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Abstract

Identification of the driving force behind malignant transformation
holds the promise to combat the relapse and therapeutic resis-
tance of cancer. We report here that the single nucleotide poly-
morphism (SNP) rs4971059, one of 65 new breast cancer risk loci
identified in a recent genome-wide association study (GWAS), func-
tions as an active enhancer of TRIM46 expression. Recreating the
G-to-A polymorphic switch caused by the SNP via CRISPR/Cas9-
mediated homologous recombination leads to an overt upregula-
tion of TRIM46. We find that TRIM46 is a ubiquitin ligase that
targets histone deacetylase HDAC1 for ubiquitination and degrada-
tion and that the TRIM46-HDAC1 axis regulates a panel of genes,
including ones critically involved in DNA replication and repair.
Consequently, TRIM46 promotes breast cancer cell proliferation
and chemoresistance in vitro and accelerates tumor growth
in vivo. Moreover, TRIM46 is frequently overexpressed in breast
carcinomas, and its expression is correlated with lower HDAC1
expression, higher histological grades, and worse prognosis of the
patients. Together, our study links SNP rs4971059 to replication
and to breast carcinogenesis and chemoresistance and support
the pursuit of TRIM46 as a potential target for breast cancer inter-
vention.
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Introduction

Genetic aberrance is the key element in fostering the adaptation and
evolution of cancer cells, and identification of the driving node
behind genome aberrations holds the promise to decipher malignant
transformation and ultimately to combat therapeutic resistance and
relapse of cancer. Despite the extensive effort in cancer genomics,
identification of driver genes remains a daunting task, and differen-
tiation of drivers from passengers in oncogenesis remains a major
bottleneck in understanding the essence of cancer development and
progression (Vogelstein et al, 2013). In recent years, genome-wide
association study (GWAS) has become a powerful approach to iden-
tify the genetic contribution to the risk of cancer. Unlike traditional
candidate-driven studies, GWAS studies compare the entire genomic
sequence from a large population of cancer patients to the healthy
population, making the search for genetic aberrance in cancer more
objective. Ultimately, potential drivers identified by different
sources and via various means need mechanistic exploration and
experimental validation.

In a recent GWAS analysis of breast cancer in 122,977 cases and
105,974 control patients of European ancestry and 14,068 cases and
13,104 control patients of East Asian ancestry, 65 new loci were
identified to be associated with overall breast cancer risk at
P <5 x 107% (Michailidou et al, 2017). Interestingly, most of the
credible-risk single nucleotide polymorphisms (SNPs) in these loci
map to distal gene-regulatory elements. One of these risk loci is SNP
rs4971059. However, whether and how this locus might be function-
ally linked to breast carcinogenesis need to be investigated.

The tripartite motif (TRIM) protein family is composed of more
than 70 members, characterized by the presence of an N-terminal
RING-finger domain (R), one or two B-box domains (B), and a
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coiled-coil domain (C) (Short & Cox, 2006; Chu & Yang, 2011;
Herquel et al, 2011). It has been reported that several members of
the TRIM family, including TRIM24, TRIM27, TRIM33, and TRIM66,
possess E3 ubiquitin ligase activity attributable to the RING domain
(Jain et al, 2014; Chen et al, 2015; Xue et al, 2015; Wang et al,
2016). Functionally, TRIM proteins have been implicated in a broad
range of biological processes including transcription regulation, cell
growth, apoptosis, development, and tumorigenesis (Hatakeyama,
2011, 2017; Harterink et al, 2019; Venuto & Merla, 2019). However,
the molecular function of TRIM46 remains to be explored, and
whether and how this TRIM protein is involved in breast carcino-
genesis is currently unknown.

Histone deacetylase 1 (HDAC1) represents a paradigm of a group
of epigenetic enzymes catalyzing the removal of acetyl moieties
from histone lysine residues, leading to chromatin compaction and
transcription silencing (Gregoretti et al, 2004; Brunmeir et al, 2009).
In effect, HDAC1 is often associated with HDAC2 as a heterodimer
and engaged in several prominent corepressor assemblies including
the NuRD, Sin3A, and CtBP complexes (Hassig et al, 1997; Zhang
et al, 1999; You et al, 2001). It is reported that HDAC1 is overex-
pressed in various types of cancer (Choi et al, 2001; Eom et al,
2012). Accordingly, HDAC inhibitors have been pursued as promis-
ing therapeutics for cancer treatment regimen (Li & Seto, 2016).
However, evidence also indicates that HDAC1 is downregulated
(Suzuki et al, 2009) and acting as a tumor suppressor under certain
circumstances (Santoro et al, 2013), suggesting a context-dependent
scheme of actions for HDAC1 in cancer development. Importantly,
as most of its gene expression profiling has been conducted at the
mRNA level, whether and how HDACI is regulated at the protein
level under pathophysiological conditions need further delineation.

In this study, we report that the recently identified breast cancer
risk locus SNP rs4971059 resides in the sixth intron and within an
active enhancer element of the TRIM46 gene. We find that a G to A
polymorphic switch of the rs4971059 allele boosts the activity of this
enhancer and leads to an overt upregulation of TRIM46 expression.
We demonstrate that TRIM46 acts as an E3 ligase that targets
HDAC1 for ubiquitination and degradation. We show that the
TRIM46-HDAC1 axis functionally intersects with DNA replication
and repair pathways to promote carcinogenesis and chemoresis-
tance in breast cancer. We explore the clinicopathological signifi-
cance of the TRIM46-HDACI axis in breast cancer.

Results

SNP rs4971059 locates at the sixth intron of TRIM46 gene that
functions as an active enhancer

As mentioned above, a recent GWAS study of breast cancer identi-
fied 65 new breast cancer risk loci (Michailidou et al, 2017). One of
the loci, SNP rs4971059, is mapped to chromosome 1g22. Bioinfor-
matics analysis indicates that this locus is at the sixth intron of
TRIM46 gene (Fig 1A). HaploReg scanning (Ward & Kellis, 2012)
reveals that the region surrounding SNP rs4971059 is marked with
histone H3 lysine 4 mono-methylation (H3K4mel) (Fig 1B, left), an
eminent feature of an active enhancer (Calo & Wysocka, 2013).
Indeed, chromatin immunoprecipitation (ChIP) assays in breast
adenocarcinoma MCF-7 cells confirmed a significant enrichment of

2 of 22 The EMBO Journal ~ 40: €107974 | 2021

Zihan Zhang et al

H3K4mel as well as H3K27 acetylation (H3K27ac) on a fragment
spanning =+ 300 bp of the SNP, whereas the typical promoter mark
H3K4 tri-methylation (H3K4me3) was barely detected (Fig 1B,
right). To further support the enhancer nature of the sequence
surrounding SNP 154971059, we chemically synthesized a 1.1-kb
DNA fragment containing this SNP. We cloned it into a luciferase
reporter driven by a minimal SV40 promoter (Ochs et al, 2012).
Wild-type SNP[G] was generated first, and the risk SNP[A] was
subsequently created by site-directed mutagenesis. Transfection of
MCEF-7 cells with control reporters or reporter constructs containing
SNP[G] or SNP[A] fragments and measurement of the luciferase
activity showed that compared to control reporters, the reporter
construct containing wild-type SNP[G] exhibited an elevated tran-
scriptional activity (Fig 1C). Remarkably, the reporter activity was
further boosted in cells transfected with SNP[A] rs4971059-
containing fragments (Fig 1C). We additionally cloned a 3.25-kb
fragment of TRIM46 promoter and constructed a PGL3-TRIM46 luci-
ferase reporter. The 1.1-kb fragments containing SNP[G] or SNP[A]
were then cloned to this reporter. Similar experiments were
performed in MCF-7 cells, and the results were consistent with that
for SV40 promoter (Fig 1C). These observations suggest a gain-of-
function change of the enhancer element driven by a G to A switch
of SNP rs4971059. We further performed chromosome conformation
capture (3C) assays to examine its interaction with the TRIM46
promoter (Ling et al, 2006). PCR primers were designed near the
end of Dpnll fragments in the same orientation to successive restric-
tion fragments (Appendix Table S2). SNP rs4971059 resides in 3C
fragment 17. When a constant primer and a probe in fragment 17
were used in the 3C assay, we observed a strong interaction with
fragment 5, the genomic region 3-kb upstream of the transcription
start site of TRIM46. When a constant primer and a probe in frag-
ment 5 were used in the 3C assay, we observed strong physical
interactions with fragment 17. The results clearly showed a loop
structure formation between the SNP rs4971059-containing region
with the TRIM46 promoter (Fig 1D), supporting the notion that the
sequence surrounding SNP rs4971059 is implemented to regulate
TRIM46 expression in vivo.

To further support the notion that the SNP rs4971059-containing
region is an enhancer element for the regulation of TRIM46 expres-
sion and to extend our observations to a pathophysiologically rele-
vant context, we collected 90 tumor samples from breast cancer
patients, whose clinical and pathologic characteristics are known
(Table EV1). Genomic DNAs and total RNAs were extracted from
tissue homogenates. DNA fragments surrounding the rs4971059
locus were then subjected to Sanger sequencing, and total RNAs
were subjected to real-time reverse transcriptase (RT)-PCR (qPCR)
analysis. Remarkably, eQTL analysis revealed that the risk allele
rs4971059 was strongly correlated with an increased expression of
TRIM46 (false discovery rate [FDR] = 0.00147; Fig 1E).

To strengthen the functional link between the risk locus SNP
rs4971059 and the expression of TRIM46, we next examined the
genotypes of several commonly used breast cancer cell lines, includ-
ing MCF-7, T47D, and MDA-MB-231, and a non-tumorigenic
human breast epithelial cell line MCF-10A. Sanger sequencing of
the PCR amplicons revealed heterozygous rs4971059 in cancer cells,
with a variable peak height ratio of G to A (Fig EV1A). We then
performed TA cloning for MCF-7 cells in an attempt to quantify the
ratio of different alleles. Out of 20 TA clones sequenced, we found

© 2021 The Authors
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Figure 1. SNP rs4971059 locates in an active enhancer at the 6th intron of TRIM46.

A
B

Physical map of the locus of TRIM46 [chromosome 1: 155173381-155184971 (hg38)] and SNP rs4971059 [chromosome 1: 155176305 (hg38)].

HaploReg v4.1 was used to predict the potential functions of SNP rs4971059 (left). The yellow box means “Weak Enhancer 2” (H3K4mel and DNase enrichment), the
orange box means “H3K4mel Enhancer”, and the black box means “missing data”. ChIP assays were performed with antibodies against H3K4mel, H3K4me3, or
H3K27Ac in the region surrounding SNP rs4971059 (right).

Luciferase assays showing enhancer activity in the SNP rs4971059 region in MCF-7 cells. MCF-7 cells were transfected with the indicated promoters: PGL3-SV40,
PGL3-SV40-SNP[G] or PGL3-SV40-SNP[A] (left); PGL3-TRIM46, PGL3-TRIM46-SNP[G]; or PGL3-TRIM46-SNP[A] (right). Forty-eight hours after the transfection, luciferase
activity was measured. Relative luciferase activity was calculated as firefly luciferase activity divided by renilla luciferase activity and shown relative to the control.
The SNP rs4971059-containing region formed close contact with the promoter of TRIM46 in a 3C assay. Dpnll fragments in 1g22 were shown on the top panel (hg38).
SNP rs4971059 resides in 3C fragment 17, and fragment 5 is in the genomic region 3-kb upstream of the TSS of TRIM46. PCR primers were designed near the end of
Dpnll fragments in the same orientation, and 3C assays were performed with a constant primer in fragment 17 (lower-left panel) or a constant primer in fragment 5
(lower-right panel).

eQTL analysis demonstrating the correlation between rs4971059 genotype and expression of TRIM46. The panel showed results from breast cancer tissues obtained
from the mastectomy of the patients. In the boxplot, the central lines, the box limits, and the whiskers represented medians, 25"/75™" percentile, and min/max,
respectively (FDR = 0.00147).

A physical 650-kb window of the genomic distribution of genes surrounding SNP rs4971059, such as EFNA4, KRTCAP2, MUC1, MIR92B, THBS3, and DAP3 (top). Total
RNAs were extracted from [GG], [GA], or [AA] MCF-10A cells and analyzed for the expression of EFNA4, KRTCAP2, TRIM46, MUC1, THBS3, MIR92B, or DAP3 by RT—-qPCR.

Zihan Zhang et al

TRIM28 was examined as a negative control (bottom).

Data information: In (B, C, D, and F), each bar represents the mean + SD for biological triplicate experiments (*P < 0.05, two-tailed unpaired t-test).

13/7 of G/A ratio in the risk locus (Fig EV1B), suggesting mixed
genotypes within the cell population (Fig EV1C), possibly due to
spontaneous mutation after multiple passage numbers in vitro.

Interestingly, compared to the tested cancer cells, MCF-10A cells
exhibited a highly homogeneous [GG] genotype of SNP rs4971059
(Fig EV1A). We then isolated single cell-derived [GG] MCF-10A cells
and performed gene editing using CRISPR/Cas9-mediated homolo-
gous recombination to obtain [GA] and [AA] cells (Fig EV1D). Real-
time qPCR showed significantly elevated mRNA levels of TRIM46
upon G to A change in SNP rs4971059 (Fig 1F), supporting that the
risk allele SNP rs4971059A is linked to upregulation of TRIM46.
Meanwhile, we also examined the expression of KRTCAP2, THBS3,
MIR92B, MUC1, EFNA4, and DAP3 in different genotypic MCF-10A
cells. These genes were chosen because they were proximal to SNP
rs4971059 in the linear distance (< 20 kb) or significantly associated
with the locus according to eQTL analysis (Michailidou et al, 2017).
The expression of remotely located TRIM family protein TRIM28
was examined as a negative control. Among all genes analyzed,
gPCR showed the strongest and proportional association between
the number of A alleles and the mRNA levels of TRIM46 (Fig 1F).
Together, these observations indicate that the SNP rs4971059-
containing region in the 6™ intron of TRIM46 gene is an enhancer
element for the gene and that the G to A polymorphic switch is a
gain-of-function mutation that is associated with an increased
expression of TRIM46 in breast cancer.

TRIM46 is physically associated with HDAC1 in breast
cancer cells

Given the GWAS identification of SNP rs4971059 as one of the risk
loci for breast carcinogenesis (Michailidou et al, 2017) and our
observations of the physical and functional association of this locus
with TRIM46, to understand the molecular basis underlying the role
of SNP rs4971059 in breast cancer susceptibility, we next investi-
gated the biological activity of TRIM46 in breast cancer cells. To this
end, affinity purification coupled with mass spectrometry was
utilized first to interrogate the TRIM46 interactome in vivo. In these
experiments, whole-cell extracts were prepared from MCF-7 cells
stably expressing FLAG-tagged TRIM46 (FLAG-TRIM46) and
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subjected to affinity purification using an anti-FLAG affinity column.
The purified protein complexes were resolved on SDS-PAGE and
silver-stained, and the protein bands were retrieved and analyzed
by mass spectrometry. The results showed that TRIM46 was co-
purified with a list of proteins, including HDAC1, JMJD3, and
WDRS (Fig 2A). The detailed results of the mass spectrometric anal-
ysis are provided in Table EV2.

As mentioned earlier, TRIM family proteins contain a RING
domain, and several members of this family have been character-
ized as E3 ligases (Jain et al, 2014; Xue et al, 2015). Thus, it is plau-
sible to postulate that TRIM46 is also functionally linked to protein
stability. To test this, we next transfected MCF-7 cells with a control
vector or TRIM46 expression plasmid in the presence or absence of
MG132. Western blotting analysis showed that overexpression of
TRIM46 had no effect on the protein levels of SIN3B, RBBP4/7,
WDRS, HDAC2, PARP1, LSD1, and HATI1, and even caused an
increase in the level of JMJD3, possibly due to an indirect mecha-
nism (Fig 2B). However, overexpression of TRIM46 resulted in a
significant and reproducible decrease in HDACI protein level, which
was almost abrogated in the presence of MG132 (Fig 2B), suggesting
that TRIM46 negatively affects the stability of HDACI, a function
that is in line with its potential E3 ligase activity as a member of
TRIM family. Interestingly, the protein level of HDAC2 was
increased in TRIM46-overexpressed MCF-7 cells, which was abro-
gated in the presence of MG132. The upregulation of HDAC2 is
likely due to a compensatory effect of HDACI loss, as Western blot-
ting revealed increased expression of HDAC2 upon knockdown of
HDAC1 (Fig EV2A), consistent with the previous study performed
in other biological contexts (Lagger et al, 2010; Chen et al, 2011).

To verify the physical interaction of TRIM46 with HDAC1 in
breast cancer cells, we prepared cellular extracts from MCF-7 cells.
Co-immunoprecipitation (Co-IP) assays with antibodies against
TRIM46 followed by immunoblotting with an antibody against
HDACI1 confirmed the interaction between TRIM46 and HDACI1
(Fig 2C). In addition, GST pull-down experiments with bacterially
expressed GST-TRIM46 and in vitro transcribed/translated HDAC1
further validated the interaction of TRIM46 with HDAC1 (Fig 2D).
Moreover, GST pull-down experiments with GST-fused TRIM46
deletion mutants and in vitro transcribed/translated HDACI

© 2021 The Authors
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Figure 2. TRIM46 is physically associated with HDAC1.

A Mass spectrometry analysis of TRIM46-associated proteins. Whole-cell extracts from MCF-7 cells stably expressing FLAG-TRIM46 were subjected to affinity
purification with anti-FLAG immobilized on the agarose beads. The purified protein complex was resolved on SDS—PAGE and silver-stained. The bands were retrieved

and analyzed by mass spectrometry.

B MCF-7 cells were transfected with a control vector or FLAG-TRIM46 for 40 h and treated with DMSO or MG132 (2 uM) for 10 h. Cellular lysates were then collected

for Western blotting with antibodies against the indicated proteins.

C MCF-7 cells were transfected with control vector or FLAG-TRIM46 for 48 h. Whole-cell lysates were prepared, and immunoprecipitation was performed with anti-
FLAG followed by immunoblotting with antibodies against indicated proteins (top). Immunoprecipitation assays in MCF-7 cells with anti-TRIM46 followed by
immunoblotting with antibodies against the indicated proteins (bottom).

D Schematic diagrams of TRIM46 deletion mutants (left). Coomassie brilliant blue (CBB) staining of GST-fused proteins as indicated (right). GST-FL was shown with the

arrow.

E GST pull-down experiments were performed with bacterially expressed GST-fused proteins as shown and in vitro transcribed/translated full-length HDAC1.
F Schematic diagrams of HDAC1 deletion mutants. GST pull-down experiments were performed with bacterially expressed GST-fused proteins as indicated and in vitro

transcribed/translated TRIM46.

Source data are available online for this figure.
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revealed that the C-terminal of TRIM46 containing the FN3 and
B30.2 domains is responsible for the interaction of TRIM46 with
HDACI1 (Fig 2E), consistent with the receptor-substrate interaction
typically seen for E3 ligases (Hatakeyama, 2017). Reciprocally, GST
pull-down experiments with GST-fused HDAC1 deletion mutants
and in vitro transcribed/translated TRIM46 showed that the region
containing 101-200 aa of HDAC1 is responsible for the interaction
with TRIM46 (Fig 2F).

TRIM46 is an E3 ubiquitin ligase that targets HDAC1 for
ubiquitination and degradation

Given that several members of the TRIM family proteins have been
characterized as E3 ligases (Jain et al, 2014; Xue et al, 2015), as
stated above, to explore the biological significance of the physical
interaction between TRIM46 and HDACI, we next investigated
whether TRIM46 also acts as an E3 ligase and targets HDACI for
ubiquitination and degradation. To this end, experiments with gain-
of-function and loss-of-function of TRIM46 were performed in MCF-
7 cells, and the protein level of HDAC1 was measured. Western blot-
ting of cellular lysates revealed that overexpression of TRIM46 was
associated with a decrease, in a dose-dependent manner, in HDAC1
protein but not its mRNA level, an effect that was abolished upon
treatment of the cells with MG132 (Fig 3A). We also isolated cells
containing [GG], [GA], or [AA] in SNP rs4971059 from single cell-
derived MCF-7 clones. Western blotting revealed upregulated
TRIM46 protein and downregulated HDAC1 protein in [AA] cells
compared to [GG] or [GA] cells, supporting that SNP rs4971059A is
correlated with increased TRIM46 expression and decreased HDAC1
(Fig 3B). Higher TRIM46 expression and lower HDAC1 protein
levels were also observed in previously generated [AA] MCF-10A
cells compared to cells with the other two genotypes (Fig 3C and
D), supporting that overexpression of TRIM46 lead to a decrease of
HDACI protein. On the other hand, knockdown of TRIM46 expres-
sion in MCF-7 cells led to an increase in HDAC1 protein level, an
effect that was effectively rescued by overexpression of a siRNA-
resistant TRIM46 construct (Fig 3E). Moreover, cycloheximide
(CHX) chase assays showed that TRIM46 overexpression was

Figure 3. TRIM46 negatively regulates HDAC1.

Zihan Zhang et al

associated with an evident decrease in the half-life of HDACI, but
only in the absence of MG132 (Fig 3F and G). Consistently, knock-
down of TRIM46 increased the half-life of HDAC1 (Fig 3H). These
observations suggest that TRIM46 targets HDAC1 for degradation
through the proteasome-mediated process.

A key event in proteasome-mediated protein degradation is the
ubiquitination of the target protein (Micel et al, 2013). To support
the notion that TRIM46 targets HDAC1 for degradation, we next
investigated whether TRIM46 affects HDAC1 ubiquitination. To
this end, in vitro ubiquitination assays were performed first. Incu-
bation of bacterially expressed GST-HDAC1 with eukaryotically
purified FLAG-TRIM46, plus commercial ubiquitin-activating
enzyme (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin,
and analysis by Western blotting detected polyubiquitinated
HDACI1 species, but only when both E2 and ubiquitin were added
and wild-type TRIM46 was used; incubation of GST-HDAC1 with
FLAG-TRIM46ARING or FLAG-TRIM46AC resulted in no detectable
HDAC1 polyubiquitination (Fig 4A). Consistently, in vivo ubiquiti-
nation assays in MCF-7 cells showed that depletion of TRIM46
resulted in a decreased HDAC1 polyubiquitination (Fig 4B),
whereas overexpression of TRIM46 led to an increased HDACI
polyubiquitination (Fig 4C). Further experiments with TRIM46
deletion mutants revealed that both the RING domain and the C-
terminal region of TRIM46 are required for HDAC1 polyubiquitina-
tion (Fig 4D). Together, these data indicate that TRIM46 promotes
HDAC1 polyubiquitination.

We then co-transfected MCF-7 cells with Myc-TRIM46 together
with FLAG-HDAC1 or FLAG-tagged serial deletions of HDACI
(HDAC1A1-HDAC1A4). Western blotting analysis of cellular lysates
showed that overexpression of TRIM46 was associated with an
increase in polyubiquitination and a decrease in the protein level of
wild-type HDACI (Fig 4E and F). Similar results were also obtained
for HDAC1 deletion mutants, except for HDAC1A2 (Fig 4E and F),
suggesting that TRIM46-targeted polyubiquitination occurs in 100-
200 aa of HDAC1. Among lysine (K) sites in the 100-200 aa of
HDACI, K123, K126, K143, and K144 are predicted as ubiquitination
sites in HDAC1 by Protein Lysine Modifications Database (PLMD).
Indeed, mutations of K123, K143, and K144 to arginine (R)

A TRIMA46 negatively regulates the steady-state level of the HDAC1 protein. MCF-7 cells were transfected with increasing amounts of FLAG-TRIM46. 48 h after
transfection, cells were treated with DMSO or MG132 for 10 h before cells were collected for Western blotting (left). Alternatively, total RNAs were extracted and

analyzed for HDAC1 expression by RT-qPCR (right).

B Cellular proteins were extracted from [GG], [GA], or [AA] MCF-7 cells, and Western blotting was performed with polyclonal antibodies against TRIM46, HDAC1, and

GAPDH.

C Cellular proteins were extracted from [GG], [GA], or [AA] MCF-10A cells, and Western blotting was performed with polyclonal antibodies against TRIM46, HDAC1, or

GAPDH.

D Total RNAs were extracted from [GG], [GA], or [AA] MCF-10A cells and analyzed for HDAC1 expression by RT-qPCR.
E MCF-7 cells were transfected with control siRNA, TRIM46 siRNA, or a siRNA-resistant TRIM46 construct together with TRIM46 siRNA. Western blotting (left) and RT—

qPCR (right) were performed as in A.

F MCF-7 cells were transfected with empty vector or FLAG-TRIM46 for forty-eight hours and then treated with 50 pg/ml cycloheximide (CHX) for the indicated hours.
DMSO was added to cells 10 h before cellular proteins were collected for Western blotting (left). On the right panel, quantitation was done by densitometry analysis

of the immunoblots and expressed as signals of HDACL.

G MCF-7 cells were treated as described in F, except that MG132 (10 uM) was added to cells 10 h before cellular proteins were collected for Western blotting (left).

Quantitation was performed on the right panel as in F.

H MCF-7 cells were treated with control siRNA or TRIM46 siRNA. Forty-eight hours after transfection, cells were treated with 50 pg/ml CHX for the indicated hours
before cellular proteins were extracted for Western blotting analysis (left). Quantitation was performed on the right panel as in F.

Data information: In (A, D, E, F, G, and H), each bar represents the mean =+ SD for biological triplicate experiments (*P < 0.05, **P < 0.01, two-tailed unpaired t-test).

Source data are available online for this figure.
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abolished TRIM46-mediated polyubiquitination and degradation of The TRIM46-HDAC1 axis intersects with DNA replication and
HDAC1 (Fig 4G and H), suggesting these sites of HDACI1 are repair

targeted by TRIM46. Together, these results indicate that TRIM46

targets HDAC1 for polyubiquitination and degradation and that As mentioned earlier, HDAC1 exists in multiple corepressor
TRIM46 is a bona fide E3 ubiquitin ligase for HDAC1. complexes that function in chromatin compaction and transcription
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Figure 4. TRIM46 promotes HDAC1 ubiquitination and degradation.

The EMBO Journal

A In vitro ubiquitination assays with GST-HDAC1, FLAG-TRIM46, FLAG-TRIM46ARING, or FLAG-TRIM46AC in the presence or absence of ubiquitin and E2. HDAC1 was

detected using Western blotting.

B-D In vivo ubiquitination assays performed in MCF-7 cells. (B) Stable shCTR- or shTRIM46-expressing MCF7 cells were transfected with His-Ub for 40 h. Cells were
then treated with MG132 (10 pM) for 12 h before Ni-NTA bead precipitation followed by IB with anti-HDAC1. (C and D) MCF-7 cells were co-transfected with the
indicated plasmids. Forty-eight hours after transfection, cells were treated with MG132 for 10 h before cellular extracts were harvested for Ni-NTA bead

precipitation followed by IB with anti-HDAC1.

E MCF-7 cells were co-transfected with Myc-TRIM46 and FLAG-tagged wild-type HDAC1 or HDAC1 deletion mutants for 48 h. Cellular proteins were extracted for

western blotting analysis.

F MCF-7 cells were co-transfected with Myc-TRIM46, HA-ubiquitin, and FLAG-tagged wild-type HDAC1 or HDAC1 mutants for 40 h. Cells were treated with MG132
for 12 h before cellular extracts were prepared for immunoprecipitation assays with anti-FLAG followed by immunoblotting with anti-ubiquitin.
G MCF-7 cells were co-transfected with FLAG-HDAC1-K123R, K126R, K143R, or K144R along with indicated plasmids for 40 h. Cells were treated with MG132 (10 pM)

for 10 h before cellular extracts were prepared for Ni-NTA bead precipitation.

H MCF-7 cells were co-transfected with Myc-TRIM46 and wild-type HDACL or indicated HDAC1 mutants for 48 h. Cellular proteins were extracted for Western

blotting analysis.

Source data are available online for this figure.

repression (Gregoretti et al, 2004; Brunmeir et al, 2009). To under-
stand the biological significance of TRIM46-mediated HDAC1 degra-
dation, we first performed chromatin immunoprecipitation-coupled
DNA sequencing (ChIP-seq) to investigate the effect of TRIM46 on
chromatin targeting of HDACI. In these experiments, ChIP experi-
ments were performed in control or TRIM46-overexpressing MCF-7
cells with antibodies against HDAC1. HDAC1-associated DNAs were
amplified using non-biased conditions, labeled, and then sequenced
via HiSeq 2500. Using model-based analysis for ChIP-seq (MACS2)
and a P-value cutoff of 1073, we identified 18,380 HDAC1 peaks in
control MCF-7 cells and 15,347 HDAC1 peaks in TRIM46-
overexpressing cells, observing a 16.5% reduction upon TRIM46
overexpression (Fig 5A).

We then performed transcriptome analysis in TRIM46-deficient
cells using RNA deep sequencing (RNA-seq). In these experiments,
total RNAs were extracted from control or TRIM46-depleted MCF-7
cells. Samples from biologically replicated experiments were then
sequenced via BGISEQ-500. Genes that were differentially expressed
in both experiments were considered to be subjected to TRIM46
regulation. Among 630 differentially expressed genes upon deple-
tion of TRIM46, 292 were upregulated and 338 were downregulated
(Fig 5B). Since TRIM46 promotes the degradation of HDACI, a tran-
scription corepressor, we reasoned that genes in the downregulated
group are more likely to be the targets of the TRIM46-HDACI1 axis.
RNA-seq results were then cross-analyzed with the ChIP-seq results,
in which HDACI1 targets were defined by peaks within —5 kb to
+5 kb of the gene. Genes that were downregulated upon TRIM46
depletion and targeted by HDAC1 were considered to be the targets
of the TRIM46-HDAC1 axis (Fig 5C). These genes were then classi-
fied into different cellular signaling pathways using MAS software
with a P-value cutoff of < 1072, We found a significant enrichment
of TRIM46-HDACI target genes in DNA replication, DNA repair/
Fanconi anemia, and cell cycle pathways (Fig 5C and D). We veri-
fied the results by qPCR analysis of the expression of selected genes,
including PRIM2, MCM2, MCMS5, POLA2, BLM, FANCI, FANCA,
BRCA1, BRCA2, E2F1, and CDC45, which represent the classified
pathways. We found that overexpression of TRIM46 in MCF-7 cells
led to a significant increase in the expression of these genes, which
was offset by co-overexpression of HDAC1 (Fig SE). On the other
hand, knockdown of TRIM46 in MCF-7 cells resulted in a significant
decrease in the expression of these genes, which was effectively

© 2021 The Authors

reversed by co-knockdown of HDAC1 (Fig SF). In addition, the
decreased expression of these genes in TRIM46-depleted cells was
successfully rescued by overexpression of siRNA-resistant full-
length TRIM46 but not TRIM46ARING (Fig 5G).

As HDAC1 and HDAC2 are closely related and often co-exist in
the same transcriptional repression complexes, we further examined
whether HDAC2 also regulated the TRIM46-HDACI target genes.
ChIP gPCR experiments showed that HDAC2 was not recruited to
most of the TRIM46-HDAC2 target promoters (Fig EV2B), and real-
time qPCR showed that depletion of HDAC2 had the minimum effect
of the gene expression, except for MCMS5, POLA2, and BLM
(Fig EV2C). However, overexpression of HDAC2 only partially abol-
ished the effect of HDAC1 depletion (Fig EV2C), suggesting that
HDACI plays a dominant role in regulating these genes. Together,
these results support the regulation by the TRIM46-HDACI axis of
genes involved in DNA replication/repair machinery in breast
cancer cells.

The observation that the TRIM46-HDACI1 axis regulates DNA
replication/repair factors such as DNA polymerases POLA2 and
MCM2/MCMS suggests that dysregulation of replication could be at
least one of the mechanisms underlying SNP rs4971059-mediated
breast carcinogenesis. We thus first performed FACS analysis to
compare cell cycle profiles in control and TRIM46-depleted MCF-7
cells. In these experiments, MCF-7 cells were synchronized at the
G;/S boundary by a double-thymidine block. After release, TRIM46-
depleted cells proceeded through cell cycle with an extended S
phase and significantly slower pace, which could be rescued, at
least partially, by co-knockdown of HDAC1 (Fig 6A), supporting a
role for the TRIM46-HDAC1 axis in regulating DNA replication thus
cell proliferation. We further performed EdU incorporation assays in
TRIM46-deficient MCF-7 cells or TRIM46 and HDAC1 co-depleted
MCF-7 cells. Knockdown of TRIM46 resulted in a significant
decrease in the percentage of cells in the S phase, which was effec-
tively rescued by simultaneously knockdown of HDAC1 (Fig 6B).
We also performed experiments in normal mammary epithelial
MCF-10A cells, in which the expression of TRIM46 was significantly
lower than that in MCF-7 and other commonly used breast cancer
cell lines (Fig 6C). Overexpression of TRIM46 in MCF-10A cells
resulted in a significant increase in the percentage of cells in S
phase, which was effectively rescued by simultaneously overexpres-
sion of HDAC1 (Fig 6B). Together, these observations indicate that
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Figure 5. The TRIM46-HDAC1 axis intersects with DNA replication and repair pathways.

A ChIP-seq analysis was performed in control or TRIM46-overexpressing MCF-7 cells with antibodies against HDAC1. Density distributions (read count per million of

mapped reads) of HDAC1 peaks were analyzed by deepTools.

B Scatter plot of RNA-Seq data comparing genes between control and TRIM46-depleted MCF-7 cells. The clustering of the 630 differentially expressed genes is
shown. RNA-seq experiments were performed in duplicate, and overlapping genes were analyzed.

C The Venn diagram of overlapping target genes of the TRIM46-HDACL axis detected by ChIP-seq and RNA-seq.

Classification of genes targeted by the TRIM46-HDAC1 axis using Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis.

E-G Verification of representative genes targeted by the TRIM46-HDAC1 axis. (E) MCF-7 cells were transfected with empty vector, FLAG-TRIM46, or FLAG-TRIM46
together with FLAG-HDAC1 for 48 h. (F) MCF-7 cells were transfected with control siRNA, TRIM46 siRNA, or TRIM46 siRNA together with HDAC1 siRNA for 72 h. (G)
MCF-7 cells were transfected with control siRNA, TRIM46 siRNA, or a siRNA-resistant TRIM46 construct together with TRIM46 siRNA for 72 h. Total RNAs were
extracted from cells, and RT-qPCR was performed with primers specific for indicted genes.

Data information: In (E-G), each bar represents the mean =+ SD for triplicate experiments (*P < 0.05, two-tailed unpaired t-test).

the TRIM46-HDAC] axis influences DNA replication thus cell prolif-
eration.

Among TRIM46-HDACI target genes, MCM2 and MCMS5 are two
components of the MCM complex, the replicative helicase essential
for unwinding duplex DNA to promote fork progression (Liu et al,
2017). To gain further support of the role of the TRIM46-HDACI1
pathway in DNA replication, we next tested the effect of TRIM46-
HDACI1 on MCM helicase activity. To this end, we treated MCF-7
cells with hydroxyurea (HU), which depletes nucleotide pool thus
leads to the inhibition of DNA polymerase and the formation of
single-stranded DNA (ssDNA). We found that upon HU treatment,
the majority of S-phase MCF-7 cells generated ssDNA patches,
which was largely impeded upon knockdown of TRIM46. However,
the impaired ssDNA formation in TRIM46-depleted cells were
successfully restored by co-knockdown of HDAC1 (Fig 6D). More-
over, DNA fiber assays (Burgers & Kunkel, 2017) in MCF-7 cells
showed that knockdown of TRIM46 significantly hindered replica-
tion fork progression, whereas co-knockdown of HDACI could
restore replication fork progression (Fig 6E). Collectively, the above
data support that the TRIM46-HDAC1 axis promotes DNA replica-
tion, consistent with its role in the regulation of DNA replication
factors such as MCM2, MCMS5, POLA2, and CDC45.

The TRIM46-HDAC1 axis also regulates several key players
involved in DNA damage responses, such as BLM, BRCAI, and

EXO1, which exert specific roles in the repair of double-strand
breaks (Symington, 2016). To further explore the functional signifi-
cance of the TRIM46-HDAC1 axis, we next tested the effect of
TRIM46 on cell apoptosis and survival in response to the
chemotherapeutic reagent cisplatin, which is known to cause
double-strand DNA breaks in cells (Zhu et al, 2018). In these experi-
ments, MCF-7 cells transfected with TRIM46 siRNA or co-
transfected with TRIM46 siRNA and HDAC1 siRNA were treated
with cisplatin. Flow cytometry analysis showed that depletion of
TRIM46 in MCF-7 cells resulted in a significant increase in the
percentage of apoptotic cells when exposed to cisplatin, an effect
that could be effectively offset by co-depletion of HDAC1 (Fig 6F).
Consistently, analysis by Western blotting revealed that treatment
with cisplatin led to an overt increase in the level of YH2AX in
TRIM46-depleted cells, whereas depletion of HDACI in these cells
restored cisplatin-induced yYH2AX (Fig 6G). These observations
support a notion that the TRIM46-HDAC1 axis is implemented in
DNA damage response in MCF-7 cells, at least for cisplatin insult.

TRIM46 promotes breast carcinogenesis and chemoresistance
Given the impact of the TRIM46-HDACI1 axis on DNA replication

and damage response, we next investigated the potential role of this
pathway in the carcinogenesis and chemotherapy of breast cancer.

Figure 6. The TRIM46-HDAC1 pathway functions in DNA replication and repair in breast cancer cells.

A MCF-7 cells treated with control siRNA, TRIM46 siRNA, or TRIM46 siRNA and HDAC1 siRNA were synchronized by a double-thymidine block and released for O h,
12 h,30 h, 36 h, or 42 h, respectively. Cell cycle progression after releasing was analyzed by flow cytometry.

B EdU assays were performed in MCF-7 cells treated with control siRNA, TRIM46 siRNA or TRIM46 siRNA and HDAC1 siRNA for 72 h, or MCF-10A cells treated with
vector, FLAG-TRIM46 or FLAG-TRIM46 and FLAG-HDACL for 48 h. Representative images from FACS analysis are shown on the left panel, the percentage numbers of

cells in S phase were quantified by Flow]o software on the right panel.

C Western blotting analysis of TRIM46 protein expression in different breast cell lines.

D ssDNA formation in siRNA-treated MCF-7 cells after HU treatment. BrdU (20 pg/ml) was added during the last 24 h of siRNA treatment and was removed by a brief
wash prior to HU treatment (4 mM, 2 h), pre-extraction, and fixation. BrdU in ssDNA patches and PCNA were detected without a DNA denaturation step. Scale bar,

10 pm. Diagrams show the frequency of PCNA-positive BrdU foci.

E DNA fiber analysis of the rate of replication elongation. SiRNA-treated MCF-7 cells were sequentially pulse-labeled with 50 uM IdU and 50 puM CldU, each for 30 min.
A sketch delineating experimental design and representative images of dual-labeled fibers are shown. Bars represent the median CIdU tract length (n = 200 in each

group). ****p < 0.0001, two-tailed unpaired t-test.

F MCF-7 cells treated with control siRNA, TRIM46 siRNA or TRIM46 siRNA and HDAC1 siRNA were treated with 4 puM cisplatin for 48 h and then double-stained with
annexin V and propidium iodide. Cell apoptosis was determined by flow cytometry. Representative images from FACS analysis are shown on the left panel, the

percentage of apoptotic cells was quantified by FlowJo software on the right panel.

G Accumulation of yH2AX in cells depleted of TRIM46 or HDACL after cisplatin stimulation. MCF-7 cells were treated with 4 uM cisplatin for 8 h before harvesting. Cell

lysates were analyzed by Western blotting.

Data information: In (B, D, and F), each bar represents the mean + SD for biological triplicate experiments (*P < 0.05, **P < 0.01, two-tailed unpaired t-test).

Source data are available online for this figure.
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The EMBO journal ~ 40: €107974 12021 11 of 22



The EMBO Journal Zihan Zhang et al

A Oh 12h 30h

‘ | shTRIM46+shHDACA | : | GAPDH

200 400 200 400 200 400 200 400 200 400 FL2-A

42h C

36h
I | | ShCTR R
o P T
l ‘ l I ShTRIM46 KOEPIAROIRIR S

|.... -— - --r"l TRIM46

T

B siControl siTRIM46 siTRIM46+siHDAC1
29.3% 15.8% 25.6% 80 4 msiControl
e £ msiTRIM46
] z 0 ® siTRIM46+siHDAC1
o w60 4 Vector
4 2 = TRIM46
S o TRIM46+HDAC1
. E Caa * *
= ippen o< 40 1
5 TRIM46+HDAC1 gc
15.8% 5
9 a
g
0 A
MCF-7 MCF-10A
Propidium lodide
D DAPI PCNA ssDNA Merge 2
5 100 - e .
siControl § 80 -
w
= ’_\60 E
2%
2 20 |
a
S oA
siTRIM46+siHDAC1 ) N ®
o &© 2y o
00&' &Qsé\ q}@b‘?‘d\
E siRNA IdU Cldu = 80 e
ﬁ H =
60h 30min 30min < 60 .
g
© . wes
— B Y
SiTRIM46 TR ————
[ R
il S | RIM46+siHDAC1 © 7 siControl siTRIM46 SITRIMAG+

siHDAC1
F & siControl . siTRIM46 siTRIM46+siHDACA G
i 36% | 147% | ° 4.1%
B e %
(@] ¥ 100 qmsiControl ; ;
% % ; N ; DMSO lati
% % & m siTRIM46 e sl TRIM46
RS g o e ; : i : : si
g9~ i o g | : 2 80 {msiTRIM46+SHDAC1 o *
3| .M 58% | £ 1% LM 81% | 3 - - 4+ - - + siHDACT
— —m” I"ﬂ'l 10 ;32 ‘D" V\UQ W‘ IE’2 |UJ I\]‘ V|F— W‘ qu W; W‘
g . AYFITC - AVFITC - AVFITC % 60 k| ’: VH2AX
o & 9.8%| _ 21.4%) _ 124% @&
al_» ] . r S 40 - | TRIM46
ol =3 2 & N o i *
& _ \220_ i — — e || —— = | HDAC
© *1 g 5 30 ° il
& Ry i 3 ———|| —— - CAPDH
B M S R - - SR U e e S 0 4
Annexin-V —_— DMSO  cisplatin

Figure 6.

12 of 22 The EMBO Journal ~ 40: €107974 | 2021 © 2021 The Authors



Zihan Zhang et al

Both MTS assays and colony formation assays revealed that deple-
tion of TRIM46 had a significant inhibitory effect on breast cancer
cell proliferation, which could be rescued by either overexpression
of siRNA-resistant wild-type TRIM46, but not TRIM46ARING, or co-
knockdown of HDACI1. On the other hand, overexpression of
TRIM46 was associated with an accelerated proliferation of both
MCF-10A cells and MCF-7 cells, which was effectively neutralized
by simultaneous overexpression of HDAC1 (Fig 7A and B).

To investigate the role of the TRIM46-HDAC1 axis in the growth
of breast cancer in vivo, we infected MCF-7 cells with lentiviruses
carrying control, TRIM46, or TRIM46 + HDAC1 or with lentiviruses
carrying control shRNA, shTRIM46, or shTRIM46 + shHDACI. These
cells were then orthotopically implanted onto the abdominal
mammary fat pad of 6-week-old female immunocompromised severe
combined immunodeficiency (SCID) mice (n = 6). Tumor growth
was monitored weekly for eight weeks. The results showed that over-
expression of TRIM46 promoted the growth of the primary tumor, an
effect that was counteracted by overexpression of HDAC1. Conver-
sely, depletion of TRIM46 suppressed breast tumor growth, a pheno-
type that was offset by co-depletion of HDAC1 (Fig 7C).

We then treated TRIM46-deficient MCF-7 cells with several
chemotherapeutic drugs for breast cancer, including cisplatin, adri-
amycin, and etoposide (VP16), and cell viability was examined by
Alamar blue staining. The results showed that loss-of-function of
TRIM46 was associated with a significant decrease in the number of
viable MCF-7 cells upon treatment of all the three agents (Fig 7D).
In addition, gain-of-function assays performed in MCF-10A cells
indicated that overexpression of TRIM46 led to a significant increase
in cell viability upon treatment with these agents (Fig 7E), support-
ing a role of TRIM46 in promoting chemoresistance. Together, the
above results point an important role for the TRIM46-HDAC]I axis in
the proliferation and chemoresistance of breast cancer cells.

High expression of TRIM46 is correlated with aggressive clinical
behaviors of breast cancer

To support the role of the TRIM46-HDAC1 pathway in breast
carcinogenesis and to extend our observations to a clinicopathologi-
cally relevant context, we next assessed, by immunohistochemical
staining, the protein level of TRIM46 and HDACI in breast cancer
using tissue arrays containing 142 breast carcinoma samples from
patients with grade I (29), II (69), or III (44) breast cancer. Analysis
using Image-Pro Plus software showed that TRIM46 expression is
significantly upregulated and HDACI expression is markedly down-
regulated in breast carcinoma samples. In addition, statistical analy-
sis showed that the level of TRIM46 expression is positively
correlated with the histological grades of the tumors, whereas the
level of HDAC1 expression is negatively correlated with grades of
the tumors (Fig 8A). We further collected 20 samples of breast
cancer paired with adjacent normal mammary tissues and analyzed
by western blotting for the expression of TRIM46 and HDACI1. The
results showed that overall TRIM46 expression is higher in tumor
samples than in adjacent tissues, whereas HDAC1 expression exhib-
ited a reverse trend (Fig 8B and C). Moreover, analysis of the public
dataset (TCGA) revealed that the mRNA levels of TRIM46, BRCA1,
and BLM are all upregulated in breast cancer (Fig 8D), and interro-
gation of Miyake’s breast cancer dataset in Oncomine (https://
www.oncomine.org/) as well as the public dataset GSE21653

© 2021 The Authors
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showed that the levels of TRIM46, BRCA1, and BLM are all posi-
tively correlated with the histological grades of breast cancer
(Fig EV3A). Furthermore, analysis of the public datasets GSE36774
and GSE21653 revealed that the mRNA level of TRIM46 is signifi-
cantly positively correlated with that of BRCA1 and BLM, two target
genes of the TRIM46-HDACI axis, in breast carcinomas (Fig EV3B).
Finally, Kaplan—Meier survival analysis of the TCGA dataset showed
that higher expression of either TRIM46, BRCA1, or BLM is associ-
ated with poor overall survival of breast cancer patients (Fig 8E).
The results of the statistical tests for all breast cancer datasets are
provided in Table EV4. We noticed that the correlative expression
of TRIM46 with BRCA1 or with BLM was not validated in TCGA-
Breast and Miyake’s breast. The differential results may be due to
several factors such as sample size, detection methods, tumor
subtypes, and/or ethnic bias. Collectively, these observations are
consistent with the role of the TRIM46-HDAC1 axis in breast
carcinogenesis.

Discussion

In the current study, we linked SNP rs4971059A-associated breast
cancer risk to dysregulated TRIM46 function. SNP rs4971059 is one
of the 65 new breast cancer risk loci identified in recent genome-
wide association analysis. We find that SNP rs4971059 locates at the
6™ intron of TRIM46 that functions as an active enhancer. G to A
polymorphic switch of the rs4971059 allele augments its chromoso-
mal interaction with the promoter and boosts its enhancer activity.
Change of endogenous SNP sequence from G to A using CRISPR/
Cas9-mediated homologous recombination leads to an overt upregu-
lation of TRIM46. We then collected 90 breast tumor samples and
found that the risk allele rs4971059A was strongly correlated with
an increased expression of TRIM46. Interestingly, the frequency of
SNP[A] rs4971059 is different in European and Asian populations.
The frequency of SNP[A] rs4971059 in global population is 0.4299
or 0.3798 as recorded in 1000G or HapMap database. However, this
frequency is as high as 0.7599 or 0.829 in East Asian people. In our
hands, we detected 16 [GA] and 71 [AA] genotypes out of 90
samples from east Asian ethnic origin, representing 87.78% (158/
180) of A allele frequency for breast cancer patients. As variants
identified in GWAS studies often account for small percentages of
the observed phenotype, which is ultimately determined by the sum
of complex and counteracting genetic background, it is important to
expand the sample origins and further study the TRIM46-mediated
breast carcinogenesis in other populations. In addition, we found
that the expression of TRIM46 is different for paired breast tumors
and their adjacent normal tissues, whereas the genotypes are the
same (Table EV3). Since the level of gene expression is eventually
determined by both cis-regulatory elements and transcription
factors/cofactors, we are currently investigating the upstream regu-
latory factors that may contribute to the altered expression of
TRIM46 in breast cancer.

Besides TRIM46, we noticed that the expression of several other
genes proximal to SNP rs4971059 was also changed upon the G to A
switch by gene editing, such as increased MUCI1 expression and
decreased THBS3 and MIR92b expression (Fig 1F). MUCLI is a cell
surface glycoprotein often overexpressed in multiple carcinomas,
including breast cancer (Jing et al, 2019). THBS3 belongs to the
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Figure 7. TRIMA46 promotes breast carcinogenesis and chemoresistance.

The EMBO Journal

A MCF-7 cells or MCF-10A cells were infected with lentiviruses carrying the indicated constructs. Cells were split into 96-well plates and then harvested at the

indicated day. Cell growth curves were measured with MTS assays.

B MCF-7 cells stably transfected with indicated shRNAs or expression plasmids or MCF-10A cells stably transfected with expression plasmids were tested for colony

formation assay.

C MCF-7 cells infected with lentiviruses carrying indicated plasmids were inoculated into the left abdominal mammary fat pad (5 x 10° cells) of 6-week-old
immunocompromised female SCID beige mice. Tumor size was measured after 8 weeks (mammary tumors, n = 6). The efficiency of overexpression or knockdown of

the gene was verified by Western blotting.

D Control MCF-7 cells or MCF-7 cells depleted with TRIM46 were treated with different concentrations of cisplatin (cis), VP16, or adriamycin (ADM) for 72 h, and the

proportions of viable cells were examined.

E Control MCF-10A cells or MCF-10A cells overexpressed TRIM46 were treated with different concentrations of cisplatin, VP16, or adriamycin for 72 h, and the

proportions of viable cells were examined.

Data information: In (A-B, and D-E), each bar represents the mean + SD for biological triplicate experiments (*P < 0.05, **P < 0.01, two-tailed unpaired t-test). In (C),

each bar represents the mean + SD (n = 6, *P < 0.05, two-tailed unpaired t-test).
Source data are available online for this figure.

thrombospondin family, whose function in cancer development is
not clear (Vos et al, 1992). MIR92b (microRNA 92b) has been
shown to suppress breast cancer cell viability and invasion by
targeting EZH2 (Liu et al, 2018). Whether these genes also contri-
bute to SNP rs4971059A-associated breast cancer risk needs further
investigation.

Among all the TRIM family members, the biological function of
TRIM46 is less understood. Previous studies report the role of
TRIM46 in the nervous system, where TRIM46 is involved in the
polarization of neuronal cells in the axon initial segment (van
Beuningen et al, 2015), mainly through cooperating with KAP3 under
the MAPK?2 signaling to organize microtubule fasciculation (Harterink
et al, 2019; Ichinose et al, 2019). TRIM46 may also have a role in
gout, as two SNPs located downstream of TRIM46 were potentially
linked to serum urate levels (Kottgen et al, 2013; Dong et al, 2017).
Notably, a previous report indicated that low expression of Trim46
was associated with inhibition of the proliferation and migration of
4TO7 mouse breast cancer cells (Zhang et al, 2016). This result is
consistent with our study showing that TRIM46 promotes breast
cancer proliferation in humans. As we have demonstrated that
TRIM46 functions as an E3 ligase and targets HDACI for proteasome-
mediated degradation in breast cancer cells, it will be interesting to
investigate whether TRIM46-mediated HDAC1 degradation also plays
a role in neuronal development and the pathogenesis of gout.

How HDACI is associated with breast carcinogenesis is debat-
able. Overexpression of HDAC1 has been linked to accelerated
breast cancer cell proliferation (Kawai et al, 2003). However, this
conclusion is mainly based on in vitro experiments where cells were
treated with TSA, an HDAC inhibitor known to have HDAC-
independent activity (Chen et al, 2005). In contrast, immunohisto-
chemistry staining indicated that HDAC1 expression is significantly
reduced in ductal carcinoma in situ (DCIS) and invasive ductal
carcinoma (IDC) compared to normal breast epithelium (Suzuki
et al, 2009), an observation consistent with our results that HDAC1
is degraded by TRIM46 during breast carcinogenesis. It becomes
increasingly clear that the potential application of HDACI inhibitors
in breast cancer treatment should be re-evaluated, although these
agents have shown promising effects to treat certain types of
leukemia and other solid tumors (Minucci & Pelicci, 2006). Further
in-depth mechanistic studies are required to understand the speci-
ficity and efficacy of HDAC inhibitors to treat cancer under different
circumstances.

© 2021 The Authors

The intersection between the TRIM46-HDACI1 axis and the DNA
replication/repair significant. TRIM46-mediated
HDACI1 degradation in breast cancer cells alleviates transcriptional
repression of many genes involved in DNA replication and repair to
endow tumor cells with growth advantage and chemoresistance,
which could be a molecular basis of the oncogenic activity of TRIM46
underlying the risk characteristics of SNP rs4971059 [A] in breast
cancer. Among the target genes regulated by TRIM46-mediated
HDACI degradation, a particularly interesting one is BRCA1, which
plays a central role in DNA damage repair. It was found that cancer-
associated mutations of BRCA1 could result in defective DNA damage
repair and increased sensitivity to platinum-based chemotherapy
(Mylavarapu et al, 2018). Moreover, upregulation of BRCA1 has been
found in tamoxifen-resistant breast cancer cells and is responsible for
the resistance of chemotherapy (Zhu et al, 2018), supporting our
results that TRIM46-mediated HDAC1 degradation lead to upregula-
tion of BRCA1 and chemoresistance of breast cancer cells. Interest-
ingly, while HDACI targets a broad range of genes at the chromatin
level, genes regulated by the TRIM46-HDAC1 axis are limited and
significantly enriched in the replication and repair pathway. Since
HDACI is engaged in multiple transcriptional repressor complexes
with different target specificity, a possible explanation for such
disproportion is that TRIM46 degrades HDACI in responding to a
specific cellular microenvironmental cue(s). Insights into upstream
events and integrative analyses of genomic binding of different
HDACI1-containing complexes should help to address this issue. Alter-
natively, unidentified substrates of TRIM46 E3 ligase could also play
a role in TRIM46-mediated breast carcinogenesis.

While HDAC1 acts as a negative regulator of DNA replication
and repair in our system, we are aware that the role of HDAC1 could
be more complicated and multifaceted. By co-knockdown of HDAC1
and HDAC2 or using inhibitors targeting both proteins, researchers
have shown that loss of HDAC1,2 lead to an increase in H4K16ac,
which is involved in nascent chromatin decompaction, leading to a
reduction of replication fork velocity and an increase in replication
stress response (Bhaskara et al, 2013; Bhaskara, 2015). In another
study, HDAC1 and HDAC2 suppressed the expression of PR130, a
regulatory subunit of the trimeric PP2A, leading to sustained phos-
phorylation of checkpoint kinases ATM and CHK1/CHK2 and early
arrest in S phase (Goder et al, 2018). Both HDAC1 and HDAC2
could also be rapidly recruited to the DNA damage site to remove
acetylation of H3K56, thereby promoting DNA nonhomologous end-
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Figure 8. The clinicopathological significance of the TRIM46-HDAC1 axis in breast cancer.

A Immunohistochemical staining of tissue arrays containing 142 breast carcinoma samples (grade I: n = 29, grade Il: n = 69, grade Ill: n = 44) and 20 normal
mammary tissues for TRIM46 and HDAC1 expression. Representative images are shown on the left panel. The positively stained cells were analyzed, and the mean
intensity was scored by Image-Pro Plus software on the right panel. In the boxplot, the central lines, the box limits, and the whiskers represented medians, 25"/75"
percentile, and min/max, respectively. (*P < 0.05, **P < 0.01, ****P < 0.0001, one-way ANOVA).

B Total proteins from 20 paired samples of breast cancer “T” versus adjacent normal breast tissues “A” were extracted for western blotting analysis with antibodies

against TRIM46 or HDACL.

C Quantification of the results in B by normalizing the protein level of TRIM46 or HDAC1 to that of GAPDH in “T” and “A” groups (n = 20). *P < 0.05, paired two-tailed

Student’s t-test.

D Bioinformatics analysis of the public dataset from TCGA in breast carcinoma samples (n = 1093) and normal mammary tissues (n = 112) for the expression of
TRIM46, BRCAL, or BLM based on the indicated stratifications (****P < 0.0001, two-tailed unpaired t-test). In the boxplot, the central lines, the box limits, and the

whiskers represented medians, 25""/75" percentile, and min/max, respectively.

E Kaplan-Meier survival analysis of TCGA BRCA dataset for the correlation between overall survival of breast cancer patients and TRIM46, BRCAL, or BLM expression.

Source data are available online for this figure.

joining. However, these studies were also based on co-knockdown
methods or inhibitors targeting all class I HDACs (Miller et al, 2010).
As we demonstrated that most TRIM46-HDACI target genes were not
regulated by HDAC2 (Fig EV2B and C), further mechanistic studies
and more specific HDAC inhibitors will clarify how HDAC1 and
HDAC?2 play differential functions in replication and repair.

Materials and Methods
Antibodies and reagents

Commercial antibodies used for immunoblotting, immunoprecipita-
tion, ChIP, immunofluorescence and immunohistochemical staining
are collectively listed in Appendix Table S1. Anti-FLAG M2 affinity
gel (A2220), FLAG peptide (F3290), MG132 (M9688), cycloheximide
(AV31974), and doxycycline (D9891) were from Sigma. Protein A/G
Dynabeads (10008D/10009D) were from Invitrogen. Ni-NTA
agarose beads (30210) were from QIAGEN. Protease inhibitor
mixture cocktail (4693116001) was from Roche Applied Science.
Ubiquitinylation kit (BML-UW9920-0001) was from ENZO.

Plasmids and siRNAs

The cDNA of TRIM46 was cloned from HEK-293T cells. Deletion
mutants of TRIM46 including TRIM46-AN, TRIM46-AC, and TRIM46-
ARING were generated by subcloning corresponding fragments from
TRIM46 cDNA. Deletion mutants of HDAC1 (HDAC1A1-A4) were gener-
ated by subcloning corresponding fragments from FLAG-HDACI1 (Yang
et al, 2011). HDACI mutants including HDAC1-K123R, HDAC1-K126R,
HDACI1-K143R, and HDAC1-K144R were generated using QuikChange II
Site-Directed Mutagenesis Kit. His-ubiquitin and HA-ubiquitin were
described in the published paper (Han et al, 2014). The sequences of
siRNA were as follows: control siRNA, 5-UUCUCCGAACGUGUCACGU-
3’; TRIM46 siRNA, 5-GCUGACAAAGAGCCUGACA-3'; HDACI siRNA,
5’-CAACUAUGGUCUCUACCGA-3’. siRNAs were synthesized in Gene-
Pharma Inc (Shanghai, China).

Cell lines, cell culture, and transfection

The cell lines used were obtained from the American Type Culture
Collection (ATCC). MCF-7 and HEK293T cells were maintained in

© 2021 The Authors

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS). MCF-10A cells were cultured in
DMEM/F-12(1:1) medium supplemented with 5% horse serum,
20 ng/ml EGF, 500 ng/ml hydrocortisone, 100 ng/ml cholera toxin,
and 10 pg/ml insulin. Cells were maintained in a humidified incuba-
tor equilibrated with 5% CO, at 37°C. T-47D cells were cultured in
RPMI-1640 medium supplemented with 10% FBS. MDA-MB-231
cells were cultured in L-15 medium supplemented with 10% FBS
and without CO,. SUM1315 cells were cultured in F-12 medium
supplemented with 5% FBS, 5 pg/ml insulin, 1 pg/ml hydrocorti-
sone, and 10 mM HEPES. Transfections of the siRNA oligonu-
cleotides were carried out using RNAIMAX (Invitrogen) with the
final concentration at 20 nM. Transfections of expression plasmids
in MCF-7 cells were carried out using Neofect DNA transfection
reagent (Neofect) according to the manufacturer’s recommenda-
tions. Transfections of expression plasmids into MCF-10A cells were
performed by electroporation (BTX ECM 830) with 8 pulses of
1200V according to the manufacturer’s recommendations.

Genetic editing of SNP rs4971059 in MCF-10A cells using CRISPR/
Cas9-mediated homologous recombination

The human codon-optimized SpCas9 px330 (Plasmid #42230) was
obtained from Addgene (Mali et al, 2013). sgRNAs were designed
and constructed as described previously (Mali et al, 2013; Hu et al,
2014). The DNA sequence of the region surrounding SNP rs4971059
was retrieved from the UCSC Genome Browser (Kent et al, 2002).
Software tools predicting unique target sites are available online
(https://www.benchling.com/). The Cas9 expression constructs
were generated using the protocol as described (Ran et al, 2013).
The sequences of donor DNAs were 500 bp upstream and down-
stream surrounding SNP rs4971059, with the site at SNP rs4971059
and PAM mutating. The sequence of sgRNA was 5’-
GGTGGGGGTGCCTGGCATTG-3’, and the sequences of donor DNAs
were provided in Appendix Fig S1. The sgRNA and donor DNA were
co-transfected into MCF-10A cells. After 3 days, 1.5 pg/ml puro-
mycin was added for at least three days for selection. Cells were
subsequently sorted into 15 cm dishes with a density of
~ 5,000 cells/dish. Single cell-derived colonies were allowed to
grow in dishes for 15 days. About two hundred clones were picked
and screened for correct homologous recombination by PCR using
specific primers that recognized SNP 154971059 surrounding
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sequences (Forward: 5-CCTTCTGCAATGAGTGCTTCAA-3/,
Reverse: 5-TCCTTTTGGAAACCCACAATG-3').

Immunopurification and mass spectrometry

MCF-7 cells stably expressing FLAG-TRIM46 were washed twice
with cold PBS, scraped, and collected by centrifugation at 1,500 g
for 5 min. Cells were lysed in lysis buffer (50 mM Tris—HCI pH 7.5,
150 mM NaCl, 0.3% NP-40, 2 mM EDTA) containing protease inhi-
bitor cocktail for 40 min at 4°C. Anti-FLAG immunoaffinity columns
were prepared using anti-FLAG M2 affinity gel following the manu-
facturer’s suggestions. Cell lysates from 5 x 10° cells were applied
to an equilibrated FLAG column of 1-ml bed volume. The mixture
was incubated at 4°C for 3 h. After binding, the column was washed
with cold PBS plus 0.1% Nonidet P-40. As described by the vendor,
FLAG peptide was applied to the column to elute the FLAG protein
complex. Fractions of the bed volume were collected and resolved
on NuPAGE 4-12% Bis-Tris gel (Invitrogen), silver-stained using
Pierce silver stain kit, and subjected to LC-MS/MS (Agilent 6340)
sequencing.

Co-immunoprecipitation and western blotting

Cellular lysates were prepared by incubating MCF-7 cells in lysis
buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.3% NP-40, 2 mM
EDTA) containing protease inhibitor cocktail for 40 min at 4°C,
followed by centrifugation at 14,000 g for 15 min at 4°C. The
protein concentration of the lysates was determined using the BCA
protein assay kit (Pierce) according to the manufacturer’s protocol.
Overall, 5% (1:20) cellular extracts were used for input. For
immunoprecipitation, 500 pg of protein was incubated with 2 pg
specific antibodies overnight at 4°C with constant rotation. 60 pl of
50% protein A or G agarose beads were then added, and the incuba-
tion was continued for an additional 3 h at 4°C. Beads were then
washed five times using the wash buffer (50 mM Tris—HCI pH 7.5,
150 mM NaCl, 0.3% NP-40, 2 mM EDTA). Between washes, the
beads were collected by centrifugation at 500 g for 5 min at 4°C.
The precipitated proteins were eluted from the beads by resuspend-
ing the beads in 2x SDS-PAGE loading buffer and boiling for
10 min. The resultant materials from immunoprecipitation or cell
lysates were resolved using 10% SDS-PAGE gel and transferred
onto nitrocellulose membranes. For western blotting, membranes
were incubated with appropriate antibodies for 1 h at room temper-
ature or overnight at 4°C followed by incubation with a secondary
antibody. Immunoreactive bands were visualized using Western
blotting luminol reagent (Santa Cruz) according to the manufac-
turer’s recommendation.

Luciferase reporter assays

We cloned a 3,251-bp fragment (Chrl: 155,171,860-155,174,110)
containing TRIM46 promoter from total genomic DNA extracted from
MCF-7 cells into a PGL3-basic vector to generate the PGL3-TRIM46 luci-
ferase reporter (forward primer: 5-AAGAGAAAAGATTAAGGGCAACC-
3', reverse primer: 5-TGTTCCAGGTCCCAGCTTG-3'). The 1.1-kb DNA
sequence containing the [G] allele in the selected region in 1q22 were
chemically synthesized and inserted into PUCS7 vector. The sequence
containing the [A] allele was generated using QuikChange II Site-

18 of 22 The EMBO Journal ~ 40: €107974 | 2021

Zihan Zhang et al

Directed Mutagenesis Kit. The 1.1-kb DNA sequence containing the [G]
allele or [A] allele was then cloned into the PGL3-SV40 promoter or the
PGL3-TRIM46 promoter. The constructs were confirmed by DNA
sequencing. Co-transfection was performed with empty vector or the
enhancer constructs and a Renilla luciferase reporter plasmid in MCF-7
cells. Cells were harvested after 24 h, and lysates were prepared for
luciferase assays. At least three independent experiments were
performed.

Annotation of SNP using HaploReg

HaploReg is a tool for exploring annotations of the noncoding
genome at variants on haplotype blocks, such as candidate regula-
tory SNPs at disease-associated loci. HaploReg v4.1 (http://pubs.b
roadinstitute.org/mammals/haploreg/haploreg.php) was used to
predict the potential functions of SNP rs4971059. The yellow box
means “Weak Enhancer 2” (H3K4mel and DNase enrichment),
which is one of 25 chromatin states based on previous studies (Ernst
& Kellis, 2015); orange box means “H3K4mel Enhancer”, and the
black box means “missing data”.

Chromosome conformation capture assays (3C)

The 3C assay was done essentially as described (Hagege et al, 2007)
with minor modifications. Briefly, pellet from 1 x 10 MCF-7 cells
was washed with PBS buffer and then crosslinked with formaldehyde
(Sigma) in a final concentration of 2%. After a 10-min incubation at
37°C, glycine (0.125 M final concentration) was added to stop the
reaction. The pellet was then subjected to cold lysis buffer with
protease inhibitors, homogenized with a Dounce homogenizer on ice,
and centrifuged to pellet the nuclei. To remove non-crosslinked
proteins from DNA, SDS (Sigma) was added to a final concentration
of 0.3%. For Dpnll digestion, Triton X-100 (Sigma) was added to a
final concentration of 1% to sequester excess SDS. A 5-ul aliquot of
the sample was kept as an undigested genomic DNA control. Dpnll
(New England Biolabs) restriction enzyme was added to the remain-
ing sample for overnight digestion at 37°C. Digestion efficiency was
optimized and monitored by PCR using primer pairs designed specifi-
cally for each of the Dpnll restriction sites in the locus. After complete
digestion, 1.6% SDS was added for 20 min at 65°C to inactivate
Dpnll, and a 5-ul aliquot of the sample was set aside as the digested
genomic DNA control. The ligation reaction was performed with 400
units of T4 DNA ligase (New England Biolabs) for 4 h at 16°C,
followed by incubation for 30 min at room temperature in a total of
5-ml reaction system. Cross-linking was reversed by overnight incu-
bation of the samples with proteinase K at 65°C, followed by phenol-
chloroform purification of DNA. Purified DNA was subjected to PCR
amplification with site-specific primer pairs. The primer and probe
sequences are provided in Appendix Table S2.

GST pull-down assays

GST fusion constructs were expressed in BL21 E. coli bacteria, and
crude bacterial lysates were prepared by sonication in TEDGN
(50 mM Tris-HCI pH 7.4, 1.5 mM EDTA, 1 mM dithiothreitol, 10%
(v/v) glycerol, 0.4 M NaCl) in the presence of the protease inhibitor
mixture. In vitro transcription and translation experiments were
done with rabbit reticulocyte lysate (TNT systems, Promega)
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according to the manufacturer’s recommendation. Briefly, equal
amounts of GST fusion proteins were immobilized on 50 pul of 50%
glutathione-sepharose 4B slurry beads (Amersham Biosciences) in
0.5 ml of GST pull-down binding buffer (75 mM NaCl, 50 mM
HEPES, pH 7.9). After incubation for 1 h at 4°C with rotation, beads
were washed three times with GST pull-down binding buffer and
resuspended in 0.5 ml of GST pull-down binding buffer before
adding 10 pl of in vitro transcribed/translated proteins for 2 h at
4°C with rotation. The beads were then washed three times with
binding buffer. Bound proteins were eluted by boiling in 30 pl of
2x sample loading buffer and resolved on SDS-PAGE.

Real-time RT-PCR

Total cellular RNAs were isolated from samples with TRIzol reagent
(Invitrogen). First strand cDNA synthesis was performed with the
Reverse Transcription System (TransGen Biotech). Quantitation of
all gene transcripts was done by gqPCR using Power SYBR Green
PCR Master Mix and an ABI PRISM 7500 sequence detection system
(Applied Biosystems) with the expression of GAPDH as the inter-
nal control. The sequences of primer pairs are provided in
Appendix Table S3.

Ubiquitination assays

In vivo ubiquitination assays with immunoprecipitation was
performed as previously described (Xirodimas et al, 2001; Lunyak
et al, 2002). Briefly, cells were treated with MG132 before lysed in
2% SDS buffer containing 10 mM Tris—HCl pH 8.0, 150 mM NaCl
and protease inhibitor. Lysates were boiled for 10 min followed by
sonication for 2 min. Lysates were then diluted 1:10 in dilution
buffer, incubated at 4°C for 30-60 min with rotation and centrifuged
at 20,000 g for 30 min. Cellular extracts (0.5-1.5 mg) were incu-
bated with anti-FLAG M2 affinity gel overnight. The beads were
washed twice with washing buffer, boiled in SDS sample buffer and
subjected to SDS-PAGE analysis. For in vitro ubiquitination assays,
the reaction was carried out in 30 pl ubiquitination buffer (50 mM
Tris-HCl pH 7.5, 0.5 mM dithiothreitol) containing 200 nM E1 acti-
vating enzyme, 500 nM E2 conjugase, 15 pg ubiquitin, 1 mM
MgCl,-ATP (all from Boston Biochem), 1 pg TRIM46 WT/mutants,
and 1 pg HDACI that was incubated for 90 min at 30°C. The reac-
tion was then directly subjected to Western blotting. For auto-
ubiquitination assays, 2 pg TRIM46 was incubated with E1, E2, and
ubiquitin in reaction buffer for 90 min at 30°C, and the reaction was
subjected to Western blotting analysis. The E2 conjugase Kkit
provides a set of 10 commonly used E2 ubiquitin conjugating
enzymes, including UBE2H, UBE2R1, UBE2D1, UBE2D2, UBE2D3,
UBE2E1, UBE2E3, UBE2L3, UBE2C and UBE2N/UBE2V1.

ChIP sequencing

MCF-7 cells stably expressing vector and FLAG-TRIM46 were main-
tained in DMEM supplemented with 10% fetal bovine serum.
Approximately 5 x 107 cells were used for each ChIP-seq assay. The
chromatin DNA was precipitated by either normal rabbit IgG (con-
trol) or polyclonal antibodies against HDAC1. The DNA was purified
with Qiagen PCR purification kit. In-depth whole genome DNA
sequencing was performed by CapitalBio Corporation, Beijing. The
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raw sequencing image data were examined by the Illumina analysis
pipeline, aligned to the unmasked human reference genome (UCSC
GRCh37, hgl9) using Bowtie2, and further analyzed by MACS
(Model-based Analysis for ChIP-Seq). Enriched binding peaks were
generated after filtering through the control IgG. Genomic distribu-
tion of HDACI1, binding sites was analyzed by ChIPseeker, an R
package for ChIP peak annotation, comparison and visualization
(Yu et al, 2015). Pathway analysis was conducted based on the
Database for Annotation, Visualization and Integrated Discovery
(DAVID, https://david.ncifcrf.gov/; Huang da et al, 2009). The pro-
file plot for scores over sets of genomic regions was analyzed by
deeptools, a suite of python tools for the sufficient analysis of high-
throughput sequencing data.

RNA sequencing

MCF-7 cells were treated with control siRNA or siRNA of TRIM46
for 72 h. Total RNA was isolated and used for RNA-seq analysis.
c¢DNA library construction and sequencing were performed by
Beijing Genomics Institute using BGISEQ-500 platform. High-quality
reads were aligned to the human reference genome (GRCh38) using
Bowtie2. The expression levels for each of the genes were normal-
ized to fragments per kilobase of exon model per million mapped
reads (FPKM) using RNA-seq by Expectation Maximization (RSEM).

ChIP and qChIP

ChIP and qChIP were performed essentially the same as previously
described (Si et al, 2015). DNA was purified with the QIAquick PCR
Purification Kit. qChIPs were performed using the TransStart Top
Green PCR supermix (Trans-Gen Biotech). The primers are
provided in Appendix Table S4.

Cell cycle synchronization and flow cytometry analysis

MCEF-7 cells were synchronized in the G1/S phase by a double-
thymidine block and were released for various hours (Cos et al,
1996). In all cases, cells were trypsinized, washed with PBS, and
fixed in 70% cold ethanol at 4°C overnight. Cells were again washed
with PBS and treated with 0.1 mg/ml RNase A (Sigma) for 30 min
at 37°C and subsequently stained with 50 mg/ml propidium iodide
(PI). Cell cycle data were collected using a FACS calibur flow
cytometer (BD Biosciences) and analyzed with FlowJo 10. For EAU
incorporation assays, MCF-7 cells were incubated with EdU in a
final concentration of 10 uM for 10 min. Then, cells were collected
and analyzed according to the instructions of EQU Flow Cytometry
Assay Kit (Life Technologies, C10419).

Detection of ssDNA

Detection of ssDNA was performed in MCF-7 cells as previously
described (Groth et al, 2007). Briefly, cells were grown on six-well
chamber slides, and BrdU (20 pM) was added during the last 24 h
of siRNA (specific for TRIM46 or HDAC1) treatment and removed
by a brief wash prior to HU treatment (4 mM, 2 h). Cells were
extracted 5 min with 0.5% cytoskeleton (CSK) buffer (10 mM PIPES
pH 7, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl,) and rinsed
with CSK and PBS before fixed 10 min in 100% methanol at room
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temperature. Chamber slides were subsequently washed three times
with PBS, treated with cold 70% ethanol at —20°C for 1 h, blocked
with 1% BSA, and incubated with PCNA and BrdU antibodies
followed by staining of FITC or TRITC-conjugated secondary anti-
bodies. BrdU in ssDNA patches and PCNA were detected without a
DNA denaturation step.

DNA fiber assays

DNA fiber assays to analyze replication fork progression and origin
firing were essentially carried out as described previously (Kopper
et al, 2013). In brief, cells were pulse-labeled with 50 uM IdU
(Sigma) for 30 min, followed by a second labeling with 50 uM CldU
(Sigma) for 30 min before analysis. Cells were harvested and DNA
fibers were stretched onto glass slides in a DNA lysis buffer
(200 mM Tris-HCI pH 7.4, 0.5% SDS, 50 mM EDTA). After fixation
with methanol/acetic acid (3:1), DNA was denatured with 2.5 M
HCI and blocked (PBS with 1% BSA and 0.1% Triton X-100) before
staining with mouse anti-IdU (BD), rat anti-CldU (Abcam), and the
corresponding secondary antibodies conjugated with Alexa Fluor
488 or 555 (Invitrogen). Statistical analysis was performed using
Prism 6 (GraphPad Software).

Apoptosis assays

MCF-7 cells were treated with 4 uM cisplatin or 0.1% DMSO as a
control for 48 h. After harvest, cells were treated with Annexin V-
FITC/ PI Apoptosis Kit (Multisciences, China) and analyzed by flow
cytometry (BD Accuri™ C6).

Cell viability/proliferation assays

For cell proliferation assays, MCF-7 or MCF-10A cells were seeded
into 96-well plates with an equal volume of medium. On the day of
harvest, the CellTiter 96® Aqueous ONE Solution Reagent
(Promega) was added according to the manufacturer’s protocol.
Plates were incubated at 37°C for 1 h and cell viability was deter-
mined by measuring the absorbance of converted dye at wave-
lengths 490 nm. The detailed protocol is following the
manufacturer’s instruction (Promega). Each experiment was
performed in triplicate and repeated at last three times.

Colony formation assays

MCF-7 or MCF-10A cells were maintained in culture media in 6-well
plate for 14 days, fixed with 4% paraformaldehyde, stained with
0.1% crystal violet for colony observation, and counted using light
microscope. Each experiment was performed in triplicate and
repeated at last three times.

Mice and tumor xenografts

The SCID beige mice (6 weeks, female) were purchased from Peking
University Health Science Center Department of Laboratory Animal
Science. All animals were maintained in a standard pathogen-free
facility. MCF-7 cells were infected with lentiviruses carrying the
plasmids indicated in our study. 48 h after infection, 5 x 10° cells
were injected into mammary fat pads of 6- to 8- week-old SCID
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mice. Eight animals per group were used in each group. E2 pellets
(0.72 mg per pellet, 60 d release; Innovative Research of America),
or vehicle pellets were implanted 1 d before the tumor cell injection.
All studies were approved by the Animal Care Committee of Peking
University Health Science Center.

Patients and specimens

Tumor tissues were obtained from surgical specimens from patients
with breast cancer. Samples were frozen in liquid nitrogen immedi-
ately after surgical removal and maintained at —80°C until protein
extraction. Paired samples of breast cancer with adjacent normal
mammary tissues and samples of breast cancers were obtained from
the Breast Disease Center of Peking University People’s Hospital and
Peking University Third Hospital, and approved by the Ethics
Committee of the Peking University Health Science Center.

Expression and eQTL analysis

The data of the genotype and gene expression were from the 90
breast cancers tissues. The clinical and pathologic characteristics of
90 cases are shown in Table EV1. The mean age of the patients was
68 years. Seventy cases were positive for estrogen receptor, sixty-
eight cases were positive for progesterone receptor, and sixty-nine
cases were positive for HER2. We perform the expression quantita-
tive trait loci analysis using the R package “MatrixEQTL” version
2.3 (Shabalin, 2012). We used the function Matrix_eQTL_main with
its default parameters (pvOutputThreshold = 0.05, cisDist = 5e°).
Any variants with minor allele frequency of 0.05 were removed.
The cis-eQTL was defined as variant-gene association within 500 bp
of transcription start site (TSS). The P values and FDR were
corrected for multiple testing using Bonferroni method.

Statistical analysis

Data from biological triplicate experiments are presented with error
bar as mean + SD unless otherwise noted. Two-tailed unpaired
Student’s t-test was used for comparing two groups of data unless
otherwise noted. Statistical significance was considered at a value of
P < 0.05. SPSS version 13.0 was used for statistical analysis. Before
statistical analysis, variation within each group of data, and the
assumptions of the tests were checked. The correlation coefficients
were calculated by R programming. The results of the statistical
tests for all breast cancer datasets used in this study, such as TCGA
BRCA dataset, GSE21653, GSE36774, and Miyake’s breast dataset,
were provided in Table EV4.

Data availability

ChIP-seq data for HDAC1 have been deposited in the Gene Expression
Omnibus (GEO) with the accession number GSE176536 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE176536). RNA-
seq data for TRIM46 have been deposited in the Gene Expression
Omnibus (GEO) with the accession number GSE176537 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE176537). Breast
data referenced in this study are available in GEO database (http://
www.ncbi.nlm.nih.gov/geo) with the accession code numbers
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GSE21653, GSE36774, and GSE32646 (Miyake’s breast dataset). Data
for Kaplan—-Meier survival analysis in breast cancer patients are
publicly available online at: http://kmplot.com/analysis.

Expanded View for this article is available online.
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