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Abstract

Antibody class switch recombination (CSR) is a locus-specific genomic
rearrangement mediated by switch (S) region transcription, activa-
tion-induced cytidine deaminase (AID)-induced DNA breaks, and their
resolution by non-homologous end joining (NHEJ)-mediated DNA
repair. Due to the complex nature of the recombination process,
numerous cofactors are intimately involved, making it important to
identify rate-limiting factors that impact on DNA breaking and/or
repair. Using an siRNA-based loss-of-function screen of genes
predicted to encode PHD zinc-finger-motif proteins, we identify the
splicing factor Phf5a/Sf3b14b as a novel modulator of the DNA repair
step of CSR. Loss of Phf5a severely impairs AlD-induced recombina-
tion, but does not perturb DNA breaks and somatic hypermutation.
Phf5a regulates NHEJ-dependent DNA repair by preserving chromatin
integrity to elicit optimal DNA damage response and subsequent
recruitment of NHE) factors at the S region. Phf5a stabilizes the p400
histone chaperone complex at the locus, which in turn promotes
deposition of H2A variant such as H2AX and H2A.Z that are critical for
the early DNA damage response and NHE), respectively. Depletion of
Phf5a or p400 blocks the repair of both AID- and /-Scel-induced DNA
double-strand breaks, supporting an important contribution of this
axis to programmed as well as aberrant recombination.
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Introduction

In mature B cells, activation-induced cytidine deaminase (AID)
induces DNA breaks at the IgH locus in order to diversify the

antibody gene locus via somatic hypermutation (SHM) and class
switch recombination (CSR) (Muramatsu et al, 2000; Muramatsu
et al, 2007). The cellular DNA repair system plays a key role during
these events as the DNA breaks at the variable and the switch (S)
regions are processed distinctly, leading to SHM and CSR, respec-
tively. In particular, CSR requires an elaborate DNA repair process
to join the two S region DNA double-strand break (DSB) ends. The
acceptor and the donor S regions, which are located several kilo-
bases apart, are brought into proximity and undergo ligation
predominantly mediated by non-homologous end joining (NHEJ)
(Stavnezer et al, 2010; Boboila et al, 2012a). However, genomic loci
other than IgH are often mis-targeted by AID, and the repair of these
DNA breaks by NHEJ is a potential source of oncogenic mutations
and chromosomal translocations. Therefore, CSR and the associated
genomic instability provide a unique opportunity to investigate
DNA break-repair pathway and its regulation.

Active chromatin marks and their combinatorial histone codes
are known to be involved in AID-induced genomic instability
(Daniel et al, 2010; Begum & Honjo, 2012; Li et al, 2013; Sheppard
et al, 2018). Specific histone chaperones and transcription elonga-
tion complexes play important roles in the chromatin organization
and histone modification regulation at the IgH locus (Pavri et al,
2010; Stanlie et al, 2010; Stanlie et al, 2012). Moreover, several
chromatin reader proteins, such as 53BP1, Brd4, and PTIP, are also
known to promote DNA repair step of CSR (Reina-San-Martin et al,
2007; Daniel et al, 2010; Stanlie et al, 2014). Thus, the chromatin-
associated proteins involved in recognizing and/or remodeling the
histone codes at the S regions can greatly impact CSR efficiency by
influencing the DSB formation and/or recombination. For example,
CSR requires histone post-translational modification H3K4me3,
which promotes AID-induced DNA break in the recombining S
regions. On the other hand, transcription elongation-associated
FACT, SPT6, and DSIF complexes play a critical role in regulating
H3K4me3 in the S regions. Therefore, deficiencies not only in FACT
or SPT6, but also in any proteins involved in H3K4me3 formation
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(Ash2, CxxC1, Wdr82, Setl, Mll1, or PTIP) can impair CSR by block-
ing the S region DSB formation (Daniel et al, 2010; Stanlie et al,
2010; Begum et al, 2012; Stanlie et al, 2012). A number of chro-
matin-associated proteins with a PHD zinc-finger module are known
to bind H3K4me3 (Bienz, 2006; Sanchez & Zhou, 2011). In V(D)J
recombination, locus-specific H3K4me3 marks are recognized by
the RAG2 PHD motif, which promotes RAG1 recruitment and subse-
quently DNA cleavage (Matthews et al, 2007; Bettridge et al, 2017).

Recently, PHD motif-containing Phf5a protein has been reported
to be involved in embryonic pluripotency being associated with
Pafl1/Ski8 transcription elongation complex (Trappe et al, 2002;
Strikoudis et al, 2016; Zheng et al, 2018). It has also been identified
as part of a splicing complex, in which a novel Phf5Sa mutant miti-
gated the action of splicing inhibitors used in cancer therapy (Teng
et al, 2017). Similarly, the function of PhfSa in splicing was found to
be important for the survival of tumor but not normal cells (Hubert
et al, 2013). In mouse spermatocyte, Phf5a has been reported to
interact with splicing factor and helicases, but its function in meiosis
remains undefined (Rzymski et al, 2008).

During a systematic screening of PHD finger-containing proteins,
we identified Phf5Sa as a novel CSR regulatory protein. Due to its
reported association with transcription and splicing complexes, we
initially hypothesized for the role of Phf5a in regulating switch
germline transcripts that are important for CSR (Stavnezer et al,
2008). However, through a series of genetic and biochemical analy-
sis, we revealed that Phf5a is involved in S region variant H2A chro-
matin remodeling, in particular H2AX and H2A.Z, which are
required for optimal DNA damage response (DDR) and efficient
DNA repair by NHEJ, respectively. Mechanistically, the structural
integrity of the Phf5a zinc fingers is essential in stabilizing the p400-
H2A.Z histone chaperone complex, which is central to the regula-
tion of AID-induced CSR and genomic instability.

Results

Depletion of Phf5a strongly inhibits CSR and
IgH/cMyc translocation

We applied siRNA-mediated gene knockdown (KD) approach to
screen a panel of candidate genes that are known or predicted to
have a PHD zinc-finger motif (Appendix Fig S1). This includes
Phf5a, a small 110 amino acid protein with a central PHD zinc-finger
domain (Trappe et al, 2002; Sanchez & Zhou, 2011). To confirm the
requirement of Phf5a in CSR, we depleted Phf5a in a mouse B-cell
line (CH12F3-2A) that undergoes CSR with high efficiency when
stimulated with CD40 ligand, IL-4, and TGF-B(CIT). Phf5a KD by
small interfering RNAs (siRNAs) strongly impaired the IgM to IgA
switching induced by CIT for 24 or 48 h (Fig 1A). We confirmed
that the PhfSa protein was significantly depleted by the three
siRNAs tested (Fig 1B). To verify the specificity of this effect, we
designed a Phf5a construct whose transcripts were resistant to
degradation by siPhf5a#3. In addition, to distinguish its expression
from the endogenous Phf5a expression, we fused a Myc-Flag epitope
to the C-terminus (Phf5a®-MF). The inhibition of CSR by siPhf5a#3
was observed when the cells were co-transfected with empty vector
but not with Phf5a®-MF (Fig 1C). As expected, Phf5aR-MF was well
expressed, while the endogenous Phf5a targeted by siPhfSa was
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significantly depleted (Fig 1D). Moreover, primary B cells stimu-
lated by LPS or in combination with LPS and IL4 showed not only
gradual increase in the expression of Phf5a as compared to non-
stimulated naive B cells in a time-dependent manner, but the timing
also coincides with that of AID (Appendix Fig S2A). As expected,
depletion of Phf5a in primary B cells impaired I1gG1 as well as 1gG3
switching without perturbing AID expression and switch germline
transcription (Appendix Fig S2B and C). Taken together, these
results validate an essential requirement of Phf5a in CSR.

Since the expression of AID and germline switch transcripts
(uGLT and oGLT) were unperturbed in Phf5a-depleted CH12F3-2A
cells (Appendix Fig 1E), we examined alpha circular DNA (aCD)
production, a hallmark of the completion of IgM to IgA switching
through looping out recombination mechanism at the genomic
DNA level (Kinoshita et al, 2001; Dong et al, 2015). PCR-amplified
product of the Sp and So junctions present in aCDs is normally
detected as smear on a gel as the joining sites vary widely. Consis-
tent with the impairment of IgA expression on the cell surface,
oCD products were barely detectable in the samples from Phf5a-
depleted cells, whereas a thick smear of DNA derived from aCD
PCR product was readily detectable in the control sample (Fig 1F).
As expected, no oCD product can be detected in the absence of
CIT stimulation.

We further confirmed the lack of productive or deletional
recombination in the PhfSa KD cells by examining the recom-
bined locus through the well-documented Digestion Circulariza-
tion PCR assay (Chu et al, 1992; Dong et al, 2015). Since CSR
predominantly occurs through deletional recombination pathway,
we observed a strong signal of direct Sp-Sa joining in the sample
from CIT-stimulated control cells, but not in the sample from
CIT-stimulated Phf5a-depleted cells (Appendix Fig S2E and F).
Inversional or non-productive recombination also occurs, but at a
low frequency, which does not produce excision circle DNA
(Dong et al, 2015). Consistent with the low level of inversional
joining, a weak signal was detected only in the control sample,
suggesting that S-S recombination involving deletion as well as
inversion is severely impaired by Phf5a deficiency.

Since the Sp-So recombination was strongly impaired in both
orientations, we subsequently asked whether Phf5a depletion also
impairs trans-chromosomal recombination between IgH and other
loci. To assess this possibility, we examined the frequency of chro-
mosomal translocation between IgH and c-Myc loci (Fig 2A),
which routinely occurs during CSR activation (Ramiro et al, 2004;
Nussenzweig & Nussenzweig, 2010). Following established proto-
col, translocated junctions were PCR-amplified, followed by South-
ern hybridization with a locus-specific probe. Similar to CSR
impairment, the IgH/c-Myc translocation was severely impaired by
Phf5a KD (Fig 2B and C). Our group has previously showed that
the depletion of Smarca4 and Topl dramatically increases AID-
induced chromosomal translocation (Husain et al, 2016). Remark-
ably, the high frequency of IgH/c-Myc translocation induced by
Smarca4 or Topl depletion was also counteracted significantly by
PhfSa depletion (Fig 2B and C). Similar inhibitory effect was also
evident in the case of two other chromatin remodelers, Bptfl and
Smarca2, whose KD led to an elevated level of both CSR and IgH/
c-Myc translocation frequency (Fig 2B and C). Therefore, we
concluded that PhfSa potentially is a key regulator of both cis- and
trans-recombination.

© 2021 The Authors
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A Representative FACS profiles of IgA switching in CH12F3-2A cells. The control and Phf5a siRNAs are indicated at the top. The number in each FACS profile indicates

the percent (%) IgA” cells at 24 and 48 h after CIT stimulation.

B Top: Illustration of Phf5a with a central PHD domain. Bottom: Confirmation of Phf5a KD by Western blot.

(@}

CSR complementation assay using siRNA-resistant PhfSa with Myc and Flag (MF) epitopes tagged at the C-terminus.

D Schematic of MF-tagged siRNA-resistant Phf5a (Phf5a®-MF). Asterisks (*) indicate the approximate locations of mutations in the cDNA made to generate the SiRNA-
resistant version. Western blot confirmed the KD efficiency of the endogenous Phf5a, and the expression of Phfsa®-MF.

E Quantitative RT-PCR (qRT-PCR) of uGLT, aGLT, and AID from siControl- and siPhf5a-treated samples. The values are presented as mean £ SD (n = 3).

F Ethidium Bromide-stained gels showing the PCR detection of excision circular DNA («CD) and Gapdh as a control in the genomic DNA samples indicated.

Phf5a is dispensable for SHM and DNA breaks at the IgH locus

To clarify whether PhfSa also impacts AID-induced SHM, a human
B-cell line (BL2) expressing a mutant AID fused to the estrogen
receptor (JP8Bdel-ER) was utilized (Nagaoka et al, 2005). In this cell
line, activation of JP8Bdel-ER by 4-hydroxytamoxifen (OHT)
induces high frequency of mutations in the recombined V(D)J
region. Two (#20 and #28) out of the three siRNAs tested signifi-
cantly reduced the Phf5a protein in BL2 line. However, neither of
them showed a marked effect on the SHM frequency or mutational

© 2021 The Authors

base bias (Fig 3A-C; Appendix Fig S3A and B). As CH12F3-2A cells
do not undergo SHM at the recombined V(D)J region, we instead
initiated S region SHM analysis by sequencing the 5 region of Sp
following 48 h of CIT stimulation (Appendix Fig S3C and D). The
AID-induced mutation frequency was found to be comparable
between siControl- and siPhf5a-treated samples, indicating the
dispensability of Phf5a for both V and S region SHM.

Since both SHM and CSR are initiated by DNA breaks at the IgH
locus, we directly examined the requirement of Phf5a for AID-
induced DNA breaks in CSR. We evaluated the S region DNA DSB
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Figure 2. Knockdown of Phf5a suppresses IgH/c-Myc translocation.

The EMBO Journal

A Schematic representation of the IgH and c-Myc chromosomal loci before and after translocation. Arrows and black bar indicate the positions of the PCR primers used
to amplify the rearranged region and the probe for Southern hybridization, respectively.
B Southern blots of the IgH/c-Myc translocation assay using genomic DNA extracted from CIT-stimulated CH12F3-2A cells treated with the siRNAs shown at the bottom

of each panel. Numbers on the top indicate gel lanes.

C Frequency of IgH/c-Myc chromosomal translocations derived from the number of translocations detected in the total number of PCRs per sample (Boboila et al,
2012b). The values are presented as mean + SD (n = 3). Statistical significance was assessed by two-tailed unpaired Student’s t-test (**P < 0.01 and ***P < 0.001).

formation by performing the well-documented LM-PCR assay
(Appendix Fig S3E) (Schrader et al, 2005; Husain et al, 2016).
However, LM-PCR-generated break signals were comparable
between control and Phf5a-depleted samples (Fig 3D, panel of
none). We also treated genomic DNA with ssDNA-digesting enzyme
prior to linker ligation for additional sensitivity, but it also did not
show any striking difference between siControl- and siPhfSa-treated
samples (Fig 3D, panels of Exol and RecJ). LM-PCR assay was also
conducted for siSmarca4- or siTopl-treated samples in the presence
or absence of Phf5a siRNA (Fig 3E). Phf5a KD had little effect on
the DSB signals produced in Smarca4-depleted cells. A robust DSB
signal was detected after Topl KD, which was only minimally
affected by Phf5a KD. Finally, we also assessed the single-strand
(ss) DNA break events using DNA end-labeling assay (Doi et al,
2009) in which biotin-dUTP is incorporated at the DNA break ends
(5') (Appendix Fig S3F). Streptavidin pull-down of the biotin-dUTP-
labeled DNA break ends, followed by PCR of the target region in the
Su, enables ssDNA break incidence estimation. Similar to the DSB
detection data, no alteration in the ssDNA break signal was
observed after PhfSa KD (Fig 3F). Taken together, these data
unequivocally exclude the involvement of PhfSa in the generation of
AlID-induced DSBs at the IgH locus.

Phf5a is critical for the NHEJ-dependent DNA repair in CSR

Since AID-induced DSBs in CSR are mainly resolved through NHEJ-
mediated DNA repair, we embarked on exploring the role of PhfSa
in NHEJ. Utilizing a well-documented NHEJ assay coupled to I-Scel-
mediated DNA breaks (Ogiwara et al, 2011; Stanlie et al, 2014), the
effect of PhfSa KD on this specific DNA repair pathway was evalu-
ated. In this assay, a GFP reporter gene is expressed only after a
successful joining event between the two cleaved I-Scel sites, which
removes an intervening thymidine kinase (TK) gene that initially
prevents the GFP expression (Fig 4A). The siRNA against Phf5a was
introduced into the reporter cell line H1299dA3-1 (Ogiwara et al,
2011) along with I-Scel-expressing plasmid. The number of GFP-
positive cells was dramatically reduced in PhfSa-treated cells
compared to control, indicating that Phf5a plays a key role during

Figure 3. Phf5a is dispensable for AID-induced SHM and DNA breaks.

NHEJ (Fig 4B). Consistent with this finding, PCR product of the
repaired I-Scel break points (“Joined”) was barely observed in the
genomic DNA isolated from PhfSa-depleted cells (Fig 4C), which
further confirmed that the NHEJ was severely defective. The KD effi-
ciency of Phf5a by the individual siRNAs was well correlated with
their inhibitory effect on NHEJ (Fig 4D). Utilizing a similar assay
strategy, but with a homologous recombination (HR)-dependent
GFP reporter construct (Sakamoto et al, 2007; Stanlie et al, 2012),
we did not detect any reduction in GFP expression after Phf5a deple-
tion (Appendix Fig S4A-C). This indicates that PhfSa functions
exclusively in NHEJ. Consistent with PhfSa’s role in NHEJ, a higher
incidence of nucleotide insertions was found in the I-Scel-cleaved
junctions derived from PhfSa KD cells (Fig 4E; Appendix Fig S5).

To confirm that PhfSa KD causes NHEJ defect in CSR, we exam-
ined the Sp and So junction sequences of CH12F3-2A cells stimu-
lated for IgM to IgA switching. The CSR junctions were PCR-
amplified from the genomic DNA obtained from switched (IgA+)
siControl- and siPhfSa-treated cells. Many clones with a variety of
unique junctional recombinations were readily obtained from the
control sample (Fig 5A and B). However, multiple rounds of experi-
ments were necessary to accumulate 60 of such junctions from
PhfSa KD sample. As expected, the CSR junctions of the PhfSa-
depleted samples showed less direct joining (0-2 bp) and more
microhomology (> 3 bp) and insertions (Boboila et al, 2012a; Chang
et al, 2017). Moreover, our results derived from an adaptation of a
DNA end-resection assay (Gao et al, 2020) within a defined region
of Sp also suggest that there is an increase of DSB end resection in
PhfSa-depleted cells (Appendix Fig S4D and E). We therefore specu-
lated that in the absence of Phf5Sa, the recruitment of NHEJ DNA
repair factors might be defective during S-S recombination. In
support of this idea, chromatin immunoprecipitation (ChIP) analysis
(Fig 5C) revealed a reduction in the recruitment of a key NHEJ
factor, Ku80, which is known to protect DSB ends and promote
Ligase 4-mediated classical NHEJ (c-NHEJ). The recruitment of DNA
end-processing enzymes Exol and Mrell to the S region was
compromised, but not completely depleted in PhfSa KD cells.
However, upon PhfSa depletion, we did not observe significant dif-
ference in the recruitment of CtIP (Fig 5C), which is known to have

A-C SHM analysis of the variable (V) region of the human BL2 cell line expressing an AID C-terminal mutant (JP8Bdel) fused to ER. Scheme shows the time points of
SiRNA transfection, the activation of |P8Bdel-ER by OHT, and the genomic DNA isolation for mutation analysis (A). Mutation frequency at the V region after 48 h of
AID (JP8Bdel) activation; plot represents the summary of three independent experiments (B). The values are presented as mean + SD (n = 3). Statistical significance
was assessed by two-tailed unpaired Student’s t-test (***P < 0.001). Western blot shows the knockdown efficiency by individual siRNAs (C).

D, E Detection of Su DNA double-strand breaks by LM-PCR in CH12F3-2A cells transfected with the indicated siRNA combinations. The DNA samples were either left
untreated (none) or treated with indicated end-processing enzymes prior to linker ligation.

F Detection of ssDNA breaks by DNA break end labeling. The DNA breaks were end-labeled in situ by incorporating biotin-16-dUTP and TdT. The DNA was fragmented
and labeled fragments were enriched by streptavidin pull-down, followed by quantification by qPCR. The signal from the B,-Macroglobulin (8,m) locus served as a
negative control. The values are presented as mean + SD (n = 3). Statistical significance was assessed by two-tailed unpaired Student’s t-test (***P < 0.001). The

two DNA break assays were illustrated in (Appendix Fig S3E, B and F).

© 2021 The Authors
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both catalytic and noncatalytic roles in DSB end resection (Makha-
rashvili et al, 2014). Non-catalytically, CtIP enhances short- and
long-range resections mediated by MRN and helicase helicase—
DNA2 complex, respectively, leading to diminished C-NHEJ effi-
ciency (Lee-Theilen et al, 2011; Daley et al, 2017; Ceppi et al, 2020).
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Loss of Phf5a perturbed the H2A variant stoichiometry in the
S region

To further investigate the cause of the NHEJ defect by PhfSa KD, we
analyzed the early phase of DDR. Phosphorylation of H2AX
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Figure 4.
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Figure 4. Phf5a depletion impairs NHE).
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A Schematic diagram of the reporter construct for analyzing the DNA DSB repair by NHEJ. Incompatible DNA ends produced by /-Scel-induced DNA cleavage are
repaired by NHEJ, which removes the intervening TK, resulting in GFP expression. Triangles indicate the positions of primers used to amplify a fragment

encompassing the repaired junction after /-Scel cleavage.

B Effect of PhfSa knockdown on /-Scel-induced NHE]. Plot represents the GFP-positive cells obtained by FACS analysis after co-transfection of the /-Scel expression
plasmid and the indicated siRNAs into a cell line harboring the NHE] reporter construct. The values are presented as mean =+ SD (n = 3). Statistical significance was
evaluated against corresponding siControl by two-tailed unpaired Student’s t-test (***P < 0.001).

C Genomic DNA was isolated from each transfectant and subjected to PCR using the primer pair indicated in A.

D Confirmation of Phf5a KD in the samples by qRT-PCR. The values are presented as mean =+ SD (n = 3). Statistical significance was evaluated against corresponding

siControl by two-tailed unpaired Student’s t-test (***P < 0.001).

E Representative NHE] junctions obtained from siControl- and siPhf5a-treated samples.

(YH2AX) is a key step in DDR, which is required for the initial
assembly of DNA repair proteins at the site of damage, including
AlID-induced breaks in the S regions (Rogakou et al, 1999; Reina-
San-Martin et al, 2003). In CH12F3-2A cells, Phf5a KD decreased
not only the yH2AX formation in the S regions but also H2AX
deposition (Fig 6A and B). This finding prompted us to examine
whether there was any anomaly in other histone H2A variant
recruitment to the S regions after Phf5a depletion. We first exam-
ined the deposition of H2A.Z, which is known to be critical for
NHEJ (Xu et al, 2012). Interestingly, the H2A.Z level was reduced
at both Sp and Sa, but not at the promoter regions upon Phf5a KD.
Another H2A variant, H2A.Bbd, which is known to associate
with actively transcribing loci (Tolstorukov et al, 2012), was
also reduced. On the other hand, the recruitment of mH2A
(macroH2A), which is associated with transcriptionally active loci
(Gaspar-Maia et al, 2013), was increased, further indicating that
the overall deposition of H2A variants was perturbed upon PhfSa
depletion. We confirmed that none of the H2A variants or core
histones were decreased at the protein level in the PhfSa-depleted
cells (Fig 6C; Appendix Fig S6A). Similar observation was also
made for several histone post-translational modifications examined
at both the overall expression level and their depositions in Sp and
Sa loci (Fig 6C; Appendix Fig S6A and B).

The NHE] defect in Phf5a-deficient cells corresponds to the
H2A.Z deficiency

We hypothesized that, in addition to the defective DDR due to
reduced yH2AX formation, the loss of H2A variants like H2A.Z
caused a severe DNA repair defect, which led to impaired CSR and
IgH/cMyc translocation. To test this scenario, we first verified the
effect of H2A.Z KD on NHEJ using the same GFP reporter cell line
used for Phf5a KD (Fig 4). Under identical conditions, the I-Scel
expression plasmid was co-transfected with either siControl or
siH2A.Z. The I-Scel-dependent increase in GFP-positive cells was

readily observed in the siControl-treated samples, whereas GFP-
positive cells were hardly detectable in the siH2A.Z-treated cells
(Appendix Fig S4F). There was barely any detectable PCR product
of the NHEJ-mediated recombination from the isolated genomic
DNA, in agreement with the strong blockage of NHEJ upon H2A.Z
depletion (Appendix Fig S4G). The KD efficiency of H2A.Z also
correlated well with these results (Appendix Fig S4H).

A co-immunoprecipitation (co-IP) analysis using Myc-Flag
epitope-tagged H2A.Z (H2A.Z-MF) confirmed that H2A.Z interacts
with various DNA repair proteins (Appendix Fig S4I). The H2A.Z
co-IP not only pulled down Ku80, a bona fide NHEJ repair factor,
but also other DNA repair-associated factors like Mrell, CtIP, and
Exol, all of which are known to be involved in DNA end processing
prior to end joining and in CSR (Dinkelmann et al, 2009; Eccleston
et al, 2011; Lee-Theilen et al, 2011). However, Msh2, a mismatch
DNA repair protein involved in CSR, was not detected in the co-IP
under identical conditions, indicating that H2A.Z specifically associ-
ates with specific DNA repair factors, which is consistent with an
earlier report (Obri et al, 2014).

Finally, we analyzed the repaired junctions derived from the I-
Scel-cleaved NHEJ. Both Phf5a KD and H2A.Z KD samples showed
an increased proportion of deletions and longer insertions in the
junctions (Appendix Fig S5) as compared to the control sample.
Taken together, these findings suggest that Phf5A is functionally
linked with H2A.Z and NHEJ.

P400 deficiency phenocopied the Phf5a deficiency

To deplete H2A.Z from the IgH locus, we performed siRNA-medi-
ated KD of histone chaperone p400, which is responsible for H2A.Z
deposition on chromatin in mammalian cells (Mizuguchi et al, 2004;
Gevry et al, 2009). Knockdown of p400 impaired CSR in both
CH12F3-2A (CSR to IgA) and primary B cells (CSR to IgGl and
IgG3) without any significant reduction in AID expression or GLTs
(Appendix Fig S7A-D). Strikingly, the depletion of p400 strongly

Figure 5. Impaired recruitment of NHE] factors to the IgH locus upon Phf5a deficiency.

A Analysis of Su-Sa recombination junctions in the genomic DNA isolated from siControl- and siPhf5a-transfected CH12F3-2A cells stimulated by CIT for 48 h. The
values are presented as mean =+ SD (n = 3). Statistical significance was evaluated in reference to siControl by two-tailed unpaired Student’s t-test (*P < 0.05,

*p < 0,01, and ***P < 0.001).

B The proportion of insertions versus microhomology regions of various lengths in the Su-Sa junctions presented as a pie chart. The number of clones analyzed from

control and Phf5a-depleted samples is indicated at the center.

C Top: Schematic diagram of the position of the ChIP assay PCR products specific to the S region. Bottom: ChIP assay of the indicated DNA repair proteins using CIT-
stimulated CH12F3-2A cells transfected with siControl or siPhf5a. The values are presented as mean & SD (n = 3). Statistical significance was evaluated in reference
to siControl by two-tailed unpaired Student’s t-test (*P < 0.05, **P < 0.01, and ***P < 0.001).
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impaired IgH/c-Myc translocation, similar to PhfSa KD
(Appendix Fig S7E and F). Moreover, there was no reduction in the
S region DNA breaks, reminiscent of our earlier observation with

PhfSa KD (Appendix Fig S7G). Furthermore, p400 KD reduced
vH2AX signal and also deposition of H2AX, H2A.Z, H2A. Bd, Ku80,
and Exol, but not CtIP at the S region (Appendix Fig S7H).
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Figure 6. Knockdown of Phf5a alters the H2A variant deposition at the S region.

A Schematic illustration of the Sp and Sa regions showing the position of the ChIP PCR products.

B ChlIP analysis of H2A and its variants using CIT-stimulated CH12F3-2A cells transfected with siControl or siPhf5a. The antibodies used for each ChIP set are indicated
at right. The values are presented as mean + SD (n = 3). Statistical significance was evaluated in reference to the siControl by two-tailed unpaired Student’s t-test
(*P < 0.05 and **P < 0.01).

C Western blot analysis of the whole-cell extract from CIT-stimulated CH12F3-2A cells transfected with the indicated siRNAs. Expression of various proteins including
AID, variant H2As, and Ku80 was not decreased by Phf5a KD (ns, non-specific).
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Interestingly, just as observed in Phf5a deficiency, mH2A level was
also elevated in p400-depleted condition. In summary, p400 KD
recapitulates the recruitment defect of H2A variants and DNA repair
proteins as observed in the case of Phf5a deficiency.

The overwhelming and numerous similarities observed in deplet-
ing Phf5a or p400 prompted us to examine whether Phf5a KD
altered p400 accumulation at the IgH locus. Remarkably, ChIP anal-
ysis revealed that Phf5a loss led to a decrease in the level of p400 in

The EMBO Journal

the S region, suggesting that Phf5a contributes to the stability of
p400 in this region (Appendix Fig S7I). On the other hand, p400
depletion has no impact on the status of Phf5a in both Sp and So.

Therefore, it can be concluded that the effect of PhfSa KD in AID-
induced genomic instability was manifested through the impairment
of the p400-H2A.Z pathway. The presence of Phf5a in the IgH locus
is critical for p400-mediated H2A.Z deposition that would in turn
promote NHEJ and subsequently CSR.
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Figure 7. The Phf5a mutants with a loss of CSR function show defects in protein—protein interactions.

A

Amino acid sequence of mouse Phf5a protein. The 12 Cys residues indicated in red are part of the PHD finger-like domain. Each CxxC motif is underlined and color
coded according to their pairing with another CxxC motif to form a zinc finger (ZF). A pair of CxxC motifs holds the zinc atom in each ZF. Arrangement of 4 Cys
residues in ZF1-3 is schematically shown below the Phf5a sequence.

CH12F3-2A cells were transfected with siRNAs along with empty vectors or vectors expressing various zinc-finger mutants of Phf5a (Phfsa®-MF). Twenty-four hours
after transfection, the cells were stimulated by CIT for another 24 h and then examined for CSR. The efficiency of IgA switching was calculated relative to the value
obtained for siControl and empty vector-transfected cells. The data are compiled from three independent experiments. The values are presented as mean + SD

(n = 3). Statistical significance was performed in reference to siControl by two-tailed unpaired Student’s t-test (***P < 0.001). See Appendix Fig S8 for a representative
data set.

CH12F3-2A cells were transfected with WT PhfSa or its mutants (Phf5a®-MF) along with siRNA against Phf5a. An anti-Flag antibody was used to immunoprecipitate
and immunodetect Phfsa®-MF. An anti-Phf5a immunoblot confirmed the knockdown efficiency of the endogenous Phf5a. The antibodies used to detect the co-
associated proteins are indicated next to the respective blot.

CH12F3-2A cells transfected with WT or a mutant Phf5a (Phf5a®-MF) were subjected to anti-p400 immunoprecipitation. Associations with relevant interacting
proteins were examined by immunoblot analysis and are indicated next to each blot.

ChIP assay derived from CH12F3-2A cells transfected with the indicated siRNA and Phfsa (Phfsa®-MF) expression constructs. Antibodies used for ChIP are indicated on
the top of the respective plot. The data are summarized from 2 independent experiments and presented relative to siControl-treated sample, which was set as 100.

The error bars represent the mean =+ SD.

Identification of loss-of-CSR-function mutants of Phf5a

To gain insight into how Phf5a functions to stabilize a large
complex like p400, we hypothesized that the non-canonical PHD
zinc-finger structure of Phf5a may be required for the stable
chromatin complex formation. If this is indeed the case, it
should be feasible to generate loss-of-CSR-function mutants by
mutating the PHD domain of Phf5a. While it is common for a
PHD motif to contain 2 zinc fingers consisting of 4 CxxC motifs
in a cross-braced conformation and spanning 50-80 amino acid
residues (Sanchez & Zhou, 2011), Phf5a, which is only 110
amino acids long, uniquely possesses 13 cysteine (Cys) residues
including five CxxC motifs (Fig 7A; Appendix Fig S8A-C). There-
fore, the predicted PHD motif of Phf5Sa contains 3 zinc fingers
(ZF1-ZF3) and forms a closed ring structure involving all of the
CxxC motifs and 2 additional Cys residues (Fig 7A; Appendix Fig
S8C). We mutated each of the CxxC motifs and every Cys
residue individually by substituting it to alanine (Ala)
(Appendix Fig S8B). Unlike the wild-type PhfSa, none of the
CxxC motif mutants showed any CSR complementation, despite
their sufficient expression level (Fig 7B; Appendix Fig S8D and
E). On the other hand, the single Cys mutants showed a spec-
trum of CSR complementation, including complete CSR loss in
the case of C23A (ZF1), C30A (ZF2), and C72A (ZF2) mutants
(Fig 7B; Appendix Fig S8F and G). The C72xxC75 motif of ZF2
showed an interesting phenomenon—while the C72A mutant
failed to complement CSR, the C75A mutant fully complemented
CSR, indicating that the loss of CSR activity of the C72xxC75
mutant was due to C72A mutation. These mutants also showed
better expression stability compared to the C23A and C30A
mutants or their CxxC motif double mutants (C23A/26A, C30A/
C33A). Therefore, the single C72A mutant in ZF2 was detrimen-
tal for CSR without having an adverse effect on the stability of
the protein. We considered C72A mutation as the important CSR
loss-of-function mutant which will be analyzed further for func-
tional analysis.

To verify mutations outside the CxxC frame work, we performed
serial truncations at the C- or N-terminus of Phf5a. The C-terminus
truncation mutants that did not encompass any Cys residue were
fully functional in CSR. A similar observation was made with a
mutant truncated at the N-terminus (ANS); however, longer
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deletions including Cys11 dramatically affected protein expression,
which correlates with the progressive loss of CSR efficiency
(Appendix Fig S8A and B).

In order to avoid deleterious effect due to truncations, we exam-
ined several point mutants that destroyed potential phosphorylation
and acetylation sites in PhfSa. All of the phospho-site mutants were
CSR proficient (Appendix Fig S9A and B), including Y26A and
Y26C, which are frequently found in cancer cells, making them
resistance to the splicing inhibitors (Teng et al, 2017).

To gain insight into the effect of Phf5Sa acetylation, we specifi-
cally investigated mutation at position K29 (Appendix Fig S9A),
which has been reported to impair histone demethylase Kdm3a
expression and subsequently deregulate stress-induced gene expres-
sion (Wang et al, 2019). Although we did not observe any change in
Kdm3a gene transcription after PhfSa KD in CHI12F3-2A cells
(Appendix Fig S15), we still verified the impact of K29 mutation in
CSR. The two mutants, K29R and K29Q, corresponding to acetyla-
tion defective and mimetic, respectively, were found be CSR profi-
cient (Appendix Fig S10A). We also confirmed by
immunoprecipitation (IP) that Phf5a does not undergo acetylation
during CSR in CH12F3-2A cells (Appendix Fig S10B and C).

Interestingly, when we introduced a Cys mutation such as C23A,
both the mutants (K29R/Q) lost CSR complementation ability
(Appendix Fig S10A), suggesting the importance of CxxC domain in
CSR. Since mutation in any of the five CxxC motifs led to complete
failure in complementing CSR, we speculated that the trefoil knot
(van Roon et al, 2008; Teng et al, 2017) structure formed by the
three ZFs is critical for a stable protein complex formation that is
necessary for CSR.

Phf5a forms a chromatin complex with p400 and
Sf3b components

Next, we sought to identify the Phf5a-associated protein complex
and to understand its association with chromatin and the p400
complex. To perform efficient IP, we expressed Phf5a®-MF in
CH12F3-2A cells and performed Flag-IP using nuclear and chro-
matin-bound fractions (Appendix Fig S11A). Mass spectrometry
(MS) analysis of IPed proteins identified spliceosomal subunits and
additional proteins including chromatin proteins and histones
(Appendix Table S1). Careful examination of the interacting
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proteins indicated that they were components of various large
complexes such as major and minor U2snRNPs, RNA methylation,
p300, Pafl, and senataxin complexes (Appendix Fig S11B). This
observation is consistent with previous reports that found the asso-
ciation of PhfSa with functionally different protein complexes (Strik-
oudis et al, 2016; Teng et al, 2017; Wang et al, 2019).

The EMBO Journal

In order to further dissect the relevance of the identified Phf5a
complexes in the context of CSR, we selected notable Phf5a-interact-
ing partners from each protein complex, such as Sf3b1, Sf3b3, and
Sf3bl4a from the U2snRNP complex, Mep50 from the RNA methyla-
tion complex, Wdr61 from the Pafl/Ski8 transcriptional complex,
and H2A.Z from the p400 complex, and subsequently compared
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Figure 8. Phf5a zinc finger-2 (ZF2) plays an important role in CSR and epigenomic regulation required for DNA repair.

A Arepresentative FACS profile of CSR complementation assay using WT and mutant Phf5 as indicated and describe in Fig 7B.

B Western blot showing expression of endogenous and exogenously introduced Phf5a.

C H2AZ ChlIP assay was performed using CH12F3-2A cells transfected with indicated siRNA and the Phf5a expression constructs. The data are compiled from 2
experiments and presented relative to siControl-treated sample, which was set as 100. The error bars represent the mean =+ SD.
D The schematic illustration of Phf5 zinc fingers (ZF1-3) was adapted from van Roon et al, 2008. The Cys75 and Cys72 are indicated by thick and thin arrows,

respectively.

E [lllustration depicting AID-induced DNA breaks and repair in the S region, which leads to CSR and IgH/c-Myc chromosomal translocation. The scheme also highlights
the involvement of the Phf5a-p400 pathway, which promotes H2A.Z and H2AX deposition in the recombining S regions and facilitates NHEJ-mediated DNA repair.

their interaction with wild-type Phf5a and the loss-of-CSR-function
mutant. We selected C72A and C72A/C75A mutants that were
unable to support CSR and C75A mutant that retained the CSR
activity that is comparable to that of wild-type Phf5a (Fig 7A and
B). Co-IP analysis revealed that both loss-of-function mutants had
significantly reduced interaction with the Sf3b subunits and with
H2A.Z (Fig 7C). In contrast, these mutants interacted well with
Mep50, suggesting that Mep50 or its associated RNA methylation
complex is not involved in PhfSa-dependent CSR. Similarly, the
involvement of Wdr6l in CSR was also excluded, as all of the
mutants regardless of their CSR complementation efficiency showed a
similar level of interaction with this protein (Fig 7C). In addition, we
did not detect Ctr9, a key component of the Pafl complex (Xie et al,
2018), in our Phf5a co-IPed proteins (Appendix Table S1). Therefore,
the possible involvement of Wdr61 or Ctr9 (Pafl/ski8 complex) in
PhfSa-associated CSR was nullified. Consistent with these findings,
the KD of Mep50 or Wdr61 did not significantly affect CSR.

The loss of interaction of either C72A or C72A/C75A mutant with
the Sf3b subunits and H2A.Z correlates well with the failure to
complement CSR by these mutants, thus suggesting a link between
the H2A.Z-p400 complex and the U2snRNP complex. To examine
this possibility, we conducted co-IP analyses of p400. The data con-
firm that p400 indeed interacts with wild-type PhfSa, but not with
its loss-of-function mutant counterpart (Fig 7D). Importantly, p400
IP also pulled down Sf3bl, Sf3b3, and Sf3bl4a, indicating that the
p400-H2A.Z complex is associated with Phf5a-U2snRNP complex.
PhfSa depletion therefore diminishes the interaction of p400 with
the Sf3b subunits but not with H2A.Z or H2AX (Appendix Fig S12).
On the other hand, p400 complex did not interact with Mep50,
which was confirmed to be dispensable for CSR.

Finally, since we observed that the stability of p400 in the S
region depends on Phf5a (Appendix Fig S7I), we examined whether
the loss-of-CSR-function mutant (C72A/C75A) fails to stabilize the
p400-H2A.Z complex in the IgH locus. We performed p400 ChIP
analysis in Phf5a-depleted condition (siPhfSa) co-transfected with
siRNA-resistant wild-type and mutant PhfSa. As expected and
consistent with the IP result, p400 enrichment at the switch regions
was observed only in the presence of wild type but not in loss-of-
function PhfSa mutant (Fig 7E). No enrichment of H2A.Z was
observed when p400 was depleted. A similar CSR complementation
experiment was also conducted through the expression of C72A/
C75A and C75 mutants, which are CSR deficient and proficient,
respectively (Fig 8A and B). The C72/C75 mutant was unable to
restore CSR and the occupancy of H2A.Z at the IgH locus in endoge-
nous PhfSa-depleted condition. The C75 mutant, however, was
capable to fully restore both CSR and H2A.Z status under identical
experimental setup, indicating a critical requirement of Phf5a ZF2 in
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CSR and epigenomic regulation (Fig 8C and D). Taken together, we
conclude that Phf5a-p400 crosstalk contributes to not only H2A.Z
and H2AX regulation, but also DNA repair factor deposition in the S
region. These concerted modulations are in turn required to elicit
optimal DDR, promote NHEJ, and eventually drive CSR to its
completion (Fig 8E).

Discussion

The DNA damage response and the subsequent choice of DNA
repair pathway shape the genomic integrity of a cell type. In anti-
gen-activated B cells, the IgH locus undergoes AID-induced
programmed genomic alterations to diversify the antibody gene
locus, which requires extensive involvement of DNA repair and
recombination mechanism (Stavnezer et al, 2008). Although AID-
induced DNA breaks predominantly target the IgH locus, consider-
able DNA breaks in non-IgH loci can also occur (Ramiro et al, 2004;
Nussenzweig & Nussenzweig, 2010). NHEJ is the key DNA repair
pathway that plays a central role in resolving these breaks, leading
to either programmed recombination such as CSR or deleterious
joining with the potential to drive oncogenic rearrangements
(Ramiro et al, 2004; Nussenzweig & Nussenzweig, 2010). In this
process, the chromatin structure at the target locus serves as a dock-
ing platform for the recombination-repair complex and any pertur-
bation of the local chromatin structure or epigenomic state may
cause inefficient DNA repair and subsequently impair CSR.

In the present study, we demonstrate that Phf5a is a novel chro-
matin regulator, which promotes p400-mediated IgH locus chro-
matin remodeling and impacts cis- and trans-recombination during
CSR and IgH/cMyc translocation, respectively. Phf5a is not involved
in SHM or AID-induced DNA breaks, but is critical for NHEJ-medi-
ated DNA repair during CSR. Surprisingly, we found that Phf5a
affects NHEJ by regulating variant H2A deposition, and conse-
quently other repair proteins, at the target locus. The loss of Phf5a
down-regulates the recruitment of two critical H2A variants, H2AX
and H2A.Z, which are intimately linked to the initiation of DNA
damage repair (Foster & Downs, 2005; Bonisch & Hake, 2012).
Immediately after DSB formation, ATM-dependent phosphorylation
of H2AX spreads rapidly over a large area surrounding the DSB.
vH2AX formation is critical for activating a series of downstream
repair cascades to promote DNA repair via homologous or non-
homologous recombination. On the other hand, H2A.Z, which plays
a role downstream of H2AX phosphorylation, contributes exclu-
sively to NHEJ. The presence of H2A.Z at the breakpoint is known
to promote DNA repair in multiple ways—firstly, H2A.Z facilitates
the recruitment of Ku complex to the site of DSBs on chromatin,
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which further promotes the recruitment of other NHEJ factors, such
as DNA-PKcs and the Xrcc4—XIf-DNA ligase 4 complex, to complete
the DNA end joining process (Xu et al, 2012; Jiang et al, 2015).
Secondly, H2A.Z increases the chromatin accessibility to DNA end-
processing enzymes such as Exol (Adkins et al, 2013). Thirdly, the
presence of H2A.Z flanking DSB has been suggested to determine
the upstream and downstream boundaries of the DNA break, which
in turn may protect DNA ends from excessive resection to promote
NHEJ.

Consistent with the DSB resolution defect, increased insertions
and deletions (indels) were evident in both CSR and I-Scel-cleaved
junctions upon Phf5a depletion. Indeed, KD of either Phf5a or
H2A.Z reduced the NHEJ efficiency dramatically (Fig 4), and the
frequency of indels at the DNA repaired junctions was significantly
increased in either Phf5Sa- or H2A.Z-deficient cells (Fig 4;
Appendix Fig S5), suggesting their involvement in a common path-
way during NHEJ (Ogiwara & Kohno, 2011). The high incidence of
long insertions and deletions may reflect an alternative mode of
DNA repair such as homology-directed or copy-paste-mediated
mechanism while attempting to “rescue” the resected DNA break
ends (Onozawa et al, 2014; Iliakis et al, 2015). We envisage that the
loss of Phf5a/p400 leads to impaired DDR and consequentially the
recruitment defect of crucial DSB end shielding factors like Ku80,
53BP1, and others (Fig 5 and unpublished). Moreover, CtIP level
remains unchanged, which might promote DNA end resection
directly or indirectly with the available MRN/DNA2 complex, espe-
cially when the S region DSBs are no longer flanked by sufficient
H2A.Z (Sartori et al, 2007; Xu et al, 2012).

Activation of AIDER, which induces DNA breaks in the S regions,
led to the accumulation of yH2AX, Ku80, and Exol, but not of
H2AX or H2A.Z at these sites (Appendix Fig S13A). Using AID-defi-
cient CH12F3-2A cells, we further confirmed that Phf5a, but not AID
activation, regulates H2A.Z and p400 level in the IgH locus
(Appendix Fig S13B). The finding may suggest that the S regions are
preloaded and/or continuously supplied with histone H2A variants.
Indeed, CSR is also strongly affected by the KD of H2A.Z chaperone
p400. Unexpectedly, H2AX was found to interact with p400, and its
recruitment was reduced upon p400 or PhfSa KD, suggesting that
p400 is also involved in H2AX deposition in the S region. Although
p400-dependent deposition of the H3.3 variant has been reported,
we were unable to detect any alteration of H3.3 level in the S region
by depleting PhfSa or p400. However, Phf5a or p400 KD affected the
deposition of two additional H2A variants, H2A.Bbd and macroH2A
(Tolstorukov et al, 2012; Gaspar-Maia et al, 2013). These observa-
tions collectively suggest that the Phf5a-p400 axis modulates the
H2A variant stoichiometry in the S region.

We revealed that PhfSa promotes stabilization of the p400
histone chaperone complex in the S region. Based on an extensive
mutagenesis study, we also concluded that the zinc-finger motifs of
PhfSa are critically involved in CSR through interaction with p400
and Sf3b components (Fig 7; Appendix Fig S12). The unique trefoil
knot structure of Phf5a may play a role in its association with large,
multi-protein complexes. However, the interaction of Phf5a with
certain protein complexes such as the RNA methylation complex,
Paf1/Ski8, or senataxin was found to be irrelevant in the context of
CSR and H2A variant regulation. Although PhfSa strongly interacts
with Sf3b splicing complex, KD of the individual subunits of this
complex reveals that the role of Sf3b complex on CSR is distinct
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from that of Phf5a. For instance, KD of various Sf3bs but not of
PhfSa drastically inhibited AID and p400 expression and/or cell
proliferation (Appendix Fig S14).

Interestingly, however, the Sf3b subunits were co-IPed with p400
along with PhfSa, H2A.Z, and H2A X, suggesting that they are also
part of the p400 complex, which is distinct from their association
with the U2snRNP complex (Fig 7; Appendix Fig S12). Indeed, it is
not unusual for Sf3b components of the U2snRNP complex to have
splicing-independent functions. For instance, Sf3b1l has been
reported for its role in DNA repair and direct interaction with
histones (Martinez et al, 2001; Heo et al, 2007; Kfir et al, 2015).
Similarly, both Sf3b3 and Sf3b5 subunits are active components of
the SAGA chromatin-remodeling complex (Stegeman et al, 2016).
Our work also raises an interesting possibility as to whether Phf5a
impacts the stabilization of SAGA deubiquitination module, which
has been reported to promote DNA repair and CSR (Ramachandran
et al, 2016). Taken together, we favor the idea that the PHD zinc fin-
gers of Phf5a anchor p400 complex along with the Sf3b subunits to
the chromatin at the site of DSBs, especially since Phf5a has been
described to bind to H3K4me3 (Zheng et al, 2018).

Although Phf5a interacts with U2SnRNP splicing complex, it did
not inhibit AID/p400 expression, which suggested a non-overlap-
ping role of Phf5a with the major spliceosomal subunit Sf3b1. Since
Phf5a is involved in the DNA repair phase of CSR, we analyzed
more than 26 genes, including essential and key repair factors asso-
ciated with CSR—for a possible splicing defect—by RT-PCR
(Appendix Fig S15A). Both siControl- and siPhf5a-treated samples
showed identical PCR products sizes, confirming that the pre-mRNA
splicing of those genes was unperturbed upon Phf5a depletion
(Appendix Fig S15B).

Although the switch germline transcript does not code for any
protein, splicing of GLT has been implicated to play an important
role in CSR (Lorenz et al, 1995; Hein et al, 1998; Marchalot et al,
2020). We therefore first examined the splicing of pGLT and H2A.Z
and their associated transcripts in detail (Appendix Fig S16A-C),
followed by comparing the unspliced versus spliced transcript for
aGLT, AID, and p400 (Appendix Fig S16D and E). This analysis indi-
cates that the processing of these transcripts was not affected by
PhfSa depletion. On the other hand, Sf3b1 depletion or splicing inhi-
bitor treatment affected expression of several genes important for
CSR (Appendix Figs S14, S16E and S17). Interestingly, although not
a single gene analyzed showed any reduction in the protein level,
we noticed an increase in the protein expression of specific histones
and their post-translational modifications (Fig 6, Appendix Fig S6).
We therefore hypothesize a unique yet possible transcriptional regu-
lation by Phf5a similar to that of pluripotent cells (Strikoudis et al,
2016).

It is worth noting that Phf5a acetylation at position K29 has
recently been reported to induce an alternatively spliced Kdm3a
gene that deregulates gene expression in human tumor (Wang et al,
2019). We neither found Phf5a acetylated in CH12F3-2A cells nor
any aberrant splicing or transcriptional abnormalities in Kdm3a
(Appendix Figs S10B and C, and S15A and B). This further suggests
that the function of Phf5a in regulating specific subset of genes is
cellular context-dependent as previously observed (Hubert et al,
2013; Strikoudis et al, 2016), presumably due to its unique structure
that allows dynamic interactions with distinct protein complexes in
various physiological settings.
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In conclusion, the functional similarity between Phf5a and p400, in
the context of AID-induced genomic instability, revealed an unprece-
dented function of Phf5a that links variant H2A regulation, DDR, and
NHEJ (Fig 8F). Phf5a is expressed ubiquitously and is indispensable
for NHEJ, a key DNA repair pathway in mammalian cells, and thus is
important for global genomic integrity regulation. Phf5a can therefore
be designated as a novel NHEJ co-factor required for recombination at
both IgH and non-IgH loci. The regulation of H2A.Z deposition by
PhfSa has immense importance as this particular histone variant has
numerous functions in DNA repair and transcription (Bonisch & Hake,
2012; Xu et al, 2012; Hauer & Gasser, 2017). In addition, Phf5a KD
also affected the deposition of H2A variants other than H2A.Z due to
the perturbation of the Phf5a-p400 pathway. Since the dynamics and
interplay of locus-specific H2A variants on chromatin are critical to
maintain various activities including development, differentiation,
and even malignancies (Gaspar-Maia et al, 2013; Skene & Henikoff,
2013; Buschbeck & Hake, 2017), Phf5a-mediated H2A variant regula-
tion may have much broader implications than its impact on DNA
repair and genomic instability.

Materials and Methods

B-cell culture and CSR assay

For CSR-related study, a derivative of mouse B-cell line (CH12F3-
2A) expressing Bcl2 was used throughout the study (Nakamura
et al, 1996; Stanlie et al, 2010). The cells were cultured and main-
tained in RPMI supplemented with glutamine, NCTC, FBS (10%), B-
mercaptoethanol, and penicillin/streptomycin. To induce IgM to IgA
class switching, CH12F3-2A cells were stimulated for 24-48 h by
CIT, a cytokine cocktail consisting of anti-CD40, IL-4, and TGF-B
(Nakamura et al, 1996). The surface expression of IgM and IgA was
examined by staining the cells with FITC-conjugated anti-mouse
IgM and PE-conjugated anti-mouse IgA. Propidium iodide (PI) stain-
ing was included to exclude the dead cells. The flow cytometric
analysis was performed with a BD FACSCalibur instrument, and the
data were analyzed by CellQuest software (BD Biosciences).

A human BL2 cell line expressing AIDER was cultured in RPMI
supplemented with Glutamine, MEM-NEAA, Na-Pyruvate, FBS (10%),
B-mercaptoethanol, and penicillin/streptomycin. To generate cells that
stably expressed AIDER (Nagaoka et al, 2005; Doi et al, 2009), the cells
were initially selected in puromycin to obtain clonal lines.

Gene Knockdown in CH12 and BL2 cells

To knock down PhfSa and other genes, gene-specific stealth siRNAs
(Invitrogen) were used. The SF Cell Line 96-well Nucleofector Kit
(Lonza) was used to introduce individual siRNAs or mixtures of 3
siRNAs per target gene into cells. The program #CM150 and #DS-150
was used to electroporate CH12F3-2A and BL2 cells, respectively.

Primary B-cell culture and siRNA transfection

Splenocytes from 6- to 8-week-old C57BL/6 mice were prepared
following standard procedure. After red blood cell removal, B cells
were enriched by negative selection using BD IMag Kit. Gene-speci-
fic knockdown was achieved by introducing by 2040 pmoles of
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stealth siRNA (Thermo Fisher) following the instruction of 96-well
shuttle protocol for stimulated mouse B cells (Lonza). Briefly, 20-40
pmoles of siRNA was introduced to 6-7 x 10° B cells suspended in
Nucleofector solution and using electroporation program # 96-DI-
100. Primary B-cell culture, stimulation for isotype switching (IgG1,
LPS + IL4; 1gG3, LPS), and surface IgG staining were described
previously (Nagaoka et al, 2002; Shinkura et al, 2004; Muramatsu
et al, 2007).

Constructs and mutagenesis

The Phf5a ¢cDNA was obtained by RT-PCR of the CH12F3-2A cell
RNA and cloned into the Sgfl/Mlul sites of the pCMV6-Entry
mammalian expression vector (OriGene). The Myc (M) and Flag (F)
epitopes were fused at the C-terminus of Phf5a to generate Phf5a-
MF. To generate siRNA-resistant Phf5a transcripts, the sequence
representing the PhfSa siRNA#3 was modified in the cloned cDNA
by introducing multiple point mutations (Appendix Table S2),
without altering the encoded amino acids. This construct was desig-
nated as Phf5a®-MF (https://benchling.com/s/seq-Nab3VUShNR
V500JkR46U), which was later used to generate a series of Cys to
Ala mutants by point mutagenesis. The QuickChange Site-Directed
Mutagenesis Kit (Agilent Technologies) was used for these changes.
All Phf5a constructs used in this study are listed in Appendix
Table S2.

RT-PCR/qPCR

Total RNA was extracted from B cells using TRIzol (Gibco BRL),
and the cDNA was synthesized using Superscript III and Oligo (dT)
primer (Thermo Fisher). The real-time PCR was performed using
the PowerUp SYBR Green Master Mix (Applied Biosystems) and
specific primer pairs. Using CH12F32A cell RNA, the qRT-PCR of
WGLT, aGLT, and AID was previously described (Stanlie et al, 2010;
Stanlie et al, 2012) and primers are listed in Appendix Table S3. The
coding sequence (CDS/ORF) of 27 genes and the housekeeping
control genes were PCR -amplified using KOD FX Neo DNA poly-
merase (TOYOBO) (Appendix Fig S15A). Total RNA (1 pg) extracted
from siRNA-transfected and CIT-stimulated CH12F3-2A cells was
reverse-transcribed, and 1 pl of 10x diluted RT sample was
subjected 30 cycles of PCR. The qRT-PCR of these genes was
normalized against tubulin and using 2-**“T method (Appendix Fig
S15B). Primers for Appendix Fig S15A and B are listed in
Appendix Table S4 and Appendix Table S5, respectively. The RT-
PCR/qRT-PCR primers related to gene splicing and/or transcription
(Appendix Figs S16 and S17) are listed in Appendix Table S6.

Detection of excised circle DNA

The excised circular DNA (aCD) produced after Sp-So recombina-
tion was detected by PCR amplification of the various Sp-So junc-
tions present in the excised circle (Kinoshita et al, 2001). CH12F3-
2A cells were transfected with siControl or siPhf5a and stimulated
by CIT for 24 h. The genomic DNA was then isolated from each
transfectant, and 50 ng of the DNA was subjected to LaTaq (Takara)
PCR using the appropriate forward and reverse primers designed
from So and Sp, respectively. After gel electrophoresis, the PCR
products were visualized by EtBr staining.
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SHM analysis in BL2 and CH12F3-2A cells

A human B-cell line BL2 stably expressing ER-fused C-terminally
truncated AID (JP8Bdel-ER) was used for SHM analysis of the rear-
ranged V(D)J region (Nagaoka et al, 2005). The cells were trans-
fected with control or PhfSa siRNA and then 24 h later were
stimulated with 1 mM OHT for another 24 h. The cells were then
transferred to fresh medium and cultured for an additional 48 h
without OHT. The total RNA was isolated from the cells and
subjected to RT-PCR using PrimeSTAR HS DNA polymerase
(TaKaRa). A 426-bp fragment representing the variable region
(Vu4-39DJy;5) was cloned as described (Denepoux et al, 1997).

In order to analyze SHM in the S region, genomic DNA was
isolated from CH12F3-2A cells treated with siControl or siPhf5a and
stimulated with CIT for 24 h. A 564 bp region, 5' of the core Sp,
was PCR-amplified, cloned, and sequenced as described previously
(Nagaoka et al, 2002). Several independent clones were sequenced
for V-SHM and Sp-SHM analyses. Clones with unique mutations
were counted, and the mutation frequency was calculated from the
number of mutations per total bases analyzed.

Detection of IgH/c-myc translocation

CHI12F3-2A cells transfected with control or gene-specific siRNA
were stimulated with CIT 48 h prior to genomic DNA isolation. PCR
amplification of the IgH/c-Myc translocation junctions (derl5) was
performed as described previously (Ramiro et al, 2004; Boboila
et al, 2012b). In brief, using the appropriate set of primer pairs and
the Expand Long Taq PCR system (Roche) two rounds of PCR were
performed. Each of the PCRs used 750 ng of gDNA isolated from
individual samples, and the PCR condition and cycles were same as
described previously (Boboila et al, 2012b). The samples were sepa-
rated by gel electrophoresis, and then, amplified PCR products were
subjected to Southern hybridization using a cMyc probe.

Chromatin immunoprecipitation assay

ChIP analysis of histones, Phf5Sa, p400, and various DNA repair
proteins was performed using the ChIP-IT Express Kit (Active Motif)
and as described previously (Stanlie et al, 2010; Stanlie et al, 2014).
Real-time PCR of the input DNA and the ChIPed DNA was
performed using the PowerUp SYBR Green Master Mix (Applied
Biosystems) in duplicate, and each ChIP was performed twice or
thrice. The enrichment of H2A family histones and other proteins at
the IgH loci was normalized to the input DNA. The background
signals obtained by IgG ChIP in the respective genomic locations
were subtracted. The antibodies for ChIP are listed in
Appendix Table S2, and the primers used are described previously
(Stanlie et al, 2010; Stanlie et al, 2014; Husain et al, 2016).

NHE]J and HR assays

The NHEJ and HR assays were performed as described previously
(Stanlie et al, 2014). In brief, The I-Scel meganuclease-expressing
plasmid (pCBASce) and the siRNA of interest were co-transfected
into NHEJ or HR reporter-expressing cell lines, using Lipofectamine
2000 (Invitrogen). The two cell lines H1299dA3-1 (Ogiwara &
Kohno, 2011) and GM7166VA (Sakamoto et al, 2007) were a kind
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gift from Dr. T. Kohno at the National Cancer Center Research Insti-
tute, Tokyo. Transfected cells were harvested 48 h later for FACS
analysis and genomic DNA isolation. To examine the NHEJ junc-
tions, duplicate PCRs were performed using 100 ng of genomic DNA
and Pyrobest DNA polymerase (Takara). The PCR conditions were
95°C for 5 min; and 98°C for 10 s and 68°C for 2 min for 20 cycles.
Genomic DNA isolated from the cells that underwent successful
NHEJ produced two major products representing the intact
(~1.4 kb) and the recombined (~400 bp) target regions. The 400-bp
fragment was cloned, sequenced, and analyzed in reference to the
inserted I-Scel sites in the reporter gene (Ogiwara & Kohno, 2011;
Ogiwara et al, 2011).

Immunoblotting and immunoprecipitation

For the routine immunodetection of various proteins in CH12F3-2A
cells, whole-cell extract (WCE) was prepared by lysing 1 x 10° cells
in 500 pl of WCE buffer (30 mM Tris-HCI, pH 7.4, 150 mM NacCl,
5 mM EDTA, 10% glycerol, 1% Triton X-100, and 0.05% Na-deoxy-
cholate) supplemented with EDTA-free protease inhibitor cocktail
(Roche). The cells were mixed well in the lysis buffer, incubated on
ice for 30 min, and clarified by centrifuging (13,000 x g) for 15 min
at 4°C. The cleared lysate (40 pl) was mixed with SDS sample buffer
and heated at 85°C for 8 min. The denatured samples were sepa-
rated by electrophoresis in 4-20% SDS-PAGE (Bio-Rad) and
subjected to standard Western blot analysis.

For the immunoprecipitation of Phf5a and proteomics analysis,
CH12F3-2A cells transfected with Phf5a-MycFlag were used. Trans-
fected cells were stimulated with CIT for 24 h prior to harvest.
Nuclear and chromatin-bound nuclear extracts were prepared using
the Subcellular Protein Fractionation Kit (Thermo Fisher) according
to the manufacturer’s instructions. To pull down the Phf5a-associ-
ated proteins from nuclear and chromatin fractions, anti-FLAG IP
was performed. The immunoprecipitated protein samples were
separated by electrophoresis on SDS-PAGE (4-20%), and the gel
was silver-stained using the Silver Quest Staining Kit (Invitrogen).
Individual gel lanes were sliced out and cut into several pieces,
destained, and subjected to in-gel digestion with trypsin. The
obtained peptides were subjected to LC-MS/MS analyses as
described previously (Husain et al, 2016).

For routine co-IP or reciprocal IP, the nuclear extract was
prepared as described above from transfected CH12F3-2A cells.
Anti-Flag and anti-p400 antibodies were used to pull down PhfSa-
MycFlag and p400, respectively. In the case of 293T cells, WCE was
prepared as described above from mock- and plasmid-transfected
cells. Cleared WCE was used for subsequent co-IP and immune blot
analyses.

Detection of deletional and inversional joining by DC-PCR

Both deletional and inversional joining signatures in the IgH locus
can be detected by the Digestion Circularization PCR assay (Chu
et al, 1992). Due to the presence of the rearranged Sp-So, the detec-
tion of Su-Sa recombination in the productive IgH allele by DC-PCR
used to be difficult. Here, we used a derivative line of CH12F3 cells
in which the rearranged Sp-Sa was deleted (non-productive allele
ASu-Sa) from the inactive IgH allele (Dong et al, 2015). Genomic
DNA was isolated from CHI12F3 cells stimulated by CIT for IgA
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switching for 24 h. Approximately 2 pg of DNA, from siControl-
and siPhf5a-treated cells, was digested overnight with EcoRI and
heat inactivated. To promote circularized ligation, the digested DNA
samples were diluted (2 ng/pl), and multiple ligation reactions were
set up to cover up to 1 pg of DNA. The ligation reactions were
combined and purified through a Wizard DNA purification column
(Promega). The DNA was eluted in 100 pl of water, and 0.5-1 pl of
the elute was subjected to rTaq PCR in a 50-ul volume. The primers
for the nAchRe (nicotinic acetylcholine receptor epsilon-subunit)
control, Sp-So-direct, and Sp-Sa-inversional joining PCR are
described earlier. The gel-purified PCR products were cloned and
sequenced, and the direct and inversional joining was confirmed by
the DC-PCR method.

DNA break assays: Biotin-dUTP end labeling and LM-PCR

CH12F3-2A cells were transfected with control or gene-specific
siRNAs for 24 h and then stimulated with CIT for another 24 h. The
cells were harvested and passed through a Percoll gradient to
remove the dead cells. The live cells were then mildly fixed, perme-
abilized, and incubated with DNA end-labeling mix containing
Biotin-16-dUTP and T4 DNA polymerase (Takara) as described
previously (Doi et al, 2009). After the DNA labeling in situ, the
genomic DNA was isolated by phenol/chloroform extraction and
digested with Hindlll. The DNA break ends with incorporated
biotin-dUTP were captured from the digested DNA pool by strepta-
vidin magnetic beads. The magnetic beads were then washed three
times and were subjected to real-time PCR for the target genomic
region in the IgH locus.

CHI12F3-2A cells were stimulated for CSR as described above,
and dead cells were removed by standard Percoll gradient. The live
cells were mixed with low-melting agarose to prepare agarose plugs
containing 1 x 10° cells, which were processed as described previ-
ously (Rush et al, 2004; Guikema et al, 2007). The washed plugs
containing high molecular weight intact DNA were stored in TE
(50 pl/plug) or melted for enzymatic treatments and linker ligation.
Heat inactivation of the T4 polymerase (Takara), exonuclease 1
(NEB), or RecJF (NEB) was performed according to the manufactur-
ers’ instructions and as described previously (Yamane et al, 2013).
Linker ligation was performed overnight at 16°C, and the reaction
was terminated by heating the samples at 70°C for 10 min. The
samples were subjected to PCR using KOD FX Neo DNA polymerase
(TOYOBO). Semi-quantitative PCR was performed for the target loci
using an Sp-specific primer (forward) and a linker-specific primer
(reverse). To confirm the amplification of Su-specific DSBs, South-
ern blot analysis of the PCR products was performed using a DIG-
labeled Sp probe. PCR of the GAPDH locus from the same sample
served as a normalization control.

DNA end-resection assay

The DNA end-resection assay was adopted for Sp (close to and 5’ of
the core Sp) from previously described methods (Zhou et al, 2014;
Gao et al, 2020; Nath & Nagaraju, 2020). Genomic DNA isolated
from CIT-stimulated CH12F3-2A cells, with and without PhfSa
knockdown, was subjected to single (EcoRI) or double (EcoRI and
Alul) restriction endonuclease digestion. The target region contains
Alul but not EcoRI site and is prone to AID-induced DNA breaks.
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The EcoRI digestion was employed as an alternative of sonication to
reduce the genomic DNA complexity. Digested DNA samples were
subjected to phenol:chloroform extraction and ethanol precipitation.
For each sample, 50 ng of purified digested DNA was used for PCR
(30 cycles) using KOD FX Neo high fidelity DNA polymerase
(TOYOBO). PCR products (1/3™%) were resolved on a 2% agarose
gel and visualized by ethidium bromide staining. The sequences of
the primers used to amplify the target Sp region are shown in
Appendix Table S3.

Analysis of the CSR junctions in CH12F3-2A cells

CH12F3-2A cells transfected with control or gene-specific siRNA
were stimulated with CIT for 24 h. Since CSR was severely
reduced in Phf5a KD cells, IgA (+) cells were combined from
duplicate sets of transfectants. The PE-stained IgA (+) cells were
isolated from siControl- and siPhf5a-transfected cells using anti-
PE Magnetic Particle-DM (BD Biosciences). Genomic DNA was
isolated from the IgA (+) cells and subjected to PCR using
forward and reverse primers located in 5'Sp and 3’Sa, respec-
tively (Stanlie et al, 2014). Two rounds of PCR were conducted
using PrimeSTAR HS DNA polymerase (Takara). Four PCRs were
set up using 200 ng of genomic DNA per reaction for each
genomic DNA sample, and the PCR conditions were 98°C for
2 min; and 98°C for 10 s, 55°C for 10 s, and 72°C for 2 min for
20 cycles. The first PCR products were purified using the Wizard
PCR clean up system (Promega) and subjected to second-round
PCR. The PCR products were separated by gel electrophoresis,
and the products ranging from 1.5 kb to 300 bp were gel-purified
and cloned. Several clones were sequenced from each reaction
set and analyzed by Sequencher (Genecodes) software to elimi-
nate vector sequences and common clones. The sequence of each
unique clone was subjected to pair-wise nBLAST at NCBI against
Sp-and So-harboring IgH locus clones. Any region of conflict was
verified with the genomic DNA sequence derived from non-stim-
ulated CH12F3-2A cells.
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