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ABSTRACT

The tumor-suppressor proteins BRCA1 and BARD1
function as an E3 ubiquitin ligase to facilitate tran-
scriptional repression and DNA damage repair. This
is mediated in-part through its ability to mono-
ubiquitylate histone H2A in nucleosomes. Studies
in Caenorhabditis elegans have been used to elu-
cidate numerous functions of BRCA1 and BARD1;
however, it has not been established that the C. el-
egans orthologs, BRC-1 and BRD-1, retain all the
functions of their human counterparts. Here we ex-
plore the conservation of enzymatic activity toward
nucleosomes which leads to repression of estrogen-
metabolizing cytochrome P450 (cyp) genes in hu-
mans. Biochemical assays establish that BRC-1 and
BRD-1 contribute to ubiquitylation of histone H2A
in the nucleosome. Mutational analysis shows that
while BRC-1 likely binds the nucleosome using a con-
served interface, BRD-1 and BARD1 have evolved dif-
ferent modes of binding, resulting in a difference in
the placement of ubiquitin on H2A. Gene expression
analysis reveals that in spite of this difference, BRC-1
and BRD-1 also contribute to cyp gene repression in
C. elegans. Establishing conservation of these func-
tions in C. elegans allows for use of this powerful
model organism to address remaining questions re-
garding regulation of gene expression by BRCA1 and
BARD1.

INTRODUCTION

BRCAI protein protects the genome by signaling for DNA
damage repair of double stranded breaks via homologous
recombination, halting cell cycle progression in damaged
cells, and preventing DNA damage through repression of
genes and satellite DNA (reviewed in (1)). BRCA1 performs
these functions in many mammalian tissues such as em-

bryonic stem cells, fibroblasts, and neurons (2-4). Yet, het-
erozygous mutations in BRCAT1 are most often associated
with increased cancer-risk in estrogen-responsive tissues in
women: up to 90% increase in breast cancer risk and 44%
increase in ovarian cancer risk (5-7). The role BRCA1, and
its partner BARDI, play in repressing the expression of cy-
tochrome P450 (cyp) genes that metabolize estrogen into
DNA damaging free radicals has been hypothesized to con-
tribute to the tissue specificity (8,9). The RING domains
of BRCA1 and BARDI form a heterodimer (BCBD) that
catalyzes attachment of the small signaling protein, ubiqui-
tin, onto the C-terminal tail of histone H2A that serves as
a repressive mark on chromatin. However, many questions
remain regarding how ubiquitylated H2A represses genes,
how BCBD is recruited to the regulated genes, and which
genes are regulated by BCBD.

The model organism Caenorhabditis elegans offers an op-
portunity to explore the functions of BRCA1 and BARDI.
Unlike mammals, C. elegans can grow past the embry-
onic stage and reproduce without functional BRCA1 or
BARDI. Researchers have taken advantage of this to in-
vestigate in vivo functions of the C. elegans BRCA1 and
BARDI orthologs, BRC-1 and BRD-1, respectively. Like
human BCBD (HsBCBD), the worm orthologs (CeBCBD)
also maintain genome stability by acting in pathways such
as DNA damage repair, meiosis, satellite DNA repression,
and cell cycle checkpoint signaling (10-16). However, it is
unknown if CeBCBD plays a conserved role in gene re-
pression through H2A ubiquitylation. Here, we establish
that BRC-1 and BRD-1 form a complex that can ubiqui-
tylate histone H2A in nucleosomes in vitro and repress cyp
genes in vivo. We show that the interaction of BRC-1 with
the nucleosome occurs through a conserved interface, while
the BRD-1 nucleosome-binding interface differs from that
described for BARDI. The biochemistry of the CeBCBD
complex supports recent hypotheses regarding how diver-
gent RING-nucleosome interactions determine the specific
lysine target on histones. These findings provide a path to
use C. elegans to investigate the many remaining questions
regarding BRCA1 function in transcription regulation and
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the role of BRCA1’s enzymatic activity throughout devel-
opment.

MATERIALS AND METHODS
Generation of constructs

To investigate the biochemistry of CeBCBD in vitro, a con-
struct coding for BRD-1 residues 1-107 was cloned into the
pET28N vector using restriction enzyme cloning. The re-
sulting protein contains an additional glycine as the sec-
ond residue due to the restriction enzyme site introduced
during cloning. A construct coding for BRC-1 residues 1-
100 with an N-terminal histidine tag was cloned into the
pCOT?7 vector. Mutants were synthesized to probe the nu-
cleosome binding interface using the primers described in
Supplementary Table S1 and the Agilent QuikChange Site-
directed Mutagenesis protocol with modifications described
previously (17). The plasmid coding for the H2A chimeric
protein and the mutant K125H chimeric H2A were gener-
ated from histidine- and VSVG-tagged human H2A on the
pHIS vector using New England Biolabs (NEB) Q5 Site-
directed mutagenesis protocol. PCR was performed using
appropriate forward and reverse primers designed to delete
residues 122-130 from human H2A and replace them with
residues 123-127 of C. elegans H2A. All constructs gener-
ated were confirmed via genetic sequencing analysis using a
Hitachi Genetic Analyzer 3130XL.

Protein expression and purification

Both partners of the heterodimer for all CeBCBD and Hs-
BCBD constructs were co-transformed into BL21 (DE3)
Escherichia coli according to the New England Biolabs pro-
tocol. The transformed cells were grown, and the CeBCBD
constructs were synthesized as described for HsBCBD with
the following minor modification (18,19). Protein expres-
sion was induced for 16 h at 16°C using IPTG at a final con-
centration of 0.2-0.25 mM. Reducing agent (1 mM DTT or
1 mM TCEP) was present in all steps of purification from ly-
sis to storage of the purified protein and is necessary for pro-
duction of ligase active protein. Histidine-tag affinity chro-
matography was performed using a HiTrap Talon Crude
cobalt column (GE) on an Akta Start GE system. Size ex-
clusion chromatography was performed on an NGC Quest
10 Plus Bio-Rad chromatography system in 25 mM HEPES,
150 mM NaCl, 1 mM TCEP-HCI, pH 7.0. The final Ce-
BCBD concentration was determined using absorbance at
280 nm and an extinction coefficient of 15.00 mM cm™!.
Construct expression and purity was confirmed with 15%
SDS-PAGE (Supplementray Figure S1). All mutant con-
structs of CeBCBD were purified as described for wild-type
with the exception of C21W and C40Y mutants. As re-
ported for HsBCBD containing the equivalent mutations
(9), these constructs are more challenging to work with in
vitro and size exclusion chromatography could not be per-
formed without loss of the heterodimer to quantities below
what is needed for assays. Instead the C21W and C40Y mu-
tant proteins were dialyzed into 25 mM HEPES, 150 mM
NaCl, | mM TCEP-HCI, pH 7.0 after metal affinity chro-
matography. Due to impurities that absorb at 280 nm, the
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concentration of these mutants were adjusted using com-
parison to wild-type CeBCBD at known concentrations on
SDS-PAGE.

Ubiquitin, E1 (UBA1), and E2 (LET-70) were expressed
and purified as described previously (20,21). These pro-
teins were stored at —80°C in a buffer containing 25 mM
sodium phosphate, 150 mM NaCl at a pH of 7.0. Both
chimeric H2A constructs were expressed and assembled
into octamers as previously described for human nucleo-
some reconstitution (22). Reconstitution was verified with
5% polyacrylamide TBE gel electrophoresis. The nucleo-
somes were stored on ice at 4°C in a buffer solution con-
taining 50 mM NaCl and 20 mM TRIS and used within one
week of reconstitution. HsBCBD was co-expressed (Hisg-
BRCAI residues 1-110 and BARDI residues 26-140) and
purified using the same protocol as for CeBCBD.

H2A ubiquitylation assays and western blotting

All ubiquitylation assays were carried out in reaction mix-
tures containing a final concentration of 25 mM HEPES,
150 mM NacCl, 20 wM ubiquitin, 8 wM CeBCBD, 4 pM
E2 (LET-70), 0.5 pM E1 (UBA1), 0.3 wM nucleosomes, 5
mM ATP, 5mM MgCl,, 0.1-0.2 mM TCEP-HCl at pH 7.0.
All nucleosomes used for assays contain the chimeric H2A
with the worm C-terminal tail described in ‘generation of
constructs’. The sample for the zero-time point was taken
prior to the addition of ATP. Samples of the reaction were
taken at 10 and 30 min after the addition of ATP, and the re-
action was quenched by adding reducing SDS-PAGE load
dye. Samples were subjected to 15% SDS-PAGE and ana-
lyzed with western blotting. Blotting was carried out using
a 1:10 000 dilution of a rabbit antibody against the VSVG-
tag on histone H2A (Millipore Sigma Corp.). A 1:5000 di-
lution of a goat-anti-rabbit antibody conjugated to alkaline
phosphatase (Rockland Immunochemicals Inc.) was used
for detection. The secondary antibody was detected using
BCIP/NBT Color Development Substrate (Promega Cor-
poration) according to manufacturer specified protocols.
Quantification of at least three replicates was carried out
by densitometry using ImageJ (NIH) and GraphPad Prism
or Microsoft Excel was used to perform the statistical tests
described in the figure captions.

C. elegans strains and maintenance

Wild-type (WT) N2 Bristol was gifted by Dr. Phil Hartman
(Texas Christian University, Texas, USA). DW103 [brd-
1(dw1)] strain was obtained from C. elegans Genetic Cen-
ter, University of Minnesota, which is funded by NIH Of-
fice of Research Infrastructure Programs (P40 OD010440).
The VC4248 (gk5332) strain, a CRISPR generated knock-
out, was created by the Moerman Laboratory and gifted
by Dr. Dana Miller (Washington University, Washington,
USA) (23). Worms were cultured on nematode growth me-
dia (NGM) agar seeded with E. coli OP50 and maintained
at 20°C using the standard procedure (24). L4 stage worms
were used for all gene expression measurements. Briefly, a
synchronized population of L1 worms were obtained using
hypochlorite bleaching. The pool of L1 larvae were grown
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in E. coli seeded NGM plates for 36 hours until the worms
reached the L4 stage. L4 larvae were flash-frozen using dry
ice and stored at —80°C.

RNA isolation and RT-qPCR

For each biological replicate (four replicates for each worm
strain), total RNA was isolated from a pool of 2000 flash
frozen L4 worms using the Maxwell 16 LEV simplyRNA
Tissue Kit connected with Maxwell 16 AS2000 instrument
(both Promega Corporation, Madison, WI, USA) with
some modifications. In brief, 210 pl of cold Promega ho-
mogenization buffer was added to the sample and sonicated
using VCX130 with CL-18 tip at 85% amplification (six
pulses with 3 s on time and 3 s off time between pulses) fol-
lowed by addition of 200 .l Promega lysis buffer. The quan-
tification of RNA was performed using NanoDrop ND-
1000 Microvolume UV-Vis Spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA). All the samples had
an absorbance ratio of 260/280 and 260/230 >2 indicating
acceptable levels of RNA purity for downstream applica-
tions. High starting quantities of worms were necessary to
achieve robust quantification of ¢yp-134 mRNA due to low
expression levels. Blinding was not used as it is not standard
practice for RT-qPCR experiments with C. elegans.

Quantabio gscript cDNA Supermix was used to convert
RNA to cDNA. Briefly, total RNA was diluted to 50 ng/pl
and combined with cDNA supermix at a ratio of 4:1 total
RNA:supermix. Reactions were carried out using a TC100
thermal cycler (BioRad, Hercules, CA) with a program of 5
min at 25°C followed by 30 min at 42°C and 5 min at 85°C.
To quantify gene expression, qPCR reactions containing
0.4 pl of cDNA, 4.3 ul of nuclease free water, 0.3 wl of 10
wM primer mix and 5 pl of PerfeCta SYBR Green Fast-
Mix (Quantabio), were performed in triplicate using a Bio-
Rad CFX Connect real-time PCR detection system, man-
aged by CFX Manager 3.0 software, with a cycling program
consisting of an activation step (95°C, 30 s) and 40 cycles
of denaturing (95°C, 10 s) and annealing (primer specific
temperature, 15 s). Melt curve analysis was conducted at
the end of each qPCR reaction to confirm primer speci-
ficity. The primer sequences and annealing temperatures are
shown in Table S2 of the SI. A standard curve was gener-
ated for each gene to ascertain the efficiency of the primer
(80-97%) and estimate the starting quantity (SQ) of target
genes. Any replicate deviating more than two standard de-
viations away from the mean for a particular gene within
that strain was considered an outlier and removed before
analysis (n = 3-4 biological replicates for analysis). The ex-
pression of the reference gene, tha-1, was found to be sta-
ble across the strains. The data are presented as the mean
SQ normalized to reference gene tha-1 and presented rel-
ative to WT. To minimize confounding factors, WT sam-
ples prepared and analyzed alongside each strain were used
for comparison. A Student’s t-test compared the expression
of each gene in the transgenic strain to expression levels in
WT worms using GraphPad Prism version 9.0.1. Statistical
significance was considered P < 0.05. Reporting for experi-
ments using C. elegans follows the recommendations in the
ARRIVE guidelines.

RESULTS

Nucleosome ubiquitylation is a conserved function of Ce-
BCBD

Like human BRCA1 and BARDI, C. elegans BRC-1 and
BRD-1 contain conserved RING domains, form a het-
erodimer, and can act as an E3 ubiquitin ligase (10,11). To
determine if H2A ubiquitylation is a conserved function in
CeBCBD, we expressed recombinant BRC-1 and BRD-1
RING domains in bacteria and purified the heterodimer.
The core of histone H2A has 98% sequence similarity in
worms and humans, and importantly all of the nucleosome
residues that HsBCBD contacts in the available structures
are conserved (Supplementary Figure S2a) (22,25). How-
ever, the H2A C-terminal tail, which is the target of Hs-
BCBD, is not conserved in worms (Figure 1A). To bet-
ter mimic the worm histone, we created a chimera of hu-
man H2A in which the C-terminal tail is replaced with the
worm sequence. Keeping the core consistent allowed for ef-
ficient nucleosome assembly in vitro without modification
of established protocols. We found when the CeBCBD het-
erodimer is combined with ubiquitin (Ub), reconstituted
mononucleosomes, the worm E2 enzyme (LET-70), the hu-
man El enzyme (UBA1) and ATP that the RING domain
heterodimer catalyzes transfer of Ub onto the chimeric
H2A. Ub is attached through a covalent peptide bond al-
lowing for observation of enzyme activity by monitoring the
change in molecular weight of H2A in a western blot for
the VSVG epitope tag on H2A (Figure 1B). The increasing
intensity of higher molecular weight bands corresponding
to ubiquitylated H2A and the disappearance of the lower
molecular weight band from unmodified H2A both indi-
cate that the enzymatic activity toward H2A in nucleosomes
is a conserved property of CeBCBD (lanes 1-3) and Hs-
BCBD (lanes 7-9). CeBCBD also demonstrates preference
for modification of H2A over other histone tails similar to
HsBCBD (Supplementary Figure S2b) (26).

To determine if the site of CeBCBD ubiquitylation is con-
served, the lysine in the C-terminal tail closest to those tar-
geted in the human system was eliminated through muta-
tion (K125H) (26). HsBCBD shows a preference for K125
ubiquitylation consistent with the pattern of lysine prefer-
ence reported in Witus et al. (22). This is most easily ob-
served in Figure 1b by noting the increase in unmodified
H2A in lanes 11-12 when compared to lanes 8-9. In con-
trast, ubiquitylation of the K125H H2A mutant by Ce-
BCBD is not substantially affected as observed by compar-
ing lanes 2-3 to 5-6. A statistical comparison of the average
band density for unmodified H2A remaining at 10 and 30
min in Figure lc, supports these observations. The results
suggest that HsBCBD retains its known preference for ly-
sine on the flexible extreme C-terminal tail in the chimeric
H2A, but that K125 is not the preferred target of CeBCBD.

Three human RING E3 ligases ubiquitylate H2A on non-
overlapping Lys residues. The placement of ubiquitin onto
a specific Lys on the nucleosome is hypothesized to be dic-
tated by the interaction of the RING domains with the hi-
stone core on the face of a nucleosome, rather than a spe-
cific interaction formed with the tails themselves (22,27,28).
To investigate the conservation of the nucleosome binding
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Figure 1. H2A ubiquitylation is a conserved feature of CeBCBD, but does not primarily occur at the predicted location. (A) Amino acid sequence alignment
of worm (Ce) and human (Hs) histone H2A tails. The residue highlighted in black, K125, is the lysine closest to the three residues targeted by HsBCBD
shown in bold. Dashes indicate gaps in the sequence. (B) In vitro activity of CeBCBD and HsBCBD toward nucleosomes containing H2A with the worm
C-terminal tail sequence (WT) or K125H mutation is demonstrated via western blot for H2A. (C) Mean unmodified H2A remaining after 10 and 30
min from two biological and two technical replicates of in vitro H2A ubiquitination assays. Error bars represent the standard deviation. The intensity of
unmodified H2A bands in western blots such as (B) were quantified using ImageJ. Means were compared using a Welch’s 7-test for data with unequal
variance (HsBCBD at 30 min) or an unpaired two-sample t-test was used for data with equal variances (all other time points). Statistical significance was
determined using a P-value <0.05. An uncropped blot image is available in the supplementary information.

interface, we mutated the BRC-1 residues that align with
the BRCAI arginine anchor shown to bind the nucleosome
in recent structures (Figure 2A) (22,25). Mutation of the
arginine anchor to a neutral residue (R67A) or of both ba-
sic residues in the loop to the opposite charge (K66E and
R67E) resulted in a substantial loss of H2A ubiquitylation
activity that can be observed by the intense band of unmodi-
fied H2A remaining throughout the assay or the less intense
bands corresponding to ubiquitylated H2A after 10 and 30
min (lanes 4-9 in Figure 2B). Quantification of the remain-
ing unmodified H2A after 30 min confirms these BRC-1
mutants have a significant decrease in activity compared to
wild-type (Figure 2C). These results are similar to what has
been observed when mutating the corresponding residues in
BRCALI consistent with these BRC-1 residues having a con-
served nucleosome-targeting function in CeBCBD (22,27).

While BRCAL1 is vital for binding to the E2 and the nu-
cleosome acidic patch, these roles are also preserved for the
other two RING domains that ubiquitylate H2A on alter-
nate lysines, the PRC1 complex and RNF168 (29-31). Ad-

ditional nucleosome contacts outside of the arginine an-
chor, such as those formed by BARDI, are hypothesized to
dictate lysine specificity (22). To determine if BRD-1 func-
tion could be responsible for the different lysine residue tar-
geted by CeBCBD, we aligned the sequences of BRD-1 and
BARDI (Figure 2A). The main residue that forms nucle-
osome contacts in BARDI1, W91, is not present in BRD-1,
which has a charged Asp in its place. A nearby proline (P89)
that is important for HsBCBD binding to nucleosomes is
conserved in CeBCBD (both W91 and P89 are highlighted
in red in Figure 2A) (22). To test if the analogous region
of the BRD-1 RING interacts with nucleosomes we mu-
tated the proline to alanine (P69A). Unlike in HsBCBD,
this mutation has negligible effects on the activity of Ce-
BCBD as observed by decreasing intensity of the unmodi-
fied H2A band and formation of ubiquitylated H2A in Fig-
ure 2D (lanes 4 and 5). Statistical tests of the quantification
of activity do not show significant deviation from wild-type
activity levels (Figure 2E). The non-conservative residue at
the WO1 position coupled with the lack of a functional ef-
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Figure 2. BRC-1 utilizes a conserved nucleosome binding interface. (A) Sequence alignments of the relevant regions of the RING domains and solution
structure (PDB 1JM?7) of HsBCBD highlighting the sidechains of residues from BRCA1 and BARDI that are important for binding to the nucleosome in
orange and red, respectively. The sidechain of BARD1 R99 that non-covalently engages ubiquitin in E2~UDb is shown in blue. Zinc coordinating residues
that were mutated in families with a history of breast cancer are shown in gray. Western blots comparing the ubiquitylation activity of mutant BRC-1
(B) and mutant BRD-1 (D) constructs to wild-type CeBCBD (WT). The substrate observed is H2A incorporated in nucleosomes. Means and standard
deviations of unmodified H2A at 30 min are presented for BRC-1 mutants (C) and BRD-1 mutants (E). Asterisk denotes mutants with significant decreases
in activity according to Student’s z-test with P-value < 0.05, while ‘ns’ denotes activity difference is not significant (P-value > 0.05). (F) BRD-1 homology
model generated by SWISS-MODEL (light blue) highlighting the K54 and R55 basic patch in green (44). The additional loop in BRD-1 that contains

these residues is hypothesized to be positioned below the nucleosome binding residues for BARDI (red). Uncropped blot images are available in the
supplementary information.



fect of mutating the P89 analog suggest that the nucleosome
binding interface of BARDI is not conserved in BRD-1.

To determine if BRD-1 is involved in nucleosome bind-
ing at an alternative interface, we generated mutations in
two conserved zinc-coordinating Cys residues highlighted
gray in Figure 2A (C21W and C40Y). The homologous mu-
tations prohibit BARDI nucleosome binding in HsBCBD
and were identified in families with a history of breast can-
cer (9). These residues do not bind directly to nucleosomes,
but through the loss of a zinc coordination site they are pre-
dicted to disrupt the RING domain structure and thereby
perturb the location of the nucleosome binding residues
(32). Asthe BARDI1 RING domain is not directly involved
in binding to the E2 but instead interacts with the nu-
cleosome substrate, mutating a zinc-coordinating cysteine
residue is an indirect way of determining if BRD-1 contains
a nucleosome binding interface (9). As was reported for Hs-
BCBD, mutation of zinc-coordinating cysteine residues in
BRD-1 results in a heterodimer that still co-purifies from
bacteria, but may be less stable than wild-type heterodimers
(Supplementary Figure S1) (9). Nucleosome ubiquitylation
assays with C21W and C40Y heterodimers resulted in loss
of nucleosome ubiquitylation (lanes 6-9 in Figure 2d-e).
These results suggest that BRD-1 contributes to nucleo-
some interactions.

To predict the alternate interface used by BRD-1 to en-
gage nucleosomes, we built a homology model using the
BARDI structure (Figure 2F). BRD-1 contains an addi-
tional loop of eleven residues compared to BARDI1 (Fig-
ure 2A) that extends past the BARDI nucleosome bind-
ing interface in the predicted structure (Figure 2F and
Supplementary Figure S3). Highlighted in green in Fig-
ure 2A and F are the only two residues in this loop that
are conserved amongst species in the Caenorhabditis genus:
two basic residues at position 54 and 55 (see Supplemen-
tary Figure S3d for multiple sequence alignment). We hy-
pothesized these residues may interact with acidic residues
on the surface of nucleosomes or with the negatively-
charged DNA backbone. To test this hypothesis, we mu-
tated these residues to oppositely charged glutamic acid
(K54E and RS5SE, referred to as KRS4EE in Figure 2).
This mutation significantly decreases nucleosome ubiqui-
tylation consistent with the hypothesis (lanes 10 and 11
in Figure 2D, E). Importantly, CeBCBD containing the
KRS54EE mutation is still able to bind and activate the
E2~Ub conjugate for transfer when free Lys is used as a
proxy substrate (Supplementary Figure S4a, b). This fur-
ther indicates the mutation disrupts interactions with the
nucleosome substrate specifically, rather than affecting the
interaction of BRD-1 with BRC-1 or with the E2~Ub
conjugate.

BARDI plays dual roles in HsBCBD E3 ligase activity
toward nucleosomes. In addition to nucleosome binding,
BARDI contains a positively-charged residue (R99) that
helps activate the E2~UDb conjugate for transfer through an
ionic interaction between its positively-charged sidechain
and a negative charge on Ub (R99 is highlighted in blue
in Figure 2). At the analogous position to the Arg, BRD-1
contains a His that could be positively-charged at physio-
logical pH depending on its pKr. We mutated this His to
a negatively-charged Glu (H79E). This mutation decreases
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the activity of CeBCBD as observed by the amount of un-
modified H2A remaining and by the decrease in ubiquity-
lated H2A (lanes 12 and 13 of Figure 2D, E), suggesting
BRD-1 may serve an analogous role to BARDI in activat-
ing E2~UDb conjugate for transfer. We also show that, unlike
wild-type CeBCBD, the H79E mutant fails to enhance the
reactivity of the E2~UDb conjugate toward free lysine (Sup-
plementary Figure S4c, d). Together, the results are consis-
tent with the residue playing a role in ubiquitin interactions,
as opposed to a being directly involved in nucleosome inter-
actions.

cyp gene repression is a conserved function of CeBCBD

One consequence of H2A ubiquitylation by HsBCBD is
the repression of c¢yplal and cyp3a4, genes involved in es-
trogen metabolism (8,9). To investigate the conservation of
this function in C. elegans, we used the basic local align-
ment search tool to identify potential cyp homologs. While
cyplal returned no close matches in worms, the cyp-13a
subfamily of genes in C. elegans contain 27-32% sequence
identity to cyp3a4 (Supplementary Figure S5). The regu-
lation of c¢yp3a4 may also be a conserved feature in the
cyp-13a subfamily, as both have expression inducible by
the antibiotic rifampicin (33). In human breast epithelial
cells (MCF10A), loss of homozygosity for either BRCAI
or BARDI results in increased expression of cyp3a4 by 2-
and 32-fold, respectively (8,9). The cyp-13A4 gene transcrip-
tome in L4 worms was compared in strains with either bre-1
or brd-1 gene mutations. Of the nine ¢yp-13A4 family mem-
bers with quantifiable expression levels, four genes (cyp-
1342, cyp-13A45, cyp-13410 and cypl3A11) are upregulated
by 1.5- to 2.5-fold compared to wild-type (N2) when brc-
1 is knocked out by CRISPR-Cas9 in the strain VC4248
(gk5332) (Abre-1 in Figure 3A).

While characterization of a complete knockout of brd-1
has not been reported in C. elegans, dwl worms lack the
brd-1 exons coding for the ankyrin domain and part of the
BRCT domain. These domains are implicated in chromatin
localization and increased targeting of HsBCBD to nucle-
osomes (25,34-36). The dwl strain shows decreased BRC-
1 and BRD-1 protein levels, presumably due to a loss of
protein stability (37). The brd-1 (dwl) strain showed sig-
nificant upregulation of six ¢yp-13A4 genes, including cyp-
1344, cyp-13A45, cyp-A6, cyp-13A48, cyp-13A11, and cyp-
13412 (Abrd-1 in Figure 3B). cyp-13 A4 showed the largest
change in expression of nearly 5.5-fold while the other
genes vary from 1.5- to 2.5-fold increase in expression. To-
gether, these results indicate that CeBCBD is important for
gene repression of cyp homologs, a function brought about
by BRCA1/BARDI-directed nucleosome ubiquitylation in
human cells (9).

DISCUSSION

Here, we show that the role of HsBCBD in transcriptional
regulation of cyp genes and H2A ubiquitylation are con-
served features in worms. As BARDI1 mutants that disrupt
nucleosome binding without affecting E3 ligase activity or
other known protein interactions have been linked to hered-
itary breast cancer, nucleosome ubiquitylation is thought to
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Figure 3. CeBCBD regulates the expression of cyp-134 genes in vivo. The expression of cyp-13A42, cyp-13A44, cyp-13A5, cyp-13A46, cyp-1347, cyp-13A48,
cyp-13410, cyp-13411 and cyp-13412 in WT (N2) and experimental worm strains Abre-1 (gk5332) (A) and Abrd-1 (dwl) (B) were measured with RT-
gPCR. All the data are presented as the mean starting quantity (SQ) normalized to reference gene rba-1 and presented relative to simultaneously measured
WT SQ. Each error bar represents = SEM and * denotes statistically significant deviation from WT as determined by Student’s z-test. P-values <0.05 were

considered statistically significant.

be important for tumor suppression (9). While there is some
debate about which roles of BCBD are responsible for tu-
mor suppression, other functions that promote genome sta-
bility likely contribute and are also conserved in worms such
as heterochromatin-mediated transcriptional silencing, pro-
moting homologous recombination at damaged DNA, and
cell cycle checkpoint control (10,11,14,15). Together, these
findings suggest that the model organism C. elegans can be
exploited to probe the mechanisms and pathways BCBD
uses to bring about the myriad functions.

Use of C. elegans to study BCBD function can help over-
come current challenges. Human tissue culture is compli-
cated by the lack of a complete BRCA1 or BARD1 knock-
out in a non-cancer cell line. Mammalian model systems are
challenging as loss of either BRCA1 or BARDI is lethal in
the embryonic stage. In contrast, C. elegans without BRCA1
can be stably propagated for generations in an otherwise
wild-type background, allowing for investigation of BCBD
function throughout development. The protein sequence

identity (similarity) of the BRC-1 and BRD-1 RING do-
mains are only 34% (59%) and 20% (72%) conserved respec-
tively. This suggests sequence comparisons may be helpful
for predicting which RING domain residues are used for
carrying out conserved functions.

While BRD-1 contributes to nucleosome binding, the
specific residues used for interacting with the substrate vary
from BARDI (Figure 2). This is reminiscent of several stud-
ies that show BCBD functions in axon regeneration and
meiosis in both humans and worms, but the mechanism ap-
pears to be different for the divergent proteins (16,38). Evo-
lution of differing mechanisms to achieve similar cellular
outcomes highlights the importance of these BCBD func-
tions to the fitness of organisms.

The distinction in BARD1 and BRD-1 nucleosome-
binding interfaces adds to the growing evidence for the hy-
pothesis that the interaction between the non-E2 binding
RING domain partner and the nucleosome dictate the po-
sition of ubiquitin placement (22,27). BRD-1, like a non-



analogous E3 ligase partner BMI1, contains an additional
loop when compared to BARDI1. The BMI1 loop contains
basic residues that interact with the nucleosome and tilt the
complex toward different Lys on the C-terminal tail (27).
The BRD-1 loop is located in a different part of the RING
domain compared to BMI1, but alignment of the predicted
BRD-1 structure with BMII or BARD1 when bound to
the nucleosome suggests the additional BRD-1 loop will
also face the nucleosome (Supplementary Figure S3). Fig-
ure 2 suggests that BRD-1 may use basic residues in this
loop to interact with the nucleosome. Structure alignments
place these basic residues in close proximity to the DNA
backbone, rather than the histone residues that BARDI1
binds (Supplementary Figure S3). Consistent with the nu-
cleosome interaction of the non-E2 binding partner deter-
mining the Lys specificity, we show that CeBCBD does
not share the same C-terminal H2A Lys preference as Hs-
BCBD.

The relevance of the location of ubiquitin placement on
H2A is unknown, but gene expression data presented here
demonstrates that CeBCBD is associated with gene repres-
sion much like HsBCBD and RING1/BMI1 (8,9,39.,40).
H2A is also ubiquitylated in a CeBCBD-dependent man-
ner in silenced satellite DNA repeat sequences in C. ele-
gans (15). This is consistent with H2A-UDb generated by Ce-
BCBD being important for transcriptional repression. The
mechanism for repression of genes by H2A-Ub is unknown,
but use of C. elegans may help shed light on this and other
remaining questions.

Here, we show that CeBCBD is involved in repression
of a subset of cyp-134 family members, homologous to
cyp3a4 repression by HsBCBD. ¢yp-1347 has been ob-
served to increase expression due to rifampicin exposure
similar to cyp3a4 in humans, suggesting conserved modes of
regulation between these c¢yp genes (33). BCBD has several
recently-identified functions as a histone reader, which may
contribute to how it is targeted to select genes (34,35,41).
Variation in the expression pattern amongst the different
cyp-13 A family members may help pinpoint the factors that
contribute to BCBD gene selectivity. The primers reported
here (Supplementary Table S2) target specific cyp-13 4 fam-
ily members and can be used in future studies to parse out
the variation in expression conditions of the divergent cyp-
13 A family members.

Two isoforms, cyp-1345 and cyp-13A411, showed in-
creased expression upon mutation of either bre-1 or brd-1,
but six other isoforms in this gene family showed increased
expression in either brc-1 or brd-1 mutant worms. One ex-
planation for this differential regulation would be if BRC-
1 and BRD-1 contain some independent functions, which
has been noted for BRCA1 and BARDI (42). Our bio-
chemical assays confirm that functional BRC-1 and BRD-
1 are needed for nucleosome ubiquitylation, so if BRC-1
and BRD-1 have independent functions it would suggest
they can modulate gene expression through means other
than ubiquitylation of H2A. Recent findings using Xeno-
pus have proposed that gene expression can be modulated
by BRCA1/BARDI inhibition of histone acetylation inde-
pendent of histone ubiquitylation (43). In contrast, expres-
sion of a ubiquitin-H2A fusion protein was enough to re-
press targeted cyp genes in human tissue culture engineered
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to mimic an inherited BARDI1 mutation, suggesting no
additional mechanisms are necessary for repression (9). It
could be that BCBD participates in redundant mechanisms
of gene repression or that use of these mechanisms varies
across genes, tissue-type, developmental stage, or species.
Establishing the conservation of H2A ubiquitylation and
cyp gene repression in the C. elegans model organism is a
positive step toward elucidating the epigenetic functions of
BCBD throughout development.
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