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In brief

Phongbunchoo et al. perform quantitative
mass spectrometric analysis of the
immunoglobulin Ep enhanceosome. They
show that the identified MSL/MOF protein
complex, a regulator of gene dosage
compensation in Drosophila, binds Ep via
transcription factor YY1. MSL/MOF
upregulates the expression of the
functionally rearranged p allele by
augmenting YY1-mediated enhancer-
promoter interactions.
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SUMMARY

The rearrangement and expression of the immunoglobulin p heavy chain (Igh) gene require communication of
the intragenic Ep and 3’ regulatory region (RR) enhancers with the variable (V) gene promoter. Ep binding of
the transcription factor YY1 has been implicated in enhancer-promoter communication, but the YY1 protein
network remains obscure. By analyzing the comprehensive proteome of the 1-kb Ep wild-type enhancer and
that of Ep lacking the YY1 binding site, we identified the male-specific lethal (MSL)/MOF complex as a
component of the YY1 protein network. We found that MSL2 recruitment depends on YY1 and that gene
knockout of Ms/2 in primary pre-B cells reduces p gene expression and chromatin looping of Ep to the 3
RR enhancer and Vy promoter. Moreover, Mof heterozygosity in mice impaired p expression and early B
cell differentiation. Together, these data suggest that the MSL/MOF complex regulates Igh gene expression

by augmenting YY1-mediated enhancer-promoter communication.

INTRODUCTION

Humoral immunity requires B lymphocytes to express single
antigen-specific receptors, which is accomplished by the func-
tional rearrangement of only one allele of immunoglobulin heavy
chain (Igh) and light chain (Ig/) genes. The large Igh locus is
composed of many variable (Vy), multiple diversity (D), and
four joining (J4) gene segments and several constant
(C) regions. In pro-B cells, the RAG-1 and -2 enzymes mediate
the recombination of one of the D segments with one of the Jy
segments upstream of the Cp region by generating initially
incompletely rearranged DJy-Cp alleles. These alleles can be
further recombined with one of the V., gene segments to
generate rearranged (VyDJp)-Cp alleles in pre-B cells.”® The
expression of a functionally rearranged . allele results in the as-
sembly of the pre-B cell receptor (pre-BCR), downregulation of
the Rag genes, and the prevention of further rearrangement of
the second Igh allele.® This process, termed allelic exclusion,
ensures the monoallelic expression of antigen receptors.*° In
pre-B cells, the balance of signaling by the interleukin 7 recep-
tor (IL-7R) and the pre-BCR regulates further rearrangement of

the Igl loci and differentiation to immature B cells that express a
functional BCR.”®

The monoallelic expression of the functionally rearranged Igh
allele is controlled by multiple layers of regulation. One of these
involves the function of the tissue-specific intronic Epn enhancer
(Ep), residing in the intronic region between the Jy gene seg-
ments and the Cp region.'®"" The Ex enhancer, consisting of a
220-bp core enhancer and flanking nuclear matrix attachment
regions (MARs), has been extensively studied and shown to
confer chromatin accessibility, chromosome looping, gene rear-
rangement, and expression of the Igh locus.'>° Biochemical
and functional studies using short Ep core enhancer fragments
identified several transcription factors (TFs) that bind multiple
conserved enhancer sequence motifs, termed pE boxes; pA
and pB motifs; and an Oct-binding site.?’ E-box-binding TFs
include the basic-helix-loop-helix (bHLH) protein E2A (TCF3)
and YY1, whereas the pA and Oct motifs are bound by ETS
(Fli1 and Erg) and OCT proteins, respectively.?’ YY1 binds the
nE1 box and has been shown to mediate 3D loop formation of
Eu with both the 3’ regulatory region (3’ RR) and rearranged Vi
promoter regions.'82%23
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Experiments aimed at addressing the function of the Ep
enhancer in mice have shown that the deletion of the core
enhancer in a functionally rearranged Ig p transgene markedly
impairs transcription from the rearranged V}, promoter.'??* Like-
wise, the deletion of the Ep enhancer in the endogenous Igh lo-
cus reduces transcription of rearranged n genes and impairs the
efficiency of VyDJy recombination by decreasing the accessi-
bility of the D-Jy region.”'" Although the MARs flanking the
Ep enhancer core have been found to be dispensable for endog-
enous | gene expression in germline mouse chimeras,'® the
MARs have been shown to potentiate the Ep enhancer in acti-
vating the rearranged Vy promoter in transgenic mice and in
pro-B cells that were transfected with in vitro CpG-methylated
plasmid DNA."®° |nterestingly, a genomic footprinting analysis
to assess Eup enhancer occupancy in wild-type (WT) and
AMAR transgenes revealed no detectable differences in mutant
versus WT transgenic pro-B cells.?® Thus, the question arises as
to which Ep-associated proteins are involved in the communica-
tion of the enhancer with the promoter of the rearranged . gene.

To address this question, we investigated the protein network
of the entire 1-kb Ep enhancer region by combining state-of-the-
art mass spectrometry with in vitro reverse chromatin immuno-
precipitation (ChIP) pull-down of WT and mutant Epn DNA frag-
ments.?”*® The analyzed datasets include novel DNA-binding
proteins and higher-order protein complexes, among them com-
ponents of the MSL/MOF multiprotein complex. In Drosophila
melanogaster, the male-specific lethal (MSL) complex, consist-
ing of the histone H4K16 acetyltransferase MOF, the MSL1-
MSL3 proteins, MLE, and two non-coding RNAs, mediates
the 2-fold upregulation of transcription from the single male X
chromosome relative to that from two X chromosomes in fe-
males.?®*° This function of the MSL/MOF complex compen-
sates gene expression from the single male X chromosome rela-
tive to that from two X chromosomes in females. In addition,
MOF is also a component of the non-specific lethal (NSL) com-
plex, which includes KANSL1-3, MCRS2, and MBD-R2.%"*?
The NSL complex binds preferentially to promoters of constitu-
tively active housekeeping genes, whereas the MSL complex
binds to enhancers and gene bodies.>***” Notably, the
mammalian MSL complex is not confined to the X chromosome
but also binds to many developmentally regulated genes.*® By
cell-specific gene knockout of Mof in mice, this common compo-
nent of the MSL and NSL complexes has been shown to be
important for embryonic and neuronal stem cell and progenitor
cell differentiation, hematopoiesis, and T cell differentiation.**"
Based on the well-documented role of MSL/MOF as a gene
dosage regulator in Drosophila, we aimed to examine such a
role in Igh “dosage compensation.”

In the current study, we find that MSL2 and MOF are in com-
plex with YY1 and are bound predominantly at the E1 box of the
Ep enhancer in pro-B and pre-B cells. Moreover, a Ms/2
knockout in pre-B cells or Mof heterozygosity in mice resulted
in a 2-fold reduction in p gene expression, reduction of active his-
tone marks, reduced chromatin accessibility, and impaired RNA
polymerase Il (RNA POL lI) recruitment. Interestingly, the Ms/2
knockout impaired Ep enhancer-Vy promoter communication,
suggesting that the MSL/MOF complex is a regulatory determi-
nant of YY1-mediated chromatin looping.
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RESULTS

Proteomic analysis of the immunoglobulin p
enhanceosome

To investigate the multiprotein complex bound at the intragenic
Ep enhancer, we adopted a quantitative mass spectrometry anal-
ysis of enhancer-binding proteins in pro-B cell nuclear extracts.
To this end, we incubated a biotinylated 1-kb pWT DNA fragment,
consisting of the 220-bp core enhancer, the Iun promoter, and
both 5’ and 3’ flanking MARs, with a nuclear extract of Abelson
murine leukemia virus (A-MuLV)-transformed 38B9 pro-B cells.
As a control for the sequence specificity of DNA-binding proteins,
we used a DNA fragment in which the polarity of the DNA strands
in their entire length (LREV) or in the core enhancer/Ip promoter
region (uCoreREV) had been inverted (Figure 1A). The inversion
of the strand polarity was chosen to abrogate the binding by
sequence-specific TFs without altering the interaction with repet-
itive elements as well as the AT/GC content of uWT. In six inde-
pendent DNA pull-down experiments using forward and reverse
SILAC (stable isotope labeling by amino acids in cell culture)®’ we
reproducibly identified several known Ep-binding TFs (TCF3,
MEF2C, YY1 USF1, nuclear factor kB, FOXO1, ELF4, and IRF8)
as well as previously unknown Ep-binding proteins, including
ZHX2, TFAP4, and CBFA2T2 (Figure S1A). Interestingly, we
also identified multiple components of chromatin-regulatory
complexes, including subunits (INO80, INO80c, and ACTR8) of
the INO80 remodeler and the KANSL1 and KANSL3 subunits of
the NSL/MOF complex (Figure S1A; Table S1).

To examine whether these proteins interact with the p
enhancer core or with flanking regions, we performed an addi-
tional and more sensitive mass spectrometry analysis of pro-
teins. We assessed proteins differentially bound at the pWT
bait versus the nCoreREV bait, containing the enhancer/Ip pro-
moter regions in an altered DNA sequence polarity. In five inde-
pendent experiments, we detected an overlapping set of TFs
and subunits of histone-modifying complexes that are bound
specifically to the pWT bait, including the MSL2 subunit of the
MSL/MOF complex (Figures 1B and S1B; Table S2).

To correlate the Ep binding of proteins identified by the mass
spectrometry analysis with enhancer function, we used Ep
enhancer mutations that had been shown to impair transcription
of arearranged 1 gene.”* Previously, we have shown that a dele-
tion, removing part of the E1 box and the flanking 5 MAR se-
quences (LAE1AMAR), reduces transgene expression by almost
three orders of magnitude relative to a WT transgene.'>?* To
assess the relative contribution of the nE1 box and the 5 MAR,
we generated additional transgenes carrying point mutations in
the E1 box (LE1™") or a deletion of the 5 MAR (LAMAR). Consis-
tent with our previous analysis, the expression of the pAE1TAMAR
transgene was markedly reduced at both the RNA and protein
level (Figures 1C, 1D, and S1C). The pE1™" and pAMAR muta-
tions reduced the expression of the p transgene by 6- and
100-fold, respectively, suggesting a synergistic function of the
pE1 box and MAR sequences.

We also assessed the effects of the mutations on the levels of
active histone marks (H3K4me3 and H3K27ac) and inactive his-
tone marks (H3K9me2, H3K9me3, and H3K27me3) at the
Vy{17.2.25 promoter of the rearranged p transgenes and the p
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Figure 1. Determination of the Ep enhancer
proteome: nE1box- and pnMAR-specific pro-
teins

(A) Schematic of WT and Ep enhancer mutant
transgenes. The core enhancer, with the E1 box
highlighted, is indicated in green, the Iun promoter
is shown in gray, and the matrix attachment re-
gions (MARs) are indicated in orange. The reverse
(REV) polarity of DNA segments is shown by a
black bar. Deleted regions are shown by dashed
lines.

D <« (B) Volcano plot of proteins bound to the core Ep
v@% v@. enhancer. Green color represents known interac-

@" v‘é\(éf@ tion partners. Red highlights novel candidate
N binders. Gray indicates proteins that preferentially

B Jilal. bind to the mutant baits. Log, fold changes of

uWT vs. uCoreREV <—1 or >1 and p < 0.05 are
used as cutoff. The data represent five indepen-
dent biological replicates.

(C) RT-gPCR analysis assessing 1 mRNA expres-
sion from the V317.2.25 promoter of a rearranged
WT or mutant p transgene in A-MuLV-transformed
fetal liver pro-B cells. The copy number of the
transgene is shown in brackets. Numbers above
bars indicate fold changes of the expression of
mutant vs. WT transgenes. Error bars represent the
standard deviation of three biological replicates.
Statistical significance between WT and mutant
cells was measured by an unpaired one-tailed
Student’s t test. **p < 0.01, ***p < 0.001.

(D) Immunoblot analysis to detect p protein
expression in A-MuLV-transformed pro-B cells
carrying a rearranged WT or mutant p transgene.
Expression of known Ep enhancer-binding proteins
s and GAPDH served as a control. The blot is repre-
° sentative of three independent experiments.

@ (E) Volcano plot of proteins bound to the pE1 box of

E2A W b mn
IRFS it o

u Alyref
Satb1
.

1.satb2

wowl p-Value 0.001

8302 A 0 1 2 3
log, Fold Change (WWT/RE1™)

54321012345
log, Fold change (WT/uAMAR)

Ep. Green color indicates known interaction part-
ners. Red color indicates novel interaction partners.
p < 0.05 was used as cutoff. The data represent six
independent biological replicates.

(F) Volcano plot of proteins bound to tMARs of Ep.. Green color indicates known interaction partners. Red color represents novel uMAR candidate binding proteins.
p < 0.001 cutoff applied. The data represent seven independent biological replicates.

enhancer core. In the pAE1AMAR transgene, the active H3 his-
tone marks K4me3 and K27ac were markedly reduced at the
V4 promoter and modestly decreased at the Ep core enhancer
(Figure S2A). In this analysis, we included the promoter of the
B-globin gene as a control for a non-expressed gene. The inac-
tive histone mark H3K9me3 was found to increase predomi-
nantly at the Ep core enhancer, suggesting that the enhancer
core of the pAE1AMAR transgene may acquire a bivalent chro-
matin state (Figure S2B). Consistent with the less severe effects
on p transgene expression, the individual nE1™" and pAMAR
mutations had modest effects on the levels of active and inactive
histone marks (Figures S2A and S2B). We also examined the
H4K16ac modification as an active mark that is deposited by
the enzymatic activity of MOF and found modest but significant
decreases of this histone mark at the enhancer and promoter of
the mutant transgenes (Figure S2C).

To determine which proteins depend on the presence of the
1LE1 box or MAR sequences for Ep enhancer binding, we per-
formed an additional mass spectrometry analysis of DNA pull-

down with pE1™" and pAMAR DNA baits. By comparing the
pWT versus pE1™' differential proteomes, we identified the
known pE1-binding protein YY1 and, at lower abundance, mem-
bers of the ZHX family of TFs, CHDS8, and the MSL2 and MSL3
components of the MSL/MOF complex (Figures 1E and S2D;
Table S3). In contrast to the WT vs. nCoreREV pull-down, the
three KANSL members of the NSL/MOF complex were not differ-
entially bound. Finally, we examined the differential association
of proteins to the pyWT versus tAMAR baits and found MAR-spe-
cific binding of SATB1, SATB2, CUX, HMGA1, and ALYREF
(Figures 1F and S2E; Table S4). Thus, we identified several
new proteins that bind the p enhancer in a nE1 box-dependent
manner, raising the possibility that these proteins contribute to
nE1-mediated regulation of immunoglobulin 1 gene expression.

YY1 recruits the MSL2/MOF complex to the E1 box of the
Ep enhancer

To validate the binding of proteins identified by mass spectrom-
etry, we repeated in vitro pull-down assays with yWT, pAMAR,
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* S y :

and MSL2 at the En enhancer and V14 promoter
of the rearranged wild-type (WT) p allele or the

WE1™2 mutant allele in Sjp65X° pre-B cells. In
HE1™?2 cells, the E1 box of Ep has been deleted by
CRISPR-Cas9-mediated gene editing. Binding of both YY1 and MSL2 is reduced at the Ep core in pfE1™2 cells relative to WT cells. Zfo185 and Erag served as
positive and negative control, respectively. The values are normalized to the control loci. The data represent three independent biological replicates.

(H) YY1 and MSL2 native ChlIP in A-MuLV-transformed F?ag2KO cells containing WT or ptE1™? jgh loci shows that YY1 and MSL2 bind to the pE1 box of the Ep
enhancer. The values are normalized to the control loci. Error bars represent the standard deviation of three biological replicates.

(I) Quantitative ChIP with or without EGS (bifunctional crosslinker) to detect YY1 binding at the V414 promoter or Ep enhancer of the rearranged endogenous Igh
locus in SIp65"° pre-B cells. The IgG isotype serves as a negative control. The values are normalized to the control loci. The data represent three independent
biological replicates.

(J) Immunoblot result showing successful degradation of YY1-FKBP after incubation with dTAG13 for 24 h. The blot is representative of four independent ex-
periments.

(K) MSL2 ChIP in vehicle-treated (DMSO) and dTAG13-treated Sjp65X° pre-B cells carrying an FKBP-degron-tagged Yy7 gene. The IgG isotype and Actin
promoter serve as negative controls. The values are normalized to the IgG control. Error bars represent the standard deviation of three biological replicates.
Statistical significance was determined by an unpaired one-tailed Student’s t test. *o < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001; ns, not significant.

and pE1™" baits and detected the proteins by immunoblot anal-
ysis. As expected, SATB1 binding was specifically impaired with
the nAMAR bait, whereas binding of INO80, YY1, MSL1, MSL2,
and MOF was specifically reduced in the pull-down with the
nE1™" pait (Figure 2A). Binding of p300 and CHD8 was dimin-
ished with both ynAMAR and pE1™" baits. YY1 binds directly
uE1,?? and therefore we examined whether YY1 mediates the
recruitment of the MSL/MOF complex. To this end, we per-
formed a DNA pull-down with nuclear extracts of pro-B cells in
which YY1 had been partially depleted by addition of an anti-
YY1 antibody (Figure 2B). In the pull-down with the YY1-

depleted extract, we observed reduced binding of YY1, MSL2,
MOF, MCRS1, p300, and RNA POL Il relative to the pull-down
with an anti-immunoglobulin G (IgG)-treated control extract (Fig-
ure 2B). Notably, the binding of IRF8 and SATB1 was not signif-
icantly changed by YY1 depletion (Figure 2B). The quantification
of immunoblots confirmed the reduced binding of YY1, MSL2,
MOF, and the MOF-associated protein MCRS1,°" implying
YY1-dependent recruitment of MSL2/MOF to Ep (Figure 2C).
Therefore, we examined the interaction of YY1 with subunits of
the MSL/MOF complex by co-immunoprecipitation (colP). We
detected an interaction of YY1 with MSL1, MSL2, and MOF
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but not with KANSL3, suggesting that YY1 may preferentially re-
cruit the MSL/MOF complex (Figure 2D, top). As a control, we did
not detect an interaction of YY1 with E2A. Although an interac-
tion of YY1 and MSL2 was also observed at a low level in a
reciprocal colP with anti-MSL2 (Figure 2D, bottom), these colPs
preclude any conclusion about direct or indirect interactions.

MSL2 and MOF were the most consistently enriched compo-
nents of the MSL/MOF complex in the uWT vs. pE1 ™! mass
spectrometry analysis. To obtain evidence for the recruitment
of MSL2 to Epvia YY1, we examined the effects of nE1 mutations
and YY1 depletion on Eun binding by MSL2. For the analysis of
YY1 and MSL2 binding at the WT and pE1 box-mutated
enhancer by ChIP analyses, we used three cellular models that
offered distinct advantages. A-MuLV-transformed p transgenic
pro-B cells provided high copy numbers of a transgene. Non-
transformed primary Sip65%° pre-B cells and A-MuLV-
transformed Rag2"® pro-B cells enabled an analysis of protein
binding at an endogenous rearranged n gene and at p germline
alleles, respectively. Slp65KC pre-B cells can be cultured in the
presence of IL-7, and they express a functionally rearranged p
allele with a V14 gene segment.”>*® In these three cellular
models, different experimental strategies were used to generate
the uE1 box mutation (see supplemental information for details),
which resulted in slightly different but functionally equivalent mu-
tations (WE1™', LE1™2, and pE1™?®; Figure S1C). In particular,
in vitro pull-down experiments showed a similar reduction of
YY1 and MSL2 binding to the nE1™" and pE1™? baits relative
to the nE1"WT bait, whereas no changes in binding were observed
for the MAR-binding protein SATB1 (Figure 2E).

In all three cell models, quantitative YY1 and MSL2 ChIP anal-
ysis indicated that binding of both proteins is significantly
reduced at the Ep. core containing mutant pnE1 sequences relative
to the WT Ep (Figures 2F-2H). At the Vy417.2.25 promoter of the
pWT and pE1™" transgenes, we observed weak MSL2 binding,
and at the V14 promoter of the rearranged p gene, we detected
weak YY1 and MSL2 binding, which was not significantly
changed by the pE1™?2 mutation (Figures 2F and 2G). In these
ChlIP experiments, the Erag enhancer served as a negative con-
trol for YY1 and MSL2 binding. Likewise, the Zfp 185 locus served
as a bona fide MSL2 control target** and YY1-bound gene. The
Vu17.2.25 and V14 promoter regions lack discernable YY1 bind-
ing sites (data not shown), raising the possibility of binding site-in-
dependent DNA contacts of YY1 via looping to the pE enhancer.
Therefore, we examined the effects of using a bifunctional cross-
linker in ChIP analysis. By employing the EGS crosslinker together
with formaldehyde, we observed a marked increase in the YY1
ChlP signal at the V14 promoter in SIp65*° pre-B cells and a
much weaker effect on YY1 binding at the Ep core enhancer (Fig-
ure 2l). Thus, the association of YY1 with the V14 promoter is
likely indirect via YY1-mediated looping to the enhancer.

We also examined the effects of YY1 depletion on MSL2 bind-
ing at Ep. We could not adopt a YY1 knockout strategy in pro-B
cells because the conditional inactivation of the Yy 7 gene in the B
lymphoid lineage results in an early developmental block and
precludes the establishment of YY1-deficient pro-B cell cul-
tures.*® Therefore, we generated Sip65X° pre-B cells in which
the FKBP degron was fused to the endogenous Yy7 gene by
CRISPR-Cas9 gene editing, allowing the inducible degradation
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of YY1 protein.*®*” In cells that were treated with the heterobi-
functional degradation TAG (dTAG) dimerizer, the YY1 protein
was rapidly degraded after 24 h (Figure 2J). By quantitative
MSL2 ChIP analysis with EGS-crosslinked control and dTAG-
treated cells, we detected markedly reduced MSL2 binding at
the Ep enhancer and V14 promoter of the endogenous p gene
in dTAG-treated cells relative to DMSO control-treated cells. In
the dTAG-treated cells, we also observed a marked reduction
of MSL2 binding at the Zfp185 locus, whereas no binding was
observed at the Erag enhancer (Figure 2K). Thus, the depletion
of YY1 both in vitro and in vivo leads to hampered binding of
MSL2 at the Ep core and mimics the effects of the pnE1 box mu-
tation. Together, these data indicate that the recruitment of
MSL2 to the Ep enhancer occurs primarily via YY1 binding at
the pE1 box.

MSL2 and YY1 regulate 1 gene expression

To examine whether MSL2 regulates u gene expression, we
generated Ms/2%© alleles in p transgenic pro-B cells and in
SIp65K° pre-B cells by CRISPR-Cas9-mediated gene editing
and by inserting a stop codon immediately downstream of the
start codon. In p transgenic pro-B cells, the absence of MSL2 re-
sulted in markedly reduced p expression, as assessed by immu-
noblot analysis and flow cytometry (Figures 3A and 3B). In the
immunoblot analysis, we also found a reduction of the n-associ-
ated VpreB surrogate light chain but no altered expression of
YY1, KANSL3, or GAPDH. Notably, the re-expression of ectopic
MSL2 resulted in an almost complete rescue of IgM expression,
suggesting a direct role of MSL2 in pu gene expression (Figures
3A and 3B). By RT-gPCR analysis, we observed, in Ms/2K®
pro-B cells, a, ~10-fold decrease of transgenic p RNA derived
from the V417.2.25 promoter and a, ~4-fold decrease of Ep/Ipu-
derived transcripts relative to Ms/i2"T pro-B cells (Figures 3C
and S3A). Consistent with the reduced p transgene expression
in Ms/2X© pro-B cells, we also detected modest but significant
decreases in chromatin accessibility at the V417.2.25 promoter
and Ep enhancer (Figure 3D). The re-expression of MSL2 in
MsI2X© pro-B cells increased chromatin accessibility at the
Vy17.2.25 promoter but not at the Ep enhancer.

We further analyzed the effects of the Ms/2XC mutation on
the expression of the endogenous rearranged p allele in
SIp65%°Msi2XC pre-B cells and observed a 2- to 4-fold decrease
in the expression of endogenous p protein relative to corre-
sponding Sip65¥°Msi2VT cells (Figure 3E). Flow cytometry
analysis indicated that the decrease in intracellular p protein
expression is homogeneous in the Ms/2%° pre-B cell population
(Figure 3F). Moreover, we noticed a reduced abundance of
Vy14-specific p transcripts and diminished chromatin accessi-
bility at the rearranged V414 promoter (Figures 3G and 3H;
Table S5). To determine whether the function of the pE1 box in-
volves only the YY1-mediated recruitment of the MSL/MOF
complex, we included in our analysis pE1™2 pre-B cells. In these
cells, p protein and RNA expression was reduced more than
10-fold relative to pE1WT cells (Figures 3E-3G; Table S5). The
enhanced defect of the uE1 box mutation relative to the Ms/2
mutation may reflect an YY1 function by some other associated
factors or an additional YY1-independent function of the
uE1 box.
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(F) Histogram of flow cytometry analysis of intracellular p protein in S/pé‘5Ko pre-B cells containing an endogenous rearranged WT or pE1 ™2 allele or Msi2KC alleles.
The data represent three independent biological replicates.

(G) RT-gPCR analysis of the rearranged p gene with primers to detect Vi314-Cp and spliced Cu (Cu3-4) transcripts. The data represent three independent biological
replicates.

(H) FAIRE chromatin accessibility analysis of the rearranged V414 promoter and Ep enhancer in Sip6.
represent three independent biological replicates.

(1) Immunoblot analysis to detect expression of 11, MSL2, and YY1 in Sjp65X° pre-B cells in which the FKBP degron tag has been inserted into the endogenous Yy1
gene by CRISPR-Cas9-mediated gene editing. YY1 protein degradation was induced by treatment of cells with dTAG13 for 24 h. The blot is representative of three
independent experiments.

(J) RT-gPCR analysis of 1 gene RNA expression in vehicle-treated (DMSO) or dTAG13-treated SIp65X° pre-B cells carrying an Yy1 gene with an FKBP degron tag.
The data represent three independent biological replicates.

(K) RT-gPCR analysis to compare the effects of uE1™2 and pE1™?® mutations on the expression of the unrearranged . gene in Rag2® pro-B cells. The data represent
three independent biological replicates. Error bars represent the standard deviation of biological replicates. Statistical significance between WT and mutant cells was

550 pre-B cell lines containing Ms/2VT or Ms/2K© genes. The data

measured by an unpaired one-tailed Student’s t test. *p < 0.05, **p < 0.01, **p < 0.001.

Therefore, we assessed the effects of induced YY1 degrada-
tion on the expression of the functionally rearranged p allele in
Sip65"© pre-B cells. After 24 h of dTAG addition and degradation
of YY1, we observed an approximately 2-fold decrease in the
abundance of p protein and V14-Cp transcripts (Figures 3l and
3J). Thus, the lack of MSL2 recruitment to the Igh locus and the
degradation of YY1 both result in a similar reduction in u gene
transcription. Despite the experimental differences of continuous
Ms/2 inactivation versus short-term YY1 degradation, both con-
ditions led to a less severe decrease in p gene expression than
the pE1 box mutation (Figures 3E, 3G, 3l, and 3J), suggesting
that additional proteins act via the E1 box to regulate p gene
expression (see Figure S2D; Table S3 for potential candidates).
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We also extended this analysis to Rag2X® pro-B cells carrying
unrearranged p alleles. In comparison to cells with the pWT al-
leles, the wE1™?® mutation resulted in an approximate 40%
decrease in the abundance of spliced p transcripts, detected
with Cp exon 3- and exon 4-spanning primers, but no difference
in unspliced p transcripts detected with intronic Ep-lp primers
(Figures 3K and S3A). We further introduced the nE1™2 mutation
into the unrearranged pWT gene of Rag2"® pro-B cells and
found that the nE1™? mutation had a similar effect on unrear-
ranged p gene expression as the pE1™?® mutations (Figure 3K).
In this experiment, we observed a differential effect of the pE1
mutation on Ep-lu transcripts versus Cp transcripts. This differ-
ence may be related to the splicing status of Cp transcripts
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(D) H4K16ac ChiP in Sip65"° pre-B cells containing Ms/i2%C or Ms/2VT genes. The IgG isotype served as a negative control. The data represent three independent

biological replicates.

(E) H3K4me1 and H4K16ac ChlIP in vehicle-treated (DMSO) or dTag13-treated Sip65"° pre-B cells containing an FKBP degron-tagged Yy7 gene. The B-actin
promoter served as negative control. The values are normalized to the IgG control. Error bars represent the standard deviation of biological replicates. Statistical
significance between WT and mutant cells was measured by an unpaired one-tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.

versus Ep-Ip transcripts. To examine whether the nE1™® muta-
tion causes an altered repertoire of rearranged V. segments,
we isolated pro-B cells from Rag2"V"u¥T and Rag2"VuE1™?
mice and determined the relative V. usage by deep
sequencing.”® This analysis indicated that the use of Vi, gene
families is similar in WT and pE1 mutant mice (Figures S3B
and S3C).

MSL2 is involved in YY1-mediated chromatin looping of
the p1 enhancer

YY1 can act as a pioneering factor and regulates enhancer-pro-
moter looping.”” Quantitative YY1 ChIP analysis revealed similar
YY1 binding at the endogenous Ep core enhancer in Ms/2%° and
MsI2WT pre-B cells, suggesting that, by and large, MSL2 does
not contribute to the E1 box-dependent binding of YY1 (Fig-
ure 4A). In this experiment, we used the EGS bifunctional cross-
linker to examine a potential effect of MSL2 on YY1 binding at the
Vy14 promoter. We observed a decrease of YY1 binding at the
V14 promoter in Ms/2X© cells relative to Ms/2"'T cells, whereas

no significant differences were detected at the Rp/30-positive
and Erag-negative controls. We also examined the effects of
the Ms/2 knockout on the recruitment of RNA POL Il and found
reduced RNA POL Il binding at the V414 promoter but not at
the Ep core enhancer (Figure 4B). Similarly, RNA POL Il binding
at the Vy17.2.25 promoter of the pWT transgene in Msl2K©
pro-B cells and at the V,417.2.25 promoter of the uE1™" trans-
gene in Ms/2™T pro-B cells was decreased relative to the WT
controls (Figures S4A and S4B). Thus, the association of YY1
with the V14 promoter may occur via MSL2-enhanced chro-
matin looping by nE1-bound YY1.

To examine a potential role of MSL2 in chromatin looping, we
performed a 3C assay in SIp65X° pre-B cells, using anchors and
primers as described previously.'® V,, promoter activation by Ep
is also dependent on interactions of Ep with the hypersensitive
sites HS1/2 of the downstream 3’ RR."'® By assessing the easily
detectable long-range chromatin loops between Ep and 3' RR
(HS1/2), we found that these long-range enhancer-enhancer
interactions are significantly reduced in Ms/2¥® cells relative
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Figure 5. MOF regulates 1 gene expression
in mice

(A) MOF ChIP analysis in Sip65X° pre-B cells
containing a rearranged WT or nE1™?2 ym allele or
MslI2¥© alleles reveals MOF association at the nE1
box of the Ep enhancer. MOF binding at Ep is
impaired in MsI2K® cells. The Phf8 gene body
serves as a control. The data represent four inde-
pendent biological replicates.

(B) Flow cytometry analysis of the total numbers of
common lymphoid progenitors (CLPs) and early
B-lineage cells derived from Mof ** or Mof */~
mice. MFI, median fluorescence intensity. The data
represent three biological replicates.
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(C) RT-gPCR analysis to determine mRNA
30000 o expression of p, Mof, and Ms/2 in pro-B cells
200004 & | derived from Mof */* or Mof *'~ mice, sorted by

fluorescence-activated cell sorting and cultured for
3 days with IL-7 on OP-9 feeder cells. The data
represent three biological replicates.

(D) ChIP analysis of active histone marks
(H3K4me1 and H4K16ac) at the En enhancer in
A-MuLV-transformed Mof ** or Mof *'~ pro-B
cells. The actin promoter serves as a negative
control. The values are normalized to the control
loci. The data represent three biological replicates.
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(E) Semi-quantitative RT-PCR analysis to assess transcription from rearranged p genes containing different Vyy gene segments as determined by different Vi
promoter-Cp primers and visualized by agarose gel electrophoresis. The gel is representative of two independent experiments.

(F) Flow cytometric analysis of IgM expression in sorted cKit B220*IgM'°IgD" mature B cells derived from Mof *'* or Mof*/~ mice. MFls from two independent
experiments are shown. Error bars represent the standard deviation of biological replicates. Statistical significance between WT and mutant cells was measured

by an unpaired one-tailed Student’s t test. *p < 0.05, **p < 0.01, **p < 0.001.

to Msi2"VT cells (Figure 4C). Moreover, we observed a reduction
of interactions between the rearranged V14 promoter and Ep as
well as between Vy14 and 3’ RR in Msi2X© cells relative to
MsI2YT cells (Figure 4C). As a control, no effects of the Ms/2
knockout were observed in the chromatin interactions between
two sites in the Rag locus (Figure 4C). Thus, MSL2 may enhance
chromatin loop formation at the p locus via YY1-mediated
recruitment at the uE1 box of the enhancer.

One of the prominent functions of the MSL/MOF complex is
the acetylation of H4K16.°° We observed an enrichment of
H4K16ac at the transgenic Vi17.2.25 promoter in Ms/2™"
pro-B cells that was diminished in Ms/2¥© cells and at the pro-
moter of the pE1™" transgene (Figures S4C and S4D). Likewise,
we detected a statistically significant reduction of H4K16ac at
the V14 promoter and En core of the endogenous rearranged
1 gene in SIp65<°Ms/2KC pre-B cells relative to Sip65<°Ms/2VT
cells (Figure 4D). We also detected moderately but significan-
tly reduced H4K16 acetylation after dTAG-induced YY1 de-
gradation, whereas no significant changes were observed in
H3K4me1 modification (Figure 4E). Moreover, no significant
H4K16ac changes were detected at the B-actin locus.

To confirm the binding of the catalytic MOF subunit of the
MSL/MOF complex at the Ep enhancer, we performed a quanti-
tative MOF ChIP analysis in Sip65K° pre-B cells containing a
rearranged pWT or nE1™? allele in Sip65<°Msi2K® pre-B cells
carrying a pWT allele. This analysis indicated that MOF binding
at the En enhancer is reduced in cells lacking the pE1 box or
an intact Ms/2 gene (Figure 5A). No change of MOF binding
was detected at the Phf8 gene body serving as a negative con-
trol. Taken together, these data suggest that MSL2 and the pE1
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box of Ep are required for recruiting enzymatic MOF activity,
enhanced H4K16ac modification, and enhancer-driven chro-
matin looping.

MOF heterozygosity impairs B cell differentiation and p
gene expression

We further examined the role of the MSL/MOF complex in vivo.
Since Mof homozygous knockout mice are embryonic lethal,*'*"
we analyzed mice carrying a heterozygous knockout of Mof,
which is sufficient to decrease the overall levels of H4K16ac.*'
Flow cytometry analysis of the bone marrow of Mof ** and
Mof *~ mice indicated that numbers of pro-B, pre-B, and pre-
pro-B cells were reduced in Mof */~ mice, whereas no significant
changes were detected in common lymphoid progenitors (CLPs)
(Figure 5B). To examine the effect of Mof heterozygosity on the
expression of the endogenous p gene, we performed RT-
gPCR analysis on sorted pro-B cells and detected an approxi-
mately 2-fold decrease in the abundance of spliced Cp tran-
scripts (Figure 5C). Moreover, we detected a decrease of
H4K16ac at the Ep enhancer in Mof *'~ pro-B cells (Figure 5D).
We also analyzed the expression of distal J558 and proximal
Q52 and V{7183 segments in sorted pro-B cells by semi-quan-
titative RT-PCR. This analysis revealed a modest but uniform
decrease in p transcripts containing distal or proximal Vy se-
quences in Mof*'~ cells relative to Mof*’* cells (Figure 5E). This
result suggests that Mof heterozygosity affects p gene expres-
sion but not the repertoire of rearranged Vy segments. Finally,
we examined the expression of IgM on IgM"°IgD™ mature anti-
gen-naive B cells and detected an ~2-fold decrease in IgM
expression in Mof*~ cells relative to Mof*’* cells (Figure 5F).
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These data suggest that the catalytic activity of the MSL/MOF
complex is required for optimal expression of the u gene but
not for the regulation of Vy, gene rearrangements.

Genome-wide analysis of co-occupancy of YY1 and
MSL2 in SIp65¥° pre-B cells
To examine the genome-wide occupancy of MSL2 and YY1 in
SIp65%° pre-B cells, we performed ChIP sequencing (ChIP-
seq) analyses. By comparing MSL2 and YY1 occupancy, we
found that 701 of 2,451 YY1-occupied sites overlapped with
sites of MSL2 occupancy (Figure 6A; Table S6). To assess the
overlap of MSL2-, YY1-, and MSL2- and YY1-bound sites with
histone marks, we interrogated publicly available datasets of
H3K4me1, me2, and me3 marks in Rag?~’~ pro-B cells.*? This
analysis indicated that approximately 50% of MSL2-bound sites
coincided with the H3K4me1 enhancer mark (Figure 6B). Bioin-
formatics analysis of the association of MSL2- and YY1-bound
sites with gene loci revealed that the majority of YY1-MSL2 co-
occupied sites are located in promoter regions (Figure 6C).
Moreover, we examined the enrichment of TF motifs in regions
of MSL2 and YY1 occupancy and MSL2-YY1 co-occupancy.
This analysis indicated that the enrichment of the YY1 motif is
even more pronounced at genomic sites of YY1-MSL2 co-occu-
pancy than at sites of YY1 occupancy (Figure 6D). Sites of YY1-
MSL2 co-occupancy also showed an enrichment of ETS family
motifs. Additionally, we analyzed the genome-wide ChIP-seq
data for the occupancy of the Igh locus by YY1, MSL2, and
RNA Pol Il and detected co-occupancy of MSL2 and YY1 at
the Ep enhancer (Figure 6E). The RNA Pol lI-bound rearranged
Vy14-3 promoter was weakly occupied by MSL2 and YY1 (Fig-
ure 6E), consistent with the weak association of YY1 with the
Vy14 promoter in the ChIP analysis in the absence of a bifunc-
tional crosslinker. At upstream unrearranged Vy segments, no
MSL2 occupancy was detected (Figure 6E).

In addition to YY1-mediated enhancer-promoter looping, co-
hesin-mediated and CTCF-anchored chromosome looping
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allow for dynamic changes in chromosome folding.”*** We
found that both MSL2 and YY1 are bound at the promoters of
genes encoding CTCF; WAPL, a regulator of cohesin activity;
RAD21, a structural component of the cohesin complex; and
NIPBL, a member of the cohesin loading complex (Figures
S5A-S5D). The binding of YY1 and MSL2 at the Ctcf and
Rad21 promoters was further corroborated by quantitative
ChlIP analysis (Figures S5E and S5F). Subsequently, we analyzed
the effects of Ms/2 knockout on the expression of Ctcf and found
a modest but significant decrease in Ms/2%° pre-B cells relative
to Msi2™T pre-B cells (Figure S5G). This decrease was rescued
by the ectopic expression of MSL2 in Msi2K® cells. Taken
together, our data support a model where YY1-mediated recruit-
ment of the MSL/MOF complex at specific genes may augment
chromatin looping and enhancer-promoter interactions.

MSL2 deficiency results in altered expression of
regulators of early B cell differentiation

We also conducted genome-wide RNA sequencing (RNA-seq)
analysis to identify genes that are deregulated in Slp65<°Ms/2X°
pre-B cells versus Sip65<°Msi2VT pre-B cells. In this analysis,
we identified 249 genes that were upregulated in the Ms/2
mutant cells and 360 downregulated genes (Figures 6F; Table
S7). Inthe set of downregulated genes, we identified many genes
in the JAK-STAT, cytokine receptor, and antigen receptor
signaling pathways (Figure 6G). In addition, we found several
genes encoding TFs and some cell cycle regulators. Among
the genes that were downregulated in Sjp65X°Ms/2¥C pre-B
cells, we identified Hexim2, which exhibited co-occupancy by
MSL2 and YY1 in its promoter region (Figure S5H; Table S8).
Consequently, the loss of MSL2 and dTAG13-induced degrada-
tion of YY1 resulted in reduced expression of Hexim2 (Figures
S5l and S5J). By interrogating the RNA-seq and ChlIP-seq data-
sets, we also uncovered deregulated genes that are occupied by
MSL2 in WT cells, suggesting a direct role of MSL2 in their regu-
lation. In particular, we identified Erg, encoding an ETS-related

Figure 6. Genome-wide analysis of MSL2 and YY1 binding and mRNA expression

(A) Heatmap of MSL2 and YY1 ChlP signal 3 kb from peak center in 2 replicates of SIp65"%° pre-B cells. The peaks are clustered as MSL2 bound only, MSL2 and
YY1 co-bound, and YY1 bound only. The count per million (CPM) normalized value of the ChIP signal is scaled to the intensity of the heatmap signal. The data
represent two biological replicates.

(B) Heatmap of histone H3K4 monomethyl (me1), dimethyl (me2), and trimethyl (me3) ChiP signals + 3 kb from peak center (Rag? /'~ pro-B cells).> The peaks are
clustered as MSL2 bound only, MSL2 and YY1 co-bound, and YY1 bound only. The CPM normalized value of the ChIP signal is scaled to the intensity of the
heatmap signal.

(C) Distribution of MSL2-only, common, and YY1-only bound regions in different compartments of the genome (promoter, exon, 3’ UTR [untranslated region], 5
UTR, intron, intergenic, and TTS [transcription termination site]).

(D) Significantly enriched de novo motifs in repeat-masked MSL2-only, YY1-only, and co-bound peaks in S/p65"C pre-B cells. The de novo motifs are assigned to
the relevant TF binding site predicted by the HOMER algorithm. The percentage of occurrence (green), p value (red), and percentage of occurrence in the
background (blue) for each motif are depicted.

(E) Distribution of YY1, MSL2, and RNA POL Il binding signals at the Igh locus (OW971649.1). The graphical representation of the Igh locus (top) and the ChIP
signals on the gene body (Cp, 106,937,061-106,941,237), the Ep enhancer (106,947,187-106,948,179), and the V14 region (106,948,788-106,949,265) are
depicted. The y axis indicates the CPM normalized value of the ChlIP signal for MSL2, YY1, RNA POL I, and input.

(F) Heatmap of differentially expressed genes (1.5-fold cutoff) between MsI2%© and Ms/2"T pre-B cells. The number of up- or downregulated genes is indicated
(left). The log CPM normalized read counts are scaled to the intensity of the heatmap signal (Z score). Each condition includes 3 replicates.

(G) List of genes encoding components of JAK-STAT signaling, cytokine receptor interaction, antigen receptor signaling, TFs, and cell cycle pathways that are
upregulate (red) or downregulated (blue) in Ms/2X© cells. *, genes bound by MSL2.

(H) RT-gPCR analysis to assess MRNA expression of the VDJ-rearranged n gene using V,y14-Cp exon 1-spanning primers and transcripts of the Erg and ll7ra
genes in Msi2VT, Msi2¥© and MsI2KC::Msi2 Sip65%° pre-B cells. For comparison, expression of these genes was also determined in Sjp65X© pre-B cells carrying
the pE1™? mutation in the VDJ-rearranged p gene. Error bars represent the standard deviation of three biological replicates. Statistical significance between WT
and mutant cells was measured by an unpaired one-tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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TF that regulates VDJ recombination and early B cell differentia-
tion,”® as an MSL2-bound gene (Figure S6A). Erg is markedly
downregulated in Msi2X°© versus Msi2"VT pre-B cells, but, in
contrast to Igh, it is not re-expressed upon forced MSL2 expres-
sion (Figures 6H and S6A). No significant effect of the pE1™2 mu-
tation on Erg expression was observed (Figure 6H). The tran-
scription factor ERG has been implicated in the regulation of
li7ra expression,°® and, consistent with this notion, the number
of li7ra transcripts was reduced in Ms/2%° versus Ms/2"VT pre-B
cells (Figures 6G and 6H). Thus, the lack of an effect of forced
MSL2 expression on Erg may be accounted for by a feedback
loop between Erg and l/7ra that is disrupted by the accelerated
differentiation (see below) and reduced IL-7 signaling.

Early B cell differentiation is regulated by an interplay between
pre-BCR and IL-7R signaling, in which reduced IL-7R signaling
results in upregulation of Rag gene expression, increased Ig
kappa light chain gene expression and rearrangement, as well
as reduced cell proliferation.>®” In Msi2k® pre-B cells, we
observed diminished phosphorylation of the nuclear effector of
IL-7R signaling, STAT5 (Figure S6B), and an increase in the
expression of Rag2 and the constant region of the Igk and Ig/
genes (Figures 6G and S6C). Concomitantly, we found that cell
proliferation of Msi2"® pre-B cells was reduced relative to
MsI2VT cells (Figure S6D). Notably, the reduced proliferation
and attenuated IL-7 receptor signaling of Ms/2¥° pre-B cells is
consistent with the observed decrease in the expression of
CDK®6 and Cyclin D3 (Figure S6E). Taken together, these data
suggest that MSL2/MOF constitutes an important regulator of
early B cell differentiation by affecting the expression of many
genes involved in the IL-7R signaling pathway, Ig gene expres-
sion and recombination, as well as cell proliferation.

DISCUSSION

In this study, we provide a comprehensive and innovative char-
acterization of the lymphocyte-specific immunoglobulin Ep
enhancer proteome, enabling the detection of both direct TF
binding and indirect association of enhancer-binding proteins,
such as chromatin modifiers. By employing a reverse DNA
sequence polarity approach, which globally interferes with
sequence-specific TF binding, we determined the entire
enhancer proteome. Moreover, the analysis of the proteome of
the Ep enhancer carrying mutations in the nE1 box allowed for
the identification of components of the MSL/MOF complex
that are predominantly recruited to the core enhancer via inter-
actions with the YY1 TF. By functional assays with transgenic
and endogenous Igh genes carrying mutations in the YY1 bind-
ing site and by knocking out the Ms/2 gene or degrading the
YY1 protein in primary Sip65%° pre-B cells, we found that
MSL2 regulates Igh expression in pro-B and pre-B cells. In addi-
tion, we identified a set of YY1-bound genomic sites that are co-
occupied by MSL2 and are associated with genes that are de-
regulated in Ms/2 knockout pre-B cells.

The MSL/MOF complex is a well-studied epigenetic modulator
of gene expression that regulates gene dosage compensation in
D. melanogaster.®® In this context, the MSL/MOF complex binds
to the male X chromosome via GA repeats or extended Pion X
sites.*®°°%2 Moreover, binding of MSL2 to GA-rich motifs can
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be enhanced by an interaction of MSL2 with CLAMP.®® In contrast,
the mammalian MSL/MOF complex is bound at many autosomal
sites that are enriched for (CAGA),, motifs.*®** Our MSL2 ChlIP-
seq analysis in pre-B cells identified a large set of MSL2-occupied
sites that are enriched in (CAGA),, motifs if no repeat masker is used
for analysis (data not shown). In addition, a specific set of MSL2-
bound sites overlapped with occupancy by YY1, suggesting that
MSL2 is recruited to this set of genomic sites via interactions
with YY1. This YY1-mediated targeting of MSL2 is also supported
by our finding that MSL2 occupancy at the Ep core enhancer is
abrogated upon dTAG13-induced degradation of YY1.

YY1 has been shown to interact with multiple Ig enhancers,
including the intronic En and the 3’ RR enhancers of the Igh locus
and the Igk 3’ enhancer. 8222354 Accordingly, YY1 represents a
key regulator of early B cell differentiation and the germinal cen-
ter developmental program.*>°> Molecular analysis indicated
that YY1 plays an important role in the formation of long-distance
DNA loops between the Eprand 3’ RR as well as in DNA loops be-
tween the Ep region and V,; promoters.'®2%¢ Recently, YY1 has
been shown to regulate enhancer-promoter interactions by
dimer interactions between enhancer- and promoter-bound
YY1 and by forming loops within CTCF-mediated chromatin to-
pologically associated domains (TADs).*” Gene activation and
repression by YY1 involves interactions with INO80-containing
chromatin remodeling complex and polycomb group proteins,
respectively.®”~5°

In this study, we identified the MSL/MOF complex as an addi-
tional co-regulator of YY1 that augments DNA looping between
the Eu and 3’ RR enhancers and interactions between the en-
hancers and the rearranged Vy promoter. In particular, the
knockout of the Ms/2 gene in pre-B cells impairs chromatin inter-
actions and reduces the expression of an endogenous rear-
ranged p allele approximately 2-fold. Similarly, we observed a
2-fold decrease in the expression of unrearranged germline Cp
transcripts in Rag2-deficient MsI2K© pro-B cells, consistent
with the role of En and the 3’ RR interaction in regulating the
expression of sterile g germline transcripts.””’" Notably, we
detected co-occupancy of YY1 and MSL2 at several genes en-
coding components of the CTCF/cohesion machinery of 3D chr-
omosome architecture, including CTCF, RAD21, and WAPL,
raising the interesting possibility that YY1 targeting of the
MSL2/MOF complex may also affect CTCF/cohesion-mediated
DNA looping. Hence, our data suggest that MSL2/MOF serves
as a regulatory component in Igh locus organization.

Although YY1 has been described as an E1 box-binding pro-
tein, we noted a marked difference in the transcriptional effects
of the YY1 protein degradation and the E1 box mutations, sug-
gesting that additional factors interact with the E1 box. In the
proteomics analysis of proteins differentially bound at the pWT
enhancer vs. pfE1™" enhancer, we identified multiple members
of the ZHX family of TFs. These proteins contain multiple Zn fin-
gers and homeodomains, and they bind 5 CCANCAC and 5
GGNCAACA motifs, which partially overlap with the E1 box.””
Insight into the function of these proteins is limited, but ZHX2
has been shown to regulate natural killer cell maturation.”® In
addition, we identified ZFP383 as an E1 box-binding protein
that shares around 50% sequence identity in the DNA-binding
domain with YY1. In our functional analysis of the E1 box
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mutation, we observed a marked defect in the expression of re-
arranged /gh alleles in transgenic pro-B cells and Sip65<° pre-B
cells but only a modest defect in the expression of unrearranged
alleles in Rag2-deficient pro-B cells. Thus, E1 box-dependent
but YY1:MSL2/MOF-independent regulation of the Ep enhancer
may occur at subsequent developmental stages and/or involve
other TFs or non-coding RNA. In our proteomics screen, we
additionally identified an E1 box-dependent enrichment of multi-
ple components of the splicing machinery, which has been
shown to markedly enhance transcription elongation.”*"®
Sequential recruitment of DNA-binding proteins and associated
protein complexes has been found to modulate gene expression
during cell differentiation and development.”®

In addition to the regulation of the Igh locus by MSL2, we iden-
tified several genes that are downregulated in Ms/2¥° pre-B cells.
However, relatively few down-regulated genes were also bound
by MSL2, identifying them as potential direct targets. In Ms/2K°®
pre-B cells, we observed a marked downregulation of the
MSL2-bound Erg gene, encoding a TF that regulates early B
cell differentiation, //7ra expression, and Igh gene rearrange-
ment.°>°® ERG binds the pA box of the Ep enhancer, and
ERG1-occupied sites at other genes show a strong enrichment
of motifs for EBF1, PAX3, E2A, and FOXO1, suggesting that
ERG cooperates with other B cell TFs in regulating B cell-specific
gene expression.®® In Ms/2X° pre-B cells, we observed downre-
gulation of //7ra expression, which may account for the dimin-
ished cell proliferation and upregulation of Rag expression. In
addition, we detected increased numbers of C region transcripts
of the Ig kappa and lambda loci, suggesting that the Ms/2 defi-
ciency in pre-B cells results in enhanced differentiation and
reduced proliferation. In contrast, we did not observe these phe-
notypes in tE1™?2 pre-B cells, in which p transcription and . pro-
tein expression are also decreased. Thus, the MSL/MOF complex
may specifically regulate early B cell differentiation by affecting
the expression of genes involved in pre-BCR and IL-7R signaling.

Limitations of the study

Various mechanisms could account for the function of the YY1-
associated MSL/MOF complex in affecting Vi promoter activity
and p gene transcription. MSL/MOF could directly affect the
interaction of enhancer-bound proteins with promoter-bound
proteins, changing the chromatin landscape via MOF-mediated
histone acetylation or indirectly via changing the activity of YY1.
In addition to H4K16 acetylation, MOF has been shown to acet-
ylate other nuclear proteins, including Lamin A and the TFs p53
and NRF2.”7° Future experiments will have to determine
whether the role of YY1-associated MSL/MOF in regulating
enhancer-promoter interaction involves an acetylation of YY1
or other enhancer-bound proteins.

The MSL/MOF complex is best characterized as an important
regulator of gene dosage compensation.®® Recent analysis of
MSL2-deficient neuronal progenitor cells carrying distinguish-
able alleles indicated a role of MSL2 in preserving biallelic
expression of specific dosage-sensitive genes sets.?® Antigen
receptor genes are well studied paradigms of mitotically stable
random monoallelic gene expression. In particular, the analysis
of B lineage cells carrying distinguishable /gk alleles has shown
that allelic differences in asynchronous replication timing pat-
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terns are established in early progenitors and stably maintained
in mature B cells.®" Moreover, in case of the immunoglobulin
heavy and light gene loci, the stability of monoallelic expression
is further enforced by the process of allelic exclusion.® Therefore,
an analysis of B-lineage cells with distinguishable alleles will be
necessary to determine whether the MSL2/MOF complex also
plays a role in allele-specific immunoglobulin gene expression.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
H3 Abcam Abcam Cat# ab1791; RRID:AB_302613
H3panAc Millipore Millipore Cat# 06-599; RRID:AB_2115283
H3K4me1 Abcam Abcam Cat# ab8895; RRID:AB_306847
H3K4me2 Millipore Millipore Cat# 07-030; RRID:AB_310342
H3K4me3 Abcam Abcam Cat# ab8580; RRID:AB_306649
H3K9ac Millipore Millipore Cat# 07-352; RRID:AB_310544
H3K9me3 provided by T. Jenuwein Serum
H3K27me3 Millipore Millipore Cat# 17-622; RRID:AB_916347
H3K27Ac Abcam Abcam Cat# ab4729; RRID:AB_2118291
H4panAc Millipore Millipore Cat# 06-866; RRID:AB_310270
H4K16ac Active Motif Active Motif Cat# 39167; RRID:AB_2636968
OCT2 Santa Cruz Santa Cruz Biotechnology
Cat# sc-233; RRID:AB_2167205
RbBP5 (MLL subunit) Bethyl Bethyl Cat# A300-109A; RRID:AB_210551
YY1 Santa Cruz Santa Cruz Biotechnology
Cat# sc-1703, RRID:AB_2218501
19G Santa Cruz Santa Cruz Biotechnology
Cati# sc-2027; RRID:AB_737197
19G Santa Cruz Santa Cruz Biotechnology
Cat# sc-2025; RRID:AB_737182
19G Santa Cruz Santa Cruz Biotechnology
Cat# sc-2026; RRID:AB_737202
MBD2/3 Millipore Millipore Cat# 07-199; RRID:AB_310423
EBF1 (6G6) provided by E. Kremmer Hybridoma supernatant
GAPDH Calbiochem CB1001
Actin Sigma Aldrich Sigma-Aldrich Cat# A2066; RRID:AB_476693
p300 Santa Cruz Santa Cruz Biotechnology
Cat# SC-585; RRID:AB_2231120
YY1 Santa Cruz Santa Cruz Biotechnology
Cati# sc-1703; RRID:AB_2218501
E2A BD Biosciences BD Biosciences Cat# 554077,
RRID:AB_395228
SATB1 BD Biosciences BD Biosciences Cat# 611182;
RRID:AB_398716
SATB2 Santa Cruz Santa Cruz Biotechnology
Cati# sc-81376; RRID:AB_1129287
CHD8 Bethyl Bethyl Cat# A301-224A; RRID:AB_890578
CTCF Cell Signaling Cell Signaling Technology
Cat# 2899; RRID:AB_2086794
IRF4 Santa Cruz Santa Cruz Biotechnology Cat# sc-377383
IRF8 Santa Cruz Santa Cruz Biotechnology
Cat# sc-6058; RRID:AB_649510
MZB1 provided by E. Kremmer Hybridoma supernatant
THAP11 provided by E. Kremmer Hybridoma supernatant
MOF Bethyl Bethyl Cat# A300-992A; RRID:AB_805802
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MSL1 Sigma Aldrich Sigma-Aldrich Cat# SAB1306806

MSLA1 provided by Asifa Akhtar serum

MSL2 Sigma Aldrich Sigma-Aldrich Cat# HPA003413;
RRID:AB_1848659

POL2 Rpb1 NTD (D8L4Y) Cell Signaling Cell Signaling Technology
Cat# 14958; RRID:AB_2687876

ERG Abcam Abcam Cat# ab92513; RRID:AB_2630401

cD3 BD Biosciences BD Biosciences Cat# 612771;
RRID:AB_2870100

CD19 BD Biosciences BD Biosciences Cat# 552854,
RRID:AB_394495

B220 BD Biosciences BD Biosciences Cat# 553092,
RRID:AB_398531

HSA (CD24) BD Biosciences clone M1/69

BP1 Biolegend clone 6C3

CD43 BD Biosciences BD Biosciences Cat# 553270,
RRID:AB_394747

CD45.1 BD Biosciences clone A20

CD45.2 BD Biosciences clone 104

GR1 BD Biosciences clone RB6-8C5

TCR-B Biolegend clone H57-597

IgM Southern Biotech clone 1020-09

IgM BD Biosciences BD Biosciences Cat# 553437,
RRID:AB_394857

IgKappa Invitrogen clone MKAPPAO4

IgLambda Southern Biotech clone 1060-03

IgLambda BD Biosciences clone R26-46

IgMa BD Biosciences clone DS-1

IgMb BD Biosciences clone AF6-78

Chemicals, peptides, and recombinant proteins

dTAG13 Tocris 6605

Dynabeads™ MyOne™ Streptavidin C1 Thermo Scientific 65001

Deposited data

proteomics pWT vs. uREV This study Table S1

proteomics pWT vs. nCoreREV This study Table S2

proteomics pWT vs. pE1MT™! This study Table S3

proteomics pWT vs. hAMAR This study Table S4

MsI2%° RNA-seq in Sip65X° cell line This study Table S7

MSL2 ChlIP in SIp65"° cell line This study Table S6

YY1 ChIP in Sip65"° cell line This study Table S6

H3K4 ChIP in Rag 1< proB cells Lin et al., 2010 Table S6

Experimental models: Cell lines

38B9 pro B cell line Alt et al., 1984° N/A

SIp65*© pre B cell line Jumaa et al., 20014 N/A

AMuLv transformed Rag7X® pro B cell line This study N/A

Experimental models: Organisms/strains

Mouse: Mof */~ C57BL/6 Pessoa-Rodrigues et al., 2020 N/A

Oligonucleotides

Primers for DNA baits This study Table S9

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primers for gRT-PCR This study Table S9

Primers for 3C assays Guo et al., 2011'%; Hao et al.,2015*° Table S9

gRNA sequences This study Table S9

Recombinant DNA

pMYS-MSL2cDNA-IRES-GFP This study N/A

pCas9 (BB) 2A-GFP (pX458) Addgene 48138

pAW63.YY1.FKBP.knock-in.BFP Addgene 104371

Software and algorithms

MaxQuant https://maxquant.org/ N/A

Perseus https://maxquant.net/perseus/ N/A

R package https://www.r-project.org N/A

Python https://www.python.org N/A

Picard https://broadinstitute.github.io/picard/ N/A

Samtools https://github.com/samtools/samtools N/A

deepTools https://deeptools.readthedocs.io/en/ N/A

Homer http://homer.ucsd.edu/homer/ N/A

pheatmap https://cran.r-project.org/web/ N/A
packages/pheatmap/

Gviz https://bioconductor.org/packages/ N/A
release/bioc/html/Gviz.html

STAR-2.5.3a https://github.com/alexdobin/STAR N/A

trim_galore- 0.3.7 https://github.com/ N/A
FelixKrueger/TrimGalore

featureCounts v2.0.0 https://subread.sourceforge. N/A
net/featureCounts.html

Limma v.3.56 https://bioconductor.org/packages/ N/A
release/bioc/html/limma.html

Gencode.vM23 https://www.gencodegenes.org/ N/A
mouse/release_M23.html

Reference genome mm10 https://genome.ucsc.edu N/A

Fgsea https://bioconductor.org/packages/ N/A
release/bioc/html/fgsea.html

Imaged software https://quantitative-plant. Figure 2C

org/software/imagej

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Rudolf Grosschedl (grossched|@

ie-freiburg.mpg.de).

Material availability

The cell lines used in this work and commercially available reagents are indicated in the key resources table. The cell lines generated
in this study are available without restriction from the lead contact.

Data and code availability

o Next Generation sequencing data generated in this study have been deposited under the accession number GEO: GSE242256
and are publicly available as of the date of publication.

® Proteomics data are available via ProteomeXchange with identifier ProteomeXchange: PXD045636, ProteomeXchange:
PXD045637, ProteomeXchange: PXD045694 and ProteomeXchange: PXD045704.

® This paper does not report original code.

® 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 STUDY PARTICIPANT DETAILS

Mice
Wild type FVB mice and Mof */~ mice*' were bred and maintained in the animal facility of the MPI under regular housing and specific
pathogen-free (SPF) conditions. All animal procedures were performed according to protocols approved by the German authorities
and Regierungsprasidium Freiburg. For the generation of transgenic embryos, 6-8 week old female FVB mice were mated with 8-
12 week old FVB male mice, and fertilized eggs were obtained for microinjection of linearized plasmid DNA.'? Microinjected eggs
were implanted into FVB female foster mothers and fetal livers were obtained at E16.

All animal experiments with pE1™?2 mice were approved by the Institutional Animal Care and User Committees at NIH.

o Wild type FVB mice were used for the generation of transgenic fetal liver cells.

e Mof *'~ mice were previously generated for a study of the role of Mof in early hematopoiesis.*".

e 1E1™3 mice were generated at Johns Hopkins University, School of Medicine, Transgenic Mouse Core.
® Rag? ~/~ mice were purchased from Jackson Lab (stock no. 008449).

Cell lines
A-MuLV-transformed 38B9 and p transgenic pro-B cell lines, as well as Mof */~ pro-B cells were used for the following purposes
(a) analysis of the Ep enhancer proteome; (b) ChIP analysis of histone modifications and MSL2 and YY1 DNA binding.

Primary cell cultures

Pre-B cells obtained from the bone marrow of Sip65%° BALB/c mice*? were a kind gift of Dr. P. Nielsen (MPI of Immunobiology and
Epigenetics). Primary Sl;)65KO pre-B cells were cultured and single cell-cloned in IMDM medium containing 10 ng/mL recombinant
IL-7. SIp65%© pre-B cells were used for (a) ChlP analysis of histone modifications and MSL2 and YY1 DNA binding; (b) CRISPR/Cas9-
mediated gene editing; (c) ChIP-seq analysis and (d) RNA-seq analysis.

METHOD DETAILS

Generation of transgenic cell lines

pu, pE1™', pAMAR and ppAE1AMAR plasmid DNA, containing a functionally rearranged Igu locus,'? was linearized with Sal | and
microinjected into fertilized eggs from female FVB mice that had mated with FVB males the previous night. At E16, mouse embryos
were isolated and screened for the presence of injected DNA. Fetal liver cells from transgene-containing embryos were immortalized
by infection with Abelson murine leukemia virus to generate pro-B cell lines.

CRISPR/Cas9 editing of SIp65"° pre-B cells

Cells previously obtained from the bone marrow of Sjp65%° BALB/c mice*? were subcloned to generate single cell clones. Cells
from a single clone were electroporated with various gRNAs to generate nE1™2, Ms/2X° and YY1-FKBP knock-in cell lines. The
CRISPR guide RNAs (gRNAs) were designed using the online tool from the Massachusetts Institute of Technology (http://crispr.
mit.edu). The sequences of gRNAs are shown in Table S9. The gRNAs were cloned into pCas9 (BB) 2A-GFP (pX458; Addgene
48138). A minimum of three gRNAs were screened for each locus, and their efficiency was determined using the T7 endonuclease
assay as described before.®® The nE1™? cell line was generated by two gRNAs, positioned around the pE1 box. For the pE1™?2
cell line, CRISPR editing was exclusively accomplished on the VDJ-rearranged allele (Table S10). In all other cases both alleles
were targeted by CRISPR gRNAs. The Ms/2X© cell line was generated by introducing a point mutation that induces a frameshift,
eventually leading to the creation of a de novo stop codon (Table S10). The YY1-FKBP knock-in cell line was generated as
described before.*’

Generation of pE1™ pro-B cell lines
The pE1™2 mutation was generated by replacing the nE1 box sequence in the germline Igh locus of C57BL/6 mice with a Tet operator
sequence (TetO) by using CRISPR/Cas9-mediated gene editing. pE1™ mice were bred to Rag2~'~ mice to generate Rag2<© pg1™
mice. To generate Rag2"® nE1™® pro-B cell lines, bone marrow cells from Rag2X® uE1™?® mice were immortalized by infection with
Abelson murine leukemia virus. The sequences of the gRNA and its knock-in construct are shown in Table S9.

Cell cultures and SILAC labeling

A-MuLV-transformed cell lines were grown in RPMI 1640, supplemented with 10% FCS, 2 mM L-glutamine, penicillin and strepto-
mycin. Primary Sip65"° cell lines were grown in IMDM medium with 10 ng/mL recombinant IL-7, supplemented with 10% FCS, 2 mM
L-glutamine, penicillin and streptomycin. Cells were incubated with 5%CO, at 37°C. Cells that were SILAC-labeled®* were counted
and washed one time with sterile 1xPBS. The number of cells in each culture were kept stable (less than 0.5x10° cells/ml) for 5 days to
confirm that all cells are labeled. Then, the cells were resuspended into the according type of labeled medium. After 5 days, the cell
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number can be increased and used as normal medium for any experimental purpose. RPMI medium without L-Arg and L-Lys was
used because the labeled amino acids are lysine and arginine (KOR0O, KER4 and K8R10).

Intracellular FACS

10° cells were stained with viability dye (1:1000 dilution; cat. no. 65-0864-14) for 20 min. After washing, fixation and resuspension in
permeabilization buffer, using the eBioscience Foxp3/Transcription Factor staining kit (cat. no. 00-5523-00), cells were incubated
with FACS antibodies (key resources table) and used for flow cytometry.

Preparation of nuclei

Cells were grown to a volume of 3-4 L (ca. 1.0x10° cells/ml) and were harvested by centrifugation at 400 g, 4°C for 10 min. The su-
pernatant was discarded and after 2 wash steps with PBS in 50 mL falcon tubes cells were pelleted at 400 g, 4°C for 10 min. The
supernatant was discarded and the volume of sediment was recorded as “packed cellvolume: PCV”. Then, the cells were resus-
pended in 5x PCV hypotonic HB buffer (10 mM NaCl, 20 mM Tris, pH 7.6, 3 mM MgCl,, 1 mM DTT and protease inhibitor mix)
and incubated on ice for a maximum of 10 min to let them swell. The cells were spun down at 400 g, 4°C for 5 min. The volume
of the pellet was recorded as “swollen cell volume: SCV”. After this step, the volume of the cells should have increased. The super-
natant was discarded and the pellet was resuspended in 2x PCV HB buffer. The cells were transferred to a pre-cooled glass homog-
enizer on ice and homogenized with “loose” pistil (20 strokes). The cell membrane was disrupted by 5 strokes with “tight” pistil. An
aliquot was taken prior to cell lysis and controlled by comparison to lysed cells (phase contrast light microscopy). The nuclei were
sedimented by spinning at 1800 g, 4°C for 10 min. The supernatant was carefully taken off as cytosolic fraction and adjusted to
25% glycerin. The volume of cytosol and “nuclear pellet volume: NPV” were recorded. The nuclei were further resuspended in 1 vol-
ume NPV of HB buffer containing 25% glycerin. The nuclei were extracted by slowly adding 3M KCI to 450 mM KCI (final concen-
tration) for at least 30 min on ice.®® The nuclei were incubated for additional 10 min and were finally spun down in an ultracentrifuge
at 125,100 g at 4°C for 30 min. Both cytosolic and nuclear fractions were snap frozen in liquid nitrogen. Before use, the nuclear ex-
tracts are dialyzed overnight at 4°C against dialysis buffer (20 mM HEPES, pH 7.9, 20% Glycerol, 110 mM NaCl, 0.2 mM EDTA).

qRT-PCR analysis of mRNA expression

RNA was extracted by NucleospinRNAII isolation kit (Macherey-Nagel) and subsequently reverse transcribed to cDNA using Oli-
go(dT) primer and SuperScriptll kit (Invitrogen). For quantitative RT-PCR, 1 uL cDNA of cell target was mixed with 3 uL of MilliQ water,
1uL of primer pair of gene of interest and 5 uL of SYBR Green PCR Master Mix (Promega) in a well of optical 96-well reaction plate
(total volume 10 pL). The reaction was one replication of 50°C for 2 min, 2 replications of 95°C for 2 min and 45 replications of 95°C for
15 s and a final step at 60°C for 1 min. The additional dissociation graph is one replication of 95°C for 15 s, 60°C for 1 min and 95°C for
15 s. The analysis was done using Ct value approach at the exponential phase of PCR.

Co-immunoprecipitation (ColP)

ColP was done with either native nuclear extract or EGS cross-linked nuclear extract. For EGS crosslinking, EGS was added to a final
concentration of 0.686 g/L. After 15 min at room temperature, the reactions were quenched with 100 mM glycine. The nuclear ex-
tracts were prepared from fixed cells using Dignam protocol. The antibodies were incubated with protein A Sepharose beads over-
night and blocked for 1 h at 4°C using blocking buffer (20 mM HEPES, pH 7.9, 0.05 mg/mL, BSA, 0.05 mg/mL glycogen, 0.3 M KCl,
0.02% NP40, 2.5 mM DTT, 5 mg/mL polyvinylpyrrolidone). The reactions were incubated overnight at 4°C. The reactions were
washed four times with buffer G (20 mM HEPES, pH 7.9, 10% glycerol, 100 mM NaCl, 1 mM EDTA, 10 mM potassium glutamate,
0.04% NP40, and protease inhibitor mix). The beads were eluted by Laemmli buffer. TCEP (a final concentration of 10 mM) and
CAA (a final concentration of 40 mM) were added to the eluates. The reactions were incubated at 60°C for 30 min in the dark and
warmed up to 70°C, 1 min before loading on the gel.

Chromatin immunoprecipitation (ChIP)

Cells (5x10°) were fixed at room temperature with 1% (v/v) formaldehyde (5 min for histone, 15 min for transcription factors), and
quenched with 100 mM glycine. Cells were washed three times with cold PBS and were lysed in 625 pL lysis buffer (50 mM Tris,
pH 8.0, 10 mM EDTA and 1% (w/v) SDS) containing protease inhibitors. Chromatin was sheared by sonication to an average size
of 500 base pairs and was then diluted 1:10 with dilution buffer (50 mM Tris, pH 8.0, 10 mM EDTA, 150 mM NaCl and 1% (v/v) Triton
X-100). For histone ChIP, a 1.0-mL aliquot of the diluted chromatin was incubated first with antibodies overnight and next day with
protein A Sepharose beads for 1 h at 4°C. For transcription factor ChlIP, the antibodies were first bound to protein A Sepharose beads
and blocked for 1 h at 4°C using blocking buffer (20 mM HEPES, pH 7.9, 0.05 mg/mL BSA, 0.05 mg/mL glycogen, 0.3 M KCl, 0.02%
NP40, 2.5 mM DTT, 5 mg/mL polyvinylpyrrolidone). The diluted chromatin was added to the antibody bound protein A Sepharose
beads. The reactions were incubated overnight at 4°C. The reactions were washed four times with wash buffer (20 mM Tris, pH
8.0, 2 mM EDTA, 0.1% (w/v) SDS, 1% (v/v) Triton X-100 and 150 mM NaCl) and then washed once with Tris-EDTA (20 mM Tris,
pH 8.0, 2 mM EDTA). Chromatin was eluted twice with 50 uL elution buffer (1% (w/v) SDS, 0.1 M NaHCO3) and was reverse-
cross-linked by incubation of the chromatin immunoprecipitation samples overnight at 65°C. DNA was purified with the Qiaquick
PCR purification kit (Qiagen) and was analyzed by quantitative PCR.
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Native chromatin immunoprecipitation (native ChIP)

2*107 cells were grown and harvested to prepare the nuclei. The nuclei were resuspended in 400 uL. MNase buffer (10 mM Tris-HCI, pH
8.0, 50 mM NaCl, 5 mM CaCl,, 100 pg/mL BSA) and digested with 60 units of MNase (Thermo no.: EN0181) at 37°C shaking for 9 min
(depends on cell types) to obtain mononucleosomes. The digestion was stopped by addition of EDTA and EGTAt0 0.3 M and 0.25 M
final concentration, respectively. Following a short spin down, the supernatant containing the DNA fragments was controlled by agarose
gel electrophoresis. Then chromatin was subjected to antibody-protein A Sepharose immunoprecipitation as described above.

DNA affinity chromatography experiments

Biotinylated DNA baits generated by PCR were purified by phenol-chloroform extraction/DNA precipitation and immobilized to MyONE
C1 streptavidin magnetic beads with the ratio 200 pmol DNA/100 pL beads. The beads were then kept in buffer DW (20 mM Tris-HCI, pH
8.0, 2 M NaCl, 0.5 mM EDTA, 0.01% NP-40). Before conducting the reverse ChIP experiment, the beads harboring the immobilized
DNA baits are incubated for 1 h in blocking buffer (20 mM HEPES, pH 7.9, 0.05 mg/mL, BSA, 0.05 mg/mL glycogen, 0.3 M KCl,
0.02% NP40, 2.5 mM DTT, 5 mg/mL polyvinylpyrrolidone) at 4°C on a rotary wheel using 13.4 uL buffer per uL beads. Excess blocking
buffer is removed by washing the beads with buffer G (20 mM HEPES, pH 7.9, 10% glycerol, 100 mM NaCl, 1 mM EDTA, 10 mM po-
tassium glutamate, 0.04% NP40, and protease inhibitor mix). Dialyzed nuclear extracts were precleared by spinning down at 20,000 g
for 10 min at 4°C and incubation with bulk MyONE C1 beads. Cleared nuclear extracts (~6-10 mg/mL) are adjusted to 10 mM potas-
sium glutamate, 10 pg/mL poly (dI/dC) and 110 mM NaCl (final concentrations). The adjusted extracts were separately subjected to
pre-blocked beads with respective DNA baits for 4 h at 4°C. After incubation, the beads were washed 4 times with buffer G. The beads
were then eluted two times (for 5 uL beads carrying biotinylated DNA baits, 1st elution: 20 uL buffer G, 2 mM MgCl,, 1 uL Benzonase,
2nd elution: 30 uL buffer G). The eluates were combined and adjusted to 1xLDS sample buffer/50mM DTT.

Proteomics

Samples derived from DNA affinity chromatography experiments were separate by 4-12% Bis-Tris NUPAGE gels and stained with
colloidal Coomassie (InstantBlue). For each replicate, entire gel lanes were cut into evenly distant slices, which were processed by
standard trypsin (Promega) in-gel digestion procedure. Following peptide clean-up by C18-STAGE tipping, tryptic peptides were
analyzed by nanoLC-MS in DDA mode (Thermo Fisher Orbitrap XL + ETD or Q Exactive/Q Exactive Plus and Exploris 480 mass spec-
trometer) using a one column liquid-junction setup, in which the in-house packed (Dr. Maisch, Reprosil-Pur C18 AQ 120A beads)
analytical capillary column (NewObjective, 360 um OD, 75um ID, 8 um tapered open end) concomitantly served as the ESI (electro-
spray ionization) emitter. MS .raw data were processed by MaxQuant (SILAC data acquired on OrbitrapXL+ETD MS; label-free data
acquired on Q Exactive and Exploris mass spectrometers) utilizing the Max LFQ algorithm®® for label-free data and the output (pro-
teingroups.txt) was further analyzed by standard R packages (quantile normalization of LOG2 transformed data in limma package,
pheatmap.R) and the Perseus framework (Student‘s T test, Benjamini-Hochberg multiple testing correction, Volcano plots).

Formaldehyde-assisted isolation of regulatory elements (FAIRE)
FAIRE was performed as described®” and analyzed with gPCR.

3C assay

As outlined previously,'® 1x108 to 2x10° cells were lysed in 300 uL of lysis buffer (10 mM Tris-HCI, pH 8.0, 10 mM NaCl, 0.2% Igepal
CAB30 with protease inhibitors) and incubated for 20 min on ice. Cells were centrifuged 2500 g for 5 min at 4°C, and pellets were
washed once in lysis buffer. Pellets were resuspended in 50 pL of 0.5% SDS and incubated for 10 min at 65°C. Water (145 puL)
and 25 pL of 10% Triton X-100 were added to the samples and incubated for 15 min at 37°C. Hindlll restriction enzyme (100 U)
and 25 pL of NEB Cut smart buffer were added and incubation was extended (overnight at 37°C with shaking). The next day, the
enzyme was inactivated for 20 min at 65°C. The ligation reaction was carried out overnight at 16°C by adding 120 uL of NEB T4 ligase
buffer containing 10 mM ATP (NEB B0202), 100 uL of 10% Triton X-100, 3 pL of 50 mg/mL BSA, 720 uL of water, and 5 uL of T4 DNA
ligase (NEB M0202). The day after, 50 pL of 20 mg/mL proteinase K and 120 uL of 10% SDS were added, and the samples were
incubated overnight at 65°C. Last, 10 uL of 10 mg/mL RNase was added, and samples were incubated for 1h at 37°C. Following
phenol chloroform purification, the DNA was precipitated using 1.6 vol. of 100% ethanol and 0.1 vol. of 3 M sodium acetate. After
incubation for 1h at —80°C, samples were spun at 16000 rpm for 15 min at 4°C. Pellets were washed twice with 70% ethanol and
dissolved in 100 pL of 10 mM Tris (pH 8.0). 3C ligation products were measured by quantitative PCR, and primers for the amplification
of the “bait” sequence were used as an internal normalization control for each of the samples. The primers used for this study are
listed in Table S9.

RNA-seq analysis

Total RNA was isolated using Qiagen micro RNA prep kit according to the manufacturer’s instructions. rRNA-depleted total RNA was
prepared using Ribozero magnetic beads for library preparation. The library was prepared with random hexamer primers. The 151bp
paired-end reads were mapped to the mouse reference genome (mm10) using the STAR aligner (2.5.3a). Total read counts for the
Gencode (vM23) reference genes were calculated using featureCounts (v2.0.0). The log-transformed total count per million (CPM)
was calculated for each gene and genes with values below 0 were excluded. Differential gene expression was calculated by a linear

Cell Reports 43, 114456, July 23, 2024 21




¢ CelPress Cell Reports

OPEN ACCESS

modeling approach with the use of functions available in the R package limma. For differential expression analysis, the functions Imfit,
eBayes and contrast.fit available in limma were applied to the voom-transformed expression values. A set of significant differentially
expressed genes was selected with an adjusted p-value cut-off of 0.05 after the Benjamini-Hochberg correction for multiple testing
was applied. Gene set enrichment analysis was performed using fgsea. This was used to identify significantly enriched pathways in
the datasets. A final set of genes involved in the selected pathways was generated by manual literature review. The heatmap was
visualized using pheatmap package available in R environment.

ChlP-seq analysis

ChlP-seq reads from two replicates each of MSL2, YY1, and RNA polymerase Il (POL2) ChIP were trimmed using trim galore (v 0.3.7)
and mapped to the mouse reference genome (mm10) using bowtie2 (2.2.3) with default settings. Read duplicates and reads mapped
to blacklisted regions were removed using picard, samtools and bedtools. The properly mapped reads from both replicates of MSL2
or YY1 ChlIP and their corresponding input controls were used to identify peaks using MACS2 (v2.1.0) with a g-value cut-off of 0.05.
The overlap of MSL2 and YY1 peaks was identified within 75 bp of the peak summit using bedtools. Analysis of de novo motifs within
75bp of the peak in MSL2-only, YY1-only and the common binding regions was performed using the findMotifsGenome program
available in the homer package (v 4.7). The distribution of the ChIP signal around the peak clusters was visualized using deeptools
(v.3.5.0). The ChIP signal normalized to 10 million reads (bedGraph format) was generated using the makeUCSCfile tool available in
Homer (v.4.7) and further used to visualize the distribution of signals around selected loci using Gviz tools (v 1.44). The peaks are
annotated for the associated genes using the annotatePeaks tool available in Homer (v 4.7) and used for overlapping with differen-
tially expressed genes. In order to properly map the YY1, MSL2 and POL2 binding signals at the rearranged /gh locus allele in Sip65K°
pre-B cells, we obtained the BALB/c genome sequence (GCA_921997145.2_BALB_cJ_v3) from the UCSC genome database. The
VDJ region identified by targeted sequencing/RNAseq was reconstructed in silico to reflect the rearranged Igh locus allele. The
MSL2, YY1 and POL2 ChIP sequencing data were mapped to the reconstructed genome to visualize the binding pattern at the
Igh locus. For visualization, the replicates were pooled and normalized to 10 million reads using homer. The dataset was visualized
for the reconstructed region (OW971649.1: 106900000-106990000) using pyGenomeTracks tools.

Analysis of publicly available H3K4 methylation ChIP-seq data

The histone marks ChIP of Rag? ~/~ pro-B cells was obtained from publicly available datasets®” (GSE21978). The aligned reads were
converted to bedGraph and bigwig format using Homer. The MSL2-specific, common (MSL2-and YY1-shared) and YY1-specific
peaks were converted to the mm8 version using the ucsc liftover tool. Histone marks within 3kb of the peak center were visualized
using deep tools.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data were obtained from independent biological replicates as described in the method details and indicated in the figure legends.

Descriptions of data quantification and statistical analysis of experiments are provided in the respective methods sections or in figure
legends. p values and the number of replicates (n) can be found in the figure legends.
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