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Estrogen Receptor alpha (ER) is the primary driver in ER+ breast cancer and
can be targeted using small molecules such as fulvestrant, a selective estrogen
receptor degrader (SERD). Despite being approved over two decades ago and
used regularly in post-menopausal women, its precise anti-tumor mechanism
remains unclear, with several reports showing efficacy without the require-
ment for ERa degradation. To investigate the molecular basis of fulvestrant’s
action, we employed split intein-based uMap photo-proximity labeling to
profile ERa-associated interactions. Our findings reveal that fulvestrant dis-
places oncogenic interactions induced by estradiol and promotes ER«a trans-
location to promyelocytic leukemia (PML) nuclear bodies, leading to altered
transcriptional signatures and senescence. Overall, this study offers insights

into SERD mechanism of action and establishes a framework for evaluating
additional ERa modulators and degraders.

Understanding the mechanism of action (MoA) of bioactive small
molecules is pivotal in modern drug discovery and development,
allowing for predictable drug efficacy and safety in later clinical
stages'”. Determining the molecular basis of ligand function not only
enhances its probability of success in clinical trials®, but also provides
valuable insights for future target-based drug development®, possible
drug repurposing®, and informed combination therapies’. Despite
these advantages and the clear clinical need, the MoA of many
approved drugs and clinical candidates remains incompletely
understood.

One class of clinical molecules without a well-defined mechanism is
the selective estrogen receptor degraders (SERDs), which are frequently
used for treating patients with estrogen receptor positive (ER+) breast
cancer®, Fulvestrant (Fulv), the first-in-class SERD approved by the FDA
in 2002, is commonly prescribed to postmenopausal ER+ patients and
has led to positive clinical outcomes’. Yet due to its requirement of
painful and frequent intramuscular administration, oral replacements
are highly sought after™. Fulv and other SERDs are considered hormone
therapies that act by targeting the hormone receptor estrogen receptor
alpha (ERa) and leading to its degradation®. However, drug candidates

with excellent ERa degradation profiles and physiochemical properties
do not necessarily demonstrate superior tumor suppression effects in
vitro, in pre-clinical models, or in clinical trials. Several SERDs, including
amcenestrant, GDC-0810, and AZD-9496, entered clinical trials yet were
terminated during development due to lack of efficacy" ™. While clinical
trial outcomes are shaped by many factors, this finding raises questions
of whether the anti-tumor activity of SERDs arises from additional fac-
tors beyond ERa degradation. It was recently proposed that Fulv and
other SERDs induce ERa intra-nuclear immobility, leading to suppressed
transcriptional activity and increased protein turnover®. Despite
advances in understanding Fulv function, the full molecular basis of its
MoA remains to be determined.

ERq, as a nuclear receptor and a transcription factor, functions
through binding dynamically to chromatin”, other transcription
factors'™", and remodeling complexes®®*. Estradiol (E2) is the natural
ligand of ERa and facilitates the optimal loading of ERx homodimer
onto DNA for its transcriptional activities”. E2-liganded ERa homo-
dimer is able to rapidly move along the genome and interact with the
palindromic estrogen response elements (ERE)**?, recruiting neces-
sary co-activators for gene regulation®. In the presence of Fulv, ERa
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shows greatly reduced mobility yet can still bind to ERE sites, albeitto a
lesser extent”. Due to the highly transient nature of ERa, the accurate
capture of its interactors requires a tool with high sensitivity and
precise spatio-temporal control. In order to gain insight into the MoA
of Fulv, we questioned whether we could use proximity labeling to
probe the interactome of ERq, both in its native state and in response
to small molecule antagonism. While both TurbolD?® and Biotinylation
by Antibody Recognition (BAR)?’ have been utilized previously for the
identification of ERa interactors, the ligand-dependent context has
been relatively underexplored. To this end, we have leveraged our
photocatalytic micromapping platform (uMap), which has been
applied successfully to the precise mapping of protein-protein and
small molecule-protein interactions in response to therapeutic
stimuli*~%, The uMap technology deploys an iridium (Ir) photocatalyst
and a short-lived carbene intermediate to achieve high-precision tar-
geted labeling within a very small radius®. By establishing a com-
parative ERa uMap platform using the N-terminal split intein-based
approach, we have uncovered a localization of Fulv-bound ERa in the
nuclear condensate promyelocytic leukemia nuclear bodies (PML-NBs)
via the bridging of chromatin remodeler ATRX (ATRX) and death-
domain associated protein 6 (DAXX). We show that this change in
localization leads to the displacement of E2-induced ERa transcrip-
tional co-factors, ERa immobility, and the anti-tumor effects of Fulv. In
PML-NBs, Fulv-bound ERa interacts strongly with chromatin, leading
to hypophosphorylation of protein Rb and, subsequently, cellular
senescence. Our study offers deeper insights into the mechanism of
Fulv on ERa and provides a valuable resource to accelerate the
development of next-generation SERD therapies.

Results

The ER«x interactome is captured by uMap

To establish a platform for the ERa uMap, we adapted our previously
reported split intein-based photo-proximity labeling system, which
allows for the traceless incorporation of the photocatalyst to the
protein of interest with minimal perturbation of the biological envir-
onment (Fig. 1a). The split intein system was originally developed to
profile changes to the histone H2A interactome that occur upon
addition of BRD2/3/4 targeting molecule JQ-1 and selective DOTIL
methyltransferase inhibitor pinometostat. This was achieved by
expressing the N-terminal fragment of the Cfa split intein (Cfa") with
the protein of interest (POI) and conjugating the Ir photocatalyst to the
C-terminal of Cfa split intein (Cfa). Through intein trans-splicing in
whole nuclei, the Ir photocatalyst is installed onto the POI*%.. We
anticipated that this platform would similarly prove amenable to the
study of the drug-induced interactome changes of ER«a (Fig. 1a). At the
outset, the ESRI-HA-Cfa“-FLAG construct was stably expressed in
MCF7 cells. However, upon further evaluation of the biological activity
of the fusion protein, we observed overall low protein levels and
truncated expression (Supplementary Fig. 1a, b), despite its ability to
achieve sufficient splicing with Cfa“Ir at concentrations as low as
0.3 UM (Supplementary Fig. 1c, d). The subsequent ERa uMap was also
sub-optimal with both overall experimental depth and significant
interactors lower than expected (Supplementary Fig. le-g, Supple-
mentary Data 2). This phenomenon is possibly caused by the instability
of a C-terminal ESRI fusion as well as the relatively large size of the
N-terminal Cfa split intein (12 kDa). As a result, an N-terminal intein-
ERa fusion, utilizing the 4 kDa C-terminal Cfa split intein, was used
instead for optimal results. We envisioned that the construct FLAG-
Cfa“-HA-ESRI could be applied in the pre-established split intein-based
uMap with minimal alterations.

Upon stably expressing FLAG-Cfa®-HA-ESRI into MCF7 cells, we
observed adequate protein levels with no truncated product (Sup-
plementary Fig. 2a). This construct functions similarly to endogenous
ERq, undergoing modest degradation with the natural ligand estradiol
(E2) and significant degradation with the therapeutically relevant

ligand Fulv. This ligand-mediated ERa degradation can be rescued by
the ubiquitin-activating enzyme (UAE) inhibitor, TAK-243, suggesting
that the degradation is ubiquitin-dependent (Fig. 1c). Next, the iridium-
based photocatalyst was appended onto a short GKGY peptide via
PEG16 linker, which enabled conjugation with the purified Cfa®
through native chemical ligation (NCL) (Fig. 1b and Supplementary
Fig. 2). The resulting Ir-CfaV permeates the nuclear membrane, allow-
ing for the traceless incorporation of Ir catalyst onto ERa through
intein trans-splicing at concentrations as low as 0.3 pM of Ir-Cfa" after
1h of end-to-end rotation at 37 °C (Fig. 1d). To validate the function of
the splicing product, both wild-type (WT) MCF7 and FLAG-Cfa®-HA-
ESRI-expressing cells were treated with TAK-243 and E2 then subjected
to the photolabeling workflow. Western blot analysis of all fractions
along the process suggests successful incorporation of the Ir-
photocatalyst onto the expressed construct. Notably, both endogen-
ous ERa and the splicing product Ir-HA-ESRI were present in the elu-
tion fraction after streptavidin enrichment (Fig. le). Since ER«a
dimerizes upon E2 ligand binding, this labeling result is an indication of
sufficient self-labeling as well as interactome-labeling. In addition, the
expression level and pulldown of endogenous ERa suggests effective
dimerization of Ir-bearing ERa with endogenous ERa, with minimal
perturbation of ERa native function.

Having established the labeling system, we sought to leverage this
platform for proteomic analysis. To evaluate the native ERa inter-
actome, we first performed comparative proteomics between the
treatments of E2 and DMSO (Fig. 1f, Supplementary Data 1). Using
label-free quantification combined with data-independent acquisition,
we identified 78 proteins as potential interactors of E2-liganded, acti-
vated ERa exceeding the statistical significance threshold (Log,(Fold
Change) >0.5, p-value < 0.05). Notably, 11 transcription factors (TF)
were enriched among all significant hits. Many of those, such as MYC
and FOS, are well studied proto-oncogenes involved in transcriptional
co-activation with E2-liganded ERa to promote cell growth and pro-
liferation. When comparing the enriched proteins with the data from 11
ESRI+ invasive breast cancer models in the Cancer Dependency Map
project (DepMap Public 25Q2)***, significantly more of the E2-
enriched proteins were identified as common essential, suggesting
their functional relevance (Supplementary Fig. 3a). By contrast, global
proteomics in E2-treated MCF7 cells revealed upregulation of only 6%
of these enriched proteins, indicating that the observed pMap
enrichment results from labeling of neighboring interactors rather
than merely increased protein abundance (Fig. 1g, I, Supplementary
Data 4). Additionally, we benchmarked our platform against co-
immunoprecipitation mass spectrometry (co-IP MS) in the native
MCF7 nuclear fraction (Fig. 1h, Supplementary Data 3). Several pro-
teins—including the TFs MYC, FOS, RET, MXD1, ELF3, CCND1, and TIPARP
—were detected in both experiments (Fig. 1i). However, these over-
lapping proteins are lower in ranking among the 139 significant hits
identified in the nuclear IP-MS dataset (Log,(Fold Change) >1, p-
value < 0.05). Even under more stringent selection criteria, co-IP MS
produces a large number of hits, complicating efforts to deconvolute
true ERa interactors. By contrast, our highly sensitive uMap platform
provides an orthogonal technology for capturing the nearest inter-
actors of ERa, which are often difficult to detect with standard co-IP-
based strategies. The successful capture of known and essential E2-
induced ERa interactors through N-terminal Ir-conjugation under-
scores the robustness and reliability of this approach for studying the
ERa interactome.

Fulvestrant induces ERa’s interaction with cell cycle regulators
Next, we sought to apply the established uMap platform to interrogate
the ERa interactome under Fulv treatment. Comparing interactors
induced by the natural ligand E2 and those induced by the antagonist
Fulv allowed for the identification of gain-of-function (enriched with
Fulv) and loss-of-function (enriched with E2) interactors (Fig. 2a).
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Interestingly, the TFs MYC, FOS, TIPARP, FOXCI, ELF3, and MXDI—pre-
viously identified as activated ERa interactors—are again enriched with
E2 treatment (Fig. 2b, Supplementary Data 1). The absence of these E2-
associated oncogenic TFs under Fulv treatment suggests their dis-
placement from ERq, resulting in repression of proliferative tran-
scriptional signals. In contrast, under Fulv treatment we identified a
number of gain-of-function interactors associated with cell cycle reg-
ulation (Fig. 2b). Gene ontology (GO) analysis of Fulv-specific proteins
(Supplementary Fig. 2d) revealed cell cycle regulators associated with
growth arrest, including CDK4/6 inhibition, cellular senescence, G1
DNA damage checkpoint, and p53 signaling (Fig. 2c). Many of these hits
are not significantly enriched through global proteomics, suggesting

Logz(Fold Change)

proteins enriched in uMap

that the labeling is interaction-dependent (Fig. 2d, Supplementary
Data 4). Nuclear IP-MS analysis also shares some commonality in the
Fulv-specific interactors, serving as an orthogonal platform for cap-
turing ERa stable complexes (Supplementary Data 3).

Additionally, core PML NB proteins were found to be enriched
upon Fulv treatment®° (Fig. 2b). PML NBs are membraneless nuclear
condensates that regulate important cellular processes, such as DNA
damage sensing and repair, apoptosis, and cellular senescence. They
are assembled through the SUMO-interacting motif (SIM) to recruit
SUMOylated proteins and interact dynamically with chromatin*
Based on GO analysis* and our evaluation of the proteins enriched in
Fulv-treated photolabeling samples, we hypothesize that ERa is
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Fig. 1| Split-intein based uMap captures native ER«x interactome. a uMap
workflow for capturing ERa interactome in isolated nucleus. C-terminus of split
intein Cfa (Cfa®) is genetically incorporated into the N-terminus of ERa, allowing
traceless incorporation of Ir photocatalyst via the addition of N-terminus of split
intein Cfa conjugated to Ir (Cfa™-Ir). The catalyst is activated with 450 nm blue LED
for the local activation of biotin-diazirine warhead through Dexter energy transfer.
Graphics used here were created in BioRender. Dong, Z. (2026) https://BioRender.
com/81zwdh2. b Structure of Cfa™Ir. Ir is chemically conjugated to PEG16 and short
peptide linker GKGY through strain-promoted DBCO-azide cycloaddition and
amide coupling via lysine side chain amine and N-hydroxysuccinimide (NHS) ester,
respectively. The conjugation to Cfa" is achieved through native chemical ligation.
Graphics used here were created in BioRender. Dong, Z. (2026) https://BioRender.
com/8lzwdh2. ¢ Western blot analysis of MCF7 FLAG-Cfa®-HA-ESRI cells treated
with +/- 10 pM TAK-243 for 1 h prior to co-treatment with 100 nM of E2 or Fulv (F)
or equal volume of DMSO as control for 4 h. Similar results were obtained in 3
independent experiments. d Western blot analysis of Ir incorporation onto ERa
under 1h, 37 °C end-to-end rotation of isolated nucleus of MCF7 FLAG-Cfa‘-HA-
ESRI cells with various concentration of Cfa™-Ir. Similar results were obtained in 3

independent experiments. e Western blot analysis of labeling efficiency of the
splicing product Ir-HA-ESRI. MCF7 WT cells were used for no construct control.
Fractions were preserved along the process: ‘Nuc’ = isolated nucleus, ‘Splicing’ =
after 1h 0.3 uM Cfa™-Ir incubation, ‘BtDZ’ = after 450 nm irradiation with biotin-
diazirine, and ‘Pulldown’ = after streptavidin pulldown. Similar results were
obtained in 3 independent experiments. f Volcano plot showing label-free com-
parative proteomics uMap upon pre-treatment of 10 uM TAK-243 for 1 h followed
by the co-treatment with 100 nM E2 or DMSO as control (n =3 biological replicates
per condition). Among all E2-enriched proteins, transcription factors are high-
lighted in green, and other nuclear proteins are highlighted in purple. Global pro-
teomics (g) on isolated nucleus and nuclear IP-MS (h) was performed with MCF7
WT cells under the same conditions. Proteins enriched were determined using two-
sided Student’s ¢ test with cutoffs noted as dotted lines. All E2-enriched proteins
from uMap above cutoff are shown as pink dots in global proteomics and nuclear IP-
MS. i Percentage of nuclear proteins and overlaps between uMap hits and global
proteomics or nuclear IP-MS among all uyMap hits. Source data are provided as a
Source Data file.

sequestered into PML NBs only when bound to Fulv. Further evidence
came from comparing global proteomics on MCF7 WT cells treated
with Fulv or DMSO. GO anaylsis* of those enriched hits suggests
upregulation of chromatin remodeling, DNA repair, and interestingly,
SUMO E3 ligase/SUMOylate target protein pathways (Supplementary
Fig. 2c, Supplementary Data 5). The upregulation of such pathways is
consistent with the assembly and roles of PML NB, supporting the
hypothesis that Fulv-bound ERa is translocated to PML NBs.

Fulv leads to cellular senescence

The enrichment of numerous cell cycle regulators motivated us to
explore the effect of Fulv on cellular growth arrest. MCF7 WT cells were
treated with 1 uM E2 or Fulv for 24 or 48 h, followed by incubation in
media to reach a total incubation of 8 days for senescence induction.
Cell cycle analysis suggests significant reduction of cells in the G2/M
phase for both Fulv treatment conditions (Fig. 3a, b). Measurement of
Ki-67, a nuclear proliferation marker, also showed strong decrease of
the signals in Fulv-treated cells, indicating growth arrest (Fig. 3c). To
further validate whether these phenotypes indeed reflect cellular
senescence, we stained for senescence-associated [-galactosidase (SA-
B-gal) (Fig. 3d). Fulv triggered strong SA-B-gal expression, based on
staining, compared to the proliferative conditions treated with E2 or
DMSO control, confirming its ability to induce senescence.

To explore the relationship between PML NB formation and cel-
lular senescence, we measured the phosphorylation level of protein
Rb. The hypophosphorylated Rb is sequestered to PML NBs and signals
for senescence through E2F recruitment*?, where phosphorylation is
achieved through the cell cycle progression signal CDK4/6*. In E2-
treated samples, we observed strong phosphorylation at S780 and
S807/811, and the signal increased with extended treatment time. On
the other hand, Fulv induced hypophosphorylation at those sites, as
seen in the senescent positive control induced by etoposide (Ep)
(Fig. 3e). The onset of cellular senescence and Rb hypopho-
sphorylation provide functional evidence on the role of PML NBs in
Fulv treatment. Furthermore, Fulv-induced Rb hypophosphorylation
suggests an explanation for the synergistic effects observed with Fulv
and CDK4/6 inhibitor combination therapies used in therapies*.

SERD-bound ER« localizes to PML NBs

To validate ERa’s engagement with PML NBs upon Fulv treatment, we
sought to first understand the protein-protein interaction (PPI)
between ERa and PML protein using co-immunoprecipitation (co-IP).
While PML I isoform was the most abundant PML isoform in total
lysate, PML IV—the main isoform involved in forming PML NBs—was
strongly pulled down in the presence of HA-ESR1 and Fulv compared
with unliganded ERa (Fig. 4a). While PML protein was not a significant

interactor identified from uMap, we hypothesized that this interaction
could be bridged by chromatin remodeler proteins ATRX (Fig. 2¢) and
DAXX (Fig. 4b), both considered to be core PML NB components and
identified through uMap and nuclear IP-MS, respectively. These two
proteins often complex together and localize to PML NBs to regulate
gene expression, DNA damage, and other cellular processes.

Co-localization of Fulv-liganded ERa with PML was confirmed
using stimulated-emission depletion (STED) super-resolution micro-
scopy, where Fulv treatment led to significant overlap of the signals
within fine puncta in the nucleus of MCF7 and T47D cells. No co-
localization between ERa and PML was found under DMSO or E2
conditions (Fig. 4c, Supplementary Fig. 5b). To distinguish whether the
interaction of ER«a is specific to PML itself or if ERa is recruited to the
PML NB structure, we examined the co-localization of ERa with ATRX,
which localizes to PML NBs (Supplementary Figs.4a, 5a). We found that
ERa puncta co-localize with ATRX under Fulv treatment, but not under
DMSO or E2 treatments, suggesting that ERa is translocated into
ATRX-containing PML NBs (Fig. 4d, Supplementary Fig. 6a). We next
questioned whether the recruitment of ERa to PML NBs is specific to
Fulv or is a common function among SERDs. To this end, we treated
MCF7 and T47D cells with imlunestrant or elacestrant, two approved
second-generation SERD drugs, and probed the co-localization of ERa
and PML or ATRX. Gratifyingly, imlunestrant- and elacestrant-treated
cells showed ERa localization patterns similar to those observed with
Fulv. Together, these data suggest that SERD-bound ERa« is translo-
cated into ATRX-containing PML NBs.

SERD-induced translocation of ERx to PML NB affects ERx
mobility and leads to cell death

In addition to promoting ERa degradation, SERDs lead to ERa
immobilization'. Having demonstrated that SERD treatment leads to
ERa sequestration into PML NBs, we questioned whether the observed
immobilization arises from engagement with a nuclear condensate. To
this end, fluorescence recovery after photobleaching (FRAP) was used
to measure ERa mobility upon Fulv treatment in conjunction with
ATRX or DAXX siRNA knockdown (Supplementary Data 6). The 60 s
relative recovery of eGFP-ERa fluorescence compared to its signal
immediately after the photobleaching event was calculated for each
condition. Consistent with previous reports, treatment with Fulv
showed little recovery of the eGFP-ER« signal (Supplementary Fig. 7c).
Reduced ATRX or DAXX expression reversed Fulv-induced ERa
immobilization in MCF7 and T47D cells. Treatment with ML792, a
SUMO-activating enzyme (SAE) inhibitor that disrupts PML NB for-
mation (Supplementary Fig. 7d), also rescues the ERa immobilization
caused by Fulv (Fig. 5a). Imlunestrant and elacestrant-treated cells
similarly induced ERa immobilization, which was reversed upon siRNA
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Proteins enriched were determined using two-sided Student’s ¢ test with cutoffs
noted as dotted lines. All fulvestrant gain-of-function ER« interactors (listed in
Fig. 2c) are shown as pink dots in global proteomics and nuclear IP-MS. Source data
are provided as a Source Data file.

and ML792 treatment (Supplementary Fig. 6b). These results indicate
that PML NBs and the bridging proteins ATRX and DAXX are respon-
sible for SERD-mediated ERa immobility.

We further examined the impact of these perturbations on cell
viability. In MCF7 cells, both knockdown of DAXX and treatment with
ML792 rescued Fulv-mediated cell death. In T47D cells, while knock-
down of DAXX or ATRX alone did not reverse Fulv-mediated cell death,
SUMOylation inhibition using ML792 showed significant rescue of

Fulv-mediated cell death (Fig. 5b). We reasoned that the different
responses between the two cell lines to DAXX knockdown could arise
from differences in the expression of apoptotic and proliferative
proteins, including p53 and the progesterone receptor**°. To estab-
lish the generality of the effects of PML NB disruption, we similarly co-
treated the cells with elacestrant and imlunestrant. Inhibition of
SUMOylation consistently reversed SERD-mediated cell death (Sup-
plementary Fig. 6¢). ML792 alone induced modest cell cycle arrest;
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Fig. 3 | Fulvestrant induces senescence in MCF7 cells. a-e MCF7 WT cells treated
with noted conditions and cultured continuously in DMEM with phenol red sup-
plemented with 10% FBS and 1% penicillin-streptomycin to reach 8 days in total for
senescence induction. a, b Cell cycle was determined through DAPI staining and
flow cytometry. Dean-Jett-Fox model with synchronized peak and G2 peak = G1x2

was used. ¢ Ki-67 measurement through flow cytometry. d Beta-galactosidase
staining. Scale bar = 0.2 mm. e Western blot analysis of Rb and phospho-Rb levels.
For (d) and (e), similar results were obtained in 3 independent experiments. Source
data are provided as a Source Data file.

however, in combination with Fuly, it partially mitigated Fulv-induced
growth inhibition (Fig. 5b). These findings indicate that Fulv-induced
ERa immobility, cell death, and growth arrest are dependent on
SUMOylation and the formation of PML NBs. Given the role of PML NBs
in senescence and apoptosis, disrupting the sequestration of Fulv-
liganded ERa into the membraneless organelle may alter downstream
signaling pathways and enhance cell viability.

After establishing the functional relevance of the sequestration of
ERa into PML NBs, we then sought to understand the mechanism of
the interaction by examining the role of each ERa domain. We inves-
tigated the co-localization of ERa with PML NBs using STED micro-
scopy in U20S cells transfected with truncated HA-tagged ERa
constructs. U20S cells express low endogenous levels of ERa, enabling
selective visualization of transfected constructs. Under Fulv treatment,
full-length HA-ESRI, HA-ESRIAA/B, HA-ESRIAC, and HA-ESRIAF
retained engagement with PML and ATRX in U20S cells. However,
deletion of domain D abrogated ERa’s interaction with PML and ATRX,
while deletion of domain E disrupted punctate formation of ERa under
Fulv treatment (Fig. 5d, Supplementary Fig. 8a, b). Domain E is the
ligand binding domain of ERa"’. Thus, deletion of domain E disables
Fulv binding to ERq, resulting in the diffuse distribution of ER« in the

nucleus. Domain D is a short hinge region that connects the DNA-
binding domain of ERa with the ligand-binding domain. Importantly,
domain D has been found to contain multiple SUMOylation sites**. The
disruption of ERa-PML NB interaction upon deletion of the
SUMOylation-containing domain D is consistent with our previous
results revealing the importance of SUMOylation on Fulv-induced
effects. Together, these data suggest that SUMOylation drives the
interaction of ERa with PML NBs under Fulv treatment and contributes
to SERD function.

Fulv induces redistribution of ERx-DNA binding

Since PML NBs are known to associate with chromatin and alter the
epigenetic landscape, we next investigated the relationship between
ERa and DNA under both E2 activation and Fulv antagonism. To first
assess ERa’s engagement with chromatin, MCF7 cells treated with
DMSO, E2, or Fulv were fractionated into cytosolic, nuclear soluble,
and chromatin nuclear insoluble fractions. Western blot analysis sug-
gests that, although overall levels of ERa decreased upon Fulv treat-
ment, the remaining Fulv-bound ERa was preferentially enriched in the
chromatin fraction, in contrast to E2-bound ERa, which was more
abundant in the nuclear soluble fraction (Fig. 6a). This trend was
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Fig. 4 | Fulv-liganded ER« is translocated into PML NB. a Co-
immunoprecipitation of HA-tag in HEK 293T cells transfected with HA-ESRI or
empty vector as control. Relative band intensity was calculated after normalizing
with input PML IV level, shown as means +/- SD. DMSO/100 nM E2/100 nM Fulv was
spiked into the lysate to induce protein-protein interactions. Statistical significance
was calculated from 3 biological replicates. *p = 0.0347 (one-way ANOVA test).

b Intensity of DAXX in native IP-MS against ERa in MCF7 WT cells treated with
100 nM of estradiol or fulvestrant or equal volume of DMSO. Data are presented as

Normalized

Normalized

Normalized

Distance (um)

mean +/- SD, with n =3 (biological replicates), **p = 0.0072 (one-way ANOVA test).
¢, d Super-resolution microscopy using Stimulated Emission Depletion microscopy
(STED) of ERa and ATRX or PML under 100 nM estradiol or fulvestrant or equal
volume of DMSO for 4 h. Scale bar = 5Spum. Line profile plots depict normalized
fluorescence intensity for ERa (green) and ATRX or PML (red) along the white line
drawn across the nuclei marked on the left of each line profile plot. For (c, d),
similar results were obtained in 3 independent experiments. Source data are pro-
vided as a Source Data file.
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Fig. 5 | ATRX, DAXX, and SUMOylation are important for Fulv-induced effects
and the translocation of ERa into PML NB. a Fluorescence Recovery After Pho-
tobleaching (FRAP) analysis of MCF7 and T47D cells transfected with eGFP-ESRI
along with co-transfection of the corresponding siRNAs or co-treatment of 10 uM
ML792 while being treated with 100 nM Fulv for 4 h. Each condition contains 3
biological replicates. Relative recovery was calculated based on the initial bleached
signal and shown as mean +/- SEM. b Relative cell viability measured in MCF7 and
T47D cells transfected with the corresponding siRNAs or treated with 10 uM ML792
along with 100 nM Fulv at different concentrations for 8 days. Cell viability was
normalized using DMSO treated cells for each corresponding group and shown as
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mean +/- SEM. Each condition contains 3 biological replicates. *p < 0.05 (one-way
ANOVA test). ¢ Ki-67 measurement of cells pretreated with 1h of 10 pM ML792 or
DMSO prior to the co-treatment of 100 nM fulvestrant for noted durations with an
additional culturing for 6 days for senescence induction. d STED images in U20S
cells staining for PML (red) and HA (green) after treating cells with 100 nM Fulv for
4 h and transfecting with full length HA-ESR1, HA-ESRIAD or HA-ESRIAE. Line profile
plots depict normalized fluorescence intensity for HA (green) and PML (red) along
the white line drawn across the nuclei marked on the left of each line profile plot.
Scale bar =5 pm. Similar results were obtained in 3 independent experiments.
Source data are provided as a Source Data file.

amplified upon addition of the UAE inhibitor, TAK-243. While it is
expected for E2 to initiate engagement of ERa with chromatin for
transcription upregulation, the even stronger association observed
between Fulv-liganded ERa and chromatin could potentially be
explained by sequestration of ER« into chromatin-bound PML NBs.
To interrogate the ERa-DNA interactions at specific loci, we con-
ducted Cleavage Under Targets and Release Under Nuclease
(CUT&RUN), as it is more reliable for the study of large, insoluble
protein complexes such as PML NBs*® (Supplementary Data 7).

CUT&RUN peak numbers indicate that ERa is associated with chro-
matin to a similar extent when bound to either E2 or Fulv (Fig. 6b).
However, Fulv binding led to increased interactions in promoter
regions and fewer interactions in intron and distal intergenic regions
(Fig. 6¢). In DMSO, E2, and Fulv-treated cells, ERa binds the estrogen-
responsive element (ERE) motif (GGTCANNNTGACC) to different
extents (Supplementary Fig. 9e). Position weight matrix (PWM) log-
odds scores were used to evaluate peaks containing at least one sig-
nificant ERE match. While the DMSO control exhibited a broad
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Fig. 6 | Fulv induces redistribution of ERx-DNA binding. a Fractionation analysis
of ERax in MCF7 WT cells pre-treated with 10 pM TAK-243 or DMSO prior to co-
treatment with 100 nM E2 or Fulv or DMSO for 4 h. Similar results were obtained in
3 independent experiments. b-i ERax CUT&RUN experiment with MCF7 cells trea-
ted with 100 nM E2 or Fulv or DMSO for 45 min. Two biological replicates were
performed. b Total peak counts in each condition identified using MACS2 Version
2.2.7.1. ¢ Regions of DNA where ERa binds to were identified using ChIPseeker
Version 1.28.3. d Distribution of position weight matrix (PWM) scores of ERE in
DMSO, E2, or Fulv treated samples calculated using FIMO (MEME-Suite Version
5.5.5). e STAT protein binding motifs aligned to ERa-DNA binding motifs identified
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in E2 treated cells. fKZFP protein binding motifs aligned to ERx-DNA binding motifs
identified in Fulv treated cells. g Distribution of ERa-DNA occupancy under E2 and
Fulv treatment as shown using the log,-normalized read counts. Read counts were
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Source data are provided as a Source Data file.
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distribution of PWM scores, E2 treatment resulted in a marked
enrichment of high-affinity binding. Fulv-treated ERa maintained a
population of high-scoring motifs but displayed a more dispersed
distribution than the E2 condition, suggesting a partial capacity to
occupy ERE-containing sites (Fig. 6d). By aligning the top motifs
identified from MEME-ChIP with known DNA motifs using Tomtom, we
identified multiple STAT TF binding motifs associated with E2 treat-
ment (Fig. 6e, Supplementary Data 4). Notably, previous reports have
shown that signal transducer and activator of transcription (STAT) 5b
association with ERa can potentiate STATSb-responsive promoter*’.
STAT3 has also been found to co-occupy STAT3 motifs with ERa in
breast cancer contexts®. In contrast, under Fulv treatment, two major
DNA binding motifs align well with zinc-finger protein (ZNF) 582 and
ZNF214 motifs (Fig. 5g, Supplementary Data 4). These motifs belong to
the family of Kruppel-associated box (KRAB)-containing zinc finger
proteins (KZFP), which are known to have PML protein association®.
This interaction between ERa and KZFP motifs suggests that ERa-
chromatin binding sites are altered due to the change in its nuclear
localization. DiffBind analysis revealed a comparable level of overall
DNA occupancy between E2 and Fulv-bound ERa. However, tran-
scription factor occupancy between the two groups showed direc-
tional differences. There is a clear subset of sites where binding is
significantly recruited to E2-bound ERa or Fulv-bound ERa (Fig. 6g).
Interestingly, when comparing the differential chromatin binding of
ERa between E2- and Fulv-treated cells, Fulv treatment increased ERx
occupancy to the ESRI gene. In addition, Fulv-bound ERa binds to sites
in PML, DAXX, and SUMOIPI genes more strongly than does E2-bound
ERa (Supplementary Fig. 9¢, d). While TF is known to bind to exons®
and regulate transcription®, the implication in chromatin remodeling
and the interaction with nuclear condensates are relatively under-
explored. Overall, our results indicate that Fulv induces epigenetic
changes globally and reshapes the ERa-chromatin association
landscape.

Discussion

Since its discovery in the early 1990s, Fulv has been widely regarded as
an effective breast cancer therapy that antagonizes ERa through
receptor depletion—an understanding reflected in its designation as a
selective estrogen receptor degrader (SERD). However, several in vitro,
pre-clinical, and clinical studies have shown that some of the potent
ERa degraders, including amcenestrant, GDC-0810, and AZD-
9496"*5, do not surpass fulvestrant in reducing tumor size and pre-
venting breast cancer progression. Recent work has shed light on
fulvestrant’s ability to mediate ERa immobilization, a mechanism
whose importance has been obscured by the emphasis on degradation
in explaining SERDs’ anti-tumor effects'. As efforts to develop next-
generation SERDs and combination therapies continue, defining the
molecular basis of fulvestrant action, particularly the protein-protein
interactions it governs, remains critical.

In this study, we built upon our previously reported split intein-
based uMap photo-proximity labeling platform® to achieve precise
labeling of the nearest ERa interactors induced by both natural and
therapeutically-relevant ligands. The traceless incorporation of the Ir
photocatalyst at the N-terminus minimally perturbs ERa native func-
tion and further reduces the labeling radius by eliminating the need for
antibody-directed Ir photocatalyst localization. Our uMap interactome
not only allows for the identification of known E2-responsive ERa TF
interactors, such as MYC and FOS, but also suggests their displacement
during Fulv treatment. Additionally, cell cycle regulator proteins are
identified as Fulv-specific ERa interactors, implicating them in Fulv-
induced cellular senescence.

Here, we demonstrate that Fulv treatment induces a previously
unknown relocalization of the ERa nanoenvironment to PML NBs,
contributing to ERa immobility, altered chromatin binding patterns,
cellular senescence, and diminished survival. Second-generation

SERDs, elacestrant and imlunestrant, similarly induced ERa-PML NB
interactions. We found that the PML NB proteins ATRX and DAXX play
important roles in engaging SERD-bound ERa in PML NBs. In addition,
global reduction of cellular SUMOylation and ablation of ER«
SUMOylation sites eliminated ERa engagement with PML NBs and
reversed SERD-induced functional effects. Previous studies have
shown that fulvestrant and elacestrant induces SUMOylation of ERa>*.
As recruitment of PML NB proteins is SUMO-dependent, our findings
suggest that SERD-bound ERa is recruited to ATRX- and DAXX-
containing PML NBs in a SUMO-dependent fashion. The importance of
ERa-PML NB interactions under SERD treatment offers an explanation
for the correlation between ERa mobility and the anti-proliferative
functions of SERDs'. These findings may also provide a mechanistic
basis for recent reports identifying RNF111 as the E3 ubiquitin ligase
mediating Fulv-induced ERa degradation. Notably, RNFIIl is a
SUMOylation-recognizing E3 ubiquitin ligase that localizes to the
PML NB>,

Interestingly, hypophosphorylated Rb, a known PML NB compo-
nent, is phosphorylated by the G1/S phase checkpoint CDK4/6 in
response to CCNDI1 signal*’. Our proximity labeling data suggests that
the translocation of Fulv-liganded ERa could abrogate ERa engage-
ment with CCND1 and promote Rb hypophosphorylation. In combi-
nation with Fulv, CDK4/6 inhibitors palbociclib, ribociclib, and
abemaciclib have each shown significant benefits in HR+/HER2 breast
cancer patients®®. These uMap-based studies offer an additional per-
spective on the mechanistic basis of this therapeutic synergy, poten-
tially through enhanced growth arrest.

PML NBs are increasingly recognized as the hubs for dynamic
PPIs, post-translational modifications, gene regulations, and more.
However, a better understanding of their heterogeneity and mechan-
istic role in chromatin regulation is required for their development as a
therapeutic target or relevant biomarkers in breast cancer. Addition-
ally, as this study was focused on a cellular ER+ breast cancer model
using MCF7 and T47D cells, future experiments in ESR1 mutants, Fulv-
resistant cell lines, animal models, and other ER+ cancer types could
enhance our understanding of Fulv’s anti-tumor mechanism and
inform the development of next-generation SERDs. Future studies may
further expand the detectable interactome by tuning the uMap label-
ing radius®.

In conclusion, we leverage the ERa. uMap platform with orthogo-
nal methods to reveal functionally relevant protein-protein interac-
tions, with implications for the development of next-generation ERa-
targeting therapies. More broadly, the precision and sensitivity of
uMap render this platform suitable for the mechanistic study of other
nuclear condensates and proteins engaged in complex protein-
chromatin networks.

Methods

Small molecules and antibodies

TAK-243 (HY-100487), etoposide (HY-13629), estradiol (HY-BO141),
fulvestrant (HY-13636), elcestrant (HY-19822), imlunestrant (HY-
145572), ML792 (HY-108702) were all purchased from MedChemEx-
press. Ir-DBCO, Cfa®Ir, and biotin-PEG3-diazirine probe were synthe-
sized as previously described*.

The following primary antibodies were used for western blotting
and immunofluorescence: rabbit anti-ERa (Cell Signaling Technology,
D8HS), rabbit anti-ERa (Cell Signaling Technology, D6R2W), mouse
anti-ERa (Santa Cruz, sc-8002), mouse anti-B-actin (Cell Signaling
Technology, 8H10D10), rabbit anti-phospho-Rb (Ser780) (Cell Signal-
ing Technology, D59B7), rabbit anti-phospho-Rb (Ser807/811) (Cell
Signaling Technology, D20B12), mouse anti-Rb (Cell Signaling Tech-
nology, 4H1), rabbit anti-PML (Invitrogen, PA5-51039), mouse anti-PML
(Santa Cruz, sc-966), rabbit anti-ATRX (Invitrogen, PA5-21348), rabbit
anti-HA-Tag (Cell Signaling Technology, C29F4), rabbit anti-PARP (Cell
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Signaling Technology, 9542), rabbit anti-Histone H3 (Cell Signaling
Technology, D1H2), rabbit anti-DAXX (Invitrogen, PA5-79137).

The following antibody-fluorophore conjugates were used for
flow cytometry: mouse anti-Ki67-PE (BD Pharmingen, 556027),
Annexin V-Alexa Fluor 647 (Invitrogen, A23204).

The following secondary antibodies were used for western blot-
ting: IRDye 680RD goat anti-mouse (LI-COR, 926-68070), IRDye
680RD goat anti-rabbit (LI-COR, 926-68071), IRDye 800CW goat anti-
mouse (LI-COR, 926-32210), IRDye 800CW goat anti-rabbit (LI-COR,
926-32211) and IRDye 800CW streptavidin (LI-COR, 926-32230).

The following secondary antibodies were used for immuno-
fluorescence with confocal microscopy: Goat anti-rabbit Alexa Fluor
488 (Invitrogen, A32731), goat anti-mouse Alexa Fluor 488 (Invitrogen,
Al1001), goat anti-rabbit Alexa Fluor 555 (Invitrogen, A21428) and goat
anti-mouse Alexa Fluor 555 (Invitrogen, A21422). The following sec-
ondary antibodies were used for immunofluorescence with STED
microscopy: STAR RED goat anti-rabbit IgG (Abberior, STRED-1002-
500UG), STAR ORANGE goat anti-mouse IgG (Abberior, STORANGE-
1001-500UG).

Preparation of Cfa™-Ir (Supplementary Fig. 10)

The C-terminal peptide hydrazides (1) were synthesized on a
0.05mmol scale by standard Fmoc solid-phase peptide synthesis
methods using PyAOP/DIEA activation. Before the coupling steps,
Trityl-OH ChemMatrix resin was treated with 2% thionyl chloride in
DCM overnight with rotation. After washing with 2x DCM and 1x with
0.5% DIEA in DCM, 5 eq. of Fmoc-hydrazide and 10 eq. of DIEA in DMF
was added to the resin for 1 h with N, bubbling. After deprotection with
20% piperidine in DMF for 15 min, 5eq. of amino acids Fmoc-Tyr(tBu)-
OH, Fmoc-Gly-OH, Fmoc-Lys(Alloc)-OH, and Fmoc-Gly-OH were
sequentially coupled using PyAOP (5eq.) and DIEA (5eq) in DMF for
15 min with N, bubbling. Each deprotection step was followed by 3x
DMF washes, and each coupling step was followed by 3x DMF and 3x
DCM washes.

To conjugate the PEGI16 linker (2), Alloc deprotection was per-
formed with Pd(PPH3), (1eq.) and Dimethyl barbituric acid (10eq.) in
DMC for 1h with N, bubbling. After washing with DCM and DMF 3x
each, NHS-PEG16-Azide (leq.) was added to the resin with 1% DIEA in
DMF. The reaction lasted 3 h with N, bubbling and was followed by
washes with DMF and DCM 3x each. The resulting peptide was
deprotected with 20% piperidine in DMF twice for 15 min and cleaved
using TFA:TIPS:H,O (95:2.5:2.5v/v/v) with 1h rotation at room tem-
perature. The supernatant was filtered and reduced to minimal volume
before the addition of 40x volume of H,O for lyophilization.

Thioester conversion was performed first by dissolving the
peptide-PEG16 in ice-cold conversion buffer (200 mM KH,PO,, 6 M
Gdn-HClI, pH =3). NaNO, was added to the solution to reach 100 mM,
and the reaction was carried out for 20 mins at —20 °C. MESNa was then
added to the mixture to reach 0.67 mM and followed by pH adjust-
ment to pH =7. The reaction was performed at room temperature for
20 min before diluting with 10x volume of 0.1%FA in H,O and pH
adjustment to pH = 3. The thioester peptide (3) was purified using 10-
80% 0.1%FA in MeCN gradient on prep-HPLC. The correct fraction was
collected and lyophilized.

Click chemistry (4) was performed by first dissolving the peptide
thioester in ligation buffer 200 mM KH,PO,, 6 M Gdn-HCI, pH =7) and
adding 2eq. of Ir-DBCO™. Mix the solution well and add DMSO until the
solution is clear before incubation at room temperature for 1 h. The
reaction was purified using 10-80% 0.1%FA in MeCN gradient on prep-
HPLC. The correct fraction was collected and lyophilized.

Final native chemical ligation was performed using CfaN-KSK-
SUMO®” with 1.5eq. of Ir-PEG16-thioesther peptide in ligation buffer
with 20 mM TCEP. Add 1% TFET and carefully adjust pH to 7 before
incubating at room temperature for 2h. The product was purified
using 30-70% 0.1%TFA in MeCN gradient on prep-HPLC. The correct

fraction was collected and lyophilized. Protein refolding was per-
formed by dissolving the lyophilized product in DPBS supplemented
with1mM DTT and 6 M urea. A step-wise dialysis was performed using
Slide-A-Lyzer G2 Dialysis Cassette (7k MWCO) in 4, 2, and O M urea in
1mM DTT in DPBS for 2 h each, followed by an additional overnight
dialysis with O M ureain 1mM DTT in DPBS. 15%v/v glycerol was added
at the end of the dialysis for storage. The final product was quantified
and stored at —80 °C.

Plasmid generation

FLAG-Cfa“-HA-ESRI and ESRI-HA-Cfa"-FLAG plasmids were cloned into
pCDH-UbC-MCS-EF1-Puro vector using standard restriction cloning
procedures. HA-ESR1, HA-ESRIAA/B, HA-ESRIAC, HA-ESRIAD, HA-
ESRIAE, HA-ESRIAF were cloned into pcDNA3.1(+) using standard
Gibson assembly cloning procedures. All sequences are available in
Supplementary Data 8.

Cell culture, lentiviral production and generation of stable

cell lines

MCF7 cells were obtained from ATCC (HTB-22), and T47D cells were
generously gifted by Dr. Yibing Kang at Princeton University. The
FLAG-CfaC-HA-ESRI MCF?7 stable cell line was generated by lentiviral
transduction. Briefly, a FLAG-CfaC-HA-ESRI lentiviral expression plas-
mid was co-transfected with 2nd generation lentiviral packaging sys-
tem (ABM) into Lenti-X 293T cells (Clonetech) using Lipofectamine
2000 (Invitrogen, 11668019). Following overnight incubation media
was removed and fresh DMEM was added to Lenti-X 293T cells. Thirty-
six hours later viral supernatant was collected and filtered through a
0.45 micron cellulose acetate filter. MCF7 cells were later infected with
lentivirus supernatant. After 24 h, viral supernatant was removed and
complete culture media was added to the cells containing 1 pg mL™
puromycin. Cells were incubated for 72 h. Media was removed and
fresh media containing selection antibiotic was added. Cells were
passaged for an additional 11d with the selection antibiotic to select
cells stably integrated with FLAG-CfaC-HA-ESR1 lentiviral expression
plasmids. MCF7, U20S, and HEK293T cells were cultured in DMEM
(Gibco, 11995065) supplemented with 10% FBS (Gibco, 10437028) and
1% penicillin-streptomycin (Gibco, 15070063) at 37 °C and 5% CO,
atmosphere in standard cell culture dishes. T47D cells were cultured in
RPMI 1640 media (Gibco 11875093) supplemented with 10% FBS
(Gibco, 10437028) and 1% penicillin-streptomycin (Gibco, 15070063)
under the same condition. Prior to estradiol or fulvestrant treatment,
cells were incubated in phenol red-free DMEM or RPMI 1640 (Gibco,
31053028 or 11835030) supplemented with 10% charcoal-stripped FBS
(Gibco, 12676029), 1% penicillin-streptomycin, and 1% L-glutamine
(Gibco, 25030081) at 37 °C and 5% CO, atmosphere in standard cell
culture dishes for 3 days unless otherwise noted.

Intein trans-splicing and proximity labeling

All cells used for proximity labeling were cultured in 10 cm cell culture
plates to ~7 x 10° with phenol-red free DMEM supplemented with 10%
charcoal-stripped FBS, 1% penicillin-streptomycin, and 1% L-Glutamine
for 3 days before treatment. Each replicate contains 2 plates of 10 cm
plate worth of cells, and each arm was performed in triplicate. The cells
were pretreated with 10 uM TAK-243 for 1 h before co-treating with
100 nM DMSO/estradiol/fulvestrant for 4 h. Cells were then harvested
with phenol-red free TrypLE Express. The resulting cell pellets were
washed with DPBS (Gibco, 14190136) twice before washing with 600 pL
RSB buffer (10 mM Tris, 15 mM NacCl, 1.5 mM MgCl,, Roche cOmplete
EDTA-free protease inhibitors, pH 7.6) with corresponding drugs.
Nucleus extraction was achieved via homogenization using Dounce
homogenizer (Wheaton, 357538) for 10 strokes in 1 mL of RSB buffer
noted above. The nuclear pellets were washed with 600 L cross-
linking (XL) buffer (20 mM HEPES, 1.5 mM MgCl,, 150 mM KClI, Roche
cOmplete EDTA-free protease inhibitors, pH 7.6) with corresponding
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drugs once before incubating in 0.3 pM CfaN-Ir in 200 pL of XL buffer
at 37 °C for 1 h with rotation in darkness. After splicing, the pellets were
washed 3x with 400 pL XL buffer before the addition of 500 uM biotin-
PEG3-diazirine in 200 pL XL buffer and 450 nm irradiation for 3 min at
100% intensity at 4 °C. The pellets were washed 2x with 400 pL XL
buffer before lysed with LB3 buffer (10 mM Tris, 100 mM NacCl, 1 mM
EDTA, 0.5mM EGTA, 0.1% sodium deoxycholate, 0.5% sodium lauroyl
sarcosinate, Roche cOmplete EDTA-free protease inhibitors, pH 7.5),
sonicated at 35% intensity for 2 x10 s, and centrifugation at 18,000 x g
for 15 min at 4 °C. Supernatants were transferred into new tubes and
quantified by BCA assay (Thermo Scientific, 23225).

Strepavidin enrichment for western blotting

200 pg of nuclear labeled lysate was loaded onto 20 pL of Strepavidin
Mag Sephrose beads (Cytiva, 28985799) pre-washed once with 1x
binding buffer (25 mM Tris, 150 mM NacCl, 0.25% v/v NP-40, pH 7.5).
The lysate was incubated overnight at 4 °C with end-to-end rotation
before the following washes: 2x 1% SDS in DPBS, 2x 1M NacCl, and 2x
10% EtOH in DPBS. The resulting beads were resuspended in DPBS and
transferred into a new Lo-Bind tube, pelleted and incubated with 50 pL
of freshly made elution buffer (30 mM biotin, 6 M urea, 2 M thiourea,
2% SDS in DPBs and 25% 4x Laemmli with beta-mercaptoethanol (pH
11.5)). Elution happened with heating to 95 °C for 5 min with 1000 rpm
shaking. Supernatant was collected and cooled prior to western blot
analysis.

Strepavidin enrichment for label-free proteomics

250 pg of nuclear lysate was loaded for each replicate in the format of
0.5 mg/mL of 500 pL total in binding buffer (25 mM Tris, 150 mM NaCl,
0.25% v/v NP-40, pH 7.5). The normalized lysates were reduced using
50 pL of 100 mM dithiothreitol (DTT) at 95 °C for 5 min with shaking,
capped using 37.5 pL of 200 mM iodoacetamide (IAA) by rotating in
dark for 30 min at room temperature, and quenched by 100 pL of
100 mM DTT by rotating for 15 min at room temperature. The resulting
lysates were loaded onto 25 pL of Strepavidin Mag Sephrose beads
(Cytiva, 28985799) prewashed with 3x 500 pL of binding buffer and
rotated overnight at 4 °C. The residue supernatants were removed,
and the beads were washed with 3x 500 puL of 1% SDS in DPBS, 2x
500 pL of 1M NaCl in DPBS, 1x 500 pL of 10% EtOH in DPBS, and finally
3x 500 pL of 50 mM ammonium bicarbonate in Optima water (Fisher
Scientific, W64). The washed beads were transferred to a new 1.5mL
Lo-Bind Eppendorf tube using 500 pL of 50 mM ammonium bicarbo-
nate before the removal of solution and resuspended in 30 pL of
50 mM ammonium bicarbonate containing 0.4 pg of MS-grade trypsin
(Thermo Scientific, 90057). Trypsinization happened overnight at
37 °C with rotation, and the reactions were quenched using 1 pL of MS-
grade formic acid (Fisher Scientific, A117-50). The resulting peptide-
containing solution was filtered through a 0.22 puM spin filter (Corning,
8160) before mass spectrometry analysis.

General western blotting procedure

Gel electrophoresis was performed using 4-15% Bio-Rad Criterion TGX
precast midi gels (5671084, 5671085), Bio-Rad Criterion Vertical midi-
format electrophoresis cell (1656001), and Bio-Rad PowerPac Basic
Power Supply (1645050). After electrophoresis, gels were transferred
to nitrocellulose membrane using iBlot 2 gel transfer device (Thermo
Scientific, IB23001) or to 0.45 um nitrocellulose membrane (Bio-Rad,
1620115) through wet transfer. The membranes were then washed with
Milli-Q water and blocked in blocking buffer (3% bovine serum albumin
(BSA) in 1x 0.05% Tween 20 in tris-buffered saline (TBST) ()) for 1h at
room temperature with gentle shaking. Primary antibody was pre-
pared in blocking buffer describe above overnight at 4 °C with gentle
agitation. Membranes were washed 3x with TBST before incubating
with secondary antibody solution (1:10,000) in blocking buffer for 1h
at room temperature with gentle shaking. The stained blots were again

washed 3x with TBST before imaging with the Image Studio
v5.2 software on LI-COR Odyssey CLx scanner in the 700 nm and
800 nm channels.

Streptavidin enrichment for TMT proteomics and mass spec-
trometry analysis

Procedures following ESRI-CfaN photolabeling experiment for TMT
proteomics, mass spectrometry analysis, and data processing are
executed as previously described®. Briefly, protein concentration was
normalized across all experimental replicates and diluted to 1 mg/mL
with binding buffer (25 mM Tris, 150 mM NaCl, 0.25% v/v NP-40, pH =
7.5). 1mL of each sample was incubated with 125uL of prewashed
Strepavidin Mag Sephrose beads (Cytiva, 28985799) for overnight at
4 °C with end-over-end rotation. The beads were then washed with 3x
500 pL of 1% SDS in DPBS, 2x 500 pL of 1M NaCl in DPBS, 1x 500 pL of
10% EtOH in DPBS.

Following streptavidin enrichment, the beads were resuspended
in 300 uL of PBS and transferred to a new 1.5ml LoBind tube. The
supernatant was removed and the beads were washed with 3x PBS
(0.5ml) and 3x ammonium bicarbonate (100 mM). The beads were
resuspended in 500 ul of 3M urea in PBS and 25pul of 200 mM
dithiothreitol in 25 mM NH4HCO; was added. The beads were incu-
bated at 55 °C for 30 min. Subsequently, 30 pl of 500 mM iodoaceta-
mide in 25 mM NH,HCO; was added and incubated for 30 min at room
temperature in the dark. The supernatant was removed and the beads
washed with 3x 0.5ml of DPBS and 6x 0.5 ml of triethyl ammonium
bicarbonate (TEAB, 50 mM). The beads were resuspended in 0.5 ml of
TEAB (50 mM) and transferred to a new protein LoBind tube. The
beads were resuspended in 40 pl of TEAB (50 mM), 1.2 pl of trypsin
(Img/mL in 50 mM acetic acid) was added and the beads incubated
overnight with end-over-end rotation at 37 °C. After 16 h, a further
0.8 pl of trypsin was added and the beads were incubated for an extra
1h at 37 °C. Meanwhile, TMT-10-plex label reagents (0.8 mg) (Thermo)
were equilibrated to room temperature and diluted with 40 pl of
anhydrous acetonitrile (Optima grade; 5min with vortexing) and
centrifuged. A total of 40 pl of each TMT reagent was added to the
appropriate sample. The reaction was incubated for 2 h at room tem-
perature. The samples were quenched with 8 pl of 5% hydroxylamine
and incubated for 15 min. The samples were pooled in a new Protein
LoBind tube and acidified with TFA (16 pl, Optima). Mass spectra were
obtained using an Orbitrap Fusion Lumos mass spectrometer at Prin-
ceton Proteomics Facility. TMT-labeled peptides were dried down in a
SpeedVac, redissolved in 300 pl of 0.1% TFA in water and fractionated
into eight fractions using the Pierce High pH Reversed-Phase Peptide
Fractionation Kit (no. 84868). Resulting MS/MS/MS data were sear-
ched in FragPipe against the Uniprot human protein database con-
taining common contaminants. The proteinGroups.txt file was
subsequently imported into Perseus (https://maxquant.net/perseus/).
The data were then filtered on the basis of the following criteria, ‘only
identified by site’, ‘reverse’ and ‘potential contaminant’. The resulting
data were log2-transformed and median normalization was per-
formed. FDR-corrected P values were determined by a two-sample t-
test following the Benjamini-Hochberg procedure. The data were
visualized by plotting as a volcano plot.

Label-free mass spectrometry analysis and data processing

Data-independent acquisition (DIA) in conjunction with label-free
proteomics was conducted using a Bruker nanoElute LC connected to
a TimsTOF Pro 2 mass spectrometer. ~100 ng of peptides were injected
for each sample, with first loading onto a trap column (C18 Pepmap;
S5um particle size, 5mm length, 300 um internal diameter), then
separated by an analytical column (PepSep C18; 1.9 pm particle size,
100 mm length, 75pum internal diameter). Elution of peptides was
achieved using acetonitrile/water gradient at a column temperature of
50 °C (buffer A=0.1% formic acid in water, buffer B = 0.1% formic acid
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in acetonitrile; flow rate = 0.5 pL/min, gradient starts at 2% buffer B and
increase to 35% buffer B in 20 min, then increase to 95% buffer B in
0.5 min, then hold at 95% buffer B for 2.25 min). Scans were performed
in positive ion mode with dia-PASEF (parallel accumulation serial
fragmentation) mode over a m/z range of 100-1700 with a ramp time
of 100 ms, accumulation time of 100 ms, a duty cycle of 100%, ramp
rate at 9.43 Hz, and MS averaging set to 1. Absolute thresholds were set
to 5000 for mobility peaks, and 10 for MS peaks. Bruker Compass
HyStar v.6.2 was used for data collection.

Global proteomics as well as nuclear native IP-MS raw data were
processed using DIA-NN 1.8.1. CfaC-ESR1 uMap raw data were pro-
cessed using DIA-NN 2.0. The following parameters were used for all
label-free proteomics data processing: trypsin/P digestion, three mis-
sed cleavages, three maximum variable modifications, N-term M
excision, Oxidation (M), Acetylation (M), and C-carbamidomethyla-
tion, peptide length range of 7-30, precursor charge range 1-4, m/z
range 300-1800, fragment ion range 200-1800, mass accuracy and
MS accuracy set at 10, precursor false discovery rate (FDR) at 1%; the
program was set to use isotopologues, match between runs (MBR), no
shared spectra, and heuristic protein inference. An in silico spectral
library was generated with methods previously described. The DIA-NN
processed report.pg file was further analyzed using Perseus (v.2.0.7.0)
with the following procedures: intensities as “main”, and all other
categories as “categorical”’; intensities transformed by log2, each
replicate annotated as conditions (DMSO, E2, Fulv), normalization
achieved through median subtraction, and volcano plots generated
using t-test for statistical significance. All volcano plots were plotted
with GraphPad Prism 10. Heatmaps were generated using Morpheus
(https://software.broadinstitute.org/morpheus/). Gene ontology ana-
lysis was performed using Metascape (https://metascape.org)*.

MCF7 native nuclear co-IP

MCF7 WT cells were cultured in phenol-red free DMEM supplemented
with 10% charcoal-stripped FBS, 1% L-glutamine, 1% penicillin-
streptomycin and pre-treated with 10 uM of TAK-243 for 1h prior to
co-treatment with 100 nM of the corresponding drugs. Cells were
harvested and washed with DPBS twice. The cells were homogenized
using a Dounce homogenizer in RSB buffer (10 mM Tris, 15 mM Nadl,
1.5mM MgCl,) containing 1x protease inhibitor cocktail (Roche,
11836145001) and 100 nM of the drug. The nucleus was pelleted at
400x g for S5min and lysed using cell lysis buffer (Cell Signaling
Technology, 9803S) with Benzonase nuclease (Sigma-Aldrich, E8263)
and 100 nM of the drug. Protein A Magnetic Beads (Thermo Scientific,
88846) were washed with 500 pL cell lysis buffer. 400 ug of lysate was
then added to the beads. They were incubated at room temperature
for 20 min and pelleted on a magnetic rack. To the supernatant, Rabbit
IgG Antibody (Cell Signaling Technology, 2729S) or ERax Antibody (Cell
Signaling Technology, D8H8) were added following the manu-
facturer’s instructions. The mixture was incubated overnight with
rotation at 4 °C. On the second day, the beads were washed with cell
lysis buffer and mixed with the immunocomplex solution. The mixture
was incubated at room temperature with rotation for 20 min. The
beads were pelleted on a magnetic rack and washed with cell lysis
buffer mix three times. For each sample, 30 uL of 1X Laemmli (Biorad
1610747) supplemented with 10 mM DTT was added. The samples were
heated at 95 °C for 10 min with shaking at 700 rpm. The supernatant
was collected for proteomics SP3 cleanup.

Global proteomics

MCF7 cells were cultured in no phenol red DMEM supplemented with
10% charcoal-stripped FBS, 1% penicillin-streptomycin and 1%
L-glutamine for three days before pretreated with 10 uM TAK-243 for
1h and co-treatment of 10 pM TAK-243 and 100 nM estradiol or ful-
vestrant for 4 h to replicate photolabeling conditions. After harvesting,
cells were washed twice with DPBS and once with RSB buffer described

previously. 10 strokes were used to homogenize the cells using Dounce
homogenizer in RSB buffer, and the resulting nuclear pellets were
lysed using RSB buffer supplemented with 1% Triton X-100 and 50 U/
mL Benzonase nuclease. The pellets were incubated on ice for 10 min
before sonication at 35% intensity for 10s. After centrifugation at
18,000 x g for 15 min at 4 °C, the resulting supernatant was quantified
using BCA and carried through SP3 cleanup for proteomics analysis.

SP3 proteomics sample preparation

The SP3 sample preparation protocol was adapted from protocol
published by Hughes et al.*®. Briefly, the samples were treated with
15 mM iodoacetamide (IAA; Sigma-Aldrich, 16125) for 30 min at room
temperature in the dark. It is then quenched with 20 mM dithiothreitol
(DTT; Millipore-Sigma, 3860) for 15min at room temperature. The
prepared lysates were diluted using freshly prepared reconstitution
solution (50 mM HEPES, pH 8, 1% (wt/vol) SDS, 1% (vol/vol) Triton X-
100, 1% (vol/vol) NP-40, 1% (vol/vol) Tween 20, 1% (wt/vol) deox-
ycholate, 5mM EDTA, 50 mM NacCl, 1% (vol/vol) glycerol, 1x Roche
cOmplete protease inhibitor, and 5mM DTT). The SP3 beads are 1:1
mixture of Sera-Mag SeedBeads (GE Healthcare, cat. no.
45152105050250 and cat. no. 65152105050250). The lysates were
incubated with the SP3 beads and ethanol at 24 °C for 5 min at 1000
r.p.m to induce binding of the protein to the beads. The beads were
then washed with 80% ethanol with mixing for three times. The beads
were resuspended in 100 mM ammonium bicarbonate (Sigma-Aldrich,
09830) with 0.4 ug MS-grade trypsin (Thermo Fisher Scientific, 90057)
per sample in Optima grade water. The mixture is sonicated in a water
bath for 30 s and pipette-mixed. It is then incubated at 37 °C for 18 hin
a ThermoMixer at 1000 r.p.m for 18 h for digestion. The reaction was
quenched using 1L Optima LC-MS formic acid (Thermo Fisher Sci-
entific, A117-50). The supernatants were passed through a 0.22-pm spin
filter column (Corning, 8160) before being transferred to an LC-MS
vial for proteomics analysis.

Senescence B-galactosidase staining

SASP staining was performed using Beta Galactosidase Staining Kit
(Abcam, ab65351), following the manufacturer’s suggestion. Briefly,
the cells were fixed using fixation solution for 10 min at room tem-
perature. The staining solution mix was made using 1% staining sup-
plement and 5% 20 mg/mL x-gal solution in the staining solution. The
cells were incubated with the staining solution mix overnight at 37 °C.
The cells were imaged under a light microscope.

CUT&RUN sample preparation

MCF7 cells were treated with DMSO, 100 nM estradiol, or 100 nM
Fulvestrant for 45 min. Each treatment was conducted in duplicates.
H3K4Me3 and Rabbit IgG Isotype were used as the positive and
negative control respectively. The samples were prepared using
CUT&RUN Assay Kit (Cell Signaling Technology, 86652S) following the
manufacturer’s instructions. Briefly, the cells were harvested using
TrypLE Express (Gibco, 12604013) and washed with 1X Wash buffer
with spermidine and protease inhibitor cocktail twice. Concanavalin A
Magnetic Beads were washed with Concanavalin A Bead Activation
Buffer twice and resuspended in the buffer. 10 uL of activated Con-
canavalin A Magnetic Beads was used for each sample. The samples
were mixed and incubated for 5 min at room temperature. The beads
were pelleted, and its liquid removed. Then, 100 ul of Antibody Binding
Buffer with spermidine, protease inhibitor cocktail and digitonin was
added to each reaction. The ESR1 (Cell Signaling Technology, DS8HS),
H3K4Me3 (Cell Signaling Technology, 9751T), and Rabbit IgG Isotype
(Cell Signaling Technology, 66362S) antibodies were added to the
samples according to the manufacturer’s instructions. The samples
were incubated at 4 °C for 2 h. The samples were then washed with
Digitonin Buffer and mixed with pAG-MNase. The mixture was incu-
bated at 4 °C for 1h. After incubation, the samples were washed with
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Digitonin Buffer twice and pre-cooled on ice for 5 min. The pAG-MNase
was activated by mixing in 3 ul cold Calcium Chloride. The digestion
was conducted at 4 °C for 30 min. The reaction was stopped by adding
1x Stop Buffer (from 4x Stop Buffer, Digitonin Solution, and RNAse A).
The samples were incubated at 37 °C for 10 min and centrifuged at 4 °C
for 2 min at 16,000 x g. The supernatant was purified using spin col-
umns (Cell Signaling Technology, 14209S) according to the manu-
facturer’s instructions.

For the library preparation, NEBNext Ultra Il DNA Library Prep
with Purification Beads (New England Biolabs, E7103S) and NEBNext
Multiplex Oligos for Illumina (E6440S) were used. The library was
prepared using the standard steps of end-repair, adapter ligation. The
adapters were diluted 10 fold to avoid excess adapter dimerization
formation. The adapter ligated DNA was cleaned up without size
selection and PCR enriched. The PCR product was cleaned up, and
then quantified and checked using Qubit 4 Fluorometer (Thermo
Fisher Scientific) and Bioanalyzer (Agilent 2100). The quality of the
library was checked using the Agilent 4200 TapeStation, and pre-
liminarily sequenced on the Illumina MiniSeq to confirm pooling uni-
formity. Final sequencing was performed on the Illumina
NextSeq2000 using PE 161 bp reads at ~25 M reads per sample.

CUT&RUN data analysis

The data was analyzed on the local instance of Galaxy set up by the
Princeton Lewis-Sigler Institute Bioinformatics Group®. The adapter
sequences, low-quality ends (phred score <30), and reads shorter than
15 nt were trimmed using Trim Galore!*°. The trimmed sequences were
aligned to human reference genome hg38 (Dec 2013) using Bowtie2°',
The aligned sequences were filtered to remove mitochondria DNA and
non-proper pairs using BamTools®’. The duplicate reads were filtered
using Picard MarkDuplicates®. The peaks were found using MACS2
with extension size 200 and shift size -100 and a g-value cutoff at
0.05%. The DNA binding motifs were discovered using MEME-ChIP and
matched against known motifs using Tomtom from the MEME suite®.
The peaks were annotated using ChIPSeeker®®, HOMER version 5.1 was
used to identify top known DNA binding motifs®’. DiffBind version
3.12.0 was used to calculate differential DNA binding occupancy®.

HEK293T HA-ESR1 transfection co-IP

Cells were transfected on the day after seeding. For each 15 cm plate,
15ug HA-ESR1-pcDNA3.1(+) or pcDNA3.1(+) Expression Vector (Invi-
trogen, V79020) plasmid was used. The plasmids were mixed with
2.5mL Opti-MEM (Gibco, 31985062). For each sample, 45uL Lipo-
fectamine 2000 (Invitrogen, 11668027) was mixed with 2.5 mL Opti-
MEM. The two mixtures were incubated for 5min and then mixed
together. The Lipofectamine-DNA mixture was incubated for 20 min
and added to the cell culture. On the second day, the media was
changed to hormone free media. The cells were dosed on the following
day with 10 uM TAK243 for 1 h before harvesting. The cell lysates were
generated using cell lysis buffer (Cell Signaling Technology, 9803S)
with protease inhibitor cocktail (Roche, 11836145001) in 100 nM of the
drug. For each condition, 1.5 mg lysate was used. 25 uL Pierce Anti-HA
Magnetic Beads (Thermo Scientific, 88836) were washed with the
complete cell lysis buffer twice. The lysates were added to the beads
and incubated at 4 °C overnight with rotation. After incubation, the
beads were washed with the complete lysis buffer three times. The
proteins were eluted from the beads with 1x Laemmli (Biorad,
1610747). The beads were heated at 95 °C for 10 min with shaking at
700-800 rpm. The supernatants were saved and 10% volume of
B-mercaptoethanol were added. The samples were heated at 95 °C for
5min with shaking at 700-800 rpm. For the input, 20 ug lysate was
used for each sample, mixed with Laemmli supplemented with
B-mercaptoethanol and shaked at 95 °C, 700-800 rpm for 10 min.

Fluorescence recovery after photobleaching (FRAP)

7 x10* MCF7 cells were seeded in each well of a 24 well glass bottom
plate coated with poly-L-lysine (EMD Millipore, A-005-C). On the sec-
ond day, the knockdown cells were first transfected with scramble
siRNA (Invitrogen, 4390843), siATRX (Dharmacon, L-006524-00-
0005), or siDAXX (Dharmacon, L-004420-00-0005). For each well, 6
pmol siRNA was mixed with 50 uL Opti-MEM and 1.2 uL Lipofectamine
RNAIMAX (Invitrogen, 13778150). The mixture was incubated for 5 min
at room temperature before adding to the media. After 4 h, the cells
were transfected with eGFP-ESR1 plasmid (Addgene, #28230) using
Lipofectamine 3000 Reagent (Invitrogen, L3000015). For each well,
300 ng of plasmid was mixed with 50 uL Opti-MEM, 0.9 uL Lipo3000,
and 0.6 uL p3000. The mixture was incubated at room temperature for
15min and added to the media. On the second day, the media was
changed into hormone free media. 10 M ML792 is added for a 24-h
treatment. The cells were treated with the DMSO or fulvestrant on the
following day and imaged using NIS Elements AR v4.60.00 software on
a Nikon AIR-Si HD confocal microscope. The cells were bleached using
a 405 nm laser.

Cell viability assay

The siRNA, DMSO, Fulvestrant, or ML792 were added to the cells the
day after seeding. On day 4, the media was refreshed with the same
concentration of siRNA and drug. On day 8, the cell viability was done
using ATPlite 1step Luminescence Assay System (Revvity Health Sci-
ences, 6016736). The plate was warmed to room temperature and the
media was changed to DPBS. 100 uL ATPLite 1step reagent was added
to each well and shaked for 2 min at 700 rpm. The plate was dark
adapted for 10 min and the luminescence was measured using a BioTek
Gen5 v2.05 plate reader.

Senescence induction

MCF7 cells were plated into 6 well plates with DMEM with phenol red
supplemented with 10% FBS and 1% penicillin-streptavidin at the fol-
lowing densities: 0.008 x 10° for DMSO and 1uM E2 for 24 and 48h,
0.2 x10° for 1uM Fulv for 24 and 48 h, and 0.4 x 10° for 20 uM Etopo-
side for 48 h. Dosing was performed 24 h after plating with fresh
media, and cells were used for beta-galactosidase staining or harvested
for western blot or flow cytometry 8 days after plating.

Flow cytometry

Harvested cells were washed twice with DPBS and once with freshly
prepared 1x Annexin V binding buffer (10 mM HEPES, 140 mM NaCl,
2.5mM CaCl,, pH 7.4, sterile filtered). Cells were stained with 5uL
Annexin V-Alexa Fluor 647 (Invitrogen, A23204) for 15 min at room
temperature protected from light. The stained cells were washed again
with 1x Annexin V binding buffer before fixed and permeabilized using
eBioScience Foxp3/Transcription Factor Staining Buffer Kit (Invitro-
gen, 00-5523-00) per manufacturer’s directions. Briefly, a 1:3 Fix/Perm
concentrate: Fix/Perm Diluent was used to fix and permeabilize the
cells at 4 °C for 30 min in dark. 2x volume of 1x Perm buffer (made
from 10x Perm buffer from the kit) was directed added to the cell
mixture, with the resulting mixture being centrifuged to discard the
supernatant. The pellets were stained with 5 uL Ki67-PE (BD Pharmin-
gen, 556027) and 10 pg/mL DAPI in 1x Perm buffer for 1h at room
temperature protected from light. The stained cells were washed twice
with 1x Perm buffer and resuspended in 2% FBS in DPBS before flow
cytometric analysis using the FACSymphony A3 instrument (BD Bios-
ciences) at Princeton University Flow Cytometry Resource Facility. The
Annexin V-Alexa647, Ki67-PE, and DAPI were excited with 637, 561, and
355 nm lasers, respectively, and emitted fluorescence was collected via
670/30, 586/15, and 450/50 bandpass filters, respectively.
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Confocal and stimulated emission depletion (STED) microscopy
MCF?7 or T47D cells were plated into glass bottom 24 well plates (Ibidi,
82427) precoated with poly-L-lysine (bio-techne, 3438-100-01). For the
truncation STED microscopy, U20S cells were transfected with the
corresponding plasmid using Lipofectamine (Invitrogen, 11668019).
The cells were treated with 10 uM TAK243 for 1h followed by 4 h
treatment of 100nM fulvestrant. After treatment with the corre-
sponding drugs, cells were fixed using 4% paraformaldehyde in DPBS
for 15 min at room temperature and washed twice with DPBS. Subse-
quently, cells were permeabilized with 0.1% Triton X-100 in DPBS for
15min at room temperature, washed twice with DPBS, and blocked
with 3% bovine serum albumin (BSA) in DPBS for 1h at room tem-
perature. Samples after blocking were treated with the corresponding
primary antibodies at concentrations noted by vendor overnight at
4°C in 3% BSA in DPBS, and stained with secondary antibodies
necessary for confocal or STED microscopy after washing with 0.2%
Tween 20 in DPBS (PBST) three times. The final stained samples were
washed again using PBST, and preserved in DPBS during imaging at
Princeton University Core Confocal Imaging Facility. Confocal images
were acquired using Nikon AIR-Si HD microscope with digital micro-
mirror device, and STED images were acquired using Nikon AIR-STED
confocal microscope with stimulation emission depletion detector.

Fractionation analysis

MCEF7 cells were cultured as described and harvested using TrypLE
Express. Cells were washed twice using DPBS, and fractionation was
performed using Thermo Scientific Subcellular Protein Fractionation
Kit for Cultured Cells (Thermo, 78840) with manufacturer’s protocols.
Cytosolic fraction, soluble nuclear fraction, and chromatin (insoluble)
fraction were isolated using the kit, and the cytosolic and soluble
nuclear fractions were further cleared with centrifugation at 16,000 x g
for Smin at 4 °C. The resulting lysates were subjected to western
blotting analysis.

Statistics and reproducibility
Statistical tests are used as indicated in this study. Experiments are
performed in biological triplicates unless otherwise stated.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available within the
paper and its Supporting Information. Source data are provided with
this paper. The CUT&RUN data generated in this study have been
deposited in the NCBI GEO database under accession number
GSE331140. The proteomics data generated in this study have been
deposited in the MassIVE database under accession number
MSV000101862  [https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?
task=a0a19ff7c8464daa9del01bf2066eld7]. Analyzed sequencing
and proteomics data are also included in the supplementary
data. Source data are provided with this paper.
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