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In brief

The tricho-rhino-phalangeal syndrome-
associated gene TRPS1 is also amplified
in breast cancer. By leveraging the
genetic mutations, Yang et al. identify an
unexpected replication boosting role of
TRPS1 for H3K9me3-marked
heterochromatic origin activation, cancer
genome evolution, and therapeutic
resistance, thus revealing a critical aspect
of TRPS1 in driving breast carcinogenesis
through over-replication.
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SUMMARY

Exploitation of naturally occurring genetic mutations could empower the discovery of novel aspects of estab-
lished cancer genes. We report here that TRPS1, a gene linked to the tricho-rhino-phalangeal syndrome
(TRPS) and recently identified as a potential breast cancer driver, promotes breast carcinogenesis through
regulating replication. Epigenomic decomposition of TRPS1 landscape reveals nearly half of H3K9me3-
marked heterochromatic origins are occupied by TRPS1, where it encourages the chromatin loading of
APC/C, resulting in uncontrolled origin refiring. TRPS1 binds to the genome through its atypical H3K9me3
reading via GATA and IKAROS domains, while TRPS-related mutations affect its chromatin binding, replica-
tion boosting, and tumorigenicity. Concordantly, overexpression of wild-type but not TRPS-associated mu-
tants of TRPS1 is sufficient to drive cancer genome ampilifications, which experience an extrachromosomal
route and dynamically evolve to confer therapeutic resistance. Together, these results uncover a critical func-

tion of TRPS1 in driving heterochromatin origin firing and breast cancer genome evolution.

INTRODUCTION

Despite the enormous amount of data from cancer genomic
studies, identification of driver genes remains a major effort in
the field of cancer research, and discerning oncogenic drivers
from passengers remains a major bottleneck in understanding
of the essence of cancer initiation and development. The chal-
lenge lies mainly in the genetic composition of distinct tumor
subclones that undergo extensive diversifications during tumor
development and progression; thus, tremendous genetic het-
erogeneities within tumors have been documented with the great
advances in the depth and resolution of high-throughput
sequencing. Ultimately, potential drivers identified by various
sources and via different means need mechanistic exploration
and experimental validation.

In a recent study that integrated genomic data from primary
breast cancers with data from functional RNAi screens to pinpoint
potential driver genes within large recurrently amplified regions of
DNA, a set of candidate drivers highly enriched with known drivers
were identified (Sanchez-Garcia et al., 2014). One of the candi-
dates is TRPS1, a gene associated with the tricho-rhino-phalan-
geal syndrome (TRPS) (Ludecke et al., 2001; Momeni et al,,
2000), an inherited autosomal dominant disorder characterized
by a triad of sparse hair, peculiar pear-shaped nose, and brachy-
dactyly, as well as other skeletal abnormalities (Giedion et al.,
1973). Indeed, itis reported that TRPS1 is overexpressed in breast
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carcinomas (Radvanyi et al., 2005) and osteosarcomas (Li et al.,
2015). Itis also noted that TRPS is associated with mental retarda-
tion and endocrine abnormalities, bilateral renal hypodysplasia,
and possibly malformations/malfunctions of other organs (Tasic
et al., 2014), suggesting that TRPS1 might be involved in funda-
mental cellular process(es).

Despite the importance of TRPS17 in animal pathophysiology,
the mechanistic insight into the function of TRPS1 is limited.
TRPS1 contains 9 zinc fingers scattering from its N to C terminus
(Chang et al., 2000): one resembling the GATAdomain and another
two analogous to the IKAROS domain (Momeni et al., 2000). Point
mutations (LUdecke et al., 2001) as well as missense mutations
(Smaili et al., 2017) in GATA domain are frequently detected in
TRPS patients, and the deletion of GATA moaitif is sufficient to
induce TRPS phenotypes in mouse models (Malik et al., 2002),
highlighting the importance of GATA motif in the development of
TRPS. At the molecular level, TRPS1 has been mainly investigated
intranscriptional repression through its association with an array of
well-characterized corepressors (Witwicki et al., 2018). However,
interestingly, TRPS1 silencing had limited effects on the transcrip-
tome in MCF-7 cells (Wang et al., 2018a), and evidence is
emerging to suggest a multifaceted functionality for TRPS1.
Indeed, a recent report found a context-dependent regulation of
TRPS1 in normal mammary epithelial cell differentiation and breast
cancer development (Cornelissen et al., 2020). Clearly, the onco-
genic potential of TRPS1 needs experimental validation, and the
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molecular mechanism underlying its pathophysiological function
needs further investigation.

We investigated in this study the molecular function of TRPS1
in breast carcinogenesis. We identified an unexpected link be-
tween TRPS1-evoked heterochromatic origin replication and
genomic aberrance attributable to atypical reading of H3K9me3
by TRPS1. We showed that TRPS1 is sufficient to drive cancer
genome amplification, generating extrachromosomal circular
DNAs (eccDNAs) and intratumoral heterogeneity to confer thera-
peutic resistance.

RESULTS

TRPS1 is amplified in breast cancer and promotes
breast carcinogenesis

We were intrigued by the recent Helios algorithm identification of
TRPS1 as a candidate driver for breast cancer (Sanchez-Garcia
etal., 2014). Integrative analysis of TRPS1 in various cancer types
revealed a wide spread of TRPS7 amplification in breast cancer
samples and xenograft models (Figures S1A and S1B), along
with significantly overexpressed mRNA levels (Figure S1C). We
also performed immunohistochemical staining of TRPS1 using
human cancer arrays containing 52 breast carcinoma samples
paired with normal mammary tissues and found that TRPS1 pro-
tein level significantly elevated in breast carcinomas (Figure 1A),
and analysis by western blotting for the expression of TRPS1
showed that the level of TRPS1 is much higher in a panel of breast
cancer cell lines than in the human normal mammary epithelial
cell line MCF-10A (Figure 1B).

To test the role of TRPS1 in breast carcinogenesis, MCF-10A
and MDA-MB-231 cells stably expressing TRPS1 were generated.
Measurement by MTS assays showed that TRPS1 overexpression
was associated with a significant increase in cell proliferation
(Figure 1C). In agreement, stable knockdown of TRPS1 in MCF-
7 cells resulted in a significant decrease in cell proliferation
(Figure 1D), although TRPS1 depletion had no discernible effect
on the senescence and death of cells (Figures S1D and S1E). In
addition, mouse xenograft experiments with MDA-MB-231-Luc-
D3H2LN-based bioluminescent assays showed that TRPS1 pro-
moted not only the growth of primary tumors (Figure 1E) but also
the metastasis of the tumors to lung, liver, and foreleg (Figure 1F).
Together, these results indicate that TRPS1 promotes the devel-
opment and progression of breast cancer.

TRPS-associated mutations abolish the oncogenic
potential of TRPS1

To further understand the tumorigenic role of TRPS1, we
measured the proliferation of stably transduced MCF-10A cells
that were infected with lentivirally delivered TRPS1 truncation
mutants (Figures S1F--S1H). Compared to wild-type (WT)
TRPS1, deletion mutants were all associated with a decreased
proliferation of MCF-10A cells, albeit to a different extent, with
the most significant effect seen in TRPS1AGATA (Figure 1G).
This scenario agrees with the importance of the GATA domain
of TRPS1 in the pathogenesis of TRPS (Malik et al., 2002), sug-
gesting that this module is critical for the pathophysiological
function of TRPS1, including its tumorigenic potential.
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We thus took advantage of the mutational information from
TRPS patients (Table S1) to dissect the molecular function of
TRPS1 in breast carcinogenesis. Interestingly, a single amino-
acid substitution of cysteine at 896 with tyrosine (C896Y) or argi-
nine at 908 with glutamine (R908Q), two most frequent mutations
within the GATA domain seen in TRPS, had greatly compromised
effects on the proliferation of MCF-10A and MDA-MB-231 cells
(Figure 1C). The importance of these mutations was further veri-
fied in mouse xenograft models, in which MDA-MB-231-Luc-
D3H2LN tumors overexpressing either TRPS1C896Y or
TRPS1R908Q showed compromised effects on promoting the
growth of primary tumor (Figure 1E) and distal metastasis
(Figure 1F). The above results support the importance of the
GATA domain in the pathophysiological function of TRPS1,
including its role in breast carcinogenesis.

TRPS1 interacts with the CtBP/NuRD complexes and
replication machinery

To understand the molecular basis underlying the tumorigenic po-
tential of TRPS1, we next interrogated the TRPS1 interactome
in vivo by affinity purification and mass spectrometry. TRPS1 was
co-purified with a series of corepressor proteins, including
CtBP1/2, components of the CtBP complex, Mi-2 and MTA1/2,
subunits of the NuRD complex, as well as HDAC1/2, constituents
of both the CtBP and NuRD complex (Figure 2A). Unexpectedly,
a large collection of DNA replication factors, including members
of the MCM helicase complex MCM3-7, and ORC2, CDCA45,
RPA1, POLD1/2, PCNA, and RFC2/3/4, as well as factors func-
tioning in origin licensing/firing or elongating replisome, were also
detected in TRPS1 interactome (Figure 2A). Remarkably, even
some regulatory proteins of DNA replication, such as components
of APC/C (Zielke et al., 2008) and FACT, were also identified in
TRPS1 interactome (Figure 2A; Table S2). The presence of these
proteins in TRPS1-containing complex was verified by western
blotting of the affinity elutes with antibodies against the corre-
sponding proteins (Figure 2A, right panel). Notably, the chromato-
graphic profile of TRPS1 in MCF-7 cells was deviated from its
monomeric fractions and overlapped with that of the representative
subunits of the CtBP/NuRD complexes and replication machinery
(Figure S2A). Co-immunoprecipitation experiments detecting
endogenous proteins in MCF-7 cells further strengthened this point
(Figure 2B). In addition, consistent with the expression pattern of
TRPS1 (Figures S2B and S2C), the interaction between TRPS1
and replication factors was also tissue specific (Figure S2D). More-
over, co-immunoprecipitation assays in synchronized cells demon-
strated that while TRPS1 was co-purified with the representative
APC/C and MCM components, in contrast to its barely detected
interaction with RFC and PCNA in the G4 phase (Figure 2C; Figures
S2E and S2F), the association between TRPS1 and replisome com-
ponents increased in the S phase (Figure 2C). Interestingly, with an
antibody against phospho-MCM2 (Ser40) to probe MCM helicase
activation (Montagnoli et al., 2006), we found that, in line with
MCM inactivation in Gy, only the interaction between TRPS1 and
unphosphorylated MCM2 could be detected in this phase
(Figure S2G), implying that TRPS1-interacting replication factors
in Gy was not originated from moving replisomes. Collectively,
these results indicate that TRPS1 interacts with CtBP/NuRD and
the replication machinery in vivo.
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Figure 1. TRPS1 is amplified/overexpressed in breast cancer and promotes breast carcinogenesis

(A) Tissue array analysis for TRPS1 expression (left). **p < 0.001; two-tailed paired t test. Representative images are shown (right).

(B) Western blotting analysis of TRPS1 expression in the indicated cell lines.

(C) MCF-10A or MDA-MB-231 cells were infected with the indicated lentiviruses for cell-proliferation measurements by MTS assays. Overexpression efficiency
was verified by western blotting. TRPS1 versus control, ***p < 0.001; C896Y versus WT, **%p < 0.001; R908Q versus WT, #**p < 0.001; one-way ANOVA.

(D) Proliferation measurements of MCF-7 cells infected with the indicated knockdown lentiviruses by MTS assays. Knockdown efficiency was verified by western
blotting. shTRPS1#1 versus shNS, **p < 0.001; shTRPS1#2 versus shNS, ¥*¥p < 0.001; t test.

(E) Xenograft models using MDA-MB-231-Luc-D3H2LN cells infected with the indicated lentiviruses were subjected to bioluminescent imaging analysis. The
volume of primary tumors was quantified, and the bioluminescent images are shown. Each bar represents the mean + SD. left: TRPS1 versus control, “p < 0.05,
***p < 0.001; C896Y versus WT, $p < 0.05; R908Q versus WT, ##p < 0.01, *#p < 0.001. right: ***p < 0.001, n = 6. One-way ANOVA.

(F) Metastases of MDA-MB-231-Luc-D3H2LN tumors to lung, liver, and foreleg. Metastases to lung were quantified and representative bioluminescent images
are shown. *p < 0.05, n = 6, one-way ANOVA.

(G) MCF-10A cells were infected with the indicated lentiviruses for cell-proliferation measurements by MTS assays. TRPS1 versus vector, ***p < 0.001; AIKAROS
versus WT, $p < 0.05, $$$p < 0.001; AGATA versus WT, %&p < 0.001; one-way ANOVA. Error bars represent mean + SD for triplicate experiments in (C), (D),
and (G).

Importantly, comparative interactomic analysis indicated that, cells (Figure 2D; Figure S2H). Immunoblotting with antibodies
while the association of TRPS1 with CtBP/NURD complexes was against the corresponding proteins confirmed this observation
retained for TRPS1C896Y and TRPS1R908Q, these mutants lost  (Figure 2E). These results imply that the decreased potential
their ability to interact with replication factors, especially inS-phase  of TRPS-associated mutants to drive cancer cell growth
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Figure 2. TRPS1 is co-purified with CtBP/NuRD and the replication machinery
(A) TRPS1 interactome was affinity purified from the nuclear extract of HEK293T cells stably expressing FLAG-TRPS1, resolved on SDS-PAGE, and silver stained.
The protein bands were retrieved and analyzed by mass spectrometry (left). Co-immunoprecipitation with anti-FLAG followed by immunoblotting with antibodies

against the indicated proteins (right).

(B) Co-immunoprecipitation experiments in MCF-7 cells with antibodies against TRPS1 followed by immunoblotting with antibodies against the indicated

proteins.

(C) Co-immunoprecipitation experiments in MCF-7 cells synchronized in the G4 phase by serum starvation or S phase by double thymidine blocking (see also
Figures S2E and S2F) (top). Bar plot quantifies triplicate experiments (bottom). Error bars represent mean + SD. **p < 0.01, **p < 0.001, t test.
(D) MCF-7 cells stably integrated with the indicated constructs were synchronized in the G; phase or S phase for affinity purification and mass spectrometric

analysis (see also Figure S2H).

(E) Co-immunoprecipitation with anti-FLAG in S-phase cells described in (C) followed by immunoblotting with antibodies against the indicated proteins.

and metastasis stems from their impaired interaction with the repli-
cation machinery, but not with CtBP/NuRD complexes, suggesting
a link between TRPS1-promoted breast carcinogenesis and repli-
cation abnormalities.

TRPS1 is enriched in H3K9me3-marked replication
origins

We next profiled the genomic landscape of TRPS1 in MCF-7
cells using chromatin immunoprecipitation sequencing (ChIP-
seq). A total of 10,935 TRPS1 binding peaks were called, with
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the majority located in distal intergenic regions (62.6%) and
gene bodies (37.4%) (Figure 3A). We further categorized the epi-
genome in MCF-7 cells with ChromHMM (Ernst and Kellis, 2012)
into 7 distinct epigenetic domains (E1-E7) (Zhang et al., 2016)
and classified TRPS1 binding peaks according to their residence
within these domains (Figure 3B). The largest epigenetic
compartment enriched in TRPS1 (E2) was characterized by
lack of any detectable histone modifications, and the second
largest compartment (E3, ~30%) was co-enriched with
H3K9me3 (Figure 3B), an epigenetic mark functionally linked to
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Figure 3. TRPS1 enriches in H3K9me3-marked replication origins

(A) ChIP-seq analysis of the genomic landscape of TRPS1 in MCF-7 cells.

(B) Epigenome analysis of TRPS1 binding in MCF-7 cells. Pie charts represent the fractions of TRPS1 peaks or the whole genome overlapped with the indicated
epigenetic domains (left). Heatmaps represent the average ChIP-seq reads density (log2 transformed) of the indicated profiles within ~10-Kb genomic windows
centered on TRPS1-binding peaks (right). The color key on top indicates ChIP-seq reads density.

(legend continued on next page)
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the CtBP/NuRD complexes, whereas the fraction of TRPS1
peaks in transcriptionally active regions was negligible
(Figure 3B). Quantitative ChIP (qChlIP) analysis in MCF-7 cells
on randomly selected sites of E1-E7 confirmed a strong enrich-
ment of TRPS1 in E2 and E3 (Figure S3A).

To test whether TRPS1 is functionally implicated in DNA repli-
cation, we projected the TRPS1 binding signals into the actually
fired origins previously identified in MCF-7 cells through high-
throughput sequencing of RNA-primed nascent DNAs (Martin
et al., 2011; Weddington et al., 2008; Figure S3B). While a clear
gross pattern of the co-enrichment of TRPS1 along the whole set
of origins could not be drawn, the epigenomic classification
strategy exposed a specific enrichment of TRPS1 in
H3K9me3-decorated (E3) origins (Figure 3C). Using a false dis-
covery rate (FDR) cutoff of 0.05, we found that nearly half of
the fired H3K9me3-marked origins were bound by TRPS1 within
the whole set of windows centered at E3-type origin midpoints
(Figure 3D; Figures S3C and S3D). Further comparisons of the
epigenetic features in origin-containing relative to origin-free
E3-type TRPS1 binding sites revealed a significant co-enrich-
ment of H3K4me1 and H3K36me3 at TRPS1-bound E3 origins
(Figure S3E), suggesting that TRPS1 binding sites associated
with poised weak enhancers or intragenic regions of lowly ex-
pressed genes are more likely to be origins within H3K9me3-
marked epigenetic domain (Consortium, 2012).

To probe the possible role of the CtBP/NURD complexes in
TRPS1 binding to heterochromatic origins, qChlP showed that
depletion of either CtBP1 or Mi-2 resulted in a marked reduction
of TRPS1 enrichment on both E2- and E3-type origins (Figure 3E),
supporting a function of the CtBP/NURD complexes in creating/
maintaining the heterochromatic state, thereby facilitating
TRPS1 loading onto origins residing in these repressive domains.

TRPS1 promotes origin refiring at heterochromatic
domains

To determine whether the enrichment of TRPS1 in H3K9me3-
marked origins play any active roles in DNA replication, we first
compared the amount of nascent DNAs within a 1-Mb window
centered at TRPS1 summits stratified by different epigenetic
states to the amount of genomic background using the published
Repli-seq data in MCF-7 cells that were sorted into 6 fractions
spanning the full DNA synthesis phase (G4b: [G1/S boundary],
S4, So, S3, S4, and Gy) (Hansen et al., 2010). We found that
nascent DNA productions surrounding TRPS1-bound repressive
domains marked by H3K9me3 (E3) or H3K27me3 (E1), or do-
mains devoid of any histone modifications (E2) or strongly acti-
vated enhancers (E5) significantly elevated (>3 x SD) at early S
phase (Figure 4A, Gib, Sq, S,; Figure S4A), suggesting that
TRPS1 promotes replication at specific epigenetic domains in

Cell Reports

early stage of DNA duplication. Consistently, TRPS1 interaction
with MCM2 and MCM3 enhanced in early S-phase cells, albeit
moderately (Figure S4B).

Considering the large size of replication bubbles versus short
stretch of TRPS1 binding sites, increased DNA replication in the
1-Mb window could be a direct, active TRPS1 contribution to
origin firing at the central summit. Alternatively, elevated DNA
synthesis could be passively contributed by adjacent TRPS1-
potentiated replication machinery. To distinguish these two sce-
narios, we first counted the number of active origins in windows
centered at the same TRPS1 peaks but with different size ranges
from 0.5 Kb to 1 Mb within each of the 7 epigenomic subgroups.
H3K9me3-marked TRPS1 binding sites (E3) had significantly
more active origins under a finer scale (Figure 4B), whereas the
low signal E2 sites as the largest portion of TRPS1 binding
showed an inverse pattern, with more active origins at a coarser
scale, implying a passive model for the increased replication
within the bulky E2-type replication unit by embedding TRPS1-
bound E3-type origins. In agreement, calculation of the observed
number of active origins normalized by the expected fractions of
epigenomic states revealed that the enhanced DNA replication
at any of the other 6 epigenomic subgroups was passively
contributed by their inclusion of the H3K9me3-marked and
TRPS1-bound origins (Figure 4C). Together, these findings sug-
gest that TRPS1-encouraged DNA synthesis was originated
from H3K9me3-decorated replication origins.

We then performed genome-wide analysis of replication
by Repli-seq in TRPS1-depleted MCF-7 cells. Comparison of
nascent DNAs at early, middle, or late S phase within each of the
TRPS1-bound epigenomic subgroups revealed that TRPS1 defi-
ciency resulted in a marked decrease in DNA replication at
repressive domains (E2 and E3) at early S phase (Figure 4D),
whereas the other epigenomic subgroups showed grossly un-
changed DNA synthesis, supporting a specific and active contribu-
tionto DNA replication by TRPS1. Consistently, TRPS1 knockdown
in MCF-7 cells led to cell-cycle arrests in the G4 phase, whereas
TRPS1 overexpression in MCF-10A cells rendered an increased
population of cells in the S phase (Figure 4E). Moreover, TRPS1-
boosted replication was compromised in cells overexpressing
TRPS1C896Y or TRPS1R908Q (Figure 4E). In concordance, in
chondrogenic ATDCS5 cells, a cell line used for modeling the molec-
ular contribution of TRPS1 to TRPS-associated defects in cartilage
formation (ltoh et al., 2008), deficient of TRPS1 also resulted in
reduced DNA replication (Figure S4C). These results point to a
possible link of replication dysregulation to the pathogenesis of
TRPS and breast cancer.

Further measurement of DNA replication by EAU incorporation
showed that TRPS1-deficient cells had much less nuclei with
more than 4N than control cells (Figure 4F), supporting a notion

(C) HOMER analysis of average ChIP-seq reads density of TRPS1 based on the stratification by epigenomic states at the actually fired origins that were identified

in MCF-7 cells by others.

(D) Fractions of TRPS1-bound origins or the whole set of genomic origins stratified by their epigenomic states (left). Heatmaps represent the average ChIP-seq
reads density (log2 transformed) for the indicated profiles within a ~10-Kb genomic windows centered on H3K9me3-marked active replication origins. These
origins were classified into TRPS1-bound or unbound based on their enrichment of TRPS1 relative to input with an FDR cutoff of 0.05 (right).

(E) gChIP measurement of the enrichment of the indicated TRPS1-bound origins with antibodies against TRPS1 in MCF-7 cells transfected with control or the

indicated small interfering RNAs (siRNAs).

Error bars represent mean + SD for triplicate experiments. *p < 0.05, *p < 0.01, ***p < 0.001; t test.
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Figure 4. TRPS1 promotes heterochromatic origin refiring

(A) The average Repli-seq read density surrounding TRPS1 peaks stratified by differential epigenetic states. The mean and standard derivations of replication
efficiency were calculated based on the background model with 100 groups of randomly shuffled genomic sites with a similar peak length distribution and the
same epigenomic state as TRPS1 subgroups.

(legend continued on next page)
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that TRPS1 is functionally linked to DNA re-replication. In addi-
tion, pulse-labeling MCF-7 cells with 5-chloro-20-deoxyuridine
(CldU, red) followed by incorporating 5-lodo-20-deoxyuridine
(IdU, blue), a procedure allowing detection of reactivated origins
in replicated DNAs as short yellow signals within long red track
by microscopy (Mufioz et al., 2017), revealed that TRPS1 deple-
tion was associated with a significant decrease in origin refiring
(Figure 4G). Moreover, CsCl density gradient centrifugation-
based partitioning of BrdU-labeled genomic DNAs (Black et al.,
2013) revealed that TRPS1-overexpressing cells had a much
higher level of re-replicated (heavy/heavy) DNAs than control
cells (Figure S4D). Together, these results support the notion
that TRPS1 plays an active role in DNA replication by promoting
refiring of H3K9me3-marked origins.

TRPS1 incites origin refiring through recruitment of
APC/C complex

To investigate the molecular mechanism underlying TRPS1-
evoked origin refiring, we first examined the dynamic enrichment
of replication factors on chromatin upon TRPS1 removal
by chromatin fractionation assays. Representative replication fac-
tors detectedin TRPS1 interactome exhibited a decreased binding
to chromatin inthe S phase when TRPS1 was removed (Figure 5A),
suggesting that an active role for TRPS1 in replisome assembly.
However, TRPS1 depletion resulted in an increased loading of
Geminin on S-phase chromatin (Figure 5A). Consistently, the chro-
matin binding of CDC16 and CDC23, two components of the APC/
C complex detected in TRPS1 interactome, diminished in TRPS1-
depleted cells (Figure 5A). This TRPS1-supported chromatin
loading facilitated Geminin targeting by APC/C, as evidenced by
the decreased interaction between FZR1 and Geminin upon
CDC23 depletion (Figure S5A). These results point to a theme in
which TRPS1 recruits the APC/C complex to target Geminin for
proteasomal degradation (Figure S5B), thereby promoting pre-
RC assembly and origin refiring. Indeed, glutathione S-transferase
(GST) pull-down experiments demonstrated that TRPS1 was able
to interact with CDC23 through its C-terminal portion containing
the IKAROS domain (Figure 5B; Figure S5C). In this regard, it is
interesting to note that a recent genetic study found a heterozy-
gous mutation in the region encoding for IKAROS domain of
TRPS1 in a familial TRPS (Kunotai et al., 2017), implying that this
module is also important in the pathogenesis of TRPS. Our obser-
vation that TRPS1 interacts with CDC23 through its IKAROS
domain supports the functional significance of this domain in repli-
cation regulation and breast carcinogenesis. Indeed, the ability to
promote the proliferation of MCF-10A cells by TRPS1 was signifi-

Cell Reports

cantly impaired when TRPS1AIKAROS was
(Figure 1G).

Chromatin fractionation analysis performed in MCF-10A cells
showed that, although Geminin had no chromatin binding in con-
trol cells, reflecting its dynamic association with chromatin or its
functional antagonism with CDT1 in nucleoplasm (Xouri et al.,
2007), TRPS1 overexpression resulted in the recruitment of
Geminin on chromatin, but only in the presence of TAME
(Figure 5C; Figure S5D), a pharmacological inhibitor of the ubig-
uitin ligase activity of APC/C (Zeng et al., 2010). Consistently,
TRPS1 overexpression was associated with an increased chro-
matin binding of CDC23, favoring the argument that TRPS1
recruits APC/C and enables an enzyme-substrate interface be-
tween APC/C and Geminin. The functional connection between
TRPS1 and APC/C in DNA replication was further strengthened
in cells where TAME nullified, at least partially, TRPS1 overex-
pression-associated origin refiring (Figure 5D). Together, these
results link TRPS1 to Geminin degradation, supporting TRPS1-
encouraged origin refiring.

Although we were unable to obtain ChlP-seq data for CDC23,
possibly due to the inefficacy of the commercially available anti-
bodies for ChlP-seq experiment, we did successfully generate
genome-wide profile of CDC16 binding in the presence or
absence of TRPS1. CDC16 enriched in TRPS1 peaks across
all epigenetic domains (Figure 5E), whereas TRPS1 depletion
led to a diminished binding of CDC16 at TRPS1 peaks
(Figure S5E), supporting TRPS1-dependent APC/C recruitment
for replication regulation.

expressed

TRPS1 recruitment on heterochromatic origins is GATA/
IKAROS dependent

The identification of IKAROS not GATA domain for CDC23 dock-
ing left the defect of TRPS1C896Y and TRPS1R908Q in replication
boosting unexplained. A straight-forward explanation is GATA-
dependent DNA binding of TRPS1 on E3-type origins, which is
perturbed by C896Y or R908Q mutations. qChIP experiments in
MCEF-7 cells with ectopically expressed TRPS1, TRPS1C896Y,
or TRPS1R908Q indeed failed to detect TRPS1C896Y and
TRPS1R908Q at all tested TRPS1-bound origins, especially at
heterochromatic regions (Figure S5F). However, this DNA bind-
ing-dependent reasoning is complicated by motif analysis
showing that GATA motif was populated in E5-E7 but not in E1-
E3 of TRPS1 peaks (Figure 5F). In this regard, it is important to
note that several readers of histone modifications also contain a
GATA-like module (Eustermann et al., 2011; Iwase et al., 2011;
Vermeulen et al., 2010). We thus employed peptide pull-down

(B) Number of active origins in the windows centered at the same TRPS1 peaks but with different sizes ranging from 0.5 Kb to 1 Mb.

(C) The relative contribution of TRPS1-associated origins stratified by their epigenetic states defined as the observed number of active origins normalized to
expected fractions of epigenomic states within TRPS1 summit-centered windows.

(D) Repli-seq in MCF-7 cells transfected with control or TRPS1 siRNAs. Fold changes of average replication efficiency surrounding the TRPS1 peaks was
calculated by use of Repli-seq reads density in TRPS1-depleted versus control cells.

(E) Analysis of EdU incorporation and DNA content in MCF-7 (top) or MCF-10A cells (bottom) with the indicated transient gene manipulations.

(F) MCF-7 cells transfected with control or TRPS1 siRNAs were subjected to cell-cycle analysis after isolating a single cell from aggregated ones using doublet
discrimination gates. Re-replicated DNA (>4N) contents are presented as gates, and their percentages are plotted as bars.

(G) MCF-7 cells transfected with control or TRPS1 siRNAs were successively pulsed with CldU (red) and IdU (blue).

Bar plot shows the percentage of refiring events relative to the total number of blue tracks. Error bars represent mean + SD for triplicate experiments in (E)—(G).

*p < 0.01, **p < 0.001, t test.
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Figure 5. TRPS1 promotes origin refiring and DNA replication through recruitment of the APC/C complex

(A) MCF-7 cells transfected with control or TRPS1 siRNAs were synchronized by a double thymidine block. Chromatin fractionation analysis of TRPS1-associated
replication factors was performed in cells collected in G4 or S phase.

(B) GST pull-down experiments with bacterially expressed GST or the demonstrated GST-fused TRPS1 deletion mutants and in vitro-transcribed/translated
CDC16 and CDC23 (see also Figure S5C).

(C) Chromatin fractionation analysis of the indicated replication factors in MCF-10A cells stably expressing TRPS1 under the treatment with 100 mM TAME for
12 h to inhibit the enzymatic activity of APC/C.

(D) MCF-10A cells stably expressing FLAG-TRPS1 were untreated or treated with 100 mM TAME for 12 h followed by cell-cycle analysis as in Figure 4F. Re-
replicated DNA (>4N) contents were represented as mean + SD for triplicate experiments. ***p < 0.001, one-way ANOVA.

(E) Heatmap analysis of ChIP-seq reads density of CDC16 along TRPS1 peaks stratified by their epigenetic states in MCF-7 cells transfected with two inde-
pendent siRNAs against TRPS1.

(F) Fraction of TRPS1 peaks stratified by their epigenetic states that possess the indicated GATA motifs.

(G) Peptide pull-down assay was performed using the bacterially expressed GST or GST-fused TRPS1 deletion mutants and biotinylated histone tail peptides
with the indicated modifications. Recovered peptides were probed by a dot blotting assay using the indicated antibodies (see also Figure S5C).

(H) H3K9me3 peptide pull-down assay with the indicated GST-fused deletion mutants of TRPS1 (see also Figure S5G).
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Figure 6. TRPS1 overexpression evokes genome duplications/deletions
(A) TRPS1 overexpression-associated copy-number gain (top) or loss (bottom) analyzed by Affymetrix SNP arrays in MCF-10A cells infected the indicated

lentiviruses.

(B) Bar plotting of the number of loci amplified or deleted in MCF-10A cells as in (A).
(C) Fraction of TRPS1-driven CNAs that could be observed in breast cancer samples. Detailed descriptions were provided in the STAR methods. Union rep-
resents events that are observed in any of the tested datasets.
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assays with unmodified or K9me3-modified H3 tail to address
whether the GATA domain of TRPS1 was similarly involved in
reading H3K9me3 instead of recognizing DNA. The GATA domain
of TRPS1 exhibited a moderate yet evident affinity toward
H3K9me3-modified H3 tail, compared to unmodified H3 peptides
(Figure 5G; Figure S5C). Remarkably, further inclusion of the
IKAROS domain yielded a strong interaction between the C-termi-
nal portion of TRPS1 and H3K9me3, while the IKAROS domain
alone was unable to bind to H3K9me3-modified H3 (Figure 5G).
Notably, consistent with the lost binding of TRPS1 mutants to
repressive origins, C896Y or R908Q mutations compromised
the binding of TRPS1 to H3K9me3-modified histone peptides
(Figure 5H; Figure S5@G). These findings support a notion that the
binding of TRPS1 on heterochromatic origins is fostered by an
H3K9me3-marked chromatin environment in a GATA/IKAROS-
dependent manner and that mutations in these domains compro-
mise the physical and functional interaction of TRPS1 with the
replication machinery.

TRPS1 overexpression provokes genome duplication
that mimics genetic aberrances in breast cancer

The intimate link between dysregulated replication and genome
aberrances (Kuzminov, 2016) promotes us to investigate
whether overexpression of TRPS1, a frequent event occurs in
breast cancer, as described earlier, could drive genome amplifi-
cation. To this end, stable MCF-10A cell lines integrated with
TRPS1, TRPS1C896Y, or TRPS1R908Q were established and
further cultured for 30 or 90 days before copy-number alteration
(CNA) analysis using Affymetrix SNP arrays. After subtracting
copy gains in similarly maintained control cells, we found
genome amplifications and deletions scattered in different chro-
mosomes in cells overexpressing TRPS1 (Figure 6A). Strikingly,
compared to control cells, no dramatic difference of genetic al-
terations was observed in cells overexpressing TRPS1C896Y
or TRPS1R908Q (Figure 6A; Figures S6A and S6B).

We next examined oncogenes or tumor suppressors overlap-
ped with TRPS1-inflicted CNAs that might also be driven by
TRPS1-associated DNA re-replication/genomic aberrances in
breast cancers. We assembled a set of recurrent CNAs that
were associated with TRPS1 overexpression and selected ones
that were found in both replicates of TRPS1-overexpressing cells
but absent from any CNA lists called from control or
TRPS1C896Y- or TRPS1R908Q-overexpressing cells. This
yielded a total of 123 amplified and 108 deleted regions
(Figure 6B). We retrieved genes co-amplified with TRPS1 within
4 large cohorts of breast cancer samples (Ciriello et al., 2015;
Morrissy et al., 2016; Pereira et al., 2016; Cancer Genome Atlas
Network, 2012). Mapping significantly co-amplified genes with
a co-occurrence FDR less than 0.05 to TPRS1-associated CNA
loci showed that a total of ~35% of regions with gained CNAs
were also amplified in at least one of the 4 cohorts (Figure 6C;
Figure S6C). Intriguingly, however, copy loss associated with

¢ CellP’ress

OPEN ACCESS

TRPS1 overexpression was reflected by a similar proportion of
amplifications not deletions in the clinical samples (Figure 6C;
Figure S6C). Functional analysis revealed that the top 25 co-
amplified genes are eminently implicated in epithelial-mesen-
chymal transition (EMT), cell migration or angiogenesis
(Figure 6D; Figure S6D), and amplification of the selected genes
was confirmed by TagMan copy-number assay (Figure 6E).
These observations imply that cancer cells could harness overex-
pressed TRPS1 to elicit genome duplications and deletions along
with TPRS1-evoked origin refiring.

Genome deletions associated with TRPS1
overexpression are found in eccDNAs

The coincidence of copy loss associated with TRPS1 overex-
pression with copy gain in clinical samples is puzzling. It is
possible that the deleted genomic segments under TRPS1 over-
expression went to an extrachromosomal route (Sanborn et al.,
2013). To test this, we purified non-chromosomal DNA from
MCF-10A nuclei using ATP-dependent exonuclease to remove
linear genomic DNAs (Shibata et al., 2012). The resultant exonu-
clease-resistant DNAs were subjected to high-throughput
sequencing. Due to compositional heterogeneity of extrachro-
mosomes (Turner et al., 2017), we did not expect to detect full-
sized extrachromosomes from the short sequencing reads.
However, it is still possible to gauge the statistical significance
of the enrichment of relative short extrachromosomal fragments
in TRPS1-mediated CNA regions. We thus tiled the genome into
10-Kb windows and called the significantly enriched bins (SEBs)
in TRPS1-overexpressing versus control cells as the ones with
reads density ratio greater than 2 and p value less than 1e-5
with Poisson test. The enrichment of TRPS1-associated CNAs
in extrachromosomes was then evaluated by comparing the
number of CNA sites overlapped with at least one SEB to over-
laps in null models consisting of 100 groups of randomly shuffled
genomic sites with similar length distributions. We found that
TRPS1 overexpression-associated genomic deletions were
significantly enriched in extrachromosomal DNAs (Figure 7A,
p = 6.9e-12). A similar test on overlaps with significantly depleted
bins (SDBs) further consolidated the depletion of TRPS1 overex-
pression-associated genomic deletions from genomic DNAs
(Figure 7A, p = 2.6e-4). Together, these data support an extra-
chromosomal route for TRPS1-driven genome deletions.

TRPS1-evoked genome aberrance dynamically evolves
to confer therapeutic resistance

The occurrence of widespread genome amplification associated
with TRPS1 overexpression suggests an evolving selection
theme in TRPS1-promoted breast carcinogenesis. Indeed,
TRPS1-overexpressing MCF-10A cells exhibited chemoresist-
ance to a broad spectrum of therapeutic compounds (Figure 7B).
To validate the link of the chemoresistance to TRPS1-evoked
genomic aberrance, we sequenced the whole genome from

(D) Fraction of the alteration in cancer samples of the indicated genes identified from TRPS1 overexpression-associated amplification (top) or deletion (bottom)

that also significantly co-varied with TRPS1 CNAs in breast cancer samples.

(E) Copy number of the indicated genes in MCF-10A cells stably expressing empty vector or TRPS1 was measured by TagMan copy-number assay.
Error bars represent mean + SD for triplicate experiments. *p < 0.05; **p < 0.01, **p < 0.001, t test.
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Figure 7. TRPS1-evoked genome aberrances dynamically evolve to confer therapeutic resistance in breast cancer cells

(A) The enrichment of TRPS1-associated CNAs in extrachromosomes was analyzed by comparing the number of CNA sites overlapped with at least one SEB or
SDB to overlap in null models consisting of 100 groups of randomly shuffled genomic sites with a similar length distribution as TRPS1-associated CNAs. n.s., not
significant.

(B) TRPS1 stably expressing MCF-10A cells were treated with the indicated antineoplastic compounds for 3 days for cell-proliferation measurement by MTS
assays. Error bars represent mean + SD for triplicate experiments. ICsq (half maximal inhibitory concentration) was listed (bottom). p values of IgICso were
calculated based on extra sum-of-squares F-test.

(C) MCF-10A cells transduced with the indicated constructs were maintained in medium containing the indicated chemotherapeutic agents for two weeks.
Representative images of colony formation were shown (top). The number of colonies was indicated (bottom left). The effect of drug resistance caused by one
gene manipulation was calculated as the fraction of colony numbers in drug- versus vehicle-treated cells under this manipulation divided by the fraction under
control transduction (bottom right). Error bars represent mean + SD for triplicate experiments. *p < 0.05, **p < 0.01, **p < 0.001, t test.

(D) MCF-10A and MDA-MB-231 cells transduced with the indicated constructs were maintained with 0.339 uM (MCF-10A) or 3.515 uM (MDA-MB-231,
Figure S7D) cisplatin for 2 weeks. Western blotting was then performed to show the levels of indicated proteins or modifications. Control lentiviruses transduced
cells (vector) in the presence Hydroxyurea (HU) were included as a positive control for DNA damage response and checkpoint activation upon genotoxic stress.
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TRPS1-overexpressing/chemoresistant MCF-10A cells upon
treatment with cisplatin, carboplatin, 5-fluorouracil, gemcita-
bine, bleomycin, or mitomycin C. We found a large repository
of genomic aberrances that were associated with TRPS1 over-
expression (Figure S7A). The results agree with the observations
in SNP arrays with a significantly improved sensitivity. Compared
to untreated cells, treatment of TRPS1-overexpressing with the
above 6 compounds yielded common as well as uniquely
evolved sets of amplified CNAs (Figure S7B), suggesting an
adaptation to different selection pressures. Consistently, func-
tional annotation of CNAs-association genes in cells treated
with distinct compounds found, in addition to the commonly
identified resistant genes, loci that are known to be involved in
resistance to the specific chemicals (Figure S7C). Moreover,
tumorigenic analysis indicated that, while WT TRPS1 promoted
the colony growth and resistance to genotoxic stress and sup-
pressed DNA damage checkpoint activation in both MCF-10A
and MDA-MB-231 cells after culturing and selection for 2 weeks,
the two TRPS-related mutants showed compromised effects
(Figures 7C and 7D; Figure S7D). Apparently, TRPS1 overex-
pression-evoked genetic abnormalities enable fitted cancerous
cells to clonally outgrow while their genomes are continuing to
evolve.

DISCUSSION

Although TRPS is characterized by developmental defects in hair
follicle and craniofacial/skeletal structures (Giedion et al., 1973),
its pathological influence also involves a broad range of tissues/
organs (Fernandez et al., 1993; Hansen and Shewmake, 1979;
Tasic et al., 2014), suggesting that the molecular activity of
TRPS1 might be fundamental. In addition, TRPS1 has been
implicated in a number of malignancies including breast cancer.
However, possibly due to the possession of a DNA-binding
GATA domain, the majority of mechanistic studies regarding
TRPS1 have focused on transcription regulation, yielding limited
information to neither explain the phenotype of TRPS nor envi-
sion TRPS1 as a breast cancer driver. In the current study, we
found that TRPS1 is associated with the replication machinery
and promotes DNA replication, a fundamental cellular process
that is intrinsically linked to genome stability and malignant
transformation. We found that TRPS1 overexpression is associ-
ated with genome-wide aberrances and CNAs. Since genomic
instability/genome aberrance could enable cells to evolve with
a possibility of oncogene amplification and malignant transfor-
mation (Curtis et al., 2012), TRPS1-encouraged DNA replication
and its provoked genetic alterations favor the argument that
TRPS1 is a breast cancer driver. We propose that the oncogenic
potential of TRPS1 stems from its engagement with H3K9me3-
marked heterochromatic replication origins and its enforced
replication of repressive chromatin at an early stage of DNA
duplication. We showed that TRPS1 does so, through recruit-
ment of the APC/C complex, a molecular machinery functioning
to destabilize Geminin, leading to uncontrolled refiring of replica-
tion origins. Geminin is the key node in controlling the balance
between replication licensing and re-replication (Fragkos et al.,
2015). Over-fired origins and stacked re-replicated DNA
fragments could cause rear-ending of refired elongating repli-
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somes into previously activated replication fork, leading to repli-
cation stalled, chromosome destabilized, and ultimately to DNA
double breaks and chromosomal fragmentation (Alexander and
Orr-Weaver, 2016).

Several studies implicate TRPS1 in cell proliferation and sur-
vival (Gong et al., 2018; Wang et al., 2018a; Witwicki et al.,
2018), and we also showed that TRPS1 overexpression pro-
motes cell proliferation in our current study. However, replication
origin occupancy and DNA re-replication promotion appear to
be decoupled from the reported transcriptional regulation by
TRPS1. In addition, drug-associated differential genetic alter-
ations suggest an adaptation to dynamic selection pressures
imposed by different drugs that could be better explained by
TRPS1-driven genomic instability and cancer genome evolution.
Thus, although the possibility of encouraging proliferation and
survival could not be excluded, our results point to replication
boosting and genome instability as the tumorigenic potential of
TRPS1. In support of this, several recent studies indicate that
factors well established in control of cell proliferation also play
roles in the maintenance of genome integrity. For example, it is
reported that overexpression of histone demethylase KDM4A in-
flicts focalized copy gains dependent of its capacity to recruit
replication factors (Black et al., 2013). Moreover, it should be
emphasized that it becomes increasingly clear that gene tran-
scription and DNA replication are intimately coupled and that
these two processes interplay and are cross-regulated (Fragkos
et al., 2015); it is also possible that TRPS1-mediated transcrip-
tional regulation for cell proliferation and survival and TRPS1-
promoted replication for genome duplication are co-opted within
local chromosomal contexts and eventually synergized to confer
functional optimality for cell growth and evolution. It is also worth
noting that the vast majority of screenings for replication regula-
tors were based on microorganisms or experimental models
such as yeast and fly (Burgers and Kunkel, 2017); these organ-
isms lack a TRPS1 ortholog. Furthermore, unlike ubiquitous
expression patterns of the general replication factors such as
MCM, TRPS1 exhibits a tissue-specific expression pattern,
with high expression in mammary tissues. These might
contribute to the missed identification of TRPS1 from genetic
screening for replication regulators in yeast and flies, or from
large proteomic studies searching for interactomes of known
replication factors in cell lines such as Hela, HEK293T, or
U20S where TRPS1 expression is low (Boos et al., 2013;
Dungrawala et al., 2015; Tom et al., 1996). Indeed, co-immuno-
precipitation experiments showed that endogenous TRPS1 was
readily detected as a MCM2 interacting partner in MCF-7 cells
but was barely detected in U20S, HEK293T, and Hela cells,
although it is quite possible that additional tissue-specific fac-
tor(s) exists to bridge the interaction of TRPS1 with the replica-
tion regulators in mammary tissues.

While the condensed heterochromatin is generally duplicated
in late S phase with postponed origin firing (Rhind and Gilbert,
2013), there are evident examples of early heterochromatin repli-
cation across species, including the early replication of HP1-
bound pericentromeric regions and silent mating-type locus in
Schizosaccharomyces pombe (Hayashi et al., 2009), early dupli-
cation of centromeres as isolated domains in Drosophila cells
(Ahmad and Henikoff, 2001), early megareplicons of pericentric
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heterochromatin and centromere in mouse (Hollo et al., 1996),
and arm-specific and subtelomeric structure-influenced varia-
tion of replication timing of human telomeres (Arnoult et al.,
2010). These data suggest that the association between hetero-
chromatin and late replication is common but not universal,
despite the condensed and peripheral nuclear positioning nature
of heterochromatin (Kim et al., 2003). In this study, we found that
TRPS1-boosted replication of repressive domains takes place at
the early stage of the S phase. Although the biological signifi-
cance of replication timing remains to be understood (Rhind
and Gilbert, 2013), we could envision that TRPS1-assisted early
replication regions might be assembled into nucleation sites en-
riched with repressive marks to facilitate epigenomic organiza-
tion essential for the subsequent DNA duplication and cell
mitosis (Aladjem, 2007). Alternatively, a subset of G1 phase
silenced genes, especially those that are required for replication
itself, needs to be quickly replicated and turned to the active
state in early S phase to feed replication thereafter. It is also
worth noting that origin-containing relative to origin-free E3-
type TRPS1 binding sites are more enriched with H3K4me1
and H3K36me3 marks, suggesting a tendency of TRPS1 binding
sites associated with poised weak enhancers or intragenic re-
gions of lowly expressed genes to be origins within H3K9me3
marked domains. These epigenetic features together with
the physical interaction between TRPS1 and replication
factors support TRPS1’s participation in early replication of
heterochromatin.

Although GATA domain is characterized as a DNA binding
module (Merika and Orkin, 1993), we did not identify any recog-
nizable cognate GATA motif in repressive domains. We did not
find any consensus DNA sequence that might account for the
TRPS1 binding peaks adjacent to H3K9me3-marked origins
either. This issue is also confounded by lack of definable genetic
elements for DNA replication origins in mammalian cells (Hyrien,
2015). Inspired by direct reading of H3K9me3 by a GATA-type
zinc finger protein/ATP-dependent helicase ATRX (Eustermann
et al., 2011; lwase et al., 2011), we found that the GATA domain
of TRPS1 had moderate yet specific affinity to H3K9me3-
marked peptides, and, surprisingly, inclusion of the IKAROS
domain enhanced the affinity. On the other hand, the modular or-
ganization of TRPS1 is amenable to associate with multiple
repressive complexes such as NuRD and CtBP, possibly
through distinct intra-modular or inter-modular three-dimen-
sional architecture of TRPS1 (Koipally and Georgopoulos,
2002). In effect, NuRD/CtBP might assist TRPS1 targeting at
the heterochromatic regions through direct protein-protein inter-
actions and via their chromatin modifying capabilities. Our re-
sults support a model in which CtBP/NuRD contribute to the
establishment of an H3K9me3-enriched heterochromatic envi-
ronment for GATA/IKAROS-dependent H3K9me3 reading of
heterochromatic origins by TRPS1.

Interestingly, the well-recognized TRPS-associated TRPS1 mu-
tations C896Y or R908Q in the GATA domain reserve the ability to
interact with CtBP/NuRD but lost the capacity to promote
replication and tumorigenesis. Although the possibility of direct
cis binding by the GATA domain contributes to TRPS1-promoted
carcinogenesis could not be excluded, TRPS1-evoked replication
boosting and genome-wide structural alterations disfavor a tran-

14 Cell Reports 34, 108814, March 9, 2021

Cell Reports

scriptional regulatory model in the pathogenesis of TRPS. It is
not unlikely that the molecular etiologies of TRPS and breast can-
cer converge on dysregulated DNA replication (under-replication
in TRPS versus over-replication in breast cancer); compromised
replication efficiency could entail declined self-renewal or/and pre-
mature senescence of embryonic or mesenchymal stem cells, ul-
timately contributing to developmental defects.

Identification of oncogenic drivers is important to understand-
ing the essence of malignant transformation and to combatting
cancer. This effort has been compounded by cancer genome evo-
lution, which gives rise to intra-tumoral heterogeneity and extra-
chromosomal. Although it is not possible to rebuild the whole
recurrent eccDNAs due to sequencing reads length limit,
our statistical inference implies significantly higher content of
short fragments of eccDNAs in TRPS1-associated deletions.
These eccDNAs could be equipped with a chromosomal-inde-
pendent replication capacity. A direct cancer-causing effect
from eccDNAs could be their repeated over-replication and un-
checked segregation to confer rapid genetic adaptability
for cancer cell survival against metabolic, immunosurveilling,
and drug-elicited stresses (Turner et al., 2017). Indeed, we found
extraordinary drug resistance in TRPS1-overexpressing cells,
supporting the pursuit of TRPS1 as a potential target for breast
cancer intervention.
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Antibodies

Rabbit monoclonal anti-TRPS1 (clone Abcam Cat#ab209664

EPR16171)

Rabbit monoclonal anti-MCMC3 (clone Abcam Cat#ab126723; RRID: AB_11127222
EPR7081)

Rabbit monoclonal anti-MCMCS5 (clone Abcam Cat#ab76023; RRID: AB_1310438
EP2682Y)

Rabbit monoclonal anti-MCMCS6 (clone Abcam Cat#ab201683

EPR17686)

Rabbit monoclonal anti-MCMC?7 (clone Abcam Cat#ab52489; RRID: AB_881187
EP1974Y)

Rabbit monoclonal anti-CDC16 (clone Abcam Cat#ab169536

EPR11168)

Rabbit monoclonal anti-CDC23 (clone Abcam Cat#ab177148

EPR11827)

Rabbit monoclonal anti-CDC45 (clone Abcam Cat#ab126762; RRID: AB_11140216
EPR5759)

Rabbit monoclonal anti-RPA1 (clone Abcam Cat#ab79398; RRID: AB_1603759
EPR3472)

Mouse monoclonal anti-PCNA (clone PC10) Abcam Cat#ab29; RRID: AB_303394

Rabbit monoclonal anti-Mi-2f (clone Abcam Cat#ab181370

EPR12229)

Rabbit polyclonal anti-HDAC1 Abcam Cat#ab7028; RRID: AB_305705
Rabbit polyclonal anti-HDAC2 Abcam Cat#ab7029; RRID: AB_305706
Rabbit polyclonal anti-LSD1 Abcam Cat#ab17721; RRID: AB_443964
Rabbit monoclonal anti-CtBP1 (clone Abcam Cat#ab129181; RRID: AB_11156048
EPR6800)

Rabbit monoclonal anti-CtBP2 (clone Abcam Cat#ab128871; RRID: AB_11143956
EPR7611(B))

Rabbit polyclonal anti-H3 Abcam Cat#ab1791; RRID: AB_302613
Rabbit monoclonal anti-H3K9me3 (clone Abcam Cat#ab176916; RRID: AB_2797591
EPR16601)

Rabbit polyclonal anti-H2A Abcam Cat#ab88770; RRID: AB_10672053
Rabbit monoclonal anti- Phospho-MCM2 Abcam Cat#ab133243; RRID: AB_11154969
(S40) (clone EPR4170(2))

Rabbit polyclonal anti-ORC1 Abcam Cat#ab85830; RRID: AB_2157593
Rabbit monoclonal anti-BrdU (clone BU1/ Abcam Cat#ab6326; RRID: AB_305426

75 (ICR1))

Rabbit polyclonal anti-SUPT16H Abcam Cat#ab117081; RRID: AB_10899485
Rabbit polyclonal anti-MCM4 Abcam Cat#ab154315

Rabbit monoclonal anti-RbAp48 (clone Abcam Cat#ab92344; RRID: AB_2177634

EPR3412)
Mouse monoclonal anti-B-Actin (clone C-4)
Mouse monoclonal anti-POLD1 (clone A-9)

Mouse monoclonal anti-ORC2 (clone H-
300)

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology

Cati#sc-47778; RRID: AB_626632
Cat#tsc-17776; RRID: AB_675487
Cat#sc-28742; RRID: AB_2157712

(Continued on next page)
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Mouse monoclonal anti-MTA1 (clone E-12)
Mouse monoclonal anti-MTA2 (clone F-9)
Mouse monoclonal anti-RbAp46 (clone E-9)
Mouse monoclonal anti-Geminin (clone F-7)
Mouse monoclonal anti-FLAG (clone M2)
Rabbit polyclonal anti-RFC3

Rabbit polyclonal anti-RFC4

Rabbit polyclonal anti-ANAPC1

Rabbit polyclonal anti-MBD2

Rabbit polyclonal anti-SSRP1

Rabbit monoclonal anti-MCM2 (clone
D7G11)

Rabbit polyclonal anti-Phospho-CHK2
(Thré8)

Rabbit polyclonal anti-CHK2
Mouse monoclonal anti-GST (clone 1B10)
Mouse monoclonal anti-BrdU (clone B44)

Mouse monoclonal anti- Phospho-H2A.X
(Ser139) (clone JBW301)

Mouse monoclonal anti- Biotin

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Sigma-Aldrich
Proteintech

Proteintech

Proteintech

Proteintech

Proteintech

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology
Biodragon

BD Biosciences

Millipore

Jackson ImmunoResearch Labs

Cat#sc-373765, RRID: AB_10917039
Cat#sc-55566; RRID: AB_831564
Cati#sc-377197

Cat#sc-74456; RRID: AB_1124963
Cat# F3165; RRID: AB_259529
Cat#11814-1-AP; RRID: AB_2178470
Cat#10806-1-AP; RRID: AB_2178477
Cat#21748-1-AP; RRID: AB_10733241
Cat#55200-1-AP; RRID: AB_10852963
Cat# 15696-1-AP; RRID: AB_2195756
Cat#3619; RRID: AB_2142137

Cat#2661; RRID: AB_331479

Cat#2662; RRID: AB_2080793
Cat#B1007

Cat#347580; RRID: AB_10015219
Cat#05-636; RRID: AB_309864

Cat#200-002-211; RRID: AB_2339006

Chemicals, peptides, and recombinant proteins

XenoLight D-Luciferin Potassium Salt
Thymidine

EdU (5-ethynyl-2’-deoxyuridine)
BrdU (5-Bromo-2'-deoxyuridine)

1dU (5-lodo-2’-deoxyuridine)

FLAG® Peptide

TAME (tosyl arginine methy! ester)
Bleomycin Sulfate

Perkin Elmer
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Selleck Chemicals
Selleck Chemicals

Cat#122799

Cat#T9250; CAS: 50-89-5
Cat#900584; CAS: 61135-33-9
Cat#B9285; CAS: 59-14-3
Cai#l7125; CAS: 54-42-2
Ca#F3290

Cat#S2225; CAS: 901-47-3
Ca#81214; CAS: 9041-93-4

Mitomycin C Selleck Chemicals Ca#S8146; CAS: 50-07-7
Topotecan HCI Selleck Chemicals Ca#S1231; CAS: 119413-54-6
Epirubicin HCI Selleck Chemicals Ca#S1223; CAS: 56390-09-1
Paclitaxel Selleck Chemicals Ca#S1150; CAS: 33069-62-4
Nocodazole Selleck Chemicals Ca#S2775; CAS: 31430-18-9
Carboplatin Selleck Chemicals Ca#S1215; CAS: 41575-94-4
Cisplatin Selleck Chemicals Ca#S1166; CAS: 15663-27-1
Thiotepa Selleck Chemicals Ca#S1775; CAS: 52-24-4
Mechlorethamine HCI Selleck Chemicals Ca#S4252; CAS: 55-86-7
Gemcitabine Selleck Chemicals Ca#S1714; CAS: 95058-81-4
5-FU (5-Fluorouracil) Selleck Chemicals Ca#S1209; CAS: 51-21-8
CHX (Cycloheximide) Selleck Chemicals Ca#S7418; CAS: 66-81-9
Hydrocortisone Selleck Chemicals Ca#51696; CAS: 50-23-7
Human EGF Recombinant Protein GIBCO Ca#PHGO0311

Insulin M&C GENE TECHNOLOGY Ca#CC101

Cholera Toxin M&C GENE TECHNOLOGY Ca#CC104

Critical commercial assays

CellTiter 96® AQueous One Solution Cell Promega Ca#G3582

Proliferation Assay (MTS)
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TnT® Quick Coupled Transcription/ Promega Ca#L1170
Translation System

Senescence Detection Kit Abcam Ca#ab65351
Pierce Silver Stain Kit Thermo Scientific Ca#24612
Pierce BCA Protein Assay Kit Thermo Scientific Ca#23225
Click-iT EdU Alexa Fluor 488 Flow Invitrogen Ca#C10420
Cytometry Assay Kit

Click-iT EdU Alexa Fluor 647 Flow Invitrogen Ca#C10419
Cytometry Assay Kit

Lipofectamine 3000 Transfection Reagent Invitrogen Ca#L3000015
Lipofectamine RNAIMAX Transfection Invitrogen Ca#13778030
Reagent

TagMan Gene Expression Master Mix Applied Biosystems Ca#4369016
HiSpeed Plasmid MidiKit QIAGEN Ca#12643
REPLI-g Mini Kit QIAGEN Ca#150023
QIAquick PCR Purification Kit QIAGEN Ca#28106
FITC Annexin V Apoptosis Detection Kit | BD Biosciences Cai#556547
Apoptosis Inducer Kit (TS, TNF-a+SM-164) Beyotime Biotechnology Ca#C0006S

Deposited data

ChlIP-seq, Repli-seq, eccDNA sequencing This paper GEO: GSE118643, GSE135598
and CNA microarray data

Whole genome sequencing data This paper SRA: SRP217294
Experimental models: cell lines

Human: MCF-10A ATCC ATCC CRL-10317
Human: MCF-7 ATCC ATCC HTB-22
Human: MDA-MB-231 ATCC ATCC HTB-26
Human: T-47D ATCC ATCC HTB-133
Human: U20S ATCC ATCC HTB-96
Human: HEK293T ATCC ATCC CRL-3216
Human: HelLa ATCC ATCC CCL-2
MDA-MB-231-Luc-D3H2LN cell (Jenkins et al., 2005) N/A

Mouse: ATDC5 KeyGEN BioTECH Ca#KG445
Experimental models: organisms/strains

Mouse: SCID beige Vital River Laboratories N/A
Oligonucleotides

siRNA targeting sequence: siControl: This paper N/A
UUCUCCGAACGUGUCACGU

siRNA targeting sequence: siTRPS1#1: This paper N/A
GCAAAUCACCUGCAAGGAU

siRNA targeting sequence: siTRPS1#2: This paper N/A
GUACAUGAGACCUGCGAAA

siRNA targeting sequence: siCtBP1: This paper N/A
ACGACUUCACCGUCAAGCA

siRNA targeting sequence: siMi-2: This paper N/A
CCGCAAGAAACUCCGAACCACUAAA

siRNA targeting sequence: siCDC23#1: This paper N/A
GCUGCCCAGUGUUACAUCAAAUAUA

siRNA targeting sequence: siCDC23#2: This paper N/A

CCAAGCUCGAGAACUUGAUGGAUUU

(Continued on next page)
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shRNA targeting sequence: siTRPS1#1: This paper N/A

ATATGGTAACGAGCTATAATT

shRNA targeting sequence: siTRPS1#2: This paper N/A

GGCAGGACAAGATAACAGTCA

Primers for gPCR, See Table S3 This paper N/A

Recombinant DNA

pLVX-PGK-Puro-FLAG-Vector This paper N/A

pLVX-PGK-Puro-FLAG-TRPS1 This paper N/A

pLVX-PGK-Puro-FLAG-TRPS1C896Y This paper N/A

pLVX-PGK-Puro-FLAG-TRPS1R908Q This paper N/A

pLVX-PGK-Puro-FLAG-TRPS1AZF1-3 This paper N/A

pLVX-PGK-Puro-FLAG-TRPS1AZF4-6 This paper N/A

pLVX-PGK-Puro-FLAG-TRPS1AGATA This paper N/A

pLVX-PGK-Puro-FLAG-TRPS1AIKAROS This paper N/A

pLVX-shRNA2-Puro-shControl This paper N/A

pLVX-shRNA2-Puro-TRPS1#1 This paper N/A

pLVX-shRNA2-Puro-TRPS1#2 This paper N/A

pGEX-6P1-TRPS1/D1 This paper N/A

pGEX-6P1-TRPS1/D2 This paper N/A

pGEX-6P1-TRPS1/D3 This paper N/A

pGEX-6P1-TRPS1/D4 This paper N/A

pGEX-6P1-TRPS1/D5 This paper N/A

pGEX-6P1-TRPS1/D6 This paper N/A

pGEX-6P1-TRPS1/D6C896Y This paper N/A

pGEX-6P1-TRPS1/D6R908Q This paper N/A

pCDNA3.1(+)-TRPS1 This paper N/A

pCDNAB.1(+)-TRPS1/C896Y This paper N/A

PCDNAB.1(+)-TRPS1/R908Q This paper N/A

Software and algorithms

Image-Pro Plus 7 Media Cybernetics N/A

FlowJo v10.0.7 Tree Star N/A

Living Image v4.3.1 Perkin Elmer N/A

ZEN v2.3 (blue edition) Carl Zeiss N/A

GraphPad v7.0 Prism N/A

Imaged v1.50i Schneider et al., 2012 https://imagej.nih.gov/ij/

MACS v2 Zhang et al., 2008 https://github.com/macs3-project/ MACS

ChromHMM v1.22 Ernst and Kellis, 2012 http://compbio.mit.edu/ChromHMM/

BEDOPS v2.4.39 Neph et al., 2012 https://bedops.readthedocs.io/en/latest/

GenomicRanges v1.42.0 Lawrence et al., 2013 https://bioconductor.org/packages/
release/bioc/html/GenomicRanges.html

R v3.6.3 R Core Team http://www.R-project.org

ggplot2 v3.3.2 Wickham, 2016 https://ggplot2.tidyverse.org/

HOMER v4.4 Heinz et al., 2010 http://homer.ucsd.edu/homer/

CNVnator v0.2.7 Abyzov et al., 2011 http://sv.gersteinlab.org/cnvnator/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yongfeng
Shang (yshang@hsc.pku.edu.cn).
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Materials availability
All reagents generated in this study are available upon request to the Lead Contact.

Data and code availability

ChIP-seq, Repli-seq, eccDNA sequencing and CNA microarray data are deposited at the Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/) with accession number GSE118643 and GSE135598. Whole genome sequencing data was
deposited at the Sequence Read Archive (SRA) database (https://www.ncbi.nlm.nih.gov/sra/) with accession number SRP217294.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models
Six-week-old immunocompromised female SCID beige mice were purchased from the Charles River. Animal handling and proced-
ures were approved by the Peking University Health Science Center Institutional Animal Care and Use Committee (LA2015019).

Cell lines

HEK293T, MCF-7, MDA-MB-231, MDA-MB-231-Luc-D3H2LN, U20S and Hela cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS). ATDCS5 cells were cultured in DMEM/F12 medium supplemented
with 10% FBS. T-47D cells were cultured in RPMI-1640 medium supplemented with 10% FBS. MCF-10A were cultured in DMEM/
F12 medium supplemented with 5% horse serum, 20 ng/mL EGF, 500 ng/mL hydrocortisone, 100 ng/mL cholera toxin, and 10 ng/mL
insulin. Cells were maintained in a humidified incubator equilibrated with 5% CO, at 37°C.

METHOD DETAILS

Cell transfection
Transfections were conducted with Lipofectamine 3000 Transfection Reagent (Invitrogen) or Lipofectamine RNAIMAX Transfection
Reagent (Invitrogen) according to the manufacturer’s instruction. The siRNAs were synthesized by Shanghai GenePharma.

Cell proliferation assay

Cells were seeded into 96-well plates. The CellTiter 96® AQueous ONE Solution Reagent (MTS, Promega) was added according to
the manufacturer’s instruction before cell harvesting. Plates were incubated at 37°C for 3 h and cell viability was determined by
measuring the absorbance of converted dye at a wavelength of 490 nm. Each experiment was performed in at least triplicates.

Immunohistochemistry assay

Human breast tumor tissue array was purchased from Shanghai Outdo Biotech. The immunohistochemical analysis was performed
as previously described with minor modifications (He et al., 2018). Briefly, after antigen retrieval by use of sodium citrate, the samples
were blocked in 10% normal goat serum for 10 min at room temperature (RT) followed by an overnight incubation with anti-TRPS1
antibody (1:500) at 4°C. After washing with PBS, the samples were incubated with goat anti-rabbit HRP (DAKO, Agilent) at RT for
30 min. The samples were then developed with DAB (3,3'-diaminobenzide tetrahydrochloride) buffer before counterstaining with he-
matoxylin. The staining intensity score was defined as follows: 0, negative; 1, weak; 2, moderate; 3, strong. The positive staining ratio
score was defined according to the percentage of positive tumor cells as follows: 0, < 5%; 1, 5%-25%; 2, 25%-50%; 3, 50%-75%;
4, >75%. The final histopathologic score was calculated as product of these two values. The statistical analysis was performed by
comparing the histopathologic score from tumor samples to adjacent normal tissues with paired t test (two-tailed).

Senescence detection assay

Cellular senescence was examined by use of Senescence Detection Kit (Abcam) following the manufacturer’s instruction. Briefly,
48 h after transfection, the cells were washed once with PBS, fixed with fixative solution for 10 min at RT, and then incubated
with staining solution mix at 37°C for 2 h (without CO,). Senescent cells showing blue color were counted under a microscope. Adria-
mycin was treated to induce cellular senescence as a positive control (Elmore et al., 2002). The experiment was performed in
triplicates.

Apoptosis detection assay

Cell apoptosis was analyzed with the FITC Annexin V Apoptosis Detection Kit | (BD Biosciences) following the manufacturer’s in-
struction. Briefly, 48 h after transfection, the cells were resuspended in binding buffer at a concentration of 1 x 10 cells/mL. Then
~1 x 10° cells were transferred to a 5 mL culture tube and labeled with FITC Annexin V and propidium iodide for 15 min at RT in
the dark. A FACS Canto Il cytometer (BD) was then used for flow cytometry analysis and the data was processed by use of FlowJo
10.0.7 (Tree Star). TNF-o/SM-164 was treated to induce apoptosis as a positive control. The experiment was performed in
triplicates.
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Immunofluorescence assay

MCF-10A cells stably expressing control, wild-type TRPS1, or TRPS1 mutants were fixed in 4% paraformaldehyde for 10 min. After
being permeabilized with 0.2% Triton X-100, the cells were successively incubated with primary antibodies, fluorescent-dye conju-
gated secondary antibodies, and DAPI (4’,6-diamidino-2-phenylindole, Dihydrochloride, Sigma). Images were acquired with a Zeiss
LSM880 fluorescence microscope (ZEN software, Carl Zeiss Inc).

Cycloheximide chase assay

MCF-10A cells stably expressing control, wild-type TRPS1, or TRPS1 mutants were treated with 50 ug/mL cycloheximide (CHX) for a
variety of time intervals before collecting cell extracts. Then protein lysate was resolved on SDS-PAGE and analyzed by western
blotting.

In vivo metastasis

MDA-MB-231-Luc-D3H2LN cells (Xenogen Corporation) were infected with lentiviruses carrying empty vector or FLAG-tagged
TRPS1/WT-, TRPS1/C896Y-, or TRPS1/R908Q-expressing plasmid. Six-week-old immunocompromised female SCID beige mice
(Charles River, Beijing, China) were divided into 4 groups and inoculated the above cells (5 x 10° cells per mouse) at the fourth right
abdominal mammary fat pad. For bioluminescence imaging, mice were anesthetized and injected with D-luciferin intraperitoneally,
and bioluminescence images were obtained with IVIS in vivo imaging system (Living Image Software, Perkin Elmer). Bioluminescence
from relative optical intensity was defined manually, and data was expressed as photon flux (photons/s/cm2/Steradian). All the 6
mice used for xenograft tumor growth and metastasis analysis in each group of gene manipulations were shown. They were not
selected based on whether they had metastases or not. Except for the inoculated cancer cells with different infections, the treatment,
including operation and measurement on each group of mice was same. However, to facilitate the detection of metastatic events that
were relatively weak compared to the primary tumors, a longer exposure was used in Figure 1F than in Figure 1E.

Immunopurification and mass spectrometry

HEK293T cells stably expressing FLAG-TRPS1 were lysed in lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.3% Nonidet P-40,
1 mMDTT, and 5 mM EDTA) containing protease inhibitor cocktail (Roche) at 4°C for 40 min. The lysates were centrifuged at 14,000 g
at 4°C for 15 min and protein supernatant was incubated with anti-FLAG M2 gel (Sigma) at 4°C for 4 h. After washing 5 times with lysis
buffer, protein complexes were eluted from the beads with 0.1 mg/mL FLAG peptides. The eluted protein complexes were resolved
on SDS-PAGE and silver stained with the Pierce Silver Stain Kit (Thermo Scientific) and subjected to LC-MS/MS for sequencing and
data analysis. In Figure 2D, MCF-7 cells stably expressing empty vector or FLAG-TRPS1/WT, FLAG-TRPS1/C896Y, or FLAG-
TRPS1/R908Q were synchronized in G4 phase by serum starvation or S phase by double thymidine blocking before immunopurifi-
cation and mass spectrometry analysis.

Cell cycle synchronization

Serum starvation was used for cell cycle synchronization in Go/G4. Briefly, cells were seeded and maintained in complete culture
medium (DMEM+10% FBS) for 6-8 h before culturing with low serum culture medium (DMEM+0.1% FBS) for 36 h. The cells were
then released by replacing back to complete culture medium for a variety of time intervals for cell cycle analysis. Cells in Gy phase
validated by flow cytometry were then collected for following experiments. The double thymidine block method was used
for synchronization in S. Briefly, cells were seeded and cultured for 6-8 h before first round of treatment with 2 mM thymidine for
16 h. Then cells were released by removing thymidine and culturing in complete medium for 12 h. After second round of thymidine
treatment for another 16 h, cells were released and collected for cell cycle analysis. Cells in early/middle/late S phase validated by
flow cytometry were collected after release for ~4/6/8 h.

Fast protein liquid chromatography

FPLC was performed according to the procedures described previously with minor modifications (Shan et al., 2016). Briefly, nuclear
extracts of MCF-7 cells were prepared and applied to Superose 6 size exclusion column (Amersham Biosciences). The column was
eluted at a flow rate of 0.5 ml/min and fractions were collected separately. The eluted protein complexes were resolved on SDS-
PAGE and analyzed by western blotting.

Co-immunoprecipitation and western blotting

Cellular lysates were prepared by incubating the cells in lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.3% NP-40, and
2 mM EDTA) containing protease inhibitor cocktail (Roche), followed by centrifugation at 13,400 rpm at 4°C for 15 min. The protein
concentration of the lysates was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific). For immunoprecipitation,
500 ug of protein was incubated with 2 ng specific antibodies or normal IgG at 4°C for 12 h with rotation. Protein A or G beads
(Thermo Scientific) were added, and the incubation was continued for an additional 3 h. Beads were washed 5 times using the
lysis buffer. The precipitated proteins were eluted from the beads by resuspending the beads in SDS sample buffer and boiling
for 10 min. The resultant materials from immunoprecipitation or cell lysates were resolved on SDS-PAGE and analyzed by western
blotting.
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EdU incorporation assay and flow cytometry

EdU incorporation assay was performed according to the Click-iT® EdU Flow Cytometry Assay Kits (Invitrogen). Briefly, cells were
pulse-labeled with 10 uM EdU for 2 h. After harvesting and washing with 1% BSA in PBS, cells were fixed in Click-iT® fixative for
15 min at RT. Cells were dislodged in 1 x Click-iT® saponin-based permeabilization and wash reagent at RT for 15 min. Click-iT® re-
actions were performed with Alexa Fluor® 488/647 azide at RT for 30 min. After digesting RNAs with RNase A and staining cells with
propidium iodide, flow cytometry was performed in a FACS Canto Il cytometer (BD) and data were analyzed with FlowdJo (Tree Star).

DNA fiber assay

Single molecule analysis of DNA replication was performed by DNA fiber assay with minor modifications (Mufoz et al., 2017). Briefly,
MCEF-7 cells were sequentially pulse-labeled with 50 uM CIdU for 2 h and 250 puM IdU for 30 min. Cells were then trypsinized and
resuspended in PBS at a concentration of 500 cells/uL. ~1000 cells were lysed in lysis buffer (0.2 M Tris-HCI, pH 7.4, 50 mM
EDTA, and 0.5% SDS) on each microscope slide at RT for 5 min, and the slides were subsequently tilted at 15 degrees to spread
DNA fibers. Slides were air-dried and fixed in methanol/acetic acid (3:1) at RT for 10 min. After denatured with 2.5 M HCI at RT
for 80 min, DNA was incubated in blocking buffer (0.1% Triton X-100, 1% BSA in PBS) at RT for 1 h. The slides were incubated
with primary antibodies (anti-CldU and anti-ldU) at 4°C overnight and then secondary antibodies (Alexa Fluors 488 and Alexa Fluors
555 from Invitrogen) at RT for 1 h. Slides were air-dried and mounted with Prolong (Invitrogen). Images were obtained with Leica TCS-
SP8 STED 3X microscope and analyzed with Imaged software.

Cesium chloride gradient centrifugation

Rereplication analysis of DNA was performed by cesium chloride gradient centrifugation assay with minor modifications (Black et al.,
2013). Briefly, MCF-7 cells were treated with 100 mM BrdU for 14 h and lysed in lysis buffer (20 mM Tris-HCI, pH 8.0, 4 mM EDTA,
20 mM NaCl, and 2% SDS) supplemented with RNase A at 37°C for 2 h followed by incubatation with proteinase K at 55°C for 3 h.
DNA was extracted and then digested with EcoR | and BamH | (NEB) at 37°C overnight. ~100 pg DNA was mixed with CsCI (1 g/mL)in
TE buffer (refractive index of 1.4015-1.4031). The CsClI gradient was centrifuged at 50,000 rpm in an MLN-80 rotor at 25°C for 20 h.
Fractions were collected from the bottom of the gradient in 200 L aliquots and dialyzed against 0.1 x TE buffer. DNA concentration
was measured by Qubit 3.0.

Chromatin fractionation

Chromatin fractionation was performed as described elsewhere with minor modifications (Nishitani et al., 2014). Briefly, cells were
synchronized in a specific phase of cell cycle before collection. ~3 x 10° cells were lysed with 150 pL CSK buffer (0.5% Triton
X-100, 0.1 M NaCl, 10 mM PIPES pH 7.0, 300 mM sucrose, 1 mM MgCl,, 1 mM EDTA, 2 mM phenylmethylsulfonyl fluoride,
10 mM NaF, 20 mM B-glycerophosphate, and 100 uM NazVO,) containing protease inhibitor cocktail (Roche). The lysates were
kept on ice for 20 min while vortexing about 10 s every 5 min. After pipetting the lysates 5 more times, 50 L of lysates were saved
in a new tube as a whole cell extract (WCE) sample, and the rest of lysates were centrifuged at 5,000 rpm for 5 min. The pellets were
washed with 200 uL CSK buffer and resuspended in 100 puL CSK buffer as a chromatin binding sample. Finally, WCE and chromatin
binding samples were boiled in SDS sample buffer, resolved on SDS-PAGE, and analyzed by western blotting.

GST pull-down assay

GST or GST fusion proteins were expressed in BL21 E. coli. HA-tagged CDC16 and CDC23 proteins were obtained using TnT® Quick
Coupled Transcription/Translation System (Promega). Equal amounts of GST alone or GST fusion proteins were immobilized on
glutathione-Sepharose 4B beads (Amersham Biosciences) in binding buffer (10 mM HEPES, pH 7.6, 3 mM MgCI2, 100 mM KClI,
5 mM EDTA, 5% glycerol, and 0.5% Nonidet P-40) containing protease inhibitor cocktail (Roche). After incubation at 4°C for 1 h
with rotation, beads were washed 3 times with binding buffer and resuspended in binding buffer before adding in vitro tran-
scribed/translated proteins at 4°C for 2 h with rotation. The beads were then washed 3 times with binding buffer and bound proteins
were eluted by boiling in SDS sample buffer, resolved on SDS-PAGE, and analyzed by western blotting.

Peptide pull-down assay

GST or GST-fused TRPS1 mutant proteins were expressed in BL21 E. coli and resolved on SDS-PAGE for Coomassie brilliant blue
staining. Peptide pull-down assay (Zhang et al., 201 1) was performed by incubating 2.5 g histone peptide with streptavidin beads in
binding buffer (50 mM Tris-HCI, pH7.5, 150 mM NacCl, 0.05% Nonidet P-40, 0.3 mg/mL BSA, and protease inhibitor cocktail (Roche))
containing 0.1% Nonidet P-40 and 300 mM NaCl at 4°C overnight. Recovered peptides were examined by dot blotting assay using
anti-biotin or H3K9me3 antibodies. Beads were washed 5 times with binding buffer and 0.5 ng GST alone or GST-fused TRPS1 mu-
tants were added to determine the binding affinity for H3K9me3 with unmodified H3 peptides (1-21) as the control. The beads were
washed and bound proteins were eluted by boiling in SDS sample buffer and analyzed by western blotting using anti-GST antibody.

Chromatin immunoprecipitation

ChIP assay was performed as described previously (Zhang et al., 2016). Briefly, ~2 x 107 cells were crosslinked using 1% form-
aldehyde at RT for 10 min and then quenched by 125mM glycine buffer for 5min. The fixed cells were resuspended in lysis
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buffer (1% SDS, 5mM EDTA, and 50mM Tris-HCI, pH 8.1) containing protease inhibitors cocktail (Roche) and sonicated with
Bioruptor® Plus sonication device (Bioruptor) to generate chromatin fragments. Lysates were diluted with dilution buffer (1%
Triton X-100, 2mM EDTA, 20mM Tris-HCI, pH 8.1, and 150mM NacCl) containing protease inhibitor cocktail (Roche). The diluted
lysates were incubated with normal IgG or specific antibodies at 4°C for 12 h with rotation. Protein A or G beads (Thermo Sci-
entific) were added, and the incubation was continued for an additional 2 h. Beads were sequentially washed with TSE | buffer
(0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCI, pH 8.1, and 150mM NaCl), TSE Il buffer (0.1% SDS, 1% Triton X-100,
2mM EDTA, 20mM Tris-HCI, pH 8.1, and 500mM NaCl), buffer Ill (0.25 M LiCl, 1% Nonidet P-40, 1% sodium deoxycholate,
1mM EDTA, and 10mM Tris-HCI, pH 8.1), and TE buffer(imM EDTA, 10mM Tris-HCI, pH 8.0). The immunoprecipitated DNA-
protein complex or input was heated at 65°C for 6 h in elution buffer (1% SDS, 0.1M NaHCOQ) to reverse the formaldehyde
crosslinking. DNA was purified with QIAquick PCR Purification Kit (QIAGEN) and analyzed by qPCR using primers described
in Table S3.

ChiP-seq

Genomic DNAs were prepared as described above. For sequencing library construction, the purified DNA was subjected to blunt-
ending, dA addition to 3’ end, and adaptor ligation. In-depth whole genome DNA sequencing was performed by the Beijing
Genome Institute (BGI). Sequence reads were aligned to Genome Reference Consortium GRCh37 of human genome through
bowtie (Langmead et al., 2009). TRPS1 peaks were called using MACS (Zhang et al., 2008) with a P value cutoff of 1e-5.
ChlP-seq reads density was normalized with the total number of mappable reads in relevant sequencing library. Chromatin-state
was annotated by ChromHMM (Ernst and Kellis, 2012) using ChIP-seq data on H3K4me1, H3K4me3, H3K9me3, H3K27me3,
H3K36me3, and H3K27ac in MCF-7 cells (Consortium, 2012). Seven classes of chromatin states were distinguished and referred
as: E1: polycomb repressed state enriched with H3K27me3, E2: heterochromatin state without enrichment of any of these marks,
E3: repressive state enriched with H3K9me3, E4: transcriptionally active state enriched with H3K36me3 at gene bodies; E5:
enhancer state strongly enriched with enhancer marker H3K27ac and H3K4me1; E6: enhancer state weakly enriched with
H3K27ac, and E7: promoter state strongly enriched with H3K4me3 and moderately enriched with H3K27ac (Zhang et al.,
2016). HOMER package (Heinz et al., 2010) was utilized to determine transcription factor motifs surrounding TRPS1 binding
peaks, BEDOPS (Neph et al., 2012) and GenomicRanges (Lawrence et al., 2013) were utilized in R (http://www.R-project.org)
to handle annotated genomic ranges, and ggplot2 (http://ggplot2.tidyverse.org) was used to produce heatmaps and statistical
plots. For TRPS1 binding profiling in relation to replication origins, the actually fired origins in MCF-7 cells were obtained from
previous massive sequencing of RNA-primed nascent DNAs (Martin et al., 2011; Weddington et al., 2008). These origins were clas-
sified into different epigenomic states based on their overlaps with the ChromHMM-identified 7 epigenetic states. HOMER pack-
age (Heinz et al., 2010) was used to project the TRPS1 binding and input signals onto the epigenetically classified origins. For false
discovery rate (FDR) analysis of TRPS1 binding surrounding H3K9me3-marked origins, Poisson distribution was used to capture
the statistical significance of TRPS1 enrichment relative to input signals and FDR method (Benjamini and Hochberg, 1995) was
used to adjust P values from multiple comparisons.

Replication timing analysis

For analysis of replication timing of TRPS1-bound DNAs, MCF-7 cells were pulse-incorporated with EdU, sorted into fractions span-
ning the full DNA synthesis phase, and captured with Dynabeads MyOne Streptavidin C1 (Invitrogen). DNA replication pattern was
determined and reads density from the published (Hansen et al., 2010) or our Repli-seq data were plotted within TRPS1 binding sum-
mit-centered windows. The background replication efficiency was measured by averaging the Repli-seq reads density over 100
groups of randomly shuffled genomic sites with a similar peak length distribution and the same epigenomic state as the relevant
TRPS1 subgroup. The mean and standard derivations of nascent DNA production were calculated. The number of active origins
in the windows centered at the same TRPS1 binding peaks but with different sizes ranging from 0.5 Kb to 1 Mb was countered.
For assessment of the relative contribution of TRPS1-associated origins stratified by different epigenetic states, the observed num-
ber of active origins was normalized to the expected fractions of epigenomic states within TRPS1 binding summit-centered windows.

DNA structural variation analysis

For analysis of TRPS1-associated DNA structural variations, MCF-10A cells were infected with lentiviruses carrying control or wild-
type TRPS1, TRPS1C896Y, or TRPS1R908Q. After 14 days of puromycin selection, cells were further cultured for 30-90 days to
induce transmissible genome aberrations. Genomic DNAs were extracted and analyzed for copy number alteration using Affymetrix
SNP arrays. Copy number gain or loss was determined using hidden Markov model with hapmap270.na35.r1.a5.ref as the reference.
The segments larger than 100 Kb and with more than 5 markers were called. Recurrent TRPS1 overexpression-associated CNA sites
were defined as ones present in both replicates in wild-type TRPS1-transfected cells but absent from any CNA lists called from the
control or TRPS1C896Y- or TRPS1R908Q-transduced cells. TRPS1 overexpression-associated genome structural variations
in clinical samples were analyzed by intersecting the candidate genes within experimental CNAs with clinically identified TRPS1
co-amplified/deleted genes retrieved through cBioPortal (Cancer Genome Atlas, 2012; Cerami et al., 2012; Curtis et al., 2012;
Gao et al., 2013; Lefebvre et al., 2016; Pereira et al., 2016; Stephens et al., 2012) from 4 large cohorts of breast cancers in METABRIC
(Molecular Taxonomy of Breast Cancer International Consortium) and TCGA (The Cancer Genome Atlas).
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Extrachromosomal DNA analysis

Extrachromosomal DNA was prepared using HiSpeed Plasmid MidiKit (QIAGEN) and sequenced as described previously with minor
modifications (Shibata et al., 2012). Briefly, nuclei were suspended in buffer P1 and lysed with buffer P2. Genomic DNA was precip-
itated with buffer P3 and removed with QlAfilter Cartridge. DNA in supernatant was loaded onto a HiSpeed Midi Tip, washed with
buffer QC and eluted with buffer QF, and then precipitated by isopropanol. After being washed with 70% ethanol and dissolved in
buffer EB, DNA pellet was treated sequentially with RNase A and proteinase K, followed by phenol-chloroform extraction and ethanol
precipitation. DNA pellet was digested with Exonuclease VIII (NEB) to remove linear DNA and then purified by QIAquick PCR Puri-
fication Kit (QIAGEN) to further remove oligonucleotides and DNA of > 10 kb (including mitochondrial DNA). The eccDNA was then
amplified by using of REPLI-g Mini Kit (QIAGEN) according to the manufacturer’s instruction. Briefly, eccDNAs was denatured with
buffer D1 and denaturation was stopped by buffer N1. Reaction mixture containing denatured eccDNA, REPLI-g Mini Reaction Buffer
and REPLI-g Mini DNA Polymerase was incubated at 30°C for16 hours for multiple displacement amplification, and then heated at
65°C for 3 min to stop the reaction. The Microcon DNA Fast Flow Centrifugal Filter Unit with Ultracel membrane (Millipore) was used to
exchange the buffer. The amplified DNA was then purified and used for library construction followed by high-throughput sequencing.
The genomes from TRPS1-overexpressing versus control cells were tiled into 10 Kb windows and the significantly enriched bins
(SEBS) or significantly depleted bins (SDBs) were called as ones with reads density ratio greater than 2 (or less than 0.5) and P value
less than 1e-5 using Poisson test. TRPS1-associated CNAs in extrachromosomes were then analyzed by comparing the number of
CNA sites overlapped with at least one SEB (or SDB) to overlaps in null models consisting of 100 groups of randomly shuffled
genomic sites with a similar length distribution.

Drug sensitivity test

MCF-10A or MDA-MB-231 cells stably transduced with empty vector or TRPS1 were seeded in 96-well plates overnight prior to the
addition of antineoplastic drugs. Drug-free controls were included in each assay. Plates were incubated at 37°C for additional 3 days
in a humidified atmosphere with 5% CO, followed by cell viability assessment using MTS assays in triplicate experiments. ICsq was
calculated using GraphPad Prism software and P value was calculated using extra sum-of-squares F-test.

Whole genome sequencing and CNA analysis

Drug-resistant cells were established by treatment of MCF-10A cells stably expressing TRPS1 with various chemical drugs for
2 weeks. The drug concentrations used were determined according to the ICso of TRPS1-overexpressing groups measured from
drug sensitivity test. Genomic DNAs were extracted and subjected to whole genome sequencing. The copy number variations
were analyzed using the CNVnator (Abyzov et al., 2011) read-depth algorithm. The algorithm divides the genome into non-overlap-
ping bins of equal size and uses the count of mapped reads in each bin as the Read-Depth signal. Standard settings with a bin size of
100 bp were used.

Colony formation assay

MCF-10A cells seeded in 6-well plate were maintained in culture media containing a variety of chemical compounds with concentra-
tion determined according to the ICsq of drug sensitivity test for 2-3 weeks. The resulting cells were fixed with 4% paraformaldehyde
before staining with 0.5% crystal violet. The experiments were repeated 3 times and representative images were presented.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with GraphPad or R software. For t test, two-tailed unpaired parameters were employed unless
otherwise indicated.

Cell Reports 34, 108814, March 9, 2021 €9




	TRPS1 drives heterochromatic origin refiring and cancer genome evolution
	Introduction
	Results
	TRPS1 is amplified in breast cancer and promotes breast carcinogenesis
	TRPS-associated mutations abolish the oncogenic potential of TRPS1
	TRPS1 interacts with the CtBP/NuRD complexes and replication machinery
	TRPS1 is enriched in H3K9me3-marked replication origins
	TRPS1 promotes origin refiring at heterochromatic domains
	TRPS1 incites origin refiring through recruitment of APC/C complex
	TRPS1 recruitment on heterochromatic origins is GATA/IKAROS dependent
	TRPS1 overexpression provokes genome duplication that mimics genetic aberrances in breast cancer
	Genome deletions associated with TRPS1 overexpression are found in eccDNAs
	TRPS1-evoked genome aberrance dynamically evolves to confer therapeutic resistance

	Discussion
	Supplemental Information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key Resources Table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Mouse models
	Cell lines

	Method details
	Cell transfection
	Cell proliferation assay
	Immunohistochemistry assay
	Senescence detection assay
	Apoptosis detection assay
	Immunofluorescence assay
	Cycloheximide chase assay
	In vivo metastasis
	Immunopurification and mass spectrometry
	Cell cycle synchronization
	Fast protein liquid chromatography
	Co-immunoprecipitation and western blotting
	EdU incorporation assay and flow cytometry
	DNA fiber assay
	Cesium chloride gradient centrifugation
	Chromatin fractionation
	GST pull-down assay
	Peptide pull-down assay
	Chromatin immunoprecipitation
	ChIP-seq
	Replication timing analysis
	DNA structural variation analysis
	Extrachromosomal DNA analysis
	Drug sensitivity test
	Whole genome sequencing and CNA analysis
	Colony formation assay

	Quantification and statistical analysis



