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Abstract
Activator Protein 2 gamma (AP-2γ) is a master transcription factor that plays a critical role in the development
and progression of breast cancer. However, the underlying mechanism is still unclear. Herein, using a
proteomics approach, we identified Tripartite motif-containing 37 (TRIM37) as a novel coactivator of
AP-2γ-mediated transcription in breast cancer cells. We demonstrate that TRIM37 facilitates AP-2γ chromatin
binding to directly regulate the AP-2γ mediated transcriptional program. We also show that TRIM37 achieves
this by stimulating K63 chain-linked ubiquitination of AP-2γ, promoting protein localization from the cytoplasm
to the nucleus. In clinical analyses, we find TRIM37 is upregulated in multiple breast cancer datasets, supporting
our findings that the TRIM37-AP-2γ interaction is essential for breast cancer tumor growth. Overall, our work
reveals that TRIM37 is an oncogenic coactivator of AP-2γ in breast cancer and provides a novel therapeutic
target for treating the disease.
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Introduction
Breast cancer (BCa) is the most commonly
diagnosed cancer in women [1]. Many determinants
control the development and progression of the
disease, including transcription factors such as
Activator protein-2 gamma (AP-2γ)/Transcription
Factor Activator Protein-2 gamma (TFAP2C) [2]. The
TFAP2C gene is located on chromosome 20q13 and is
frequently amplified in BCa [3, 4], but whether its
expression is associated with overall survival remains
unclear [5-7]. However, elevated AP-2γ expression is
correlated with a decreased response to endocrine
therapy [8-10]. As a DNA binding transcription factor,
AP-2γ binds to cis-regulatory elements in the genome
called AP-2γ binding sites (AP2GBS) and recruits
coregulatory factors, such as ERα, GATA3, PELP1,
and PRC1 PRC2 [9, 11-14]. Together, these factors
function in an organized manner to facilitate the

transcription of essential genes required for
oncogenesis and progression of BCa [2, 15].
Tripartite motif-containing 37 (TRIM37), another
critical regulator of BCa [14], is a member of the TRIM
superfamily of proteins, characterized by an RBCC
motif consisting of a RING finger, two B-boxes, and a
coiled-coil domain [16]. TRIM37 is located on
chromosome 17q23, in a region amplified in many
cancers, including about 40% of BCa [14, 17]. A high
TRIM37 protein expression is associated with a poor
prognosis in BCa [14], consistent with the role of
TRIM37 in promoting BCa cell proliferation,
migration, and invasion [14, 18-20]. Mechanistically,
TRIM37 has been shown to function as a
transcriptional corepressor, silencing the expression
of tumor suppressor genes by mono-ubiquitinating
histone H2A [14].
https://www.ijbs.com
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The transcriptional network controlling BCa is
highly complex and tightly controlled, involving the
coordinated efforts of many DNA binding
transcription factors, cofactors, and target genes [11,
21, 22]. While numerous studies indicate TRIM37 and
AP-2γ as critical regulators in BCa, it is unclear if there
is any functional interplay between these two factors.
Herein, using RIME (Rapid Immunoprecipitation
Mass Spectrometry of Endogenous Proteins) [23], we
identified TRIM37 as an AP-2γ-associated protein. We
also demonstrate that TRIM37 is a coactivator of
AP-2γ-mediated transcription. Finally, our findings
suggest that TRIM37 regulates transcriptional activity
by acting as an E3-ligase mediating K63-linked
ubiquitination of AP-2γ, promoting the translocation
of the protein from the cytoplasm to the nucleus.

Results
TRIM37 interacts with AP-2γ in BCa cells
To identify cooperating factors involved in
regulating AP-2γ-mediated transcription, we isolated
endogenous proteins associated with AP-2γ in MCF-7
cells using RIME analysis. We considered proteins are
associated with AP-2γ if they meet the following
criteria: a) the associated protein is present in all three
independent replicates, b) the associated protein
shows a minimum of five-fold change in intensity
ratio compared to the IgG control, and c) the number
of unique peptides representing the associated
protein is more than four. With these criteria, we
identified 89 high-confident AP-2γ-associated
proteins (Supplementary Table 1). A Gene Ontology
(GO) analysis of these AP-2γ-associated proteins
shows they are involved in diverse molecular
functions, such as protein binding, DNA binding,
RNA binding, and catalytic activity (Fig. 1A). We also
ranked these proteins based on their enrichment
scores as a general indicator of interaction strength
(Fig. S1). Among this list of proteins, TRIM37 was one
of the strongest and most confident AP-2γ protein
interactors (Fig. 1B).
TRIM37 is an essential factor in BCa [14, 24, 25].
In agreement with previous findings [17], we
observed TRIM37 amplified in many cancers,
including BCa (Fig. 1C). We also found that TRIM37
amplification in BCa is associated with increased
mRNA expression (Fig. 1D) and, in general, expressed
higher in luminal and HER2 than basal BCa subtypes
(Fig. 1E). To explore the potential interplay between
TRIM37 and AP-2γ in BCa, we validated the
TRIM37-AP-2γ interaction by performing independent co-immunoprecipitation analysis in MCF-7 and
BT474 cells. As shown in Fig. 1F, the TRIM37-AP-2γ
interaction is present in both cell lines. Together, our
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results suggest that TRIM37 is a novel AP-2γassociated protein highly expressed in BCa.

TRIM37 is colocalized with AP-2γ on
chromatin
To establish whether TRIM37 plays a role in
regulating AP-2γ dependent transcription in BCa, we
began by asking whether TRIM37 and AP-2γ binding
is colocalized on chromatin. For this, we performed
TRIM37 and AP-2γ ChIP-seq in MCF-7 cells. Overall,
we identified 11,361 TRIM37 binding sites (T37BS)
and 35,856 AP-2γ binding sites (AP2GBS) (Fig. 2A and
B). A motif enrichment analysis of T37BS revealed an
enrichment of the AP-2 binding motif (Fig. 2C),
suggesting TRIM37 is recruited to chromatin via
AP-2γ. When we overlapped the binding sites for
TRIM37 and AP-2γ, we found that 45.3% (5,146) of
T37BS are shared with AP2GBS (Fig. 2A), further
supporting the RIME findings that TRIM37 interacts
with AP-2γ. A genomic distribution analysis of T37BS
showed that TRIM37 is mainly occupied at distal
intergenic (45.15%), intron (36.90%), and gene
promoter regions (13.61%) (Fig. 2D). Next, we
searched whether the two factors are co-bound near
known AP-2γ regulated genes [2, 9, 26]. As shown in
Fig. 2E, TRIM37 and AP-2γ co-binding sites are
significantly enriched at the regulatory regions of
GREB1, FOXA1, RARA, RET, CA12, and MYB. We
validated these co-binding events independently by
ChIP-qPCR (Fig. 2F). Together, these results suggest
AP-2γ regulates transcription by recruiting TRIM37 to
chromatin.

TRIM37 is required for efficient AP-2γ
dependent transcription
Next, we determined if TRIM37 is essential for
AP-2γ-mediated transcription. To do this, we
examined the effect of siRNA-mediated silencing of
TRIM37 on the expression of AP-2γ-regulated genes
in MCF-7 and BT474 cells. Overall, depleting TRIM37
reduced the expression of AP-2γ-regulated genes in
both cell lines (Fig. 3A). We also explored the
requirement of TRIM37 on the global AP-2γ
transcriptional program by performing RNA-seq on
MCF-7 cells silenced with siTRIM37 or siAP-2γ. From
our analysis, we identified 2,880 TRIM37 and AP-2γ
coregulated genes (Fig. 3B). Among these coregulated
genes, 968 are downregulated, and 1,581 are
upregulated after TRIM37 and AP-2γ depletion (Fig.
3C). This result suggests that TRIM37 can function as
a coactivator and a corepressor of transcription. For
this work, we focused on the coactivator activity of
TRIM37 in AP-2γ-mediated transcription. GO term
analysis of TRIM37 and AP-2γ coactivated genes
shows they are enriched for biological processes
https://www.ijbs.com
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associated with DNA replication, cell cycle, cell
division, and cell proliferation (Fig. 3D). Together, our
results demonstrate that TRIM37 is required for
efficient transcription of AP-2γ target genes and
coregulate cancer-associated genes that affect tumor
progression.

TRIM37 enhances AP-2γ binding to chromatin
To understand how TRIM37 stimulates AP-2γ
mediated transcription, we assessed whether TRIM37
could be involved in modulating AP-2γ binding to
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chromatin. We tested this possibility by performing
an AP-2γ ChIP-seq on MCF-7 cells before and after
TRIM37 depletion. As shown in Fig. 4A, depleting
TRIM37 significantly reduced the average binging
intensity of AP-2γ at the 5,146 TRIM37 and AP-2γ
co-binding sites, including binding sites associated
with AP-2γ-regulated genes (Fig. 4B and C). Together,
our results suggest that TRIM37 promotes or
stabilizes AP-2γ binding to chromatin.

Figure 1. RIME analysis reveals AP-2γ is associated with TRIM37 in BCa cells. A, Graphical plot showing AP-2γ-associated proteins in MCF-7 cells. The clustering of
the graph is based on molecular functions. B, Peptide coverage, number of unique peptides (highlighted in blue) identified in AP-2γ and TRIM37 from the AP-2γ RIME analysis.
C, TRIM37 mRNA alteration in different cancer types from TCGA. D, TRIM37 expression in TRIM37 diploid versus TRIM37-amplified tumors (TCGA). E, TRIM37 mRNA levels
in normal and different BCa subtypes from different publicly available datasets. The number of patients and p-values are shown as indicated. F, Validation of the AP-2γ-TRIM37
interaction by co-immunoprecipitation. Nuclear AP-2γ protein in MCF-7 (left) or BT474 (right) cells was immunoprecipitated, and TRIM37 was detected by immunoblotting. IgG
was used as a negative control.

https://www.ijbs.com
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Figure 2. TRIM37 binding is co-localized with AP-2γ. A, Venn diagram showing the overlap of AP-2γ and TRIM37 ChIP-seq peaks. B, Graphs showing the average tag
density for AP-2γ and TRIM37 at AP-2γ-TRIM37 co-binding regions (top). Heatmaps showing the binding intensity signals for the 5,146 sites ranked from the strongest to the
weakest binding sites (below). C, Motif enrichment analysis of TRIM37 binding sites. Significant top enriched motifs in TRIM37 ChIP-seq peaks are shown with corresponding
p-values. D, Pie chart illustrating the genomic distribution of TRIM37 binding regions relative to the whole genome. E, Genomic snapshots of AP-2γ and TRIM37 ChIP-seq peaks
at the regulatory regions of model genes. Asterisks denote binding sites used for validation in F. F, ChIP-qPCR validation of AP-2γ and TRIM37 co-occupancy at model genes in
MCF-7 cells. Data are represented as a percentage of input chromatin immunoprecipitated. Error bars show ± SD from at least 3 independent experiments. * P < 0.05; ** P < 0.01.
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Figure 3. TRIM37 is required for efficient AP-2γ dependent transcription. A, Effect of AP-2γ and TRIM37 knockdown on the expression of AP-2γ-regulated genes.
MCF-7 cells (upper panel) and BT474 cells (lower panel) were transfected with siAP-2γ, siTRIM37, or siNC. Gene expression was measured by RT-qPCR and normalized against
GAPDH. Error bars show ± SD from at least 3 independent experiments. * P < 0.05; ** P < 0.01. B, Venn diagram showing AP-2γ and TRIM37 coregulated genes. MCF-7 cells
treated with siNC, siAP-2γ, or siTRIM37 were profiled by RNA-seq. A total of 2,880 genes are coregulated by AP-2γ and TRIM37 (AP-2γ FC > 1.5, TRIM37 FC > 1.2). C,
Heatmap showing RNA-seq gene expression analysis of MCF-7 cells treated with siAP-2γ, siTRIM37, or siNC. A total of 968 downregulated genes (blue) and 1,581 upregulated
genes (red) (AP-2γ FC > 1.5, TRIM37 FC > 1.2) were identified. D, GO analysis of downregulated genes (coactivated by TRIM37 and AP-2γ) (AP-2γ FC > 1.5, TRIM37 FC > 1.2).

https://www.ijbs.com
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Figure 4. TRIM37 affects AP-2γ binding to chromatin. A, Graph showing the average tag density (top) and heatmap (bottom) of AP-2γ at AP-2γ and TRIM37 co-bound
regions with and without siTRIM37 treatment. B, Genomic snapshots of AP-2γ ChIP-seq peaks surrounding model genes with and without siTRIM37 treatment. C, ChIP-qPCR
validation of TRIM37 knockdown on AP-2γ binding sites at model genes in MCF-7 cells. Data are represented as a percentage of input chromatin immunoprecipitated. Error bars
show ± SD from at least 3 independent experiments. * P < 0.05; ** P < 0.01.

TRIM37 promotes AP-2γ nuclear translocation
via K63 ubiquitination
TRIM37 is an E3 ubiquitin ligase [14, 25, 27, 28].
Thus, we speculated that TRIM37 might function as a
coactivator by ubiquitinating AP-2γ. Indeed,
siRNA-mediated depletion of TRIM37 decreased
AP-2γ ubiquitination levels in MCF-7 cells (Fig. 5A).
Consistent with these results, overexpression of
TRIM37 in HEK 293T cells increased AP-2γ
ubiquitination levels in a dose-dependent manner
(Fig. 5B). Our results also show that TRIM37 can
induce mono- and polyubiquitination of AP-2γ (Fig.
5B and Fig. S3). Moreover, a RING domain mutant of
TRIM37 (C18R, which destroyed the E3 ubiquitin

ligase activity) substantially reduced the ability of
TRIM37 to promote the ubiquitination of AP-2γ (Fig.
5B), further supporting our idea that TRIM37 is an E3
ubiquitin ligase for AP-2γ.
Next, we asked whether TRIM37 regulates
AP-2γ protein expression levels. Overall, the
depletion of TRIM37 did not change AP-2γ protein
levels in MCF-7 (Fig. 5C) or BT474 cells (Fig. S2A).
Consistent
with
these
observations,
the
overexpression of TRIM37 also did not affect AP-2γ
protein levels (Fig. 5D). Since TRIM37 does not
modulate AP-2γ protein expression levels in BCa
cells, we decided to see if TRIM37 could alter AP-2γ
subcellular
localization
instead.
Fractionation
analyses show that AP-2γ protein level decreased in
https://www.ijbs.com
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the nucleus and increased in the cytoplasm after
TRIM37 knockdown in MCF-7 (Fig. 5E and F) and
BT474 cells (Fig. S2B and S2C). These observations
suggest that TRIM37 affects AP-2γ protein
translocation rather than protein stability. Lysine-48
(K48)-linked ubiquitin chains mainly target proteins
for proteasomal degradation, whereas K63-linked
ubiquitin chains mediate nonproteolytic signals,
including those regulating subcellular localization,
protein activation, and protein-protein interaction
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[29-31]. To determine which ubiquitin chain TRIM37
uses to modify AP-2γ, we performed ubiquitination
assays containing either K63-only or K48-only
ubiquitin as substrates. Our results show that TRIM37
promotes K63 but not K48 ubiquitination of AP-2γ
(Fig. 5G). Taken together, our results indicate that
TRIM37 functions as a coactivator of AP-2γ-mediated
transcription by promoting the translocation of the
protein from the cytoplasm to the nucleus through
K63-mediated ubiquitination of AP-2γ.

Figure 5. TRIM37 affects AP-2γ nuclear translocation via K63 ubiquitination. A, MCF-7 cells transfected with siNC or siTRIM37 were treated with MG132 before
lysis and then subjected to anti-AP-2γ IP followed by immunoblot analysis with anti-HA. B, HEK293T cells were transfected with constructs expressing AP-2γ and wild-type
TRIM37 or TRIM37[C18R] mutant as indicated. Samples were processed as described in A. The asterisks indicate the mono-ubiquitinated forms of AP-2γ. C, MCF-7 cells were
transfected with siNC or siTRIM37. Cell lysis was collected at 72 h post-transfection and subjected to immunoblot analysis using the indicated antibodies. D, MCF-7 cells were
transfected with constructs expressing TRIM37 or TRIM37[C18R]. Samples were processed as described in C. E, Cell fractions were prepared from MCF-7 cells treated with
siNC or siTRIM37. GAPDH and histone H3 served as loading controls and cell fraction markers. F, Quantitation of cytoplasmic (left) or nuclear (right) AP-2γ normalized to the
loading control. Error bars show ± SD from at least 3 independent experiments. * P < 0.05; ** P < 0.01. G, In vivo ubiquitination assays were performed in HEK293T cells. Cells
were transiently transfected with HA-tagged K63-only ubiquitin or K48-only ubiquitin. The asterisks indicate the mono-ubiquitinated forms of AP-2γ.

https://www.ijbs.com
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TRIM37 is essential for BCa growth
In addition to examining the role of TRIM37 in
AP-2γ-mediated transcription, we also addressed its
biological functions in BCa. To do this, we depleted
TRIM37 in MCF-7 and BT474 cells and assayed for cell
proliferation (MTT) and apoptosis. Knockdown of
TRIM37 markedly reduced cell proliferation (Fig. 6A
and B) and significantly increased cell apoptosis (Fig.
6C and D). We also examined the effect of TRIM37 on
the cell cycle. FACs analyses show that depletion of
TRIM37 increased the G1/S transition and decreased
the S phase of the mitotic cell cycle (Fig. 6E). Together,
our results suggest TRIM37 is essential for BCa
proliferation and survival through promoting the cell
cycle and inhibiting apoptosis.

TRIM37 and AP-2γ expression is a good
predictor of BCa survival
Finally, since the above findings indicate
TRIM37 and AP-2γ function together, we were
interested in determining whether these two factors
have good prognostic value in predicting BCa
survival. Our analysis found that AP-2γ expression is
not associated with BCa patient survival (Fig. 6G). In
contrast, high TRIM37 expression is significantly
associated with a poor survival outcome (Fig. 6F).
Although TRIM37 alone can predict survival, we
explored whether we could obtain a better prognostic
indicator if we considered TRIM37 and AP-2γ
expression together. Indeed, our results show that the
separation and significance in BCa survival increased
if we used the expression information of both factors
(Fig. 6H). Taken together, our clinical analysis
suggests combining TRIM37 and AP-2γ expression for
predicting BCa patient outcomes.

Discussion
AP-2γ is a critical player in the development and
progression of BCa [9, 10]. Furthermore,
transcriptional regulation by AP-2γ is influenced by a
specific combination of coregulatory factors [32-34].
Thus, knowing all the interactors of AP-2γ and
understanding their function is essential for potential
BCa therapy. Over the years, through various
biochemical and genomic approaches, only several
AP-2γ coregulatory proteins have been identified thus
far, including ERα, FOXA1, FBP1, KDM5B, MYC,
MTA1, B23, and CITED [2, 11, 35-39]. In this study,
using a highly robust proteomics approach, we
identified all chromatin-bound AP-2γ interacting
proteins in BCa cells (Fig. 1). We also revealed
TRIM37 as a novel coregulator of AP-2γ and provided
functional insight into how TRIM37 regulates AP-2γ
transcriptional activity in BCa cells.
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TRIM37 is an oncogenic transcriptional regulator
in BCa, monoubiquitinating histone H2A and
suppressing the transcription of a cohort of tumor
suppressor genes [14]. The findings from our work
also support TRIM37 as an oncoprotein. We showed
that TRIM37 is highly expressed in BCa and is
required for promoting BCa cell growth (Fig. 1E and
6A-B). Our findings also show that TRIM37 is a
component of the AP-2γ transcriptional complex
essential for AP-2γ-mediated transcription (Fig. 2 and
4). In addition, our work reveals that TRIM37
functions as a coactivator of AP-2γ regulated gene
transcription (Fig. 3) by enhancing AP-2γ chromatin
binding (Fig. 4).
In addition to monoubiquitinating histone H2A,
TRIM37 has also been reported to activate the NF-kB
pathway via polyubiquitinating TRAF2 and promote
peroxisomal matrix protein import by monoubiquitinating PEX5 [14, 18, 27]. In this study, we
identified a new function for TRIM37. We show that
TRIM37 interacts with AP-2γ and mediates
K63-mediated mono- and polyubiquitination of
AP-2γ, promoting AP-2γ nuclear translocation (Fig. 5
and S3). We also showed that the RING domain of
TRIM37 is required for AP-2γ ubiquitination but is
not necessary for the interaction between TRIM37
with AP-2γ (data not shown), suggesting that TRIM37
may interact with AP-2γ by recruiting other protein
factors. This possibility and the specific interaction
site between TRIM37 and AP-2γ will be tested in
future work.
Our global gene expression analysis reveals that
TRIM37 regulates the transcription of pro-mitotic
genes (Fig. 3). In support of this observation, cell
proliferation and apoptosis results show that TRIM37
promotes cell proliferation and inhibits apoptosis
(Fig. 6A-D). Notably, two recent studies reported that
centrosome depletion induces synthetic lethality in
TRIM37 amplified cancer cells [24, 25]. Specifically,
when PLK4 is inhibited, TRIM37 degrades CEP192, a
core component of the pericentriolar centrosome
material. This degradation leads to the unsuccessful
assembly of the mitotic spindle resulting in the failure
of mitosis and cell proliferation. Together, these
findings suggest that TRIM37 is a promising
therapeutic target for BCa treatment.
Finally, our analysis of clinic data shows that
high expression of TRIM37 in BCa patients is
associated with a poor survival outcome (Fig. 6F).
Furthermore, we found that combining AP-2γ
expression information with TRIM37 data provides a
better predictive value than TRIM37 only. Taken
together, the results from this study suggest that
TRIM37 and AP-2γ expression can help better predict
BCa patient outcomes.
https://www.ijbs.com
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Figure 6. TRIM37 is essential for BCa growth. A and B, MTT assays were performed on (A) MCF-7 and (B) BT474 cells transfected with siNC or siTRIM37. Error bars
represent ± SD from 3 independent experiments. * P < 0.05; ** P < 0.01. C and D, Cell apoptosis analyses by flow cytometry of (C) MCF-7 and (D) BT474 transfected with siNC
or siTRIM37. Error bars show ± SD from at least 3 independent experiments. * P < 0.05; ** P < 0.01. E, Cell cycle analysis of MCF-7 cells transfected with siNC or siTRIM37 were
detected by flow cytometry. Error bars show ± SD from at least 3 independent experiments. * P < 0.05; ** P < 0.01. F-H, Kaplan-Meier plots showing the recurrence-free survival
of BCa patients for TRIM37 (F), AP-2γ (G), TRIM37, and AP-2γ (H) expression in the METABRIC dataset. BCa patients were stratified into high (red) and low (blue) groups based
on the median expression of the target gene. Significance was calculated using a log-rank test (P < 0.05).

https://www.ijbs.com
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In conclusion, we identified TRIM37 as a novel
interactor of AP-2γ, regulating AP-2γ-mediated
transcription via K63-linked ubiquitination. The
resulting posttranslational modification of AP-2γ
moves the protein from the cytoplasm to the nucleus.
This study also provides novel insights into the
transcriptional network and the molecular mechanisms by which AP-2γ regulates gene expression in
BCa. Finally, our work will directly lead to significant
advances in understanding the role of TRIM37-AP-2γ
interaction in gene transcription and aid in
developing novel therapeutics for BCa treatment.

Materials and Methods
Antibodies and reagents
The following antibodies were used for RIME,
ChIP, Co-IP and immunoblotting: anti-AP-2γ
(sc-12762x, SCBT), anti-AP-2γ (sc-8977, SCBT),
anti-TRIM37 (A301-174A, Bethyl Lab), anti-HA
(sc-7392, SCBT), normal mouse IgG (sc-2025, SCBT),
normal rabbit IgG (sc-2027, SCBT), and anti-GAPDH
(sc-47724, SCBT). MG132 (s2619) was purchased from
Selleckchem. DynabeadsTM M-280 sheep anti-mouse
IgG (11202D) and DynabeadsTM protein G (10009D)
were purchased from Invitrogen.

Plasmids
The plasmid vectors, p3X-Flag-Myc-CMV-26 and
p3X-Flag-Myc-CMV-26-TRIM37, were generous gifts
from Michael R. Green (University of Massachusetts
Medical School). The TRIM37[C18R] mutant construct
was generated using the QuickChange site-directed
mutagenesis kit (Agilent). The primer used for the
mutagenesis is listed in Supplementary Table 2. The
full-length TFAP2C cDNA was cloned into the
pCMV5 vector at KpnI and HindIII. The pRK5-HA
and pRK5-HA-K48/K63 ubiquitin plasmids were
purchased from Addgene.

Cell culture
MCF-7 cells (ATCC) were cultured in DMEM
(Gibco) supplemented with 5% FBS (Gibco). HEK293T
and BT474 cells (ATCC) were cultured in DMEM with
10% FBS. All cells were grown at 37 °C in a 5% CO2
incubator.

RNAi studies
Cells were seeded in a six-well plate or 10 cm
dish to 70% confluency and subsequently transfected
with 5 nM of Dicer-substrate short interfering RNA
(IDT) using Lipofectamine RNAiMAX (Invitrogen).
Then, 72 h after transfection, cells were harvested for
RT-qPCR, RNA-seq, western blotting, or ChIP assay.
Two separate siRNAs were used for every target and
paired with negative control, siNC. siRNA and
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RT-qPCR primers sequences
Supplementary Table 2.

are

listed

in

Cell proliferation assays
Cells were transfected with siNC or siTRIM37,
seeded into 96-well plates at 3 × 103 cells/well, and
then incubated with 5 mg/mL sterilized MTT (Life
Technologies) in PBS for 3 h at 37 °C. The MTT was
removed, and 100 µl DMSO was added (Sigma). The
plate was then incubated for a further 30 min at 37 °C.
The absorbance was measured at an OD of 590 nm
using a plate reader (Thermo Scientific). Cell
proliferation was monitored every day for 6 days.
Experiments were performed in 3 technical replicates
and repeated 3 independent times.

Cell apoptosis assays
Cell apoptosis assay was performed using the
Dead Cell Apoptosis Kit (Invitrogen) according to the
manufacturer’s instructions. In brief, MCF-7 cells
were transfected with siNC or siTRIM37. After 72 h of
transfection, cells were harvested, centrifuged at 1,200
rpm for 5 min at 4 °C, washed with cold PBS once, and
then resuspended in a binding buffer containing
Annexin V-FITC and propidium iodide. Next, cells
were incubated for 15 min in the dark at room
temperature. After staining, the cells were mixed with
400 µl binding buffer and immediately analyzed by
flow cytometry (BD FACS Calibur). Experiments were
repeated three independent times.

In vivo ubiquitination assays
For ubiquitination assays with MCF-7, cells were
first transfected with siNC or siTRIM37 for 24 h after
transfection. Then, the media was changed, and cells
were transfected with the HA-ubiquitin construct.
Finally, cells were treated with 20 nM MG132 for 6 h
before harvesting. As for ubiquitination assays with
HEK293T, cells were transfected with the
HA-ubiquitin plasmid together with other indicated
constructs. Cells were then treated with MG132 under
the same condition as MCF-7 cells. After 48 h of
transfection, cells were harvested and lysed with
RIPA buffer containing NEM (Sigma) and protein
inhibitor cocktail (Roche). Ubiquitinated proteins
were precipitated with anti-AP-2γ pre-bound to sheep
anti-mouse magnetic beads and analyzed by WB.

Co-immunoprecipitation assay
Cells were grown in 15 cm dishes. Cell lysates
(same as the ChIP method) were incubated with 5 µg
of AP-2γ antibody and 100 µl magnetic beads complex
on a rotator overnight at 4 °C. Afterward, the proteinantibody-beads complex was washed with RIPA lysis
buffer, resuspended in sample buffer, boiled for 10
min, and analyzed by WB.
https://www.ijbs.com
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Subcellular fractionation
For subcellular fractionation analysis, cytoplasmic and nuclear proteins were separated using the
subcellular protein fractionation kit according to the
manufacturer (Abmon). Briefly, cells were harvested
as a pellet and were incubated with fractionation
buffer at 4 °C for 5 min. Next, the lysate was
centrifuged 500 × g at 4 °C for 5 min. The supernatant
(cytoplasmic extract) was transferred to a clean tube,
while the pellet was sequentially added with
disruption buffer and incubated at 4 °C for 10 min.
Finally, the supernatant (nuclear protein) was
collected, and protein sample buffer was added and
boiled for 6 min. The sample was then analyzed by
WB.

RIME analysis
AP-2γ RIME was performed as described [23]
with minor modifications. Briefly, 1 × 107 MCF-7 cells
were crosslinked with 1% mass spectrometry grade
formaldehyde (Pierce, Cat # 28906) for 8 min at RT. 10
µg anti-AP-2γ (sc12762x) antibody pre-bound with
100 µl sheep anti-mouse Dynabeads was used for
immunoprecipitation. Immunoprecipitated proteins
were extracted by heating in denaturing buffer (0.02
M Tris/HCl, pH 6.9, 2% SDS, 0.1 M dithiothreitol) for
10 minutes. After spinning at 14,000 × g for 30 sec, the
supernatant containing the extracted proteins was
collected and stored at -80 °C until proteomic analysis.
To predict the GO categories of AP-2γ-associated
proteins, we used msarc 1.4.5 (https://CRAN.
R-project.org/package=msarc).

Label-free LC-MS/MS quantitative proteomic
analysis
The extracted proteins were subjected to trypsin
digestion using the filter-aided sample preparation
approach described by Wiśniewski JR, 2018 [40]. The
tryptic digest was cleaned up with C18 ZipTip
(Millipore) according to the manufacturer’s
instructions. After drying down with a speedvac, the
cleaned peptides were reconstituted in water with 5%
acetonitrile (can) and 0.1% formic acid. Peptides were
separated on an EASY-Spray™ LC Column 75 µm ×
50 cm, 2-µm 100-Å pore size (Thermo Fisher Scientific)
with an ACN gradient from 5% to 35% in 0.1% formic
acid over 65 min. Peptides eluting from the column
were analyzed on a Q Exactive mass spectrometer
(Thermo
Fisher
Scientific)
operated
in
a
data-dependent mode. Survey full-scan MS spectra
(400-2,500 m/z) were acquired at 70,000 FWHM
resolution. The top 20 most intense ions were
sequentially isolated and fragmented in the orbitrap
by higher-energy collisional dissociation (HCD) with
normalized collision energy (NCE) set to 25. MS/MS
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spectra were acquired at 17,500 FWHM resolution.
The LC-MSMS data were searched against the
UniProt human protein sequence (reviewed) database
using MaxQuant v1.5.3.17 [41] to identify proteins
with a minimum of 2 unique peptides at PSM FDR of
0.01, peptide FDR of 0.01, and protein FDR of 0.01. For
label-free quantification, the LFQ intensity of each
unique protein was calculated using the intensity data
of the unmodified unique peptides and razor
peptides.

Chromatin Immunoprecipitation (ChIP)
The TRIM37 ChIP was performed as described
[42], except we used a two-step method to cross-link
the cells [43]. Briefly, MCF-7 cells were cultured in a
15 cm dish to approximately 1 × 107 cells. Cells were
then treated with the protein-protein cross-linker,
DSG (Pierce), at a final concentration of 2 mM at room
temperature for 45 min. After washing with PBS for
3×, cells were treated with 1% formaldehyde and
incubated at RT for 10 min. Nuclear extracts made
from these double cross-linked cells were then
immunoprecipitated with anti-TRIM37 or normal
rabbit antibody pre-bound to protein G Dynabeads
(Invitrogen).
The
precipitated
DNA
was
de-crosslinked at 65 °C for 8-18 h and subjected to
either high-throughput sequencing or ChIP-qPCR.
The primers used for amplifying ChIP products are
listed in Supplementary Table 2.

ChIP-seq analysis
ChIP-seq libraries were prepared using the
TruSeq ChIP Library Prep kit (Illumina) and subjected
to paired-end sequencing. Quality control and
pre-processing of raw data were processed using the
Fastp software (version 0.20.1). Reads were mapped
to the hg19 genome (ftp://ftp.ccb.jhu.edu/pub/
data/bowtie2_indexes/hg19.zip) with Bowtie 2 [44]
and duplicates were removed using the Picard v.2.20
tool [45]. MACS14 (version 1.4.2) was used for peak
calling (q value ≤ 1e-04) [46]. The Chipseeker [47]
package in R statistical environment (R x64 3.6.3) was
used to annotate the genomic region of the peaks. The
motif enrichment analysis was performed using
homer HOMER v4.11.1 (http://homer.ucsd.edu/
homer/motif/).

RNA-seq
Raw data quality control and pre-processing
were processed with Fastp (version 0.20.1) and Trim
Galore (version 0.6.6). Clean reads were mapped to
the hg19 genome with HISAT2 (version 2.2.1) [48].
RSeQC (version 2.6.2) [49] was used to check mapped
read quality. Transcripts Per Million (TPM) was
counted using StringTie (version 2.1.4) (https://
www.gencodegenes.org/human/release_19.html)
https://www.ijbs.com
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[50]. Differential gene expression analysis was
performed based on TPM values with a cut-off of 1.5
for siAP-2γ/siNC and 1.2 for siTRIM37/siNC. We
plotted the overlapping differentially expressed genes
using the heatmap R package and performed GO
enrichment analysis using DAVID (https://david.
ncifcrf.gov/).

Clinic data analysis
TCGA and Yau breast cancer datasets [51] were
downloaded
from
UCSC
Xena
(https://
xenabrowser.net/datapages/).
The
METABRIC
breast cancer dataset was downloaded from
cBioPortal (https://www.cbioportal.org/datasets).
The Aure dataset [52] (GSE80999) was downloaded
from GEO. TRIM37 expression values and clinical
sample type information were extracted from these
datasets. The student's t-test was used to calculate the
p-value. We used Survival v3.2-11 and Survminer
v0.4.9 for survival analysis. We used the log-rank test
to compare the survival curves of the two groups
obtained based on the median expression.

Statistics
All RT-qPCR and ChIP results were collected
from at least 3 biological replicates to achieve
statistical significance. The difference between groups
was determined using a two-tailed student t-test with
Prism v7 (Graphpad). Significant differences were
considered when P < 0.05; * P < 0.05 and ** P < 0.01.
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