequency was calculated
from the number of translocations observed among the total number of PCRs per sample. Data were
compiled from two independent experiments. Statistical significance was determined using Fisher’s exact

test (*, P <0.05; **, P <0.01; *** P <0.001).

(G) Experimental design of LM-PCR analysis. (H) LM-PCR analysis of Su DNA double-strand breaks
induced by AID in the indicated CH12F3-2A cells. The triangles reflect a 3-fold increase in the DNA
amount. GAPDH PCR was used as an internal loading control. (I) Examination of CSR in the indicated

samples used for DSB detection with the LM-PCR assay.
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Supplementary Figure 4. HNRNPU is associated with the drug- and AID-induced DNA damage

responses.

(A) Western blot analysis of endogenous HNRNPU expression in etoposide-treated 293T cells along with
the C- NHEJ (53BP1 and KU80) and DDR (YH2AX) factors. (B) Total lysates from 293T cells transfected
with the HNRNPU-FLAG plasmid and untreated/treated with etoposide were subjected to IP with a control
IgG or anti-FLAG antibody. Immunoblot analysis was used to check the interaction with relevant associated
proteins, shown next to each blot. (C) Etoposide-treated 293T cells (50 uM) were transfected with a plasmid
expressing FLAG-HNRNPU and subjected to IP with control IgG or anti-FLAG antibody. Immunoblot
analysis was used to check the interaction with relevant associated proteins, shown next to each blot. (D)
Etoposide-treated 293T cells (50 uM) were transfected with a plasmid expressing FLAG-SHLD1 and
subjected to IP with a control IgG or anti-FLAG antibody. Immunoblot analysis confirmed the interaction
with the relevant associated proteins, shown next to each blot. (E) CHI2F3-2A cells were subjected to CIT
stimulation and harvested at the indicated time points to check the expression of HNRNPU and other

relevant proteins, shown next to each blot.

(F-K) Representative images (F, H, and J) and quantification data (G, I, and K) of co-localization events
between HNRNPU and yH2AX (F and G), KU8SO (H and I), and 53BP1 (J and K) in etoposide-induced,
DNA-damaged foci. Cells transiently transfected with an EGFP-HNRNPU expression plasmid were left
untreated or treated with etoposide (100 uM) for 30 min and processed for immunofluorescence. The data
are presented as means = SD (n = 2). Inset represents an enlarged portion of the protein co-localization in

the nucleus. Scale bar, 5 uM.
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Supplementary Figure 5. FEN1 depletion impairs IgA switching and results in a C-NHEJ defect at

Su-Sa junctions.

(A) Top: Scheme of the IgA-switching assay in CH12F3-2A cells. Middle: Representative FACS profiles

of IgA switching in CH12F3-2A cells stimulated with CIT for 24 h and subjected to FACS analysis. The

percentage of IgA™ cells in siControl- or siFenl-treated cells is indicated by the number in each FACS
profile. Bottom: Western blot confirming the siRNA-mediated knockdown of Fenl. (B) Bar graph
representing the compilation of I[gM to IgA switching efficiency from independent experiments. The values
are presented as means = SD (n = 3). (C) Top: Schematic representation showing the position of the primers
used to PCR amplify the Sp—Sa recombination junctions. Bottom: Bar graphs quantifying the distribution
of Sp—Sa recombination junction features. Genomic DNA was isolated from CIT-stimulated CH12F3-2A
cells transfected with siControl or siFenl. The values are presented as mean £ SD (n = 3). Statistical
significance according to Fisher’s exact test is shown (*, P < 0.05; **, P < 0.01; *** P <0.001). (D) Pie

charts showing the distribution of Su-Sa junctional microhomologies of 0—3 nt, > 4 nt or insertions.
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Supplementary Figure 6. Control IP (anti-FLAG and anti-V5) and methods related to G-quadruplex

assay.

(A-C) Anti-FLAG and anti-V5 control IP. (A) Anti-FLAG IP using nuclear extract of 293T cells (related
to Figure S4B-S4D). (B) Anti-V5 IP using nuclear extract of CHI2F32A cells transfected with indicated
siRNAs and stimulated with CSR (related to Figure 4E). (C) Anti-FLAG IP using nuclear extract of

CH12F32A cells (related to Figure 6B). Western blots were probed with the indicated antibodies.

(D-G) Biotinylated-oligonucleotide (b-Oligo) pull-down and binding assays (related to Figure 5). (D)

Stepwise workflow of b-Oligo (RNA/DNA) pull-down assay using CHI2F3-2A cell extract and

streptavidin (SA) magnetic beads. (E) The nucleotide sequences of SpuG4 and SpuG4™MUt are the same as
previously described '. The sequences are represented as RNA, ssDNA, and dsDNA. The stretches of 4G
repeats are colored red, and the mutated C bases are turquoise blue. The black circle at the 5’ end of the
sequence indicates biotinylation. (F) Stepwise workflow of capturing HNRNPU with the FLAG-agarose
bead, followed by incubation with b-Oligos and downstream analysis of the associated proteins and nucleic
acids. (G) Because DHX9 binds to the RNA/DNA G4 structure, it served as a positive control for Sp-

derived G4 RNA/ssDNA.
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Supplementary Figure 7. RNA-dependent interaction of HNRNPU with NHEJ factors.
(A-B) The RGG domain of HNRNPU is critical for its association with DNA repair factors. (A) Top:
Schematic diagram of HNRNPU-MF and ARGG-MF constructs used in 293T cell transfection and
immunoprecipitation, as shown below. The “A” indicates the deletion of the RGG domain. The various
functional domains (SAP, SPRY, AAA+, and RGG), nuclear localization motif (NLS), and tandem epitope
tags (MYC, FLAG, and mKG) are shown. See the Methods section for construction details. Bottom:
Immunoblot analysis comparing the interaction between WT HNRNPU and the ARGG mutant with the
proteins indicated next to each panel. (B) Top: Schematic representation of the SHLD1-MF construct used
in 293T cell transfection and the immunoprecipitation assay shown below. Bottom: Immunoprecipitation
of ectopically-expressed SHLD1-MF by anti-FLAG antibody, with or without RNase A treatment.

Associated cofactors were examined by immunoblotting as indicated.

(C-H) Co-immunoprecipitation analysis showing the interaction of HNRNPU with NHEJ-associated DNA
repair proteins. Nuclear extracts were prepared from 293T cells transfected with the constructs (= BAIT)
illustrated above each Western blot set. Bait proteins were pulled down by anti-FLAG, anti-GFP, or anti-
Halo-conjugated beads in the presence or absence (-/+) of benzonase. The immunoprecipitated complex

was subjected to Western blot analyses as indicated.
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Supplementary Figure 8. HNRNPU is an intrinsically disordered protein (related to Figure 7).
(A) Schematic representation of biotinylated isoxazole (b-isox) precipitation assay using 293T cells. (B)
Schematics of various EGFP-fused HNRNPU constructs used for transfection to conduct b-isox
precipitation assay. (C) Top: Western blot analyses of the b-isox precipitates using 293T cells expressing
WT or RGG domain-deleted HNRNPU. Bottom: Detection of endogenous HNRNPU from 293T cells in
the same b-isox precipitates. (D) Western blot analysis of the b-isox precipitates using 293 T cells expressing
the HNRNPU RGG domain with and without its nuclear localization signal (NLS). (E) Representative
Western blots showing the expression of HNRNPU and other DDR-associated factors in CIT-stimulated

CH12F3-2A cells treated with indicated LLPS inhibitors (related to Figures 7C and 7D).
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Supplementary Figure 9. HNRNPU binds to IgH locus-associated long noncoding RNAs (IncRNAs).
(A) Experimental design of the RNA pull-down assay from cell lysates of CIT-stimulated (24 h) CH12F3-
2A cells with the anti-HNRNPU antibody. (B) Immunoblots confirm the co-immunoprecipitation of KUS0
in the RNA-protein complexes pulled down by HNRNPU. (C) Results from quantitative RT-PCR assays
showing the enrichment of IgH locus-derived various long noncoding RNAs, such as switch p- and a-GLTs,
IncRNA-CSR, and IncCSRIgA ** The enrichment of the immunoprecipitated RNAs was normalized to the

input signal, and Gapdh RT-qPCR was used as a negative control. The values are presented as means + SD

(n=73).
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Supplementary Figure 10. A proposed model of C-NHEJ promotion by HNRNPU in CSR

(A) HNRNPU promotes C-NHEJ repair complex formation during CSR.

(i) Transcriptionally active S regions with respective GLTs. The sense and antisense transcription are shown
by RNAPII with an arrow. Non-B structures on ssDNA are shown as the G4 and stem-loop. (ii) AID-
induced DSB through ssDNA nicks on each strand. AID-targeting to the S region involves recruiter proteins
and/or G4 structures on RNA/DNA. (iii) Proximity of the S-region DSB-ends. The exact timing of S-S
synapsis is unknown; following DSB, transcriptional termination and DNA:RNA hybrid resolution are
expected. Residual DNA:RNA hybrid and/or damage-induced DDRNA might exist as they are known to
promote repair complex formation. (iv) DNA repair factor assembly and C-NHEJ. For efficient repair by
C-NHE]J, it is essential to keep the DSB end protected from extensive resection by end protective proteins
such as KU80 and the 53BP1-shieldin complex. HNRNPU forms an RNA (noncoding/G4-RNA)-dependent
C-NHEJ complex sensitive to liquid-liquid phase separation inhibitors. The free ssDNA at the DSB may
adopt a G4-structure, as known for telomere end protection, where HNRNPU associates with the shelterin
complex, analogous to the 53BP1-shieldin complex. FEN1 and RIF1 in the complex may recognize the G4

structure and help DSB-end resolution.

B) HNRNPU suppresses/prevents S-region R-loop.

The unwinding of the G4 or secondary structures in the nascent GLT is required for the invasion of duplex
DNA and hybridization with the complementary DNA. Specific RBPs reduce R-loop formation by binding
to the nascent RNA, inhibiting its pairing with the complementary DNA strand. The presence of HNRNPU
and/or associated RBP/helicases may regulate the process to limit the S-region R-loop, allowing for an

optimal DSB and its rapid resolution during C-NHEJ.

For simplicity, only Su is depicted, which is transcriptionally active as indicated by uGLT and RNAPIL.

Putative non-B structures are shown in the form of G4 or stem-loops. DNA:RNA hybrid is shown on the



bottom strand, which can arise on the other strand upon antisense transcription, allowing AID-induced nicks

on both strands or at the DSB.



Table S1. Characterization of CSR junctions

Study subjects No. of
junctions
Direct joining C-NHEJ signature Longer MH Insertions
0 bp (%) 0-3 bp (%) 24 bp (%) (%)
Wild type 20 (39.2) 43 (84.3) 4 (7.8) 4 (7.8) 51
Hnrnpu P 5(10.2) 18 (36.7) 14 (28.6) 17 (34.7) 49
53bp1 KO 8 (15) 33 (62.3) 7(13.2) 13 (24.5) 53
53bp1 KO + Hnrnpu XP 4 (7.5) 20 (37.7) 16 (30.2) 17 (32) 53
Shid1 K° 6 (12.5) 23 (47.9) 11 (22.9) 14 (29.1) 48
Shld2 kP 5(8.9) 26 (46.4) 13 (23.2) 17 (30.3) 56
Shid3 K© 12 (22.2) 35 (64.8) 15 (27.8) 4 (7.4) 45
Shld1 ¥® + Hnrnpu P 4 (10) 16 (40) 11 (27.5) 13 (32.5) 40
Shld2 ¥® + Hnrnpu XP 4 (8.5) 20 (42.5) 13 (27.6) 14 (29.8) 47
Shld3 ° + Hnrnpu P 5(13.1) 17 (44.7) 11 (28.9) 10 (26.3) 38
Fen1XP 4 (8.3) 23 (47.9) 11 (22.9) 14 (29.1) 48
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Table S2. Sp-Sa junctions from WT, Hnrnpu P, 53bp1 X°, Hnrnpu X° + 53bp1 X°, Shid1 °,

Shid2 ¥P, Shid3 X° and Fen1 XP® CH12 cells.

S -Sa junction

WT
n=51

AGAATAGAGACCTGCAGTTGAGGCCAGCAG: CTCCACCCCACACACAACCCCCTGCCCCGC
AGCTGAGCTGGGGTGAGCTGAGCTGAGCTGGGCAGGACAGAGACACCGCTCAGATTGAGTCC
AGAATGGTATCAAAGGACAGTGCTTAGATCC : GGATTGTTAAACTCACTGCTGAGGTAACTGAA
GAGTGTGAGAGGACAGGGGCTGGGGTATGGACATGTACCTGTAAATGGTGCCTTCATGGCAG
ACACTACTACATTCTTGATCTACAACTCAA: AGTCCTCTCGTCTTTGGGTCCACTGCTTGCTAA
TGAGAGGACAGGGGCTGGGGTATGGATACGATGGCTGATCTTCAGTCTCAGGTTGGCCACC
ATGAATTTGAAGTTGCCAGTAAATGTACTTCCT : ATTATCTGGTGGAAATTCACATGTACCTGT
CCAGACAGAGAAGGCCAGACTCATAAAGCTTGAGCTTTGCTGGATTGTTAAACTCACTGCTG
ACTGGAATGAACTTCATTAATCTAGGTTGA : TTTATGGTCCAGATTGTGGCCTCTGGTTTG
ACACTACTACATTCTTGATCTACAACTCAA: AGTCCTCTCGTCTTTGGGTCCACTGCTTGC
GTAGACTATAATGAACTGGAATGAGCTGGGCCGCCAGTGTAACTTCCAAGCCAGCTCTTCCCCA
CATAAAGCTTGCTGAGCAAAATTAAGGGAACTTCCCTGATTACCTGGTGGAAATTCACATG
TAATGAACTGGAATGAGCTGGGCCGCTAAGCTAACCCTGGGACTGAGAACATAGCTCTATCCAC
GAATGGTATCAAAGGACAGTACTTAGATCCGATGACTGGACTTATTCACAGTTCTAGCCTG
CTCTAAAAAGCATGGCTGAGCTGAGATGGGTGGGACTGAGAACATAGCTCTATCCACTGCCCAA
ATGAATTTGAAGTTGCCAGTAAATGTACTTCCTGATTATCTGGTGGAAATTCACATGTACCTG
GGTCGGCTGGACTAACTCTCCAGCCACAGTATGGGATGGGATGGGATGAGATGGGATGAAC
AGAAAAGATGTTTTTAGTTTTTATAGAAAACAGCTCTTCCCCAACCACTCCTACCCCGTGCT
ACTTCCTGGTTGTTAAAGAATGGTATCAAAGGGATGAACTGACTGGGCTGGACTCAGTTGAC
GACTAACTCTCCAGCCACAGTAATGACCCAGTTGGCCACCCCTGCCCAGACCCACCAGTTCT
TAGGCTGGCTTAACCGAGATGAGCCAAACT : TGATATTCAGTCTCAGGTTGGCCACCCCTG
AGGTTGAGAGCCCTAGTAAACGAGGCTCTA: CCCACACACAACCCCCTGCCCCGCCAGTGT
GGATACGCAGAAGGAAGGCCACAGCTGTACAGACACCGCTCAGATTGAGTCCTCTCGTCTTTG
TGCGCTAAACTGAGGTGATTACTCTGAGAT : CCAGACCCACCAGTTCTGGTCCTCCTAACC
CATAAAGCTTGCTGAGCAAAATTAAGGGAACAACCACTCCTACCCCGTGCTGGCTGATCTTCA
AGACAGAGAAAGCCAGACTCATAAAACTTG: TTGTCACACCCCCTCCTCCTTCCCTGATTA
AGTGCTTAGATCCGAGGTGAGTGTGAGAGGACTAGGCTGGAATTAGGCGAAACTTGGCTTGG
ATTAAACTAGGCTGGCTTAACCGAGATGAG : ATAAATTCAGCTGGCTGAACCAAACTTGAC
CTGAGGTAAGCAAAGCTGGGCTTGAGCCAAATGGGCAGTTGCTGGAGTGGTGGGTCTGAAG
GAATGGTATCAAAGGACAGTGCTTAGATCCGTTATACCCCGTGCTGGCTGATCTTCAGTCTCAG
CTGGGGTGAGCTCAGCTATGCTACGCGTGTTGGCCTTCTCCACCCCACACACAACCCCCTGCC
ACCTGCAGTTGAGGCCAGCAGGTCGGCTGG : CATGGCATGGACAGAGACACCACTCAGATT
GAGCAAAATTAAGGGAACAAGGTTGAGAGCCCTACCCCGTGCTGGCTGATCTTCAGTCTCAGGT
AGTAAAATTAAGGGAACAAGGTTGAGAGCC: TGTTAAACTCAGTGCTGAGGTAACTGAAAA
GCCTACACTGGACTGTTCTGAGCTGAGATG : CTAACCCTGGGACTGAGAACATAGCTCTAT
TAGGCTGGCTTAACCGAGATGAGCCAAACT : TGATATTCAGTCTCAGGTTGGCCACCCCTG
TGAGAGGACAGGGGCTGGGGTATGGATACGATGGCTGATCTTCAGTCTCAGGTTGGCCACC
AGGCAATCCTGGGATTCTGGAAGAAAAGAT : ATGGGCAGTTGCTGGAGTGGTGGGTCTGAA
ACACTACTACATTCTTGATCTACAACTCAA: AGTCCTCTCGTCTTTGGGTCCACTGCTTGC
GAAAGAATAGAGACCTGCAGTTGAGGCCAGCCTAACCCTGGGACTGAGAACATAGCTCTAT
CTGGGATTCTGGAAGAAAAGATGTTTTTAGTTCTAGCCTGAGCTTTGCTGGATTGTTAAACT
GACTAACTCTCCAGCCACAGTAATGACCCAGTTGGCCACCCCTGCCCAGACCCACCAGTTC
CATAAAGCTTGCTGAGCAAAATTAAGGGAACTTCCCTGATTATCTGGTGGAAATTCACATG
AAAGGACAGTGCTTAGATCCGAGGTGATTG : ATTCAGCTGGCTGAACCAAACTTGACAGTG
GAGAAAGAATAGAGACCTGCAGTTGAGGCCAAGTGGATGGGCAGTTGCTGGAGTGGTGGGT
GAGCAAAATTAAGGGAACAAGGTTGAGAGCCCTGGGACTGAGAACATAGCTCTATCCACTG
GTGTTTCTAAAATGCGCTAAACTGAGGTGA : ATCTTCAGTCTCAGGTTGGCCACCCCTGCC
GCAGTTGAGGCCAGCAGGTCGGCTGGACTA : CTGCCCCGCCAGTGTAACTTCCAAGCCAGC
CCACAGTAATGACCCAGACAGAGAAGGCCAGAGCTAGCCTGGGGTGAATTAGCATGACTGGA
TGAGCAAAATTAAGGGAACAAGGTTGAGAGCCTGGGACTGAGAACATAGCTCTATCCACTGC
AGCTTGCTGAGCAAAATTAAGGGAACAAGGTCCACCCCACACACAACCCCCCTGCCCCGCeA
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Hnrnpu P
n=49

AGCCACAGTAATGACCCAGACAGAGAAGGCCAATGAGCTAACATAAATTCAGCTGGCTGAAC
TGGGATTCTGGAAGAAAAGATGTTTTTAGTTGCCCCGCCAGTGTAACTTCCAAGCCAGCTC
TTATAGAAAACACTACTACATTCTTGATCTCTTGTCCCGCCAGTGTAACTTCCAAGCCAGCTCTT
GATCTACAACTCAATGTGGTTTAATGAATTTGAACTGACTGGGCTGGACTCAGTTGACCTTGCT
GGACAGGGGCTGGGGTATGGATACGCAGAAGGAAGAAATGTGAACCAACTCTTGTTTTATGGTCC
AACTGAGGTGATTACTCTGAGGTAAGCAAATGAGCTGGGCCGCTAAACTAAACTCAGTCTCAGGTTGGCCACCCCTGCCCAGA
TAAACTAAACTAGGCTGGCTTAACCGAGATGTCCACTGCTTGCTAAGTGGATGGGCAGTTG
TTTTTAGTTTTTATAGAAAACACTACTACACACTGCCCAGACCCACCAGTTCTGGTCCTCCT
CACAGTAATGACCCAGACAGAGAAAGCCAG:CATGGCATGGACAGAGACACCACTCAGATT
AGGGTGATCTGAATGAGCTGAGCTGAACTG : GTGGTGGGTCTGAAGCCAGAACAAGGCCAG
GCTGGGGTGAGCTGAGCTGAGCTGAGCTGGGGTGATGGGCAGTTGCTGGAGTGGTGGGTCTGA
TTAAGGGAACAAGGTTGAGAGCCCTAGTAAACATGGACAGAGACACCACTCAGATTGAGTCCTC
CTGAGCTGAGCTGAGCTGGGGTGAGCTGAG : TCTTCCCCAACCACTCCTACCCCGTGCTGG
ATTCTTGATCTACAACTCAATGTGGTTTAAAGGCCAGTGTAAGGTCAAAATGGCCTTCTCTACCCCACACACAAC
GATGGGGTGAGCTGAGCTGGGCTGAGCTGGACTGCTTGCTAAGTGGATGGGCAGTTGCTGGAGT
CCCAGGCTAAGAAGGCAATCCTGGGATTCT : ACCACTCCTACCCCGTGCTGGCTGATCTTC
AGAAAAGATGTTTTTAGTTTTTATAGAAAACAGCTCTTCCCCAACCACTCCTACCCCGTGCT
GGGTGAGTTGAGCTGAACTGGGGTAAGCTGGGATGACCTGGGCCCAAACAGGAGTGGGGCTTAGAAATCTGGAG
CCGAGGTGAGTGTGAGAGGACAGGGGCTGGAGAGCTTTGCTGGATTGTTAAACTCACTGCT
CTACACTGGACTGTTCTGAGCTGAGATGAGTTGTTGCTAAGTGGATGGGCAGTTGCTGGAGT
TTCATTAATCTAGGTTGAATAGAGCTAAATATGGCATGGACAGAGACACCACTCAGATTG
TTTTTAGTTTTTATAGAAAACACTACTACATTCTCCACCCCACACACAACCCCCTGCCCCGCCA
ACCCAGACAGAGAAAGCCAGACTCATAAAGTTACCCCGTGCTGGCTGATCTTCAGTCTCAG
ATGAATTTGAAGTTGCCAGTAAATGTACTTCCTGCCCCGCCAGTGTAACTTCCAAGCCAGCTCT
GAGCAAAATTAAGGGAACAAGGTTGAGAGCCCCCGTGCTGGCTGATCTTCAGTCTCAGGTTG
TTGAGAGCCCTAGTAAGCGAGGCTCTAAAAATCACAGTGGATGGGCAGTTGCTGGAGTGGTGGGT
TGTACAGAATTGAGAAAGAATAGAGACCTGCAGTTCTGGTCCTCCTAACCCTGGGACTGAGAACA
AAGGTGAGTGTGAGAGGACAGGGGCTGGGGTTTGGATGAAATGTGAACCAACTCTTGTTTTATGGTC
CAGGGGCTGGGGTATGGATACGCAGAAGGAAGGCTGGGGTGAATTAGCATGACTGGACTTATTC
ACTTCCTGGTTGTTAAAGAATGGTATCAAAGGACTCAGTTGACCTTGCTCGTCTGAGCTGGTCT
GTGAGCTGAGCTGGGTGAGCTGAGCTGAGCTGGGACTGAGAACATAGCTCTATCCACTGCCCAA
AAAATTAAGGGAACAAGGTTGAGAGCCCTAAAAAGCACATCTGCTTGCTAAGTGGATGGGCAGTTGCTGG
ATGGGTGGGCTTCTCTGAGCGCTTCTAAAATGCTAAATCCACTGCCCAAACAGGAGTGGGGCTTA
TGAGAGGACAGGGGCTGGGGTATGGATACGCAGCTGGCTGAACCAAACTTGACAGTGAGCTAG
TGAGGCCAGCAGGTCGGCTGGACTAACTCT : TTTGCTGGATTGTTAAACTCAGTGCTGAGG
GAAGACTGGAAGGGCTGGCTGAGCTAGACTAGGACAGAGACACCGCTCAGATTGAGTCCTCTC
CTACTACATTCTTGATCTACAACTCAATGTGGTTGGCCACCCCTGCCCAGACCCACCAGTTCTG
TCTAAAATGCGCTAAACTGAGGTGATTACTCCCCGTGCTGGCTGATCTTCAGTCTCAGGTT
TGAGAGCCCTAGTAAGCGAGGCTCTAAAAATCACAGTGGATGGGCAGTTGCTGGAGTGGTGGGT
CTGAGCTGAGATGGGTGGGCTTCTCTGAGCIns57AACCACTCCTACCCCGTGCTGGCTGATCTT
GAAAGAATAGAGACCTGCAGTTGAGGCCAGCCTAACCCTGAGACTGAGAACATAGCTCTAT
GCGAGGCTCTAAAAAGCATGGCTGAGCTGGGATGGGATGGGATGGGATGGGATGAGATGGGATGAACTGAC
AGAGACCTGCAGTTGAGGCCAGCAGGTCGGCTGAGGTAACTGAAAAGACTTTGGATGAAATGT
TGAATTTGAAGTTGCCAGTAAATGTACTTCCTGGTTACAATGAGCTAACATAAATTCAGCTGGCT
GTTTTTATAGAAAACACTACTACATTCTTGATCTCTTGCCCCGCCAGTGTAACTTCCAAGCCAGCT
CTGGGATTCTGGAAGAAAAGATGTTTTTAGTTCTCCACCCCACACACAACCCCCTGCCCCGC
CCTGGTTGTTAAAGAATGGTATCAAAGGACAGAACTAGGCTGGAATTAGGCGAAACTTGGCT
CTAGACTAGGCTGGGCTGAGCTGGAATGAGCCCCGCCAGTGTAACTTCCAAGCCAGCTCTT
AGAAGGAAGGCCACAGCTGTACAGAATTGTGAAATGGGCTGAGCAGAGCTGGACAAAGCTAGGCT

53bp1K0
n=53

TTAATCTAGGTTGAATAGAGCTAAACTCTACTGAACCAAACTTGACAGTGAGCTAGCCTGGGG
GGGTGAGCTGAGCTGAACTGGGGTGAGCTGGGATTCCCCAACCACTCCTACCCCGTGCTGGCT
CGCTAAACTGAGGTGATTACTCTGAGGTAA : CGTGGTGGCTGATCTTCAGTCTCAGGTTGG
GCTTAGATCCGAGGTGAGTGTGAGAGGACAATGGAGCCATGCAACCTAGTATCCTATTCT
CGCTTCTAAAATGCGCTAAACTGAGGTGATGGACCTAAACACCGCTCAGATTGAGTCCTCTCGTCTTT
AGGACAGGGGCTGGGGTATGGATACGCAGAACTGAGAACATAGCTCTATCCACTGCCCAAA
TGTACAGAATTGAGAAAGAATAGAGACCTGCACCCCCTCCTCCTTCCCTGATTATCTGGTGG
GGATTCTGGAAGAAAAGATGTTTTTAGTTT : CAGCTCTTCCCCAACCACTCCTACCCCGTG
CTAAAAAGCATGGCTGAGCTGAGATGGGTGGGATGGGATGGGATGGGATGGGATGGGATGGG
AGCTGATCTGAAATGAGATACTCTGGAGTAGGGACTGAGAACATAGCTCTATCCACTGCCC
ACCCAGACAGAGAAGGCCAGACTCATAAAGGTCAAAATGGCCTTCTCCACCCCACACACAAC
GTTTTTAGTTTTTATAGAAAACACTACTACATGAACTGACTGGGCTGGACTCAGTTGACCTT
GCTGGACTAACTCTCCAGCCACAGTAATGACCTCCTTCCCTGATTATCTGGTGGAAATTCAC
AGCAAAGCTGGGCTTGAGCCAAAATGAAGT : CCTGGGACTGAGAACATAGCTCTATCCACTGC

80




GAGGCTCTAAAAAGCATGGCTGAGCTGAGACAAGGCCAGTGTAAGGTCAAAATGGCCTTCTCTACCCCACACACAAC
CTGAGATGGGTGGGCTTCTCTGAGCGCTTCTCCAAGCCAGCTCTTCCCCAACCACTCCTAC
AGATGGGTGGGCTTCTCTGAGCGCTTCTAARATTAGCATGACTGGACTTATTCACAGTTCTAG
AAAGCCAGACTCATAAAGCTTGCTGAGCAATGGGATGGGATGGGATGGGATTCACAGTTCTAGCCTGAGCTTTGCTGGA
CTAGTAAAAGAAAAATGTTGCCTGTTAACCACTGGGCTGGACTCAGTTGACCTTGCTCGTC
CAGACAGAGAAGGCCAGACTCATAAAGCTTGCTGGAATTAGGCGAAACTTGGCTTGGCTGGTTA
ACTAACTCTCCAGCCACAGTAATGACCCAG: TATTCTCACACCCCCTCCTCCTTCCCTGAT
GGCCGCTAAGCTAAACTAGGCTGGCTTAACCTCTTCCCCAACCACTCCTACCCCGTGCTGG
CTGGAATGAGCTGGGCCGCTAAGCTAAACTAGGACAGAGACACCGCTCAGATTGAGTCCTCTC
GGGTGAGCTGAGCTGAACTGGGGTAAGCTGINs94GCAGTTGCTGGAGTGGTGGGTCTGAAGCCA
GGTTGAGAGCCCTAGTAAGCGAGGCTCTAATAAACTCAGTGCTGAGGTAACTGAAAAGACTTTGGATGAA
CATGGCTGAGCTGAGATGGGTGGGCTTCTCTGCCTTCATGGCAGGACAGAGACACCGCTCAG
GGGTGAGCTGAGCTGAACTGGGGTAAGCTGINns84GTTTGCTTTGTGTGAATGGAGCCATGCAAC
AGATGGGTGGGCTTCTCTGAGCGCTTCTAARATGCGCTAAACTAAATTCAGCTGGCTGAACCAAACTTGACAG
GCCAGACTCATAAAGCTTGCTGAGCAAAAINS48GGATGGGATGGGATGGGATGGGATGAGATG
AGCGAGGCTCTAAAAAGCATGGCTGAGCTGGCTGAGCTGGGGTGAGTCTCAGGTTGGCCACCCCTGCCCAGACC
ACTGGAATGAACTCATTAATCTAGGTTGAATATTCACAGTTCTAGCCTGAGCTTTGCTGGA
GTGAGCTGAGCTGAGCTGGGGTGAGCTGACTAGGGTGCCCCGCCAGTGTAACTTCCAAGCCAGCT
GCTGAGCTGAGCTGGGGTGAGCTGAGCTGA : TCTTCCCCAACCACTCCTACCCCGTGCTGG
GCCAGTAAATGTACTTCCTGGTTGTTAAAGAATGGTGCCTTCATGGCAGGACAGAGACACCGCTCA
ACAGGGGCTGGGGTATGGATACGCAGAAGGAAGTGGATGGGCAGTTGCTGGAGTGGTGGGTCT
TAGTAAGCGAGGCTCTAAAAAGCATGGCTGAGCTCTTCCCCAACCACTCCTACCCCGTGCTGGC
AACAAGGTTGAGAGCCCTAGTAAGCGAGGCTTCTCACACCCCCTCCTCCTTCCCTGATTAT
GCGTGTTGGGGTGAGCTGATCTGAAATGAGACCTGCCCAGACCCACCAGTTCTGGTCCTCC
AACTCTACTGCCTACACTGGACTGTTCTGAGCTGATCTTCAGTCTCAGGTTGGCCACCCCTGCCC
TGAGAGCCCTAGTAAGCGAGGCTCTAAAAAACACAAGCCAGCTCTTCCCCAACCACTCCTACC
CCACAGTAATGACCCAGACAGAGAAAGCCAGACAGAGACACCGCTCAGATTGAGTCCTCTCGT
AGGGGCTGGGGTATGGATACGCAGAAGGAAGGAGTGGTGGGTCTGAAGCCAGAACAAGGCCA
TCCAAGGTGAGTGTGAGAGGACAGGGGCTGGGGCAGTTGCTGGAGTGGTGGGTCTGAAGCCAG
TTCCTGGTTGTTAAAGAATGGTATCAAAGGACAGTTCTAGCCTGAGCTTTGCTGGATTGTTAAAC
TGAGAGCCCTAGTAAGCGAGGCTCTAAAAA : CTGCCCCGCCAGTGTAACTTCCAAGCCAGC
AAACACTACTACATTCTTGATCTACAACTCAAGACTTTGGATGAAATGTGAACCAACTCTTG
GAGACCTGCAGTTGAGGCCAGCAGGTCGGCTGTAATTTCCAAGCCAGCTCTTCCCCAACCAC
CAGAGAAAGCCAGACTCATAAAGCTTACTGAACCCCCTGCCCCGCCAGTGTAACTTCCAAG
GTGCTTAGATCCGAGGTGAGTGTGAGAGGACACACCCCCTCCTCCTTCCCTGATTATCTGGT
AGAGACCTGCAGTTGAGGCCAGCAGGTCGG : GTGTAACTTCCAAGCCAGCTCTTCCCCAAC
AGCTGTACAGAATTGAGAAAGAATAGAGACTTCTTCCCCAACCACTCCTACCCCGTGCTGG
AGATGTTTTTAGTTTTTATAGAAAACACTACTGCCCAGACCCACCAGTTCTGGTCCTCCTAA
TAGAGACCTGCAGTTGAGGCCAGCAGGTCG : TGGCTGATCTTCAGTCTCAGGTTGGCCACC
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TACGCAGAAGGAAGGCCACAGTTGTACAGA:CTTCCCTGATTATCTGGTGGAAATTCACAT
AGATCCGAGGTGAGTGTGAGAGGACAGGGGCTGCCCCGCCAGTGTAACTTCCAAGCCAGCTCT
ATAGAAAACACTACTACATTCTTGATCTACINn128TCAGTCTCAGGTTGGCCACCCCTGCCCAGA
AACTCAATGTGGTTTAATGAATTTGAAGTTGCGCTTTGCTGGATTGTTAAACTCACTGCTGA
CGAGGCTCTAAAAAGCATGGCTGAGCTGAGATGGGATGGGATGGGATGAACTGACTGGGCTGGAC
TGAGCCAAAATGAAGTAGACTGTAATGAACTGGATTGTTAAACTCACTGCTGAGGTAACTGAAA
AAGAAGGCAATCCTGGGATTCTGGAAGAAAAGATGGTCTAGTTGGGCTGGCCAGGATAGTCAG
TTGAGCCAAAATGAAGTAGACTGTAATGAACTGGAGTGGTGGGTCTGAAGCCAGAACAAGGCCAG
GAATTGAGAAAGAATAGAGACCTGCAGTTGAGTGTAACTTCCAAGCCAGCTCTTCCCCAACC
GAGCTGAGCTGGGGTGAGCTGAGCTGAGCTINn104GCCAGCTCTTCCCCAACCACTCCTACCCCG
GGTTGTTAAAGAATGGTATCAAAGGACAGT : TTGTTTTATGGTCCAGATTGTGGCCTCTGG
TCCAGCCACAGTAATGACCCAGACAGAGAAGGCCAGTGTAAGGTGAAAACACAACAAAATGGCCT
AGCTGAGATGAGCTGGGGTGAGCTCAGCTATGCTGGATTGTTAAACTCACTGCTGAGGTAACTG
AAAATGAAGTAGACTGTAATGAACTGGAATGAGCTGGCCCTGAATGAGCTCTTGTCCCTGACATGCC
ATCTACAACTCAATGTGGTTTAATGAATTTGATTGTTAAACTCACTGCTGAGGTAACTGAAA
AAATGCGCTAAACTGAGGTGATTACTCTGAINn17CAAAATGGCCTTCTCCACCCCACACACAAC
ACTGTTCTGAGCTGAGATGAGCTGGGGTGAACAGATTGAGTCCTCTCGTCTTTGGGTCCAC
AGATGGGTGGGCTTCTCTGAGCGCTTCTAARATTAGCATGACTGGACTTATTCACAGTTCTAG
GAGGCTCTAAAAAGCATGGCTGAGCTGAGATGGATGGGCAGTTGCTGGAGTGGTGGGTCTGAAGCCAGA
CTGAGATGGGTGGGCTTCTCTGAGCGCTTCTAAARATGAGCTAACATAAATTCAGCTGGCTGAACCAAACTTGA
GAGCTGGGGTGAGCTGAGCTGAGCTGGGGTAAACTCCTTCCCTGATTATCTGGTGGAAATTCA
CTGAGCTGAGATGAGCTGGGGTGAGCTCAGCTGCCCAGACCCACCAGTTCTGGTCCTCCTAA
GAGCTGAGCTGGGCTGAGCTGGACTGAGCTAGGGTGCCCCGCCAGTGTAACTTCCAAGCCAGCT
CCGAGATGAGCCAAACTGGAATGAACTTCA : AGTTGCTGGAGTGGTGGGTCTGAAGCCAGA
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TCTAAAATGCGCTAAACTGAGGTGATTACTCTGAGAACATAGCTCTATCCACTGCCCAAACAGGA
TGATTACTCTGAGGTAAGCAAAGCTGGGCTTGGATTGTTAAACTCACTGCTGAGGTAACTGA
GTAAGCCAGAGGCAGCCACAGCTGTGGCTGIN31GGATGGGATGGGATGGGATGGGATGGGATG
GTTGAATAGAGCTAAACTCTACTGCCTACACTGGACTGTTAAACTCACTGCTGAGGTAACTGAAAAGACT
GCTGATCTGAAATGAGCTACTCTGGAGTATCTGGGACTGAGAACATAGCTCTATCCACTGCCC
ATGAAGTAGACTGTAATGAACTGGAATGAGCTGGTTTGCTTTGTGTGAATGGAGCCATGCAACC
GGGTGAGCTGAGCTGAGCTGGGGTAAGCTGINY 0CCTGGGACTGAGAACATAGCTCTATCCACTGCCCAAA
AAACTAGGCTGGCTTAACCGAGATGAGCCAATTGTTAAACTCAGTGCTGAGGTAACTGAAA
CTGAGCTGAGCTGAGCTGGGGTGAGCTGAGCTGATCCCCTCCTCCTTCCCTGATTATCTGGTGGA
GCTAAACTCTACTGCCTACACTGGACTTTTCACTCCTACCCCGTGCTGGCTGATCTTCAGT
GAGATGAACTGGGGTGAGCTCAGCTATGCTIN38ACTGAGAACATAGCTCTATCCACTGCCCAAA
GACTCATAAAGCTTGCTGAGCAAAATTAAGAGATGGGATGGGATGGGATGGGATGGGATGGGATGGGATGAGATG
ATGAACTTCATTAATCTAGGTTGAATAGAGCTAACCCTGGGACTGAGAACATAGCTCTATCCAC
GGTGAGTGTGAGAGGACAGGGGCTGGGGTATGGGTCTGAAGCCAGAACAAGGCCAGTGTAAGG
GAGCCAAAATGAAGTAGACTGTAATGAACT : TACCCCGTGCTGGCTGATCTTCAGTCTCAG
TCCAAGGTGAGTGTGAGAGGACAGGGGCTGGGGCAGTTGCTGGAGTGGTGGGTCTGAAGCCAG
ATGAATTTGAAGTTGCCAGTAAATGTACTTCCTGCCCAGACCCACCAGTTCTGGTCCTCCTAAC
CAGAGAAGGCCAGACTCATAAAGCTTGCTGTCCCCGTGCTGGCTGATCTTCAGTCTCAGGT
ATAGAGACCTGCAGTTGAGGCCAGCAGGTCGGATGGGCAGTTGCTGGAGTGGTGGGTCTGAAGCCA
CTGCCTACACTGGACTGTTCTGAGCTGAGATGGCTGATCTTCAGTCTCAGGTTGGCCACCCC
AAGCGAGGCTCTAAAAAGCATGGCTGAGCTAAAATGAACCAAACTTGACAGTGAGCTAGCCTGG
GCTAAACTCTACTGCCTACACTGGACTGTGCTGGCTGATCTTCAGTCTCAGGTTGGCCACCCCTGCCC
AACTGGAATGAGCTGGGCCGCTAAGCTAAAAGCTGATCTTCAGTCTCAGGTTGGCCACCCC
AGCTCAGCTATGCTACGCGTGTTGGGGTGATCTACCCCGTGCTGGCTGATCTTCAGTCTCA
ATCTGAAATGAGATACTCTGGAGTACCTGATGGTTGGCCACCCCTGCCCAGACCCACCAGT
TGGCTGAGCTGAGATGGGTGGGCTTCTCTGAATGGCCTTCTCCACCCCACACACAACCCCC
GCGAGGCTCTAAAAAGCATGGCTGAGCTGATATTTGGGACTGAGAACATAGCTCTATCCACTGCCCAAA
CCAGTAAATGTACTTCCTGGTTGTTAAAGAATGGCAGGACAGAGACACCGCTCAGATTGAGTCC
AGCTGGGGTGAGCTCAGCTATGCTACGCGTGTTGGCCACCCCTGCCCAGACCCACCAGTTCTGGT

Shild1K0
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GGTGAGTGTGAGAGGACAGGGGCTGGGGTATGCTAAGTGGATGGGCAGTTGCTGGAGTGGTG
CAGTAAATGTACTTCCTGGTTGTTAAAGAATAAACTCACTGCTGAGGTAACTGAAAAGACT
CCAGTAAATGTACTTCCTGGTTGTTAAAGAATGGCAGGACAGAGACACCGCTCAGATTGAGTCC
AAGGCAATCCTGGGATTCTGGAAGAAAAGATGCTAAGTGGATGGGCAGTTGCTGGAGTGGTG
CTAAAATGCGCTAAACTGAGGTGATTACTCTGAG TCCTCTCGTCTTTGGGTCCACTGCTTGCTA
CTGTTCTGAGCTGAGATGAGCTGGGGTGAGAGGCCAGTGTAAGGTCAAAATGGCCTTCTCCACCCCACACACAAC
AGCTGAGCTAGACTAGGGTGGAATGGGCTGAMH23CGGGCAGACCTAGATAGAGTTGCACTGAGG
ATTCTTGATCTACAACTCAATGTGGTTTAATCTTCCCCAACCACTCCTACCCCGTGCTGGC
TGAGAGCCCTAGTAAGCGAGGCTCTAAAAAAAAACCCTGGGACTGAGAACATAGCTCTATCC
ATCCAAGGTGAGTGTGAGAGGACAGGGGCTGTCAGAACTAGGCTGGAATTAGGCGAAACTT
AGTAAATGTACTTCCTGGTTGTTAAAGAATGCCAGCTCTTCCCCAACCACTCCTACCCCGT
GGCCAGACTCATAAAGCTTGCTGAGCAAAATTGAGGTAACTGAAAAGACTTTGGATGAAATG
AGGCTGGCTTAACCGAGATGAGCCAAACTG: TCACATGTACCTGTAAATGGTGCCTTCATG
AAAAGCATGGCTGAGCTGAGATGGGTGGGCGATGGGATGGGATGGGATGGGATGGGATGGGATG
ACTGTTCTGAGCTGAGATGAGCTGGGGTGAGCTCAGCTAGAGTCCTCTCGTCTTTGGGTCCACTGC
GGGGTGAGCTGATCTGAAATGAGCTACTCT : CCCTCCTCCTTCCCTGATTATCTGGTGGAA
AGGTAAGCAAAGCTGGGCTTGAGCCAAAATGAAGTAGGGCGAAACTTGGCTTGGCTGGTTACAATGA
AAAAGCATGGCTGAGCTGAGATGGGTGGGCGATGGGATGGGATGGGATGGGATGGGATGGGATGGGATG
CTTCTCTGAGCGCTTCTAAAATGCGCTAAA : TCAGTCTCAGGTTGGCCACCCCTGCCCAGA
AACTCTACTGCCTACACTGGACTGTTCTGATCGGAGCCATGCAACCTAGTATCCTATTCTCA
GCTGGCTTAACCGAGATGAGCCAAACTGGA : CCAGACCCACCAGTTCTGGTCCTCCTAACC
TTGCCAGTAAATGTACTTCCTGGTTGTTAAACCCCTGCCCAGACCCACCAGTTCTGGTCCT
AAAGCATGGCTGAGCTGAGATGGGTGGGCTIN38CCAGTTCTGGTCCTCCTAACCCTGGGACTG
AGCATGGCTGAGCTGAGATGGGTGGGCTTCTCTGAGCCAGTTCTGGTCCTCCTAACCCTGGGACTGA
TGAGCTGGGGTGAGCTCAGCTATGCTACGC : TCCAAGCCAGCTCTTCCCCAACCACTCCTA
CTGAGCTGAGCTGAGCTGAGCTGGGGTGAGCCCGCCAGTGTAACTTCCAAGCCAGCTCTTC
TGGGGTATGGATACGCAGAAGGAAGGCCACAGGACAGAGACACCGCTCAGATTGAGTCCTCT
TGAGCAAAATTAAGGGAACAAGGTTGAGAGCCCTGCCCCGCCAGTGTAACTTCCAAGCCAGCTC
CTTCATTAATCTAGGTTGAATAGAGCTAAAIN41CCTTCTCCACCCCACACACAACCCCCTGCC
ATAAAGCTTGCTGAGCAAAATTAAGGGAACAAAGACTTTGGATGAAATGTGAACCAACTCTT
TGTTGGGGTGAGCTGATCTGAAATGAGCTACTCCTAACCCTGGGACTGAGAACATAGCTCTAT
CCTGCAGTTGAGGCCAGCAGGTCGGCTGGACTAACATAAATTCAGCTGGCTGAACCAAACTTGAC
GCCGCTAAGCTAAACTAGGCTGGCTTAACCGGATGGGATGGGATGGGATGGGATGGGATGGGATG
TCTACAACTCAATGTGGTTTAATGAATTTGGGATGGGATGGGATGGGATGGGATGGGATGGGATGGGATGGGATG
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AAGGCCACAGCTGTACAGAATTGAGAAAGAATGAACTGACTGGGCTGGACTCAGTTGACCTT
ACAAGGTTGAGAGCCCTAGTAAGCGAGGCTIN32GGATGGGATGGGATGGGATGGGATGGGATG
GCTAGGGTGAGCTGAGCTGGGTGAGCTGAGCTCCTAACCCTGGGACTGAGAACATAGCTCTA
GCAAAGCTGGGCTTGAGCCAAAATGAAGTATAGGCTGGACTCAGTTGACCTTGCTCGTCTGA
AGGCCAGACTCATAAAGCTTGCTGAGCAAA : GATGGGATGGGATGGGATGAACTGACTGGG
TTGGGGTGAGCTGATCTGAAATGAGCTACTCTCCTAACCCTGGGACTGAGAACATAGCTCTA
CTGGAATGAACTTCATTAATCTAGGTTGAATAGAGCTTTGCTGGATTGTTAAACTCACTGCTGAGGT
CAAGGTGAGTGTGAGAGGACAGGGGCTGGGIN83GGATGGGATGGGATGGGATGGGATGGGATG
TGGAGTAGCTGAGATGGGGTGAGATGGGGTGAGCTGAGCTGACCTAGGCAAGCTGTGCTGTCTGAGCTGG
ATAAAGCTTGCTGAGCAAAATTAAGGGAACAAAGACTTTGGATGAAATGTGAACCAACTCTT
TAGATCCAAGGTGAGTGTGAGAGGACAGGGIN21GGATGGGATGGGATGGGATGGGATGGGATG
TGTGGTTTAATGAATTTGAAGTTGCCAGTAINS3GGATGGGATGGGATGGGATGGGATGGGATG
AGCTGAGATGGGTGGGCTTCTCTGAGCGCTTCCTCTCGTCTTTGGGTCCACTGCTTGCTAAG
GGGGTATGGATACGCAGAAGGAAGGCCACATCACTCCTACCCCGTGCTGGCTGATCTTCAGTCT

Shid2 Kb
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ACTTCCTGGTTGTTAAAGAATGGTATCAAAAAGCTGGCTGAACCAAACTTGACAGTGAGCT
ACTTCATTAATCTAGGTTGAATAGAGCTAA : CAGTTGCTGGAGTGGTGGGTCTGAAGCCAG
CTGGTTGTTAAAGAATGGTATCAAAGGACAGGAGCCATGCAACCTAGTATCCTATTCTCAC
GCCAGACTCATAAAGCTTGCTGAGCAAAATIN44GCCCAGACCCACCAGTTCTGGTCCTCCTAA
GCCAGTAAATGTACTTCCTGGTTGTTAAAGATGGGATGGGATGGGATGGGATGGGATGAACTGA
CCTGGGATTCTGGAAGAAAAGATGTTTTTA : CCTGCCCCGCCAGTGTAACTTCCAAGCCAG
TGCTTAGATCCAAGGTGAGTGTGAGAGGACACTTGACAGTGAGCTAGCCTGGGGTGAATTA
GACTCATAAAGCTTGCTGAGCAAAATTAAGTGTGCTGAGGTAACTGAAAAGACTTTGGATGA
ATGAAGTAGACTGTAATGAACTGGAATGAGCTGGTGCCTTCATGGCAGGACAGAGACACCGCTCAGAT
GACCTGCAGTTGAGGCCAGCAGGTCGGCTGIN23CAAAATGGCCTTCTCCACCCCACACACAAC
GGGGTATGGATACGCAGAAGGAAGGCCACATCCCCTGCCCCGCCAGTGTAACTTCCAAGCC
CTAAACTGAGGTGATTACTCTGAGGTAAGCIN28CTCAGATTGAGTCCTCTCGTCTTTGGGTCC
AATGAACTTCATTAATCTAGGTTGAATAGA : CTGGTCCTCCTAACCCTGGGACTGAGAACA
GCTAAACTCTACTGCCTACACTGGACTGTTCACACAACCCCCTGCCCCGCCAGTGTAACTT
AGCCAAAATGAAGTAGACTGTAATGAACTGGATTGTGGCCTCTGGTTTGCTTTGTGTGAATG
TAATGACCCAGACAGAGAAGGCCAGACTCAACTGGTCTAGATGGTCTAGTTGGGCTGGCCA
ATGTACTTCCTGGTTGTTAAAGAATGGTATCAGTGTAACTTCCAAGCCAGCTCTTCCCCAAC
GCTGAGCAAAATTAAGGGAACAAGGTTGAGAAACTCACTGCTGAGGTAACTGAAAAGACTT
GGGCCGCTAAGCTAAACTAGGCTGGCTTAACCTACCCCGTGCTGGCTGATCTTCAGTCTCAG
GGATTCTGGAAGAAAAGATGTTTTTAGTTTTTAAGTCCTCTCGTCTTTGGGTCCACTGCTTGC
GAAGTTGCCAGTAAATGTACTTCCTGGTT : TCGTCTTTGGGTCCACTGCTTGCTAAGTGG
GGCTGGACTAACTCTCCAGCCACAGTAATGACTTCCAAGCCAGCTCTTCCCCAACCACTCCT
GTGAGAGGACAGGGGCTGGGGTATGGATACGCATGACTGGACTTATTCACAGTTCTAGCCTGA
ATGTTTTTAGTTTTTATAGAAAACACTACTACACCCTCCTCCTTCCCTGATTATCTGGTGGAA
TTGAGCCAAAATGAAGTAGACTGTAATGAACTGGAATGGTTAAACTCACTGCTGAGGTAACTGAAAAG
GGAGGGACCCAGGCTAAGAAGGCAATCCTGAGGTCTAGTTGGGCTGGCCAGGATAGTCAGA
CTTAACCGAGATGAGCCAAACTGGAATGAAGGCCAGTGTAAGGTCAAAATGGCCTTCTCCACCCCACACACAAC
TGCCAGTAAATGTACTTCCTGGTTGTTAAAGAGATGGACTTAGTTGAGGTGAAGTGAGAACTAGGCT
GGTTGTTAAAGAATGGTATCAAAGGACAGTMH23TGACCTAGGCAAGCTGTGCTGTCTGAGCTG
GCGCTAAACTGAGGTGATTACTCTGAGGTAGACTTCATGGCAGGACAGAGACACCGCTCAGA
GAAGGCCACAGCTGTACAGAATTGAGAAAGAATGAGCTAACATAAATTCAGCTGGCTGAACCAAAC
AAGGCAATCCTGGGATTCTGGAAGAAAAGATGCTAAGTGGATGGGCAGTTGCTGGAGTGGTGGGTC
GAGGTAAGCAAAGCTGGGCTTGAGCCAAAATGAATTAGCATGACTGGACTTATTCACAGTTCTAGCCT
AAGGCCAGACTCATAAAGCTTGCTGAGCAAAAACTTGACAGTGAGCTAGCCTGGGGTGAATT
AAGGTTGAGAGCCCTAGTAAGCGAGGCTCTINn4 0AGGCGAAACTTGGCTTGGCTGGTTACAATG
GCTGAGCTGAGATGGGTGGGCTTCTCTGAGTGTTCCCAACCACTCCTACCCCGTGCTGGCTGAT
TAATGAACTGGAATGAGCTGGGCCGCTAACTGCCTTCATGGCAGGACAGAGACACCGCTC
CCAAGGTGAGTGTGAGAGGACAGGGGCTGGGGAATTAGGCGAAACTTGGCTTGGCTGGTTAC
GGACAGGGGCTGGGGTATGGATACGCAGAAGGAATTCACATGTACCTGTAAATGGTGCCTTCAT
ACAGGCT-GACTGCAGGAGGAAGACTGGAAGGGCTCTCCACCCCACACACAACCCCCTGCCCCGC
GAATAGAGACCTGCAGTTGAGGCCAGCAGGGATGGGATGGGGATGGGATGGGATGGGATGGGATGGGATG
CTCTGAGGTAAGCAAAGCTGGGCTTGAGCCAAGCCAGAACAAGGCCAGTGTAAGGTGAAAAC
TGGGGTGAGCTGATCTGAAATGAGCTACTCTGGAGTGGTGGGTCTGAAGCCAGAACAAGGCCAGTG
TGAGAGCCCTAGTAAGCGAGGCTCTAAAAAGCACAGTATGCTGAAAGCCCTGCTAGAGTCATT
GCTTCTCTGAGCGCTTCTAAAATGCGCTAAACTAGGCTGGAATTAGGCGAAACTTGGCTTGGC
TGAGCTCAGCTATGCTACGCGTGTTGGGGTGAGCCATGCAACCTAGTATCCTATTCTCACACCC
GACCCAGACAGAGAAGGCCAGACTCATAAAACTGATCTTCAGTCTCAGGTTGGCCACCCCT
CTCTAAAAAGCATGGCTGAGCTGAGATGGGTGGCAGGACAGAGACACCGCTCAGATTGAGTCC
ACTTCATTAATCTAGGTTGAATAGAGCTAAGGTCAAAATGGCCTTCTCCACCCCACACACAAC
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CCAGACTCATAAAGCTTGCTGAGCAAAATTAAGCCAGCTCTTCCCCAACCACTCCTACCCCGT
TTGTTAAAGAATGGTATCAAAGGACAGAAGTTTGGATGAAATGTGAACCAACTCTTGTTT
CTTCTCTGAGCGCTTCTAAAATGCGCTAAACTATTCTCACACCCCCTCCTCCTTCCCTGATTA
CTTCTAAAATGCGCTAAACTGAGGTGATTACTCTGAGGTAACTGAAAAGACTTTGGATGAAATGTGAACCA
AATGAACTTCATTAATCTAGGTTGAATAGA : CTGGTCCTCCTAACCCTGGGACTGAGAACA
GCGTGTTGGGGTGAGCTGATCTGAAATGAGATCCCTGCCCAGACCCACCAGTTCTGGTCCTC
ATTGAGAAAGAATAGAGACCTGCAGTTGAGGCCAGCTCTTCCCCAACCACTCCTACCCCGTGCTGG
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CAGGGGCTGGGGTATGGATACGCAGAAGG : TGGCAGGACAGAGACACCGCTCAGATTGAG
CTTGCTGAGCAAAATTAAGGGAACAAGGTTCTGGTCCTCCTAACCCTGGGACTGAGA
CAGACAGAGAAGGCCAGACTCATAAAGCTTG : GCCTGGGGTGAATTAGCATGACTGGACTTA
GAAGAAAAGATGTTTTTAGTTTTTATAGAAIN22GGATGGGATGGGATGGGATGGGATGGGATG
CAAAATTAAGGGAACAAGGTTGAGAGCCCT : TGAGCTTTGCTGGATTGTTAAACTCACTGC
ATAGAAAACACTACTACATTCTTGATCTAC : TGTGTGAATGGAGCCATGCAACCTAGTATC
ATTCTTGATCTACAACTCAATGTGGTTTAATCTTCCCCAACCACTCCTACCCCGTGCTGGC
AACTGAGGTGATTACTCTGAGGTAAGCAAAATGGATTGTTAAACTCACTGCTGAGGTAACT
AACTGAGGTGATTACTCTGAGGTAAGCAAA: TTCAGTCTCAGGTTGGCCACCCCTGCCCAG
AAGCAAAGCTGGGCTTGAGCCAAAATGAAGTAGATGGTCTAGTTGGGCTGGCCAGGATAGTCAG
TGAGAGCCCTAGTAAGCGAGGCTCTAAAAAACTCTTCCCCAACCACTCCTACCCCGTGCTG
AAAGCATGGCTGAGCTGAGATGGGTGGGCTTCAGAACTAGGCTGGAATTAGGCGAAACTTGG
TGGTTTAATGAATTTGAAGTTGCCAGTAAATGTTTTATGGTCCAGATTGTGGCCTCTGGTTTG
CTGAGGTGATTACTCTGAGGTAAGCAAAGCTGGGCTAGCCTGGGGTGAATTAGCATGACTGGACTT
TGAGAGGACAGGGGCTGGGGTATGGATACGCAGAAGGAGAATCCGTGAAATGTTCCGTGCAAATGACT
CTCATAAAGCTTGCTGAGCAAAATTAAGGGAACATAGCTCTATCCACTGCCCAAACAGGAGTGG
AGGAAGGCCACAGCTGTACAGAATTGAGAA : GGGACTGAGAACATAGCTCTATCCACTGCC
AGCTGAGATGGGTGGGCTTCTCTGAGCGCT : CCTGGGACTGAGAACATAGCTCTATCCACT
TTGAGAGCCCTAGTAAGCGAGGCTCTAAAA : GTAACTTCCAAGCCAGCTCTTCCCCAACCA
ATTCTTGATCTACAACTCAATGTGGTTTAATGAATTAGCATGACTGGACTTATTCACAGTTCTAGC
TCTACAACTCAATGTGGTTTAATGAATTTGAAAATGGCCTTCTCCACCCCACACACAACCCC
TGGATACGCAGAAGGAAGGCCACAGCTGTACAGAATTGAGTCCTCTCGTCTTTGGGTCCACTGCTTGCTA
TGCTTAGATCCAAGGTGAGTGTGAGAGGACAGGCGAAACTTGGCTTGGCTGGTTACAATGAGCTAA
AGTTGAGGCCAGCAGGTCGGCTGGACTAACTCTCCACCCCACACACAACCCCCTGCCCCGCCAGTG
AAAATGAAGTAGACTGTAATGAACTGGAATGACCCACCAGTTCTGGTCCTCCTAACCCTGGGAC
AATGAATTTGAAGTTGCCAGTAAATGTACTTGGCTTGGCTGGTTACAATGAGCTAACATAA
CAAGGTGAGTGTGAGAGGACAGGGGCTGGGGTGGATGGGCAGTTGCTGGAGTGGTGGGTCTG
CTGGACTGAGCTGAGCTAGGGTGAGCTGAGCCACTCCTACCCCGTGCTGGCTGATCTTCAG
AAGAATGGTATCAAAGGACAGTGCTTAGATCCTCCTCCTTCCCTGATTATCTGGTGGAAATTCACATG
ATGCGCTAAACTGAGGTGATTACTCTGAGGTGAAGCCAGAACAAGGCCAGTGTAAGGTGAAAACAC
TTTTTAGTTTTTATAGAAAACACTACTACA : GGTGAATTAGCATGACTGGACTTATTCA
CTGGGGTATGGATACGCAGAAGGAAGGCCA:ATGGTCCAGATTGTGGCCTCTGGTTTGCTT
ACAGTAATGACCCAGACAGAGAAGGCCAGACACATGTACCTGTAAATGGTGCCTTCATGGCAGGA
GCTGAGATGGGGTGAGATGGGGTGAGCTGAACTGAGAACATAGCTCTATCCACTGCCCAAACAGG
CTTCTCTGAGCGCTTCTAAAATGCGCTAAACAGGTTGGCCACCCCTGCCCAGACCCACCAG
CTTCCTGGTTGTTAAAGAATGGTATCAAAGGACAGTGAGCTAGCCTGGGGTGAATTAGCATGACTG
TAAACTGAGGTGATTACTCTGAGGTAAGCAAACCCCCTGCCCCGCCAGTGTAACTTCCAAGC
CTGAGCGCTTCTAAAATGCGCTAAACTGAGIN24CAAAATGGCCTTCTCCACCCCACACACAAC
AAAACACTACTACATTCTTGATCTACAACTCAGTTCTGGTCCTCCTAACCCTGGGACTGAGA
TAAGGAGGGACCCAGGCTAAGAAGGCAATCCTGGTTTGCTTTGTGTGAATGGAGCCATGCAACCTAG
ACAGTGCTTAGATCCAAGGTGAGTGTGAGA : TAGATGGTCTAGTTGGGCTGGCCAGGATAGTC
AGAGGACAGGGGCTGGGGTATGGATACGCAGAAGGTCTAGTTGGGCTGGCCAGGATAGTCAGAAC
TGTTGGGGTGAGCTGATCTGAAATGAGCTACTAACCCTGGGACTGAGAACATAGCTCTATCCACTGCCC
CTCATAAAGCTTGCTGAGCAAAATTAAGGGAGCTCTTCCCCAACCACTCCTACCCCGTG
AGAAAAGATGTTTTTAGTTTTTATAGAAAACATGCAACCTAGTATCCTATTCTCACACCCCC
GTAGACTGTAATGAACTGGAATGAGCTGGGCCGCTCAGATTGAGTCCTCTCGTCTTTGGGTCCA
ATGGATACGCAGAAGGAAGGCCACAGCTGT : CCCCTCCTCCTTCCCTGATTATCTGGTGGAA
GTTTAATGAATTTGAAGTTGCCAGTAAATGTCATGGCAGGACAGAGACACCGCTCAGATTGC
CTCAGCTATGCTACGCGTGTTGGGGTGAGCTGATTTCAGTCTCAGGTTGGCCACCCCTGCCCA
CTGTAATGAACTGGAATGAGCTGGGCCGCTAACCACTCCTACCCCGTGCTGGCTGATCTTCA
TAATGAATTTGAAGTTGCCAGTAAATGTACTGGCAGGACAGAGACACCGCTCAGATTGAGT
TTACTCTGAGGTAAGCAAAGCTGGGCTTGAGCCTTCTCCACCCCACACACAACCCCCTGCCCC
CTACACTGGACTGTTCTGAGCTGAGATGAGCTCCTACCCCGTGCTGGCTGATCTTCAGTCT
ACAGAATTGAGAAAGAATAGAGACCTGCAGTTGCTAAGTGGATGGGCAGTTGCTGGAGTGGT
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GACCCAGGCTAAGAAGGCAATCCTGGGATTGCCAGTTCTGGTCCTCCTAACCCTGGGACTG
AGGGGCTGGGGTATGGATACGCAGAAGGAAGGTCCTCCTAACCCTGGGACTGAGAACATAGC
GCTAAACTCTACTGCCTACACTGGACTGTTIn19CAAAATGGCCTTCTCCACCCCACACACAAC
GATGAGCTGGGGTGAGCTCAGCTATGCTACACCAGTGTAACTTCCAAGCCAGCTCTTCCCC
AGCCAAAATGAAGTAGACTGTAATGAACTG: TCAGATTGAGTCCTCTCGTCTTTGGGTCCA
TTAGATCCAAGGTGAGTGTGAGAGGACAGGGGCTGATCTTCAGTCTCAGGTTGGCCACCCCTGCC
TAGGCTGAGCTGAGCTAAACTAGGCTGAAAMH203GACCCACCAGTTCTGGTCCTCCTAACCCTG
ATGTACTTCCTGGTTGTTAAAGAATGGTATCAAAATGGCCTTCTCCACCCCACACACAACCCCC
TGGAAGAAAAGATGTTTTTAGTTTTTATAG : CTTCCCTGATTATCTGGTGGAAATTCACAT
CTGGTTGTTAAAGAATGGTATCAAAGGACA : TGAACCAAACTTGACAGTGAGCTAGCCTGG
TGAGATGGGGTGAGATGGGGTGAGCTGAGCCAGCTCTTCCCCAACCACTCCTACCCCGTG
GGAACAAGGTTGAGAGCCCTAGTAAGCGAGGCTCTTCCCCAACCACTCCTACCCCGTGCTGGCTG
AGTAATGACCCAGACAGAGAAGGCCAGACTTTTCAGTCTCAGGTTGGCCACCCCTGCCCAG
GTAATGACCCAGACAGAGAAGGCCAGACTCATAAATTCAGCTGGCTGAACCAAACTTGACAGTGA
GCAGGAGGAAGACTGGAAGGGCTGGCTGAGMH13 1AGGTTAGACAGGGTTGTCTGAGCTGAGCTG
TGGCTGAGCTGAGATGGGTGGGCTTCTCTGAGTCTCAGGTTGGCCACCCCTGCCCAGACCCA
AGGTTGAATAGAGCTAAACTCTACTGCCTACACTGCTTGCTAAGTGGATGGGCAGTTGCTGGAGT
ACTTCATTAATCTAGGTTGAATAGAGCTAAAGACACCGCTCAGATTGAGTCCTCTCGTCTT
GAGCCAAAATGAAGTAGACTGTAATGAACTGCAGTTGCTGGAGTGGTGGGTCTGAAGCCAG
ACAAGGTTGAGAGCCCTAGTAAGCGAGGCTIN68GACACCGCTCAGATTGAGTCCTCTCGTCTT
AAAAAGCATGGCTGAGCTGAGATGGGTGGGATGGGATGGGATGGGATGGGATGGGATGGGATG
GAGCTGGGGTGAGCTGAGCTGAGCTGGGGTIN27CAGTCTCAGGTTGGCCACCCCTGCCCAGAC
TGAGAGCCCTAGTAAGCGAGGCTCTAAAAACACATCAGCTCTTCCCCAACCACTCCTACCCCGTGCTGGCTGA
GCATGGCTGAGCTGAGATGGGTGGGCTTCTCTGAGGTAACTGAAAAGACTTTGGATGAAATGTGA
ACAGTAATGACCCAGACAGAGAAGGCCAGACTCGTCTGAGCTGGTCTAGATGGTCTAGTTGGG
AGAAAGAATAGAGACCTGCAGTTGAGGCCAGAGCCATGCAACCTAGTATCCTATTCTCACA
AACTCTCCAGCCACAGTAATGACCCAGACAIN81CTGGGACTGAGAACATAGCTCTATCCACTG
TACGCAGAAGGAAGGCCACAGCTGTACAGAATTGAGTCCTCTCGTCTTTGGGTCCACTGCTTGCTA
TAAATGTACTTCCTGGTTGTTAAAGAATGGTAGCCTGGGGTGAATTAGCATGACTGGACTTA
GTAAGGAGGGACCCAGGCTAAGAAGGCAATGACTTAGGCTGGAATTAGGCGAAACTTGGCTTGG
GCGCTAAACTGAGGTGATTACTCTGAGGTAAGCATGACTGGACTTATTCACAGTTCTAGCCT
CAGCCACAGTAATGACCCAGACAGAGAAGGCCGTGCTGGCTGATCTTCAGTCTCAGGTTGGCCA
CTGGACTGAGCTGAGCTAGGGTGAGCTGAGINn19CCACACACAACCCCCTGCCCCGCCAGTGTA
AGCAAAATTAAGGGAACAAGGTTGAGAGCCCTCCCTCCTCCTTCCCTGATTATCTGGTGGAA
GTTGAGAGCCCTAGTAAGCGAGGCTCTAAAAACTTCCAAGCCAGCTCTTCCCCAACCACTCC
ATGCGCTAAACTGAGGTGATTACTCTGAGG : CTGCCCCGCCAGTGTAACTTCCAAGCCAGC
AAGCATGGCTGAGCTGAGATGGGTGGGCTTCCCCTGCCCCGCCAGTGTAACTTCCAAGCCA
ATGGGTGGGCTTCTCTGAGCGCTTCTAAAATGCTGGCTGATCTTCAGTCTCAGGTTGGCCACC
CGCTAAACTGAGGTGATTACTCTGAGGTAAGCAGTTGCTGGAGTGGTGGGTCTGAAGCCAGAA
GGCTGGGGTATGGATACGCAGAAGGAAGGCCAGTGAGCTAGCCTGGGGTGAATTAGCATGAC
TGAGAGCCCTAGTAAGCGAGGCTCTAAAAAIN75CTTCATGGCAGGACAGAGACACCGCTCAGA
CCAGACAGAGAAGGCCAGACTCATAAAGCTAAGGTCAAAATGGCCTTCTCCACCCCACACACAAC
TGAGCTGGGTTGAGCTGAACTAGATATAAAMHT7 7CGGGCAGACCTAGATAGAGTTGCACTGAGG
GATGGGTGGGCTTCTCTGAGCGCTTCTAAAACCCCGTGCTGGCTGATCTTCAGTCTCAGGT
GTACAGAATTGAGAAAGAATAGAGACCTGCAGTCAGAACTAGGCTGGAATTAGGCGAAACTTG
GTGAGTGTGAGAGGACAGGGGCTGGGGTATGGATGGGCAGTTGCTGGAGTGGTGGGTCTGAAGC
GTGCTTAGATCCAAGGTGAGTGTGAGAGGACAGTGTAACTTCCAAGCCAGCTCTTCCCCAACCACTC
TGCTACGCGTGTTGGGGTGAGCTGATCTGAAATGAGCTAACATAAATTCAGCTGGCTGAACCAAACTTG
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Shid1%© +
Hnrpu P
n=40

GATCTGAAATGAGCTACTCTGGAGTAGCTGACACACAACCCCCTGCCCCGCCAGTGTAACT
AGCTGGGCTTGAGCCAAAATGAAGTAGACTATGGGACTGAGAACATAGCTCTATCCACTGC
GCTGAGATGGGGTGAGATGGGGTGAGCTGA : CCCGTGCTGGCTGATCTTCAGTCTCAGGTT
CTCCAGCCACAGTAATGACCCAGACAGAGATCTGTAAATGGTGCCTTCATGGCAGGACAGA
ATAGAGCTAAACTCTACTGCCTACACTGGAGGCCAGTGTAAGGTCAAAATGGCCTTCTCCACCCCACACACAAC
CTGGGATTCTGGAAGAAAAGATGTTTTTAGTAGCATGACTGGACTTATTCACAGTTCTAGC
GTGAGCTCAGCTATGCTACGCGTGTTGGGGTGAGCTGATCTAGATGGTCTAGTTGGGCTGGCCAGGATAGT
GTTCTGAGCTGAGATGAGCTGGGGTGAGCTCAGCTCTTCCCCAACCACTCCTACCCCGTGCTGGC
GCTGAGCTGGACTGAGCTGAGCTAGGGTGAGCTGAGCTGACCTAGGCAAGCTGTGCTGTCTGAGCTGGC
GAGAAGGCCAGACTCATAAAGCTTGCTGAGCATGGCAGGACAGAGACACCGCTCAGATTGAG
GACAGAGAAGGCCAGACTCATAAAGCTTGCTGAGCTAGCCTGGGGTGAATTAGCATGACTGGACT
GCCAAAATGAAGTAGACTGTAATGAACTGGAGCCAAAATGAAGTAGACTGTAATGAACTGG
AGCTGGGCCGCTAAGCTAAACTAGGCTGGCCAGAACAAGGCCAGTGTAAGGTCAAAATGGCCTTCTCCACCCCACACACAAC
GCAAAATTAAGGGAACAAGGTTGAGAGCCCTTAAACTCACTGCTGAGGTAACTGAAAAGAC
GAGAGCCCTAGTAAGCGAGGCTCTAAAAAGCATGGCAGGACAGAGACACCGCTCAGATTGAGTC
CTGCCTACACTGGACTGTTCTGAGCTGAGAGTTGGCTTGGCTGGTTACAATGAGCTAACAT
GAATGGTATCAAAGGACAGTGCTTAGATCCGAAAGACTTTGGATGAAATGTGAACCAACTC
GTGATTACTCTGAGGTAAGCAAAGCTGGGC : AGTGGATGGGCAGTTGCTGGAGTGGTGGGT
AATGAGCTGGGCCGCTAAGCTAAACTAGGCTGGCAGGACAGAGACACCGCTCAGATTGAGTCCT
ACTAACTCTCCAGCCACAGTAATGACCCAGACAGAGACACCGCTCAGATTGAGTCCTCTCGTCTTTG
CTGGAGTAGCTGAGATGGGGTGAGATGGGGTGAGCTAACATAAATTCAGCTGGCTGAACCAAACTT
GTGAGCTGAGCTGAGCTGGGGTGAGCTGAGATGCAGAACAAGGCCAGTGTAAGGTCAAAATGGCCTTCTCCACCCCACACACAAC
CTTCCTGGTTGTTAAAGAATGGTATCAAAGGATCTTCAGTCTCAGGTTGGCCACCCCTGCCC
AGCTGGGCTTGAGCCAAAATGAAGTAGACTINn53CTTCTCCACCCCACACACAACCCCCTGCCC
GCCAAACTGGAATGAACTTCATTAATCTAG : CTGAGAACATAGCTCTATCCACTGCCCAAA
GAATGGTATCAAAGGACAGTGCTGAAAAGACTTTGGATGAAATGTGAACC
GGTTGTTAAAGAATGGTATCAAAGGACAGTACTCTGGGGTGAATTAGCATGACTGGACTTATT
GAGGGACCCAGGCTAAGAAGGCAATCCTGGAAATGGTGGAAATTCACATGTACCTGTAAATGGT
GCCAGTAAATGTACTTCCTGGTTGTTAAAGAATGGTGCCTTCATGGCAGGACAGAGACACCGCTCA
AAGGTTGAGAGCCCTAGTAAGCGAGGCTCTGAATGTGTGAATGGAGCCATGCAACCTAGTATC
GTACTTCCTGGTTGTTAAAGAATGGTATCAAACCAACTCTTGTTTTATGGTCCAGATTGTGG
ACACTACTACATTCTTGATCTACAACTCAATGTGAATGGAGCCATGCAACCTAGTATCCTATTC
TGAGAGCCCTAGTAAGCGAGGCTCTAAAAAIN27AGCTCTTCCCCAACCACTCCTACCCCGTGC
GCTGGGCCGCTAAGCTAAACTAGGCTGGCTGGCCAGTGTAAGGTCTACCCCGTGCTGGCTGATCTTCAGTCTCA
TACAGAATTGAGAAAGAATAGAGACCTGCAGTTGACCTTGCTCGTCTGAGCTGGTCTAGATGGTC
TCCAAGGTGAGTGTGAGAGGACAGGGGCTGGGATGGGCAGTTGCTGGAGTGGTGGGTCTGAA
GAATTTGAAGTTGCCAGTAAATGTACTTCCTGGCTGAACCAAACTTGACAGTGAGCTAGCCTG
GTTTAATGAATTTGAAGTTGCCAGTAAATGTTCAGCTGGCTGAACCAAACTTGACAGTGAG
CAGCTGTACAGAATTGAGAAAGAATAGAGACCTCCTTCCCTGATTATCTGGTGGAAATTCACA
GGACTAACTCTCCAGCCACAGTAATGACCC : TGCCTTCATGGCAGGACAGAGACACCGCTC

Shld2 ¥P +
Hnrpu ¥P
n=47

GACAGAGAAGGCCAGACTCATAAAGCTTGCCAGTGTAAGGTCAAAATGGCCTTCTCCACCCCACACACAAC
TGTACAGAATTGAGAAAGAATAGAGACCTGAGAACATAGCTCTATCCACTGCCCAAACAG
CAGCCACAGTAATGACCCAGACAGAGAAGGCCCCACACACAACCCCCTGCCCCGCCAGTGTA
ACTTCCTGGTTGTTAAAGAATGGTATCAAA: CCCCTCCTCCTTCCCTGATTATCTGGTGGA
ATAGAGACCTGCAGTTGAGGCCAGCAGGTCGGCTTGGCTGGTTACAATGAGCTAACATAAAT
ATGTACTTCCTGGTTGTTAAAGAATGGTATCAACCTAGTATCCTATTCTCACACCCCCTCCTC
GCATGGCTGAGCTGAGATGGGTGGGCTTCTCTGAGAACATAGCTCTATCCACTGCCCAAACAGGA
TCAAAGGACAGTGCTTAGATCCAAGGTGAGGGGGATGGGCAGTTGCTGGAGTGGTGGGTCTG
GAAAAGATGTTTTTAGTTTTTATAGAAAAC : GTGAATGGAGCCATGCAACCTAGTATCCTA
GAGATGGGTGGGCTTCTCTGAGCGCTTCTAIN464GGACTGAGAACATAGCTCTATCCACTGCCC
GGTGGGCTTCTCTGAGCGCTTCTAAAATGCGCTAAACTGAGCTGAACTAGGATGGGATGGGATGGGATGGG
GTGGGCTTCTCTGAGCGCTTCTAAAATGCGCTAACCCTGGGACTGAGAACATAGCTCTATCCAC
AGTAATGACCCAGACAGAGAAGGCCAGACTCATAAATTCAGCTGGCTGAACCAAACTTGACAGTGA
TAGAGACCTGCAGTTGAGGCCAGCAGGTCGGGCTTGGCTGGTTACAATGAGCTAACATAAA
AGTAATGACCCAGACAGAGAAGGCCAGACTTACAGTTCTAGCCTGAGCTTTGCTGGATTGT
GCCAGACTCATAAAGCTTGCTGAGCAAAATTCCTCTCGTCTTTGGGTCCACTGCTTGCTAA
ACAGTAATGACCCAGACAGAGAAGGCCAGACTTGCTAAGTGGATGGGCAGTTGCTGGAGTGG
AGCTATGCTACGCGTGTTGGGGTGAGCTGATCTGAAGCCAGAACAAGGCCAGTGTAAGGTGAAA
CCTAGTAAGCGAGGCTCTAAAAAGCATGGCTGAGCTGGGTTGAGCTGAACTAGTATAAACTTGGCTA
TTCCTGGTTGTTAAAGAATGGTATCAAAGGTGGGATGGGATGGGATGGGATGGGATGGGATGGGATG
TACAGAATTGAGAAAGAATAGAGACCTGCAGTTACAATGAGCTAACATAAATTCAGCTGGCTG
AGACTCATAAAGCTTGCTGAGCAAAATTAATAAGGCCAGTGTAAGGTCAAAATGGCCTTCTCCACCCCACACACAAC
GTGTGAGAGGACAGGGGCTGGGGTATGGATACATGTACCTGTAAATGGTGCCTTCATGGCAG
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TACAACTCAATGTGGTTTAATGAATTTGAA : TAACATAAATTCAGCTGGCTGAACCAAACT
GCTCTAAAAAGCATGGCTGAGCTGAGATGGCAGGACAGAGACACCGCTCAGATTGAGTCC
TCAAAGGACAGTGCTTAGATCCAAGGTGAGIN88GTGTAACTTCCAAGCCAGCTCTTCCCCAAC
CAAGGTGAGTGTGAGAGGACAGGGGCTGGGATTTGGCTTGGCTGGTTACAATGAGCTAACAT
CAAAATGAAGTAGACTGTAATGAACTGGAATGAGAACATAGCTCTATCCACTGCCCAAACAGGA
ACCCAGACAGAGAAGGCCAGACTCATAAAGCTTGCTAAGTGGATGGGCAGTTGCTGGAGTGGTGG
AGAAGGAAGGCCACAGCTGTACAGAATTGACCAAACTTGACAGTGAGCTAGCCTGGGGTG
CTGAGCTGAGATGGGTGGGCTTCTCTGAGCINY 0GGATGGGATGGGATGGGATGGGATGGGATG
GGTGAGCTCAGCTATGCTACGCGTGTTGGGGTCTCAGGTTGGCCACCCCTGCCCAGACCCAC
TTTGAAGTTGCCAGTAAATGTACTTCCTGGTTATTCACAGTTCTAGCCTGAGCTTTGCTGGA
GGCCAGCAGGTCGGCTGGACTAACTCTCCAGATGGGATGGGATGGGATGGGATGAACTGAC
ACCCAGACAGAGAAGGCCAGACTCATAAAGIN37ACCTGTAAATGGTGCCTTCATGGCAGGACA
GCTGAGCAAAATTAAGGGAACAAGGTTGAGAGCCAGCTCTTCCCCAACCACTCCTACCCCGTGC
GTTTTTAGTTTTTATAGAAAACACTACTACATGAACTGACTGGGCTGGACTCAGTTGACCTT
TAAAAAGCATGGCTGAGCTGAGATGGGTGGGCTGGCTGATCTTCAGTCTCAGGTTGGCCACCC
CTGAGCTGAGATGGGTGGGCTTCTCTGAGCIN36GATGGGCAGTTGCTGGAGTGGTGGGTCTGA
TGAGCAAAATTAAGGGAACAAGGTTGAGAGCTGGGGTGAGCTGAGCTGGAGTTGCTGGAGTGGTGGGTCTGAAGCCAGA
GAGACCTGCAGTTGAGGCCAGCAGGTCGGCTGGATGGGCAGTTGCTGGAGTGGTGGGTCTGAAG
CTGAGATGGGGTGAGATGGGGTGAGCTGAGCTGGGCTGAGCTGGAATGAGCTGGGTTGAGCTGAACTAGT
AGTAAGCGAGGCTCTAAAAAGCATGGCTGACCAGTCAGATTGAGTCCTCTCGTCTTTGGGTCCA
ACTTCCTGGTTGTTAAAGAATGGTATCAAAGGACTTATTCACAGTTCTAGCCTGAGCT
TCAATGTGGTTTAATGAATTTGAAGTTGCCAGTCAGAACTAGGCTGGAATTAGGCG
GGACAGGGGCTGGGGTATGGATACGCAGAA : ACCAGTTCTGGTCCTCCTAACCCTGGGACT
CTGAGCTGAGATGGGTGGGCTTCTCTGAGCGTGGGCAGTTGCTGGAGTGGTGGGTCTGAAG

Shld3KC +
Hnrpu P
n=38

ATGAGCCAAACTGGAATGAACTTCATTAATIN24TGCCCCGCCAGTGTAACTTCCAAGCCAGCT
TGAGAGGACAGGGGCTGGGGTATGGATACGCACTCCTACCCCGTGCTGGCTGATCTTCAGTC
AAGGCCACAGCTGTACAGAATTGAGAAAGAACACACAACCCCCTGCCCCGCCAGTGTAACT
TACTACATTCTTGATCTACAACTCAATGTG: CCTGCCCAGACCCACCAGTTCTGGTCCTCC
CTAAAAAGCATGGCTGAGCTGAGATGGGTGTAAGCCAGAACAAGGCCAGTGTAAGGTGAAA

ATGTGGTTTAATGAATTTGAAGTTGCCAGTAAATGGCCTTCTCCACCCCACACACAACCCCCTGC
CCGAGATGAGCCAAACTGGAATGAACTTCATTTGCTGGATTGTTAAACTCACTGCTGAGGTA

AAAAGCATGGCTGAGCTGAGATGGGTGGGCTTCTCCACCCCACACACAACCCCCTGLCCCCG A

TGAGTGTGAGAGGACAGGGGCTGGGGTATGIN75GGATGGGATGGGATGGGATGGGATGGGATG
TGTTAAAGAATGGTATCAAAGGACAGTGCTIN4 6AGGCTGGAATTAGGCGAAACTTGGCTTGGC
AGTAGCTGAGATGGGGTGAGATGGGGTGAGIN13GTTGCTGGAGTGGTGGGTCTGAAGCCAGAA
GTTGTTAAAGAATGGTATCAAAGGACAGTGCTTCCCCAACCACTCCTACCCCGTGCTGGCTGA

GAGCTGAGCTGGGGTGAGCTGAGCTGAGCTGGAGTGAGCTCTCCTACCCCGTGCTGGCTGATCTTCAGTC
TCCTGGTTGTTAAAGAATGGTATCAAAGGACAGTGCTGAGGTAACTGAAAAGACTTTGGATGAAATG
AGCTGAGCTGAGCTGAGCTGGGGTGAGCTGGTCCACCCCACACACAACCCCCTGLCCCCG e
GGCTGAGCTGGACTGAGCTGAGCTAGGGTGAGTTCTGGTCCTCCTAACCCTGGGACTGAGAA

GAGGCTCTAAAAAGCATGGCTGAGCTGAGATGGGTCCACTGCTTGCTAAGTGGATGGGCAGTTGC
GCTGGACTAACTCTCCAGCCACAGTAATGACCCAGACCCACCAGTTCTGGTCCTCCTAACCCTGG
TCTGAGGTAAGCAAAGCTGGGCTTGAGCCAAAATCTGGAGCGCTAGACTGCTCAGGGGTGTAGT

AACTCTACTGCCTACACTGGACTGTTCTGA : TTCAGTCTCAGGTTGGCCACCCCTGCCCAG
GGGTATGGATACGCAGAAGGAAGGCCACAGCTGAGCTGGTCTAGATGGTCTAGTTGGGCTGGC
GAGCAAAATTAAGGGAACAAGGTTGAGAGCCCTAGATAGAGTTGCACTGAGGTAGGTTAGACAGG
ATCAAAGGACAGTGCTTAGATCCAAGGTGA : TGGGACTGAGAACATAGCTCTATCCACTGC
CAATGTGGTTTAATGAATTTGAAGTTGCCACCTGGTGGAAATTCACATGTACCTGTAAATG
ACTGAGGTGATTACTCTGAGGTAAGCAAAGCTGTAAATGGTGCCTTCATGGCAGGACAGAGAC
TTAGATCCAAGGTGAGTGTGAGAGGACAGGGGCTTGGCTGGTTACAATGAGCTAACATAAATTC
TGAGAGCCCTAGTAAGCGAGGCTCTAAAAAGGTCCTCCTAACCCTGGGACTGAGAACATAG
AGTAAGCGAGGCTCTAAAAAGCATGGCTGA : CTCAGGTTGGCCACCCCTGCCCAGACCCAC
TAAGGAGGGACCCAGGCTAAGAAGGCAATCCTGGACTTATTCACAGTTCTAGCCTGAGCTTT
GCAAAATTAAGGGAACAAGGTTGAGAGCCCATCACACCCCCTCCTCCTTCCCTGATTATCT
GACTCATAAAGCTTGCTGAGCAAAATTAAGGGTTACAATGAGCTAACATAAATTCAGCTGGC
GCTTGAGCCAAAATGAAGTAGACTGTAATGAACTGGCCTTCTCCACCCCACACACAACCCCCTGCC
GACAGGGGCTGGGGTATGGATACGCAGAAG: TTCCCTGATTATCTGGTGGAAATTCACATG
GGTTTAATGAATTTGAAGTTGCCAGTAAATAACTCCTACCCCGTGCTGGCTGATCTTCAGT
AGAAAGAATAGAGACCTGCAGTTGAGGCCAGCAGGACAGAGACACCGCTCAGATTGAGTCCTCTC
ATGCGCTAAACTGAGGTGATTACTCTGAGGTAAATGGTGCCTTCATGGCAGGACAGAGACACC
CAGCTGTACAGAATTGAGAAAGAATAGAGACCCACACACAACCCCCTGCCCCGCCAGTGTAA
CTTAACCGAGATGAGCCAAACTGGAATGAACTTCCCCAACCACTCCTACCCCGTGCTGGCTGAT

Blunt junctions are indicated with “:”, Microhomology (MH) in bold, and nucleotide additions are underlined.
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Table S3. Summary for the SHM analysis

CH12F3-2A cells # Sequences Bases sequenced Total Mutations Mutation Frequency
\WT/siControl 84 47460 15 3.16X10*
Hnrnpu ¥P 85 48025 20 4.16X10*
53bp1 KO 85 48025 15 3.12X10*
53bp1 KO/Hnrmpu K° 79 44635 16 3.58X10*
Shid1 K° 81 45765 13 3.24X10*
Shild1 ¥O/Hnrnpu P 83 46895 14 3.49X10*
Shld2 ¥P 84 47460 17 3.58X10*
Shild2 ¥°/Hnrnpu XP 85 48025 19 3.75X10*
Shld3 X 89 50285 22 4.38X10*
Shild3 ¥O/Hnrnpu P 81 45765 15 3.28X10*
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