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Abstract

The nuclear protein CCCTC-binding factor (CTCF) has diverse roles in chromatin architec-
ture and gene regulation. Functionally, CTCF associates with thousands of genomic sites
and interacts with proteins, such as cohesin, or non-coding RNAs to facilitate specific tran-
scriptional programming. In this study, we examined CTCF during the cellular stress
response in human primary cells using immune-blotting, quantitative real time-PCR, chro-
matin immunoprecipitation-sequence (ChlP-seq) analysis, mass spectrometry, RNA immu-
noprecipitation-sequence analysis (RIP-seq), and Airyscan confocal microscopy.
Unexpectedly, we found that CTCF is exquisitely sensitive to diverse forms of stress in nor-
mal patient-derived human mammary epithelial cells (HMECs). In HMECs, a subset of
CTCEF protein forms complexes that localize to Serine/arginine-rich splicing factor (SC-35)-
containing nuclear speckles. Upon stress, this species of CTCF protein is rapidly downregu-
lated by changes in protein stability, resulting in loss of CTCF from SC-35 nuclear speckles
and changes in CTCF-RNA interactions. Our ChlP-seq analysis indicated that CTCF bind-
ing to genomic DNA is largely unchanged. Restoration of the stress-sensitive pool of CTCF
protein abundance and re-localization to nuclear speckles can be achieved by inhibition of
proteasome-mediated degradation. Surprisingly, we observed the same characteristics of
the stress response during neuronal differentiation of human pluripotent stem cells
(hPSCs). CTCF forms stress-sensitive complexes that localize to SC-35 nuclear speckles
during a specific stage of neuronal commitment/development but not in differentiated neu-
rons. We speculate that these particular CTCF complexes serve a role in RNA processing
that may be intimately linked with specific genes in the vicinity of nuclear speckles, poten-
tially to maintain cells in a certain differentiation state, that is dynamically regulated by envi-
ronmental signals. The stress-regulated activity of CTCF is uncoupled in persistently
stressed, epigenetically re-programmed “variant” HMECs and certain cancer cell lines.
These results reveal new insights into CTCF function in cell differentiation and the stress-
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response with implications for oxidative damage-induced cancer initiation and neuro-degen-
erative diseases.

Author summary

Our tissues are subject to chronic physiological and environmental damage, yet little is
known about how healthy human cells normally respond to stress. We examined the effect
of damage on cells obtained from breast tissue of disease-free women. Unexpectedly, we
identified a well-known protein regulator of chromosomal function, CTCF, as a robust
target of stress signals. In normal mammary cells, a pool of CTCF is localized to large
“depots” within the nucleus that regulate RNA processing. Upon cellular damage, CTCF
rapidly disappears from nuclear “depots” by stress-inducible protein degradation while
genome occupancy by CTCEF is relatively unaffected. We observe the same phenomenon
in neuronal progenitors differentiated from human pluripotent stem cells. We propose
that in specific cell types, stress-sensitive forms of CTCF exist that have a unique function
in RNA metabolism potentially by fine-tuning gene expression near nuclear speckles,
which may maintain cells in a progenitor or adaptive state. Upon stress, this particular
CTCEF function is rapidly disabled, which may change the identity of cells most vulnerable
to disease in order to safeguard them from becoming dysfunctional. Persistently stressed
cells have lost this CTCF function, which may facilitate the genesis of damage-induced
cancer initiation and neuro-degeneration.

Introduction

Exposure of an organism or tissue to physiological stress results in an orchestrated cellular
response that induces profound changes in gene expression, RNA processing, and protein syn-
thesis that ultimately drive cell fate. This coordinated strategy accelerates adaptive processes
necessary for individual cells within a population to survive diverse and unanticipated forms of
stress [1]. Much of our knowledge about the human cellular stress response comes from studies
in which human cancer cell lines were exposed to genotoxic agents. While valuable, these condi-
tions do not adequately reflect how our normal healthy cells respond to physiological stressors
that they are routinely subject to in vivo (e.g., hypoxia, inflammation, oxidative damage). Mech-
anisms that control the response and adaptation of normal human cells to stress and the process
by which stressed cells return to homeostasis or become dysfunctional are largely unknown. To
gain insight into these mechanisms, we investigated the stress response in primary human
mammary epithelial cells (HMECs), which are derived from tissue obtained from disease-free
women following voluntary surgical mammoplasty [2]. The HMEC cell culture system has been
widely used to analyze how prolonged stress recapitulates early steps in aberrant epigenetic pro-
gramming and genomic instability that are characteristic of human tumorigenesis [3-7]. Our
aim was to use primary HMECs to investigate mechanisms underlying responses to both acute
and chronic forms of cellular stress. Beyond the scope of our initial aim, our data unexpectedly
revealed that the multi-functional nuclear protein CCCTC-binding factor (CTCF) is an exqui-
sitely sensitive target of diverse forms of cellular stress.

The well-characterized protein CTCF has been shown to have diverse regulatory roles in
transcription, epigenetic programming, and organizing 3D chromosomal architecture [8-14].
CTCEF was first identified as a transcription factor [15,16] and subsequently shown to control
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gene imprinting and genetic domains through insulator/boundary DNA elements. Depending
on the cell type and study, CTCF was reported to bind ~40,000-70,000 genomic DNA sites
and act with proteins like Cohesin and non-coding RNAs to coordinate long-range inter- and
intra-chromosomal interactions that may promote cell-type-specific transcriptional programs
[11-14]. Primarily known to interact with DNA and chromatin, CTCF also associates with at
least 17,000 endogenous RNAs through an RNA binding domain within the C-terminus that
is distinct from its N-terminus 11-zinc finger DNA binding motifs [17-19]. CTCF-RNA inter-
actions can either target or remove CTCF from specific regions of the X-chromosome to regu-
late X-inactivation or pairing [20,21]. CTCF also binds to a p53 antisense transcript to
modulate p53 gene expression [22]. CTCF has been implicated in RNA processing by virtue of
dynamically generating DNA loops that bring together different combinations of exons to gen-
erate RNA and protein diversity [23] and by slowing RNA polymerase progression to alter
selection of exons in spliced RNAs [24-26]. CTCF is impacted by the cellular stress response
where it can undergo deSUMOylation [27] and function as an anti-apoptotic factor in dam-
aged cells [28,29]. CTCF has also been shown to limit oxidative stress by activating the Frataxin
gene in endothelial cells and to promote vascular development [30]. Interestingly, CTCF is
involved in the DNA damage response by facilitating DNA double-strand break repair [31].
Given the myriad activities of CTCF, environmental toxins could have adverse effects on its
specific functions in the cellular stress response [32].

Our studies focused on defining early events in the response of normal cells to stress. Here we
show that in patient-derived, cancer-free HMECs, CTCEF is impacted by diverse forms of damage
in a manner more consistent and sensitive than common stress markers, such as p53, ALDH1,
and p16. Unexpectedly, we found that in normal HMECs, a pool of cellular CTCF localizes at
nuclear speckles [33] where it associates with the serine/arginine-rich splicing factor SC-35 [34]
and a common set of RNAs. This observation was validated by mass spectrometry analysis show-
ing that nuclear speckle-associated proteins involved in RNA binding and splicing are CTCF
interaction partners. Upon stress, this species of cellular CTCF is rapidly downregulated through
protein degradation resulting in loss of CTCF from nuclear speckles and changes in RNA interac-
tions shared between SC-35 and CTCF, yet with minimal perturbation of CTCF-genome interac-
tions. Proteasomal inhibition restores these cellular CTCF protein levels and its localization to
SC-35-associated nuclear speckles. Interestingly, many protein-coding RNAs that interact with
CTCF and SC-35 in a stress-sensitive manner are implicated in cell differentiation or neuronal
function. To explore this further, we analyzed the impact of stress signals on CTCF during neuro-
nal differentiation of a human pluripotent stem cell (hPSC) model. Consistent with our observa-
tions in HMEC:s, stress-responsive CTCF complexes co-localize with SC-35-containing nuclear
speckles but, unexpectedly, only at a particular stage of neuronal differentiation and not in differ-
entiated neurons. We speculate that in HMECs and neural progenitor cells (NPCs), certain
forms of CTCF have an adaptive function, which is rapidly regulated by stress, that maintains
specialized cell states by modulating RNA diversity in response to changing environmental cues.

Results

CTCF is an exquisitely sensitive sensor of stress signals in normal patient-
derived human mammary epithelial cells (HMECs)

We analyzed the role of CTCF in both the acute and chronic stress response using primary cell
cultures of normal HMECs. HMECs were propagated from disease-free reduction mammo-
plasty tissue from multiple healthy donors (age range 20-40 years old) chosen in an unbiased
fashion. Epithelial-rich regions of tissue were dissected from surgical discard material and pre-
pared as described [2,6,7], and as diagrammed (Fig 1A, left panel). With time in culture, a
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subpopulation of HMECs overcame the p16
to proliferate (Fig 1 A, right panel). Previous studies have shown that these “variant” HMECs
(VHMEC:) exist in a stably chronic stressed state, as indicated by elevated p53 protein levels,
activation of the p53 target gene p21, and downregulation of p16 protein [6,35,36]. We
extended this analysis by examining CTCF protein levels during a time course of the HMEC to
vHMEQC transition from days 1-70 (Fig 1B). We observed that CTCF protein levels were
downregulated in normal HMECs by day 15 in culture in “stressed” but otherwise normal
HMECs (sHMEC:s) before the pl6-induced senescence barrier and remained stably repressed
in proliferating vVHHMECs. We confirmed the stress-responsive nature of CTCF by showing
that downregulation of CTCF protein levels in HMECs is induced by diverse forms of stress,
such as the genotoxic agent doxorubicin (DoxR) (Fig 1C) and the acute oxidative stressor
hydrogen peroxide (H,O,) (Fig 1D). Hydrogen peroxide also elevates the detoxification
enzyme and cancer stem cell marker aldehyde dehydrogenase 1 family member A3
(ALDH1A3) [37,38] (Fig 1D). Importantly, it is critical to use freshly prepared HMECs
because they rapidly become stressed and show elevated ALDH1A3 and decreased CTCF lev-
els simply by freeze-thawing and prolonged tissue culturing. In fact, elevated expression of
ALDHI1AS3 is a sensitive indicator of whether control cells are already stressed and have down-
regulated CTCF. Stress-induced downregulation of CTCF was also observed in spontaneously
immortalized, non-tumorigenic human mammary epithelial MCF10A cells (Fig 1D and 1E),
although not in other human breast cancer cell lines that we tested (S1 Fig). Care must be
taken by using fresh, low-passage aliquots of MCF10A cells as they undergo a stress response
accompanied by the appearance of multiple CTCF isoforms upon prolonged cell culture. With
both HMECs and MCF10A cells, the normal, unstressed state should be carefully maintained
in order to observe maximal CTCF stress-responsiveness. Notably, the impact of stress on
other chromatin and transcription regulators is variable depending upon the stressor. For
example, levels of the histone variant H2A.Z are unaffected by oxidative stress in HMECs (Fig
1F). In fact, we find that CTCF protein abundance in primary and non-tumorigenic mammary
epithelial cells is consistently downregulated by all forms of stress that we have tested unlike
other regulators and is far more sensitive to low levels of stressors than well-known stress
markers such as p53 or ALDH1A3. Therefore, CTCF is a very robust sensor of the stress
response in normal and non-tumorigenic human mammary epithelial cells, especially during
acute stress. In fact, the abundance and nuclear distribution of CT'CF in our experiments is a
very sensitive indicator of whether primary cells are “normal” or not, as this state can be
quickly lost under certain experimental conditions. An important consideration is that distinct
MW forms of CTCF can be distinguished by immunoblotting using antibodies raised against
different CTCF epitopes. For our Western blots, we used an N-terminal CTCF polyclonal anti-
body (Active Motif) that predominately recognized a protein(s) of ~110-120 kDa. The Active
Motif CTCF antibody has been used to co-immunoprecipitate both hyper- and hypo-poly
(ADP-ribosyl)ated (PARylated) forms of CTCF, which are each recognized by Western blot
analysis with an N-terminal CTCF monoclonal antibody (G8; Santa Cruz) [39]. Given the bio-
chemical and functional diversity of CTCF complexes, we expect that the stress-sensitive spe-
cies reported here may represent a specifically modified form of CTCF.

CTCF protein levels are downregulated by stress-induced changes in
protein stability without significant alteration of CTCF-genome binding in
HMECs

To investigate possible mechanisms by which CTCEF is so effectively downregulated, we mea-
sured CTCF mRNA levels in HMECs during prolonged cell culture stress (VHMECsS) or by
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Fig 1. CTCF protein levels are selectively downregulated in normal epithelial cells upon stress. (A) HMEC isolation and cell culture diagram;
population doublings and mRNA levels of tumor suppressors p16 and RASSF1A which are typically silenced in the classic HMEC/vHMEC primary
culture model. Days in culture are indicated at the bottom. mRNA was measured by RT-qPCR and expressed as fold-change relative to day 1. (B)
Protein extracts were prepared from patient-matched HMECs and vVHMECs and analyzed by Western blot with the indicated antibodies.
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Representative Western blot analysis of CTCF, p16, p53, and actin levels in: HMECs (H); pre-selection, stressed HMECs (sSHMECs); and post-selection
vHMEGC:s. (C) Western blot analysis of CTCF levels upon genotoxic stress by Dox (0.4uM, 24 hours) or (D) acute oxidative stress by H,O, (100 mM, 30
min) in HMECs (day 1) and MCF10A cells. (E) MCF10A cells were treated with increasing concentrations of H,O, over a period of 20 min to induce
oxidative damage. Protein levels of CTCF, ALDH1A3, and actin (as a control) were assessed by Western blotting. (F) HMECs were treated with 0.1
mM H,O, for 24 hours. Protein levels of CTCF, H2A.Z, EZH2, ALDH1A3, p53, Smad 3, RNA Pol II, p16, and actin were measured by Western
blotting.

https://doi.org/10.1371/journal.pgen.1009277.9001

acute exposure to H,0,. Comparing levels of gene expression between HMECs and vVHMECs
revealed that CTCF and p53 mRNA levels were only slightly changed, whereas other genes
were significantly downregulated (p16, RASSF1A) or elevated (c-MYC, HDM2) (Fig 2A). Sim-
ilarly, oxidative damage induced in HMECs or MCF10A cells resulted in very little change in
CTCF mRNA levels (Fig 2B). These results suggest that the decrease of CTCF protein in
stressed HMECs and vHMEC: is regulated at the levels of protein synthesis and stability.
Indeed, treatment of HMECs with the inhibitor MG132 significantly elevated levels of CTCF,
indicating a ubiquitin-proteasomal regulation of CTCF protein stability upon exposure to free
radicals generated by H,O, or tBHQ, similar to control of p53 protein stability (Fig 2C) [40].
We conclude that upon acute stress, a fraction of CTCF, detectable with the specific antibodies
we used, is rapidly downregulated by changes in protein stability.

Since CTCF is a critical regulator of chromatin architecture, we investigated how such a
decrease in protein levels of this stress-responsive form of CTCF may affect occupancy of the
almost 48,000 CTCF genomic binding sites in HMECs during the stress response [41]. The
reduction in cellular CTCF protein levels observed upon stress in normal HMECs suggested
that the interaction and function of this regulator with a subset of its numerous genomic sites
were likely to be impacted. For example, RNAi-mediated downregulation of CTCF in certain
cancer cell lines results in destabilization of chromatin boundary elements and aberrant epige-
netic silencing of specific tumor suppressor genes [42]. We therefore expected to see substan-
tial changes in the interaction of CTCF with a subset of its numerous genomic sites in HMECs
during the stress response. To this end, a comparative ChIP-seq analysis of genome-wide
CTCEF-chromatin interactions in HMEC:s at day 1 and day 10 was performed. Limited changes
in global CTCF interactions were observed (0.04% changes at a threshold of adjusted p-value
<0.05), despite a significant stress-induced decrease in abundance of CTCF cellular protein in
the range of ~120 kDa. As shown in the barplot, the number of differential CTCF peaks in
HMECs between day 1 and day 10 was only 17 among 48,000 total peaks (Fig 2D). Compara-
tive signal tracks of CT'CF peaks between multiple samples from HMECs at day 1 and day 10
align with each other and with ENCODE data (Fig 2E). Thus, CTCF may facilitate the stress
response in normal epithelial cells by modulating its binding to low-affinity genomic sites or
through other activities [43]. Interestingly, live cell single molecule imaging studies have
shown that ~20-50% of CTCF is not DNA-bound but freely diffusing with rapidly exchanging
genome binding that is dynamically regulated throughout the cell cycle [44-47]. Recent studies
show that CT'CF may be transiently sequestered in small nuclear “zones” through its RNA-
binding region to more efficiently locate its genomic binding sites [48]. In normal HMECs,
stress signals that rapidly and reversibly modulate CTCF protein stability and nuclear localiza-
tion may also impact its dynamic, exchanging DNA-interactions to facilitate the cellular dam-
age response.

Proteomic analysis of CTCF interaction partners identifies nuclear speckle-
associated proteins involved in RNA processing

To investigate the possible function of stress-responsive CTCF complexes in HMECs, we con-
ducted a mass spectrometry analysis of CTCF protein interaction partners. Since we were
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Fig 2. CTCF protein levels are downregulated by stress-induced changes in protein stability without significant alteration of CTCF-genome binding in HMECs.
(A) Comparative mRNA levels of the indicated genes in vVHMEC:s (day 40) relative to HMECs (day 1) as analyzed by RT-qPCR. (B) Comparative mRNA levels of CTCF
upon H,0, treatment in HMECs and MCF10A cells. (C) Oxidative stress in HMECs was induced with either H,O, treatment for 24 hours or with the indicated
concentrations of tBHQ. HMECs were stressed in the presence or absence of the proteasome inhibitor MG132. Protein levels of CTCF, p53, and actin were measured by
Western blotting. (D) Chromatin immunoprecipitation ChIP-seq analysis of genome-wide CTCF-DNA binding in HMECs at day 1 and day 10. Shown are number of
unique and common CTCF peaks. (E) ChIP-seq sample signal tracks of CTCF peaks demonstrate no changes in binding sites upon stress for the selected area.

https://doi.org/10.1371/journal.pgen.1009277.9002

unable to isolate sufficient amounts of endogenous CTCF from patient samples, we used spon-
taneously immortalized, non-transformed mammary epithelial MCF10A cells as a source of
CTCF. Similar to HMECs, MCF10A cells show stress-dependent downregulation of CTCF
protein and CTCF nuclear localization (Figs 1D, 1E and S2). We planned to compare CTCF
complexes in both normal and stressed MCF10A cells. However, due to the significant
decrease in CTCF abundance, we were unable to obtain enough CTCF protein from stressed
cells for mass spectrometry analysis. Thus, we focused on analyzing CTCF interaction partners
in normal MCF10A cells to reveal the variety of interaction partners and potential function of
CTCF complexes. Immunoprecipitated CTCF complexes were analyzed by mass spectrometry
(Q Exactive mass spectrometer (Thermo) and Integrated Proteomics Pipeline-IP2 (Integrated
Proteomics Applications). Identified proteins were filtered using DT ASelect [49] with a target-
decoy database search strategy to control the false discovery rate to 1%. The list of CTCF inter-
action partners yielded 314 IDs with a Homo sapiens background (S1 Table). To extract bio-
logical features associated with the identified mass spectrometry hits, DAVID Bioinformatics
Resources 6.7 (DAVID; NIAID, NIH, http://david.abcc.ncifcrf.gov) was applied to analyze
functional annotation clustering. This revealed that CTCF interaction partners are enriched in
proteins involved in RNA biology, including RNA binding, RNA splicing, and nuclear export
(Fig 3A) as indicated by the top-scoring hits (Fig 3B).

Many previous studies have identified numerous RNA binding partners for CTCF and
demonstrated their critical role in regulating CTCF-dependent processes [14,17-22]. We also
detected RNA binding and RNA splicing proteins (including snRNPs, hnRNPs, serine-argi-
nine proteins) as the most prevalent CTCF interaction partners which predominantly localize
to inter-chromatin SC-35 nuclear speckles [50,51]. CTCF has been proposed to regulate alter-
native RNA splicing through several different mechanisms [24,52-54], some of which may be
co-translational in close association with chromatin. Thus, a CTCF-dependent activity at SC-
35 nuclear speckles may serve to fine-tune processing of RNA transcribed from genes within
its vicinity [50]. CTCF is known primarily to interact with chromatin-associated proteins and
these new partners may reveal new functional roles for this diverse regulator.

CTCEF forms stress-responsive complexes at SC-35 nuclear speckles in
normal HMECs

To explore the potential involvement of CTCF in RNA processing in nuclear speckles (Fig 3),
we visualized its sub-nuclear distribution in HMECs using Airyscan confocal microscopy (Fig
4). Our observation of downregulation of CTCF protein levels upon cellular stress prompted
us to simultaneously examine whether CTCF nuclear localization was also affected by stress
signaling. Previous studies have shown that stress signals can promote growth arrest accompa-
nied by changes in differential CTCF poly(ADP-ribosyl)ation (PARylation) and genomic
binding. In normal tissues and breast cancer cells, PARylated CTCF predominates upon cell
cycle arrest but transitions to a hypo-PARylated form in proliferating cells, which is also asso-
ciated with breast cancer progression [55,56]. This important work shows that cellular stress
and cell cycle stage transitions can evoke significant changes in CTCF post-translational modi-
fications, which modulates site-specific genomic occupancy and gene expression. We
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Fig 3. Analysis of functional annotation clustering for CTCF mass spectrometry hits. (A) DAVID Bioinformatics
Resources 6.7 was used to analyze functional annotation clustering results from the mass spectrometry hits for CTCF
cellular interaction partners, highlighting enrichment of RNA splicing and RNA binding proteins. (B) Table of top-

scoring relevant CTCF mass spectrometry hits.

https://doi.org/10.1371/journal.pgen.1009277.9003
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Fig 4. CTCF forms stress-sensitive complexes at SC-35 positive nuclear speckles in normal patient-derived HMECs. (A) HMECs were exposed to H,O,
treatment in the presence or absence of the proteasome inhibitor MG132 and stained against anti-CTCF and anti-histone H3 antibodies as well as DAPI to
visualize the nuclear DNA. Scale bar = 3 um, (HMEC untreated: n = 20; HMEC + 50 uM H,0, 24 hours: n = 20; HMEC + 50 uM H,0, 24 hours + MG132:

n = 27). (B) HMECs were exposed to cell culture stress, or H,O, treatment, fixed and stained against antibodies to CTCF and nuclear speckle marker SC-35
and DAPI, (HMEC untreated: n = 20; HMEC prolonged TC stress: n = 20; HMEC + 50 uM H,0, 24 hours: n = 23). Samples were visualized with Airyscan
microscope and the Pearson’s coefficients for co-localization were determined using Imaris software; 4B showed a significant difference (****, P<0.0001). (C)
Histograms demonstrate the presence of CTCF-associated clusters (red) in unstressed HMECs and the loss of CTCF-cluster association in H,O,-treated
HMECs and in stably stressed VHMECs. By contrast, the distribution of SC-35 in nuclear speckles (“clusters”) (green) remains relatively stable across the cell
samples. (D) Example of co-localization of CTCF with SC-35 inside and outside of nuclear speckles. (E) Western blot shows SC-35 co-immunoprecipitation
with CTCF (CTCEF IP untreated), while no SC-35 was co-immunoprecipitated with CTCF under stressed conditions (CTCF IP H,O,-treated). The control co-
immunoprecipitation of hnRNP-K (as a protein known to reside in nuclear speckles) with SC-35 and a small amount of CTCF confirmed the SC-35 speckle
identity.

https://doi.org/10.1371/journal.pgen.1009277.9004

performed imaging in three independent experiments (from three different patient tissue spec-
imens) using unstressed HMECs, HMECs acutely exposed to H,0,, or HMEC:s stressed by
prolonged cell culture (VHMECs). We first analyzed co-localization of CTCF with histone H3
and DAPI, as a DNA marker. Intriguingly, this revealed that CTCF was enriched in large
nuclear bodies within the inter-chromatin space that is excluded from DAPI and H3 staining
(confirmed by a Pearson’s Correlation Coefficient close to zero). By contrast, the minority of
CTCEF signal was detected outside the inter-nuclear space in a punctate pattern highly associ-
ated with histone H3, as expected for genome-associated CTCF (Pearson’s Correlation Coeffi-
cient ~0.7) (Fig 4A). However, we cannot rule out interactions between CTCF and H3 at the
border due to the signal detection threshold. Consistent with our observation that oxidative
stress significantly downregulates a certain pool of CTCF through changes in protein stability
(Fig 2C), the large CTCF inter-chromatin bodies disappeared upon exposure to H,O, stress,
leaving only the punctate, H3-associated fraction of CTCF detectable (Fig 4A). However, the
large CT'CF-associated nuclear bodies could be partially restored by inhibiting proteasome-
mediated degradation with MG132 and elevating CTCF cellular abundance in stressed
HMEC:s (Fig 4A). Formation of large nuclear clusters by CTCF has been described previously
in a pioneering study by Zirkel and colleagues. They showed that decreased expression of the
high-mobility group protein, HMGB2, initiates cellular senescence by inducing pronounced
spatial redistribution of CTCF into nuclear depots with concomitant genomic reorganization
[57]. This and other studies underscore the importance of large-scale changes in CTCF nuclear
localization in potentially driving fundamental cellular processes like senescence, the cell cycle,
and the cellular stress response.

To further investigate possible functions of stress-responsive CTCF inter-nuclear bodies,
we analyzed their co-localization with other known nuclear markers. Nuclear bodies can con-
centrate factors like proteins, DNA, RNA, and/or lipids in reaction sites for specific biological
processes, or segregate these factors away from unwanted sites [33,50,51]. Our previous [58]
and current proteomic analyses identified a variety of RNA processing proteins as CTCF inter-
action partners (Fig 3). These included SC-35, a marker for nuclear speckles, which are inter-
chromatin domains enriched in pre-mRNA splicing factors [50,51]. To examine whether
stress-responsive CTCF protein co-localized with SC-35 in HMECs, we imaged CTCF both
inside and outside of the SC-35-associated nuclear speckles in normal and stressed HMECs.
Airyscan microscopy confirmed that the species of CTCF detected by the antibodies we used
predominantly co-localized to the SC-35-positive nuclear speckles in normal HMEC:s (highly
significant Pearson’s Correlation Coefficient). Upon chronic (vHMECs) or acute (H,O,)
stress, CTCEF clusters disappeared from the SC-35 nuclear speckles. However, SC-35 associa-
tion with nuclear speckles remained stable in stressed cells despite the loss of CTCF, indicating
that CTCF is not required to maintain the structure of these nuclear bodies (Fig 4B and 4C). A
co-localization channel is illustrated for SC-35-positive cluster analysis (Fig 4D). SC-35 is
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associated within the same complexes as CTCF in HMECs and its interaction is regulated by
stress signals, as shown by co-immunoprecipitation experiments (Fig 4E).

Several nuclear bodies have RNA-associated functions, such as mRNA retention, RNA
splicing, or RNA export [33,50,51]. To determine whether the CTCF-SC-35 associated nuclear
speckles contain RNA compartments, we combined fluorescently-labeled oligo d(T) FISH
probes with immune-CTCF staining. Indeed, co-localization of CTCF nuclear speckles with
poly(A) RNA was observed. CTCF also co-localizes with SC-35 nuclear speckle-associated pro-
teins [59], PABPNI1, which binds to nascent poly(A) tails, and hnRNP-K, an RNA processing
protein, but not to NONO, a paraspeckle-specific marker (S2 Fig). Since CTCF has been
shown to associate with nucleolar components, like Nucleolin [42], we examined and eventu-
ally excluded nucleoli as a co-localization site for the stress-responsive CTCF-associated speck-
les (S2 Fig). Nuclear speckles are a major nuclear body, yet their function is not clearly
understood. Recent genomic mapping data revealed that a significant chromosomal compart-
ment is in close proximity with nuclear speckles, suggesting that RNA processing in nuclear
speckles may be tightly coupled to transcribing genes [50].

Taken together, these results implicate a role for CTCF in stress-responsive RNA biology at
nuclear speckles in primary HMECs. The fact that SC-35 nuclear localization was unchanged
in H,0O,-treated cells suggests that certain forms of CTCF are specifically targeted for degrada-
tion by the stress response. We did not observe CTCF interaction with nuclear speckles in
patient-matched fibroblasts derived from the same breast tissue (S1 Fig). Moreover, in the
breast cancer cell lines that we examined CTCEF is no longer responsive to stress-induced pro-
tein downregulation nor enriched at SC-35 nuclear speckles (S1 Fig). To validate our results
and exclude the possibility that post-translational modifications (PTM) might obscure CTCF-
antibody recognition sites, we used antibodies against two different epitopes of CTCF outside
of known PTM sites (N-terminus, Active Motif; C-terminus B-5, Santa Cruz) and observed
similar patterns of sub-cellular localization (S3 Fig). This highlights the unique function and
biological relevance of CTCF during the stress response in primary human epithelial cells and
suggests that this specific role of CTCF is a target of deregulation.

CTCFE-RNA interactions in normal and stressed HMECs reveal functional
roles in cell development and neuronal differentiation

The observed nuclear co-localization of CT'CF with poly(A) RNA and splicing factors at SC-35
nuclear speckles in normal HMECs prompted us to identify stress-responsive changes in the
landscape of CTCF-bound RNA targets. To this end, we performed RNA-protein immunopre-
cipitation (RIP) analyses in HMECs with either CTCF-specific or SC-35-specific (as a positive
control for RNA at the nuclear speckles) antibodies and sequenced the RNA recovered from
the immunocomplexes (RIP-seq) [60,61]. Input samples were also collected and sequenced for
each cell type to determine input over specific RIP. To select for enriched RNAs that specifi-
cally associate with CTCF or SC-35 in HMECs but dissociate in vVHHMECs (correlated with
stress-induced downregulation of CTCF at SC-35 nuclear speckles), we compared RNAs in
samples obtained by an identical procedure from vHMEC extracts. Our RIP-seq analysis
revealed that 360 different RNAs were bound to both SC-35 and CTCF in HMEC:s (Fig 5A, S2
and S3 Tables). Despite the profound loss of CTCF protein abundance and depletion from the
SC-35 nuclear speckles, we identified only 48 genes that no longer interacted with CTCF in
vHMEC:s but still remained bound to SC-35. These data demonstrate that the majority of
RNAs that associate with SC-35 and CTCF remain unchanged, despite stress-induced downre-
gulation of a particular CTCF pool and its depletion from nuclear speckles in vHMECs. We
cannot rule out that low levels of CTCF in vHMECs remain at the nuclear speckles, sufficient
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to detect RNA interactions by RIP-seq, or that other forms of CTCF not detectable by the anti-
bodies we used interact with SC-35 outside of the nuclear speckles. Nevertheless, a role for
CTCEF in specific alternative splicing events, RNA transport or nuclear export in either
HMECs or vHMECs remains a possibility.
We were also intrigued by the gene ontology (GO) term analysis for RN As that are signifi-
cantly bound by CTCF and SC-35 but dissociate upon stress. Surprisingly, this analysis
revealed that most protein-coding RNAs that initially interacted with both CTCF and SC-35 in
HMECs but lost their CTCF interaction in VHMECSs, are involved in cell development/differ-
entiation or neuronal function (Fig 5B). For example, genes involved in brain segmentation

A
SC35_HMEC CTCF+SC35-v
CTCF+SC35-
0
497
117
B
Gene Gene Nearest Function
Name Type Refseq
CDH4 protein- [ NM_001794 | brain segmentation and
coding neuronal outgrowth
GLI2 protein- [ NM_005270 | role during embryogenesis,
coding mesodermal development
ABLIM2 | protein- [ NM_032432 | axon guidance
coding
HPCAL1 | protein-| NM_002149 | neuron-specific
coding calcium- binding proteins
SEMA4D | protein-| NM_006378 | axon guidance molecule
coding
TWIST2 | protein- [ NM_057179 | cell lineage determination
coding and differentiation
UNCA458B | protein- | NM_173167 | Plays a role in sarcomere
coding formation during muscle

cell development

Fig 5. Stress-sensitive CTCF-RNA interactions that are shared with SC35. (A) Venn diagram showing the number
of unique RNAs interacting with CTCF and/or SC-35 in HMECs compared to vVHMECs, based on RIP-seq data. (B)
List of top CTCEF interactions with RNA in HMECs that were lost in vHMECs, but still remained bound to SC-35.

https://doi.org/10.1371/journal.pgen.1009277.9005
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and neuronal outgrowth (CDH4) [62], axon guidance (ABLIM2, SEMA4D) [63,64], and cell
lineage development (GLI2, TWIST2, UNC45B) [65-67].

Our nervous system is routinely exposed to different sources of oxidative stress, including
free radicals from the redox potential of neurotransmitters, high levels of lipids as an oxidation
substrate, and an elevated requirement for oxygen, which generates free radicals as by-prod-
ucts [68]. An inefficient response to oxidative stress in the developing brain or in differentiated
neurons may compromise the nervous system leaving it vulnerable to neurodegenerative dis-
orders [69,70]. Furthermore, a controlled oxidative stress response can influence the proper
development of our nervous system, while the intracellular redox regulation and sensitivity to
such stress varies between the embryonal stage, neural progenitor cells, and differentiated neu-
rons [71,72]. This prompted us to investigate potential roles for CTCF in both the regulation
of neural development and the response to oxidative stress at SC-35 nuclear speckles.

Stress-responsive CTCF complexes at SC-35 nuclear speckles form during a
specific stage of human neuronal differentiation

To gain insight into possible functions of CTCF during neural differentiation, we analyzed its
stress-sensitivity and nuclear distribution pattern in human pluripotent stem cell (hPSC)-
derived neural progenitor cells (NPCs) and early neurons. Cell identities were assessed using
previously established criteria [73]. Using immunofluorescence, the nuclear distribution of
endogenous CTCF during neuronal differentiation and targeting to nuclear speckles were
determined by co-immunostaining with antibodies against CTCF and SC-35. Airyscan imaging
revealed that CTCF was diffusely distributed in the nuclei of both undifferentiated hPSCs and
neurons (Fig 6A). Strikingly, in NPC nuclei CTCF associated with large clusters and a strong
Pearson’s correlation coefficient was observed for co-localization of CTCF and SC-35, similar to
the pattern in unstressed HMECs. CTCF and SC-35 co-localization was significantly reduced in
pluripotent and differentiated cells, suggesting that the functional interaction between CTCF
and SC-35 nuclear speckles is specific to a particular stage of neural differentiation. We also
examined the stress-sensitivity of CTCF nuclear localization at different stages of neural differ-
entiation by visualizing normal and oxidative-stressed cells using Airyscan imaging. Consistent
with our previous results in HMEC:s, stress signals induced profound changes in CTCF nuclear
localization only when associated with nuclear speckles in NPCs whereas CTCF distribution in
hPSCs and neurons was unaffected. As previously reported, CTCF protein levels detected by
the specific antibodies we used markedly decrease as pluripotent hPSCs undergo differentiation
into a variety of lineages [74]. We found that the abundance of this species of CTCF protein is
high in hPSCs (like HMECs) but decreases in NPCs and is very low in differentiated neurons.
Interestingly, stress-induced downregulation of this CTCF species occurs exclusively in NPCs,
consistent with our imaging results, showing stress-sensitive CTCF co-localization at SC-35
nuclear speckles (Fig 6B). In pluripotent stem cells and in neurons, the protein abundance of
this form of CTCF and its nuclear distribution are stable to stress.

Taken together, these data suggest that CTCF has the potential to serve a unique functional
role which is highly responsive to cellular stress by associating with SC-35 nuclear speckles at a
specific stage of neural development. In this capacity, CTCF complexes containing SC-35 and
specific RNAs may maintain neural progenitor states through adaptable switches in RNA pro-
cessing or fine-tuned gene regulation within speckles but rapidly lose this function during the
stress response. Several recent studies have revealed important functions for CTCF in nerve
regeneration and neuronal differentiation. One study showed that conditional loss of CTCF
impaired the regenerative capability of sensory neurons by altering epigenetic programming
and the transcriptional response to injury [75]. Intriguingly, CTCF protein abundance was
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Fig 6. Stress-sensitive CTCF complexes at SC-35-associated nuclear speckles are exclusively found at the neural progenitor cells (NPCs) stage of
neuro development. (A) hPSCs, NPCs, and early neurons were exposed to H,O, treatment and stained with anti-CTCF, anti-SC-35 and DAPL
Samples were visualized with an Airyscan microscope; (NPC: n = 21; NPC + H,0,: n = 21). (B) hPSCs, NPCs, and early neurons were exposed to H,O,
treatment and CTCF protein levels were analyzed by Western blotting. Developmental markers for different neuronal stages are also shown. (C)
Histograms demonstrate loss of CTCF cluster-formation (red) from NPCs to H,0,-treated NPCs, whereas the distribution of SC-35-associated clusters
(green) remains relatively stable.

https://doi.org/10.1371/journal.pgen.1009277.9006
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shown to regulate a differentiation switch between myelinogenesis and Schwann cell matura-
tion to promote myelin regeneration and Schwann cell myelination after nerve injury [76].
Underpinning the rapid, functional plasticity of CTCF observed during differentiation and
environmental responses, is the finding that CTCF-genomic binding dynamics play a critical
role in modulating gene expression frequency through stochastic gene choice to drive differen-
tiation of neuronal progenitors to mature neurons [77].

Discussion

CTCEF is a well-known master regulator of gene expression, epigenetic programming and 3D
genomic architecture. The diverse functions of CTCF have been attributed to its physical asso-
ciation with thousands of genomic DNA binding sites to organize and regulate chromatin
through genetic control elements, such as insulators and boundaries, and topologically associ-
ating domains (TADs) [8-10,12,14]. Most of our information about CTCF biology is based on
studies using cancer cell lines, embryonic stem cells or fibroblasts under unstressed conditions.
Given the central importance of CTCF in a myriad of genomic functions, we investigated the
role of CTCF in the stress response of normal human cells. We chose to use primary HMECs
and oxidative stress as a widely applicable physiological stressor, which has been implicated in
the aging process and diseases, such as cancer and neurological disorders [68,71,78].

Our studies revealed that a specific pool of CTCF protein is a very responsive sensor of
diverse forms of stress in normal human epithelial cells. Cellular levels of this form of CTCF
protein are quite high in normal HMECs, unlike patient-matched fibroblasts, but decrease dra-
matically upon acute exposure to oxidative or genotoxic stress and remain stably downregu-
lated in persistently stressed, epigenetically re-programmed “variant” HMECs (vHMECs). The
rapid loss of this CTCF species is due to a stress-induced change in protein stability, which is
reversible by inhibition of proteasome-mediated degradation, suggesting a link between CTCF
ubiquitination and stress signals. In the human cancer cell lines that we examined, CTCF pro-
tein levels were quite variable depending upon the cell line and levels were not affected by
stress. This suggests that the ability of stress signals to modulate the abundance and function of
a certain pool of CTCF is deregulated in the cancer cell lines that we tested.

Interestingly, Docquier and colleagues previously noted variable levels of CTCF protein
abundance in breast cancer cell lines and normal breast tissues when detected by a C-terminal
CTCF polyclonal antibody (Abcam). They hypothesized that increased levels of CTCF may
protect breast cancer cells from apoptosis. Indeed, they found that experimentally decreasing
levels of CTCEF protein in breast cancer cell lines resulted in increased apoptosis whereas
CTCEF overexpression afforded partial protection against cell death. These authors proposed
that CTCF overexpression may be a compensatory mechanism that evolved as a selective
advantage to promote breast cancer cell survival by impeding apoptosis [79]. We have also
observed quite variable CTCF protein abundance in primary HMECs, fibroblasts, cancer cell
lines, and during differentiation of human pluripotent stem cells (hPSC), using primarily an
N-terminal CTCF polyclonal antibody (Active Motif). However, it remains a possibility that
the CTCF antibody used in our studies does not detect all species or modified forms of CTCF.
Moreover, knockdown of CTCF in all cell types we examined resulted in significantly
decreased cell survival. We have not observed a strict correlation between CTCF protein abun-
dance and cell survival but agree that this is likely to be very dependent upon cell context.

Recent studies have defined critical roles for CTCF in the cellular stress response [32] and
the importance of post-translational modifications that are known to affect CTCF activity,
most notably poly(ADP-ribosylation) (PARylation) [80], phosphorylation [81], and SUMOy-
lation [82] (diagrammed in S3 Fig). One study showed that upon genotoxic damage in cancer
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cell lines, CTCF is rapidly recruited to DNA damage sites via interaction of zinc finger DNA
binding motifs with poly (ADP-ribose) (PAR) moieties [83]. This report also showed that
CTCEF-deficient human osteosarcoma U20S cells rendered them hypersensitive to genotoxic
stress. Seminal work by Hilmi and colleagues demonstrated that CTCF facilitates the DNA
damage response specifically through the homologous recombination-mediated DNA double-
strand break repair pathway. CTCF was shown to initially bind to DNA double-strand breaks
independent of PARylation and subsequently recruit BRCA2 in a (PARylation)-dependent
manner [31]. Other interesting studies by Lu and colleagues showed that stress-induced apo-
ptosis of human corneal epithelial and hematopoietic myeloid cells was accompanied by
downregulation of CTCF RNA and protein, mediated at the transcriptional level by the NF-kB
pathway upon stimulation by epidermal growth factor (EGF) [28,29]. Manipulation of CTCF
levels in these cell types indicated that decreased CTCF by knock-down promoted apoptosis
whereas elevated CTCF by ectopic expression suppressed apoptosis. Further, this group dem-
onstrated that hypoxic and oxidative stresses induce CTCF de-SUMOylation, possibly affect-
ing CTCF regulation of its downstream target genes [27]. By contrast, our results unexpectedly
reveal that rapid downregulation of a particular pool of CTCF by diverse stressors is controlled
at the level of protein stability by proteasome-mediated degradation. Taken together, previous
reports and our data highlight the significance of post-translational modifications in control-
ling the stability and stress-responsiveness of CTCF in a cell-type and context-dependent man-
ner. Another important consideration is the likely adverse impact of environmental toxins on
the diverse functions of CTCF and how this might contribute to impaired biological processes
and degenerative diseases [32].

Despite the decrease in CTCF protein abundance in HMECs undergoing the stress
response, our ChIP-seq analysis revealed only minor changes in global CTCF-genome binding
(only 0.04% changes at a threshold of adjusted p-value <0.05) when compared to normal
unstressed HMECs. Our results with a natural, stress-induced partial “knock-down” of a par-
ticular CTCEF protein species are consistent with reports using artificial degron-mediated
CTCF depletion in mouse embryonic stem cells which showed a general stability of CTCEF-
genome binding and chromatin organization even upon significant loss of CTCF protein [84].
Another study, also using degron-mediated degradation of CTCF in mouse ESCs, showed that
CTCF looping and insulation of TADs is dependent upon CTCF protein abundance whereas
active and inactive genome compartments remained stable even when CTCF was depleted
[85]. This suggests that regulation of CTCF protein levels may be another way to modulate its
genome binding dynamics. CTCF-genome interactions are partially conserved with an overlap
of 40-60% CTCF binding across all tested cell types (HeLa, Jurkat, and CD4+ T cells) [86] and
up to 70% similarity of genome-wide CTCF occupancy between cell types [41]. However, a
subset of CTCF binding sites is capable of actively responding to the external environment and
dictating cell-type specific differentiation and development [11,46,87]. CTCF dissociation
from a stable chromatin interaction site could result in permanent epigenetic alteration of
adjacent loci. Therefore, it may be advantageous for a cell to maintain a constant genomic
architecture through stable CTCF binding, while a subset of CTCF recognition sites are
dynamically regulated to respond to stress and other physiological signals. Indeed, a substan-
tial amount of CTCF (~20-50%) has been shown by single-molecule imaging to be freely dif-
fusing and to have rapidly exchanging interactions with cohesin at co-occupied chromatin
sites that anchor TADs [44,46]. CTCF actively dissociates from chromatin and rapidly re-dis-
tributes to small clusters at other genomic sites, indicating that CTCF-mediated chromatin
looping and TADs are in flux throughout the cell cycle [45,47]. Our results suggest that CTCF
dynamics can also be regulated by rapid changes in protein stability induced by cellular stress
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signals, which likely impacts specific CTCF functions. It is also possible that some forms of
CTCF with particular PTMs may be resistant to stress-induced degradation.

Since a particular form of CTCF protein is significantly degraded in HMECs upon stress
yet only 0.04% of CTCF-genomic binding changes, we further analyzed CTCF cellular distri-
bution during the stress response using high-resolution microscopy. Surprisingly, we observed
that high levels of a specific pool of CTCF protein in normal HMEC:s is localized to SC-
35-associated nuclear speckles. Upon stress, CT'CF within speckles is degraded while CTCEF-
genome interactions are relatively unchanged, as measured by ChIP-seq. Although, it is possi-
ble that stress-regulated CTCF-genome interactions occur at the speckle periphery. Previous
work has shown that ~20-50% of CTCF is freely diffusing and rapidly exchanging with
genome-bound CTCF [44-47]. This suggests that stress-sensitive forms of CTCF may have dif-
ferent post-translational modifications or cofactors that render it a target of ubiquitin-medi-
ated proteolysis or that degradation of freely diffusing CTCF occurs stochastically.

CTCEF protein interaction partners have been identified using mass spectrometry or yeast
two-hybrid approaches as well as by comparing genomic CTCF recognition sites that overlap
with other DNA binding proteins. To date, the major classes of CTCF cofactors are annotated
as proteins involved in binding and modification of DNA or chromatin, including DNA-bind-
ing proteins (YY-1, Cohesin), DNA and RNA helicases, BRG1, poly (ADP-ribose) polymerase
(PARP-1), nucleolin, nucleophosmin, topoisomerase II, and transcription factor TFII-I
[58,88,89]. Our mass spectrometry analysis revealed the most prevalent CTCF interaction part-
ners to be those engaged in RNA binding and RNA splicing. These top hits predominantly
localize to interchromatin SC-35 nuclear speckles. Our mass spectrometry results complement
Airyscan images that localize stress-sensitive CTCF at SC-35 nuclear speckles in both normal
HMECs and in hPSC-differentiated neural progenitors. The discrepancy with other published
studies regarding CTCF nuclear localization is most likely due to the use of different cell types,
such as immortalized cancer cell lines, or embryonic stem cells, where we also did not detect
CTCF enrichment at SC-35 nuclear speckles.

Previous studies have shown that the sub-nuclear distribution of CTCF is dynamic
throughout the cell cycle [45,47], suggesting that it has different functional roles. For example,
CTCEF re-localizes to the nucleolus during growth arrest in apoptotic and differentiated cells in
several experimental systems. Interestingly, the 180 kDa poly(ADP-ribosyl)ated isoform of
CTCEF is targeted to the nucleolus through its central zinc finger domain where it appears to
inhibit RNA polymerase I-dependent transcription [90]. Other work has revealed that in
breast cancer cells, cell cycle genes are regulated by estrogen receptor-mediated interactions
with CTCF localized to the nuclear lamina [91]. In a seminal study, Zirkel and colleagues
revealed the fundamental role of the high mobility group B protein, HMGB2, and its linkage
to CTCF in regulating chromatin re-organization in human primary cells undergoing senes-
cence. Specifically, HMGB proteins are known to influence the boundaries of TADs and,
thereby, transitions in the spatial clustering of genome-bound CTCF. Upon entry into senes-
cence, Zirkel et al., showed that HMGB2 is downregulated which results in profound changes
in TAD boundaries and CTCF sub-nuclear localization across several cell types. This study
demonstrated the important concept that CTCF can undergo changes in sub-nuclear distribu-
tion in distinct cell types under different conditions [57]. This complements our findings that
a particular form of CTCF dynamically associates with SC-35-nuclear speckles in primary
human epithelial cells and neuronal progenitors and is regulated by stress signals.

SC-35 nuclear speckles are proposed to have an active role in gene expression, post-tran-
scriptional mRNA splicing, and mRNA export [50,51,92]. These nuclear bodies are further
defined by their components, which include poly(A)RNAs and noncoding RNAs, as well as
proteins involved in RNA synthesis and processing. Our data show that CTCF is a stress-
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regulated SC-35 interaction partner or nuclear speckle component in HMECs. Interestingly,
CTCEF has an intrinsic ability to bind large numbers of distinct RNAs through both the RNA
Binding Region (RBR) and two of its 11 zinc-fingers that are not involved in DNA binding
[17,20,22]. Mutations within zinc fingers 1 and 10 that abolish RNA binding also disrupt
CTCF-chromatin interactions and insulator function [17]. Moreover, CTCF self-association in
vitro is RNase-sensitive and deleting the RBR results in loss of about half of all chromatin
loops in mouse embryonic stem cells by reducing CTCF-genomic binding and clustering [19].
CTCEF has also been shown to sequester into nuclear “clusters” through its RNA-binding
domains. This may increase the efficiency of CTCF to locate its genomic binding sites [48] and
be guided by non-coding RNAs that coordinate transcription within a multi-gene chromatin
domain [18]. Together, these studies support the notion that formation of a substantial num-
ber of CTCF-mediated chromatin loops requires sequestering within RNA-enriched nuclear
domains to enhance RNA association through the RBR and specific zinc fingers within the
DNA binding domain [17-19,48]. In addition to RNA-mediated genomic recruitment, CTCF
has also been implicated in RNA processing. For example, CTCF is proposed to regulate alter-
native splicing by facilitating RNAP II elongation through CTCF-dependent chromatin loops
that bring promoters and intragenic regions into proximity and enable exon inclusion in
spliced mRNA [53]. Alternative splicing can be modulated by TET protein-dependent methyl-
ation of CTCF DNA recognition sites which affects formation of chromatin loops [52]. Inter-
estingly, CTCF-mediated intragenic looping was shown to regulate alternative exon usage,
particularly of genes involved in signaling and the stress response to presumably generate
functional diversity and cellular adaptation [53].

The reported roles of CTCF in RNA processing are closely connected with its ability to reg-
ulate transcription and chromatin topology through DNA binding. This prompted us to inves-
tigate CTCF-RNA interactions to gain insight into possible CTCF activities at SC-35 nuclear
speckles. Our comparative RIP-seq analyses in HMECs and vVHMECs revealed hundreds of
specific RNA interactions between CTCF and SC-35. Surprisingly, RNA interactions that are
common to both CTCF and SC-35 in HMEC:s but dissociate from CTCF upon stress are impli-
cated in cell differentiation or neuronal function. Indeed, our follow-up analysis highlights the
presence and stress-sensitivity of CTCF enrichment at SC-35 nuclear speckles explicitly at the
progenitor stage of neural differentiation. This is consistent with studies on early cortex forma-
tion showing a role for CTCF in regulating the balance between proliferation, differentiation
and survival of neuroprogenitor cells [93]; and numerous reports demonstrating that alter-
ations in RNA biology/processing are important mechanisms driving cellular differentiation
or adaptation to stress [94-96].

Taken together, our study provides evidence that CTCF is implicated in RNA biology and
tightly controlled by changes in CTCF protein stability through cellular stress signals. The
observation that this occurs in specific cell types, primary HMECs and hPSC-derived neural
progenitors (NPCs), highlights the physiological relevance and specialized function of CTCF
at SC-35 nuclear speckles. This raises new questions about the potential role and mechanisms
of action of CTCF in RNA biology, differentiation, and the stress response. Recent live cell
imaging studies have revealed that gene-rich chromosomal regions dynamically position
themselves near the nuclear speckle periphery where active transcription can occur [50,97].
These speckle-associated chromosome domains (SPADs) are enriched in highly expressed
genes [98,99] whose regulation may be fine-tuned by the high concentration of RNA process-
ing, modification and export factors in speckles that potentially accelerate reaction rates of
generating functional RNAs [92,100]. Moreover, evidence exists for an active mechanism of
localizing genes near nuclear speckles as shown by the actin-dependent movement of heat
shock Hsp70HS transgenes to the nuclear speckle periphery upon heat shock induction.
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Importantly, the amplification of nascent transcripts from heat shock transgenes was depen-
dent upon association with nuclear speckles [101,102].

We speculate that the function of CTCF at SC-35 nuclear speckles is to maintain cell identity
in a progenitor state through alternative RNA splicing or other aspects of RNA metabolism and
export. One possibility is that CTCF facilitates the active movement of select genomic domains
to the nuclear speckle periphery to finely regulate expression of genes that govern cell-specific
differentiation and stress-adaptability in specialized cell types. Upon stress, this function is rap-
idly abrogated by targeted degradation of CTCF protein that localizes to nuclear speckles, while
leaving genome-occupancy by CTCF largely unaffected. The rapid destruction of particular
forms of CTCF in response to stress is striking and may reveal a very critical switch in cell iden-
tity to safeguard especially vulnerable cells from stress-induced damage, potentially by releasing
select genes from the nuclear speckle periphery for immediate deactivation. The wealth of stud-
ies that demonstrate CTCF is in dynamic exchange with its cofactors and the genome [44-47]
support the notion that CTCF can quickly respond to environmental signals and modify its
multiple functions to promote cell adaptability and survival. Future experiments should illumi-
nate the role of CTCF in nuclear speckles by investigating: which aspects of RNA metabolism
might specific forms of CTCF modulate through its interaction with SC-35 and shared RNAs;
whether CTCF actively directs specific genomic regions to nuclear speckles; and why this partic-
ular CTCEF activity is intimately linked to cellular stress for rapid decoupling.

Lastly, a newly appreciated area of investigation is how spatial and temporal patterns of
CTCEF are regulated through changes in stress-sensitive protein stability by post-translational
modifications and interaction partners that modulate CTCF functions during mammary epi-
thelial and neuronal development.

Materials and methods
Ethics statement

Studies using human tissue were approved by the Salk Institute Institutional Review Board
(Protocol #10-0005). No human subjects were specifically recruited for our study and all
patient specimens were de-identified.

Cell culture and stress induction

Human mammary epithelial tissues were reliably procured from the UCSD Tissue Bioreposi-
tory and the National Disease Research Interchange (NDRI). HMECs were propagated from
reduction mammoplasty tissue from multiple, cancer-free female donors (age range 20-40
years old) chosen in an unbiased fashion. Upon notification from the surgeons and approval
from the pathology test, the fresh breast tissue was either shipped on ice or picked up in person
within 24 hours of surgery. Breast tissues were immediately documented for appearance, cata-
logued, and dissected in a laminar flow hood. In sterile 150 mm petri dishes (Thermo Fisher),
crude surgery sites, fat areas and fibrotic tissue were discarded, while mammary gland-rich
areas were isolated. The latter was further cut into smaller cubical-like sections, using dispos-
able scalpels (Feather) and prepared as described [2,6,7]. In brief, the dissected material was
placed into 50 ml Falcon tubes and digested overnight at 37°C in DMEM/F-12 (Invitrogen)
supplemented with 10 ug/ml insulin, 10% FBS (Gibco), 200 U/ml crude collagenase (Sigma)
and 100 U/ml hyaluronidase on a tube rotator (Fisher Scientific). The digested tissues were
centrifuged at 600 x g for 5 minutes at room temperature. First, the upper fat-lipid section was
pipetted off into another 50 ml tube for disposal, followed by the supernatant containing
mostly media. The resuspended pellet containing the organoid pool was concentrated on top
of a 40 um strainer (Greiner), followed by a quality check under a light microscope. If
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organoids were not visibly cleaned of connective tissue, another round of digestion was per-
formed. 100 mm tissue culture dishes were pre-rinsed with MEGM media (Lonza), followed
by pipetting the organoids drop-wise in a small volume (2-5 ml) of MEGM media and in a
spaced manner-leaving at least 2 cm space between organoids—to improve their attachment.
Organoids were left for 10 minutes at room temperature to attach. After initial attachment, the
100 mm tissue culture dish was slowly and carefully filled up to 20 ml MEGM media without
disrupting the organoid attachment to the tissue culture dish. Organoids were cultured on 100
mm tissue culture dishes in MEGM media (Lonza) for 10 days, until HMEC mitotic outgrowth
was achieved. HMECs and vVHMECs were maintained in MEGM media (Lonza). MCF-10A
cells (ATCC) were cultured in DMEM/ F-12 supplemented with 100 ng/ml cholera toxin, 20
ng/ml epidermal growth factor (EGF), 0.01 mg/ml insulin, 500 ng/ml hydrocortisone, and 5%
horse serum. All growth factors were purchased from Sigma. MDA-MB-231 and MCEF-7 cells
were obtained from ATCC and cultured following ATCC recommendations. hPSCs (EC#11)
were derived from human umbilical vein cells (Lonza) as previously described [103] and pro-
vided by the Salk Institute Stem Cell Core for subsequent culturing and differentiation into
neural progenitor cells (NPCs), and early neurons following previously established methods
[73]. In brief, 6 well plates were coated with Matrigel (BD Bioscience) in DMEM-F12 overnight.
hPSCs were thawed and seeded in presence of Rock inhibitor in mTeSR1 media (Stem Cell
Technologies). Subsequently, media was changed daily in absence of Rock inhibitor. Colonies
were monitored for areas of de-differentiation, which were marked and aspired. Once colonies
were large and nearly touching in a ~70% confluent plate, colonies were detached with collage-
nase (Invitrogen) at 37°C until they were floating, and then collected and washed in DMEM/
F12 medium. Cells were resuspended in Neural Induction Medium (NIM: containing DMEM/
F12 as base, 1 x N2 Supplement (Invitrogen), 1 x B27 supplement (Invitrogen) and transferred
to a 10 cm ultra-low-attachment plate. After one week of culturing, cells were transferred to a
10 cm polyornithine/laminin-coated plate in NIM supplemented with 1 pg/ml laminin. After
one week, rosettes were manually isolated and plated on polyornithine/laminin-coated wells in
Neural Progenitor Medium (NPM: containing DMEM/F12 as base, 1 x N2 supplements, 1 x
B27 supplements, 100 ng/ml FGF8 (Peprotech), and 200 ng/ml SHH (R&D). For neural differ-
entiation, cells were dissociated with Accutase (Innovative Cell Technologies) with vigorous
pipetting and then plated on polyornithine/laminin plates at 10* cells/cm? in NPM. The next
day, the medium was switched to Neural Differentiation Medium (NDM: containing DMEM/
F12 as base, 1 x N2 Supplement (Invitrogen), 1 x B27 supplement (Invitrogen), 20 ng/ml BDNF
(Peprotech), 20 ng/ml GDNF (Peprotech), 200 nM ascorbic acid (Sigma), 1 pg/ml laminin
(Invitrogen). Cells were maintained in NDM for at least 4-6 weeks. Oxidative stress in cultured
cells was induced as indicated by the addition H,O, (Thermo-Fisher) to the culture media. Gen-
otoxic stress was induced as indicated by the addition of 400 nM Doxorubicin to the culture
media for 24 hours. Importantly, it is critical to use freshly prepared HMECs and low-passage
aliquots of MCF10A cells to preserve “normalcy”. Each cell type rapidly undergoes a stress
response accompanied by elevated ALDH1A3 and decreased CTCF levels or the appearance of
multiple CTCF isoforms simply by freeze-thawing and prolonged tissue culturing.

Antibodies
All antibodies are listed in S4 Table.

Chromatin Immunoprecipitation (ChIP)

ChIPs were performed essentially as described [104] with minor modifications. Unless stated
otherwise, all chemicals were purchased from Sigma. Briefly, normal HMECs and stressed
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HMECs were cultured on 150 mm tissue culture plates until cells were 60-70% confluent.
After 1 x PBS wash, cells were crosslinked for 15 minutes at room temperature by addition of
formaldehyde (Invitrogen) to a 1% final concentration in 1 x PBS. Crosslinking was stopped
upon dropwise addition of glycine to a final concentration of 125 mM for 5 minutes. After
washing cells twice with 1X PBS, cells were trypsinized and counted. 2 x 10” cell/ml were col-
lected in RIPA buffer containing protease inhibitors (150 mM NaCl, 1% NP-40, 0.5% Sodium
Deoxycholate, 0.1% SDS, 50 mM Tris-HCl pH 8.0, 5 mM EDTA, 0.2 mM NaF, 0.2 mM sodium
orthovanadate, 5 uM trichostatin A, and 5 mM sodium butyrate) and incubated on ice for 10
minutes. Lysates were subsequently sonicated on ice four times for 15 sec each with a small
probe at medium setting to generate DNA fragments that are smaller than ~500 bp. Samples
were centrifuged at 4°C, 13,000 rpm for 10 minutes. The collected supernatant was measured
for DNA quality control on a nanodrop spectrophotometer (NanoDrop Technologies Inc.)
and protein content was determined with a BCA kit (Pierce). 500 mg of lysate was diluted with
10 volumes of dilution buffer (1% Triton X-100, 150 mM NaCl, 2 mM EDTA pHS, 20 mM
Tris pH8, 1X protease cocktail Roche) and pre-cleared by rotating for 1 hour at 4°C using 40
ml of a 50% slurry of 1:1 protein A- and protein G-Sepharose beads (GE Healthcare). Samples
were centrifuged for 10 sec at 1500 rpm at 4°C to pellet the beads and remove the supernatant.
For immunoprecipitation, 5 pug anti-CTCF (Millipore; 07-729) was added to precleared lysates
along with 40 pul of a 50% slurry of 1:1 protein A/G beads that were preblocked with 1 mg/ml
BSA and 0.3 mg/ml salmon sperm DNA followed by incubation at 4°C overnight. Immuno-
complexes were washed with IP wash buffer (100 mM Tris-HCI pH 8.5, 500 mM LiCl, 1% NP-
40, 1% Sodium Deoxycholate) and rotated for 5 minutes at 4°C. Samples were centrifuged as
described above and supernatant was removed. Washes were repeated 2 more times with 1X
TE buffer. Elution was performed in buffer containing 70 mM Tris-HCI pH 8.0, 1 mM EDTA
and 1.5% SDS by incubation at 65°C for 10 or 30 minutes. Crosslinks were reversed from
immuno-complexes by addition of 200 mM NaCl and incubation at 65°C for 6 hours or over-
night. DNA was purified by incubation with proteinase K and phenol-chloroform extraction
and a fraction was used as template in real-time PCR reactions. Primers were designed with
Primer Express 2.0. PCR products range in size between 50 and 75 bp (see RT-PCR section for
sequences). PCR reactions contained 1x SYBR Green Mix (Applied Biosystems), 1/100 frac-
tion of the ChIP-enriched DNA, and 100 nM primers. Standard curves from 1-200 ng of soni-
cated genomic DNA was run alongside ChIP samples for each individual primer; input
samples were treated identically and were used to subtract/normalize the values from ChIP
samples.

Real time PCR (RT-PCR)

For gene expression analysis, adherent cells were washed 1 X PBS, followed by addition of
trypsin for 5 minutes in a 37°C cell culture incubator, with frequent checking under the micro-
scope for cell rounding and lifting. Cells were pipetted off the plate with 10% FBS in DMEM
and centrifuged to harvest the cell pellet in buffer 1 of the RNeasy kit (Qiagen) (following the
manufacturer’s instructions). Next, samples were subjected to DNase (Invitrogen) treatment
according to the manufacturer’s instructions. The extracted RNA concentration was measured
with a nanodrop spectrophotometer (NanoDrop Technologies Inc.) and adjusted with ddH,O
to a 0.5 mg RNA concentration. cDNA was synthesized from this 0.5 mg of RNA using Super-
script III Reverse transcriptase (Invitrogen) according to the manufacturer’s protocol. In brief,
PCR tubes containing 0.5 mg RNA were mixed with 1 pl Hexaprimer and 1 ul 10 mM dNTPs
and were incubated at 65°C for 5 minutes. The following RT-PCR reaction was carried out as
follows: 25°C for 10 minutes, 50°C for 50 minutes, 85°C for 5 minutes. cDNAs were analyzed
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by RT-PCR using SYBR Green and specific primers. All the selected primers had an annealing
temperature of 60°C: CTCF (FWD CCCACGAGAAGCCATTCAAG, Rev GCTGGCATAA
CTGCACAAAC), p16 (FWD CATAGATGCCGCGGAAGGT, Rev CCCGAGGTTTCTCAG
AGCCT), RASSFIA (FWD TATAGCCTGGGCAAGTCCTG, Rev GTACAGGGCGATCCAC
ACTT), PUMA (FWD AGAGGGAGGAGTCTGGGAGTG, Rev GCAGCGCATATACAGTA
TCTTACAGG), p53 (FWD GAGCTGAATGAGGCCTTGGA, Rev CTGAGTCAGGCC
CTTCTGTCTT), c-Myc (FWD GCCATTACCGGTTCTCCATA, Rev CAGGCGGTTCCTTA
AAACAA), HDM2 (FWD GGCGATTGGAGGGTAGACCT, Rev CACATTTGCCTGGATC
AGCA), and GAPDH (FWD TGCACCACCAACTGCTTAGC, Rev GGCATGGACTGTGG
TCATGAG). Primer-specific PCR mix was obtained by diluting Power SYBRGreen Master-
Mix (Applied Biosystems) 1:1 and primers to a final concentration of 100 nM. Two pl of a
1:200 cDNA dilution was added to each well. For each experiment, samples were prepared in
triplicates on MicroAmp plates (Applied Biosystems), while plates were sealed, gently mixed,
and centrifuged at 2000 rpm for 1 minutes. Samples were run for 40 reaction cycles in Applied
Biosystem 7900 HT Fast RT-PCR System. The curves obtained were quantified with the soft-
ware SDS 2.4 (Applied Biosystems).

Western blotting and co-immunoprecipitation

For Western blot analysis standard methodologies were used. Cells were trypsinized for 5 min-
utes at 37°C, washed in 1 x PBS, centrifuged at 3000 rpm for 3 min at 4°C. The pellet was col-
lected in RIPA buffer and snap-frozen in liquid nitrogen for storage at -80°C. Samples were
thawed on ice for 45-60 minutes prior to centrifugation at 10,000 rpm for 10 minutes at 4°C.
The supernatant was collected, and the pellet was discarded. Protein content was determined
using a BCA kit (Pierce). 20 pg protein/sample in a total volume of 25 pl RIPA buffer + 5 ul 5x
SDS loading dye were separated by electrophoresis using 4-12% Bis-Tris Plus Gels (Invitro-
gen). Transfer was performed on a gel transfer device (Invitrogen) with similar results using
the Nitrocellulose or PVDF iBlot Transfer Stacks (Invitrogen). The following transfer program
was used: 20V for 1 minutes, 23V for 3 minutes, 25V 4 minutes. Membranes were blocked in
5% skim milk in 20 mM Tris (pH 7.4)-buffered saline (150 mM NaCl) and 0.1% Tween 20
(TBST) for at least 2 hours at room temperature. Membranes were incubated using specific
antibodies overnight at 4°C: rabbit anti-CTCF (Active Motif; AB_2614975; 1:1000 dilution);
mouse anti-p16 (Sigma; NA29; 1:1000 dilution); rabbit anti-H2A.Z (Active Motif; 39113;
1:1000 dilution); rabbit anti-actin (Sigma; A2066; 1:5000 dilution); mouse anti-p53 (Sigma;
DO-1; 1:1000 dilution); rabbit anti-ALDH1A3 (Novus; NBP2-15339; 1:2000 dilution); rabbit
anti-Smad?2/3 (Cell Signaling; 3102; 1:1000 dilution); rabbit anti-EZH2 (Active Motif;
AB_2614956; 1:1000 dilution); rabbit anti-RNA Pol IT (Millipore; clone CTD4HS; 1:1000 dilu-
tion); mouse anti-SC-35 (Novus; NB100-1774; 1:2000 dilution); mouse anti-hnRNPK (Santa
Cruz: D6; 1:500 dilution); mouse anti-Nestin (Abcam; ab22035; 1:500 dilution); mouse anti-
beta III Tubulin (tujl) (Abcam; ab78078; 1:1000 dilution); rabbit anti-Nanog (Abcam;
ab80892; 1:1000 dilution); and rabbit anti-Sox2 (Abcam; ab97959; 1:1000 dilution). Mem-
branes were then washed in 1 x TBST for 1 hour at room temperature, with a buffer change
every 10-15 minutes. Finally, secondary antibody in the form of either HRP-conjugated anti-
rabbit (Cat. No sc-2004), or anti-mouse (Cat. No sc-2005) antibodies (1:10000 dilution) (Santa
Cruz) were added to membranes for 1 hour at room temperature, followed by 1 hour washes
in 1 x TBST at room temperature, changing buffer every 10-15 minutes. Membranes were
incubated with ECL system (Pierce) for 30 seconds- 5 minutes at room temperature, following
the manufacturers protocol and visualized with a gel documentation system (Biorad). For co-
immunoprecipitation, cells were washed in 1 x PBS, trypsinized at 37°C for up to 5 minutes,
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collected in 10% FBS in DMEM media, counted and centrifuged at 3000 rpm for 10 min at
room temperature. Cells were lysed using twice the volume of whole cell extract lysis buffer
(20 mM Tris HCI pH 7.5, 420 mM NaCl, 2 mM MgCl,, 1 mM EDTA, 10% glycerol, 0.5% NP-
40, 0.5% Triton-X-100) for 45-60 minutes on ice. Samples were centrifuged at 13,000 rpm for
10 minutes at 4°C. The supernatant was recovered, and the protein content was determined
with the BCA kit. 2 mg lysate were diluted 6X with IP buffer (20 mM Tris HCI pH 7.5, 50 mM
NaCl, 10 mM MgCl,, 2 mM EDTA, 0.5% Triton-X-100) and pre-cleared using 50 ml of pro-
tein-G Sepharose beads, rotating the samples for 2 hours at 4°C. To remove the pre-clearance
beads, samples were centrifuged at 1,500 rpm for 10 seconds at 4°C and the pre-cleared lysates
in the supernatant were transferred into a new tube on ice. To pre-cleared lysates, 2-5 mg of
antibody was added and incubated for 1 hour at 4°C. Subsequently, a 50% slurry of protein-G
beads was added and further incubated for 2-4 hours. Immunocomplexes were washed with
IP buffer containing 0.5% Triton-X-100 thrice and once with IP buffer containing 0.1% Tri-
ton-X-100. In between washes, samples were rotated at 4°C, then centrifuged at 1,500 rpm for
10 seconds at 4°C. 2X SDS loading buffer was added to the centrifuged pellet containing beads
and immune-precipitated samples, then boiled for 10 minutes at 95°C in a heating block
before SDS-PAGE and Western blotting using the antibodies indicated above.

Mass spectrometry

CTCF complexes were immunoprecipitated from three 80% confluent MCF-10A 15 cm dishes
with either 2 mg/ml of mouse anti-CTCF (B-5; Santa Cruz) or an IgG control. The resulting
samples in the form of centrifuged pellets, containing beads and immune-precipitated samples
in 2X SDS loading buffer, were given to the mass spec facility where samples were prepared
and analyzed according to established protocols. In brief, samples were precipitated by metha-
nol/chloroform. Dried pellets were dissolved in 8M urea/100 mM TEAB, pH 8.5. Proteins
were reduced with 5 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP, Sigma-
Aldrich) and alkylated with 10 mM chloroacetamide (Sigma-Aldrich). Proteins were digested
overnight at 37°C in 2M urea/100 mM TEAB, pH 8.5, with trypsin (Promega). Digestion was
quenched with formic acid, 5% final concentration. The digested samples were analyzed on a
Q-Exactive mass spectrometer (Thermo). The digest was injected directly onto a 30 cm, 75 pm
ID column packed with BEH 1.7 um C18 resin (Waters). Samples were separated at a flow rate
of 300 nl/minute on an nLC 1000 (Thermo). Buffers A and B were 0.1% formic acid in water
and 0.1% formic acid in 90% acetonitrile, respectively. A gradient of 1-30% B over 95 minutes,
an increase to 40% B over 20 minutes, an increase to 90% B over another 10 minutes and then
held at 90% B for 5 minutes of washing prior to returning to 1% B was used for 140 minutes
total run time. The column was re-equilibrated with 20 ul of buffer A before injection of sam-
ple. Peptides were eluted directly from the tip of the column and nanosprayed directly into the
mass spectrometer by application of 2.5 kV voltage at the back of the column. The Q Exactive
was operated in a data-dependent mode. Full MS scans were collected in the Orbitrap at 70K
resolution with a mass range of 400 to 1800 m/z. The 10 most abundant ions per cycle were
selected for MS/MS and dynamic exclusion was used with an exclusion duration of 15 seconds.
Hits are listed in S1 Table, sorted by spectral count.

Immunofluorescence

Cells were grown on coverslips (Zeiss; Cat. No 10474379) in 6 well tissue culture plates under
normal culture conditions at least overnight, or until treatments were finished. At the end
point, media was removed, cells were gently washed with 1 x PBS and fixed with 4% parafor-
maldehyde in PBS for 20 minutes at room temperature, followed by 5 washes every 10 minutes
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in PBS at room temperature. Cells were then permeabilized using 0.5% Triton-X-100 in PBS
for 10 minutes. Cells were washed twice with 2 x PBS for 10 minutes each. Permeabilized cells
were blocked with 4% BSA in PBS for 1 hour at room temperature and incubated with specific
antibodies overnight at 4°C in a humidified chamber. In this chamber, 150 ul of antibody solu-
tion drops were pipetted on parafilm and inverted coverslips were placed on top, cautiously
preventing air bubbles. Handling of the coverslips was best performed with standard surgical
pointed forceps. Antibodies were: mouse anti-histone H3 (Millipore; clone 6.6.2; 1:400 dilu-
tion); rabbit anti-CTCF (Active Motif; AB_2614975; 1:200 dilution); mouse anti-CTCF (Santa
Cruz; B-5; 1:100 dilution); mouse anti-SC-35 (Novus; NB100-1774; 1:200 dilution); rabbit
anti-PAPBN1 (Invitrogen; JM11-28; 1:200 dilution); mouse anti-hnRNPK (Santa Cruz, Clone
D6; 1:100 dilution); rabbit anti-NONO (generous gift from the Panda lab, Salk Institute); or
mouse anti-Nucleolin (Santa Cruz; sc-13057; 1:400 dilution). Coverslips were placed with for-
ceps in 6 well tissue culture plates and washed 5 times for 10 minutes each with PBS. Inverted
cover slips were incubated with 150 pl of secondary antibody drops conjugated with Alexa 488
or Alexa 546 fluorophores (Life Technologies; A21202; A21206; 1:400 dilutions) on parafilm,
in a humidified chamber and wrapped in aluminum foil for 1 hour at room temperature.
Cover slips were placed back with forceps in 6 well tissue culture plates, followed by 5 washing
steps in 1 x PBS for 10 minutes at room temperature, each. 150 ul of 1ug/mL of DAPI in PBS
drops (Sigma) were placed on parafilm and incubated with inverted coverslips for 5 minutes at
room temperature, followed by 3 quick dipping washes in ddH,O in a 500 ml beaker. Excess
water was removed by carefully holding one edge of the cover slip on Kimwipes. Coverslips
were mounted on a glass slide using Vectashield (Vector laboratories). The edges of the cover-
slip were sealed with clear nail polish (Sally Hansen top coat). Slides were stored in a cardboard
slide tray overnight at room temperature and at 4°C for long-term storage. All images were
acquired using Airyscan mode on a ZEISS 880 LSM Airyscan confocal microscope. Samples
were imaged using a 63x 1.4NA objective with a pixel size of 49nm and a z-step size of 159nm.
Laser power settings were 2.74 mW (561nm), 1.05 mW (488nm), and 1.11 mW (405nm), with
the detector gain set to 600. For all samples, the laser power, detector gain, pixel size, and pixel
dwell time (0.66 ms/pixel) were identical. All images were processed with the same “Airyscan
parameter” of 7.3.

Poly A RNA in situ immunofluorescence

All buffers and washes were prepared with RNase-free solutions. Cells were grown on cover-
slips (Zeiss; Cat. No 10474379) in 6 well tissue culture plates at least overnight, or until treat-
ments were finished. At the end point, media was removed, cells were gently washed with 1 x
PBS and fixed with 4% paraformaldehyde in PBS for 10 minutes at room temperature, fol-
lowed by fixation with ice cold methanol for 10 minutes on ice, and a rehydration step in 70%
EtOH for 10 minutes on ice. Cells were incubated in 1M Tris pH 8.0 in PBS for 5 minutes at
room temperature, followed by two washing steps in 1 x PBS. A 150 pl solution of biotinylated
oligo d(T) probes (1:1000, Promega) in hybridization buffer (5% BSA, 10% Dextran sulfate,
25% formamide de-ionized, 1 mg/ml yeast tRNA, in 2 x SSC) was placed on parafilm in a
humidified chamber. Inverted coverslips were placed on the probe drops with the help of stan-
dard surgical pointed forceps. Samples were incubated for 2 hours at 37°C in a humidified
chamber, followed by placing the cover slips back in a 6 well tissue culture plate and washing
steps in 4 x SSC in PBS, and 2 x SSC in PBS for 10 minutes each at room temperature. Primary
antibody staining with mouse anti-CTCF (Santa Cruz; B-5; 1:100 dilution) in 2 x SSC with
0.1% Triton-X-100 in PBS was carried out as inverted cover slips on 150 pl staining drops on
parafilm overnight at 4°C in a humidified chamber. Cover slips were placed back in a 6 well
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tissue culture plate, and washed in 2 x SSC in PBS for 10 minutes at room temperature and
then incubated for 1 hour at room temperature with 150 pl staining drops of Alexa Fluor
568-labeled streptavidin (Molecular Probes; S11226; 1:400 dilution) to detect the biotin-labeled
poly d(T) probe; and Alexa Fluor 488 anti-mouse (Molecular Probes; A21202; 1:400 dilution)
to detect CTCF, in a humidified chamber at room temperature. Cover slips were placed back
in a 6 well tissue culture plate and washed five times with 2 x SSC in PBS for 10 minutes each
at room temperature. 150 pl of 1 pg/ml of DAPI in PBS drops (Sigma) were placed on parafilm
and incubated with inverted coverslips for 5 minutes at room temperature, followed by 3
quick dipping washes in ddH,O in a 500 ml beaker. Excess water was removed by carefully
holding one edge of the cover slip on Kimwipes. Coverslips were mounted on a glass slide
using Vectashield (Vector laboratories). The edges of the coverslip were sealed with clear nail
polish (Sally Hansen top coat). Slides were stored in a cardboard slide tray overnight at room
temperature and at 4°C for long-term storage. All images were acquired using Airyscan mode
on a ZEISS 880 LSM Airyscan confocal microscope. Samples were imaged using a 63x 1.4NA
objective with a pixel size of 49nm and a step size of 159nm. Laser power settings were

2.74 yW (561nm), 1.05 pW (488nm), and 1.11 pW (405nm), with the detector gain set to 600.
For all samples, the laser power, detector gain, pixel size, and pixel dwell time (0.66 us/pixel)
were identical. All images were processed with the same “Airyscan parameter” of 7.3.

Image quantification

Quantification was performed with Imaris software (Bitplane). Images were preprocessed with
background subtraction function. “Clusters” for anti-SC-35 fluorescence signal were defined
by surfaces generated with automatic threshold settings in Imaris, which makes use of K-
means clustering algorithms to classify each pixel based on their intensity [105]. “Clusters” for
CTCF fluorescence signal were defined similarly but with manual thresholding due to the
large intensity variation. Pearson’s correlation of CTCF and SC-35 or CTCF and H3 were then
measured inside and outside of the clusters. The ratio of CTCF inside:outside of clusters was
similarly obtained. All raw and analyzed data together with the detailed creation parameters
are hosted in Zenodo: https://doi.org/10.5281/zenodo.4081952.

Statistical analysis

Statistical analyses were performed using Prism (GraphPad Software). The data distribution of all
control and experimental groups were first examined. In analyses where all groups passed the
D’agostino & Pearson normality test, we used ANOVA and Tukey’s multiple comparisons tests.
Otherwise, the non-parametric Kruskal-Wallis and Dunn’s multiple comparisons tests were used.
Paired t test was used for two-condition comparison (Fig 4). Normally distributed data were
shown as mean =+ standard error of the mean (SEM), while median [interquartile range] was
reported for the rest. Outliers from intensity inside:outside of clusters were removed using robust
regression and outlier removal (ROUT) method with a false discovery rate of 1% permitted [106].

CTCEF and SC-35 based RNA-immunoprecipitation sequencing (RIP-seq)

Briefly, normal HMECs and stressed HMECs were cultured in 150 mm tissue culture dishes
under normal tissue culture conditions at 37°C. Cells were washed in 1 x PBS, followed by a
crosslinking step for 15 minutes at room temperature by addition of 0.1% formaldehyde in 1 x
PBS. Crosslinking was stopped upon dropwise addition of glycine to a final concentration of
125 mM for 5 minutes at room temperature. After washing with 1X PBS, cells were scraped
and collected in RIPA (150 mM NaCl, 1% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS, 50
mM Tris-HCl pH 8.0, 5 mM EDTA) containing protease inhibitors into a 15 ml collection tube
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on ice. Lysates were subsequently sonicated four times for 15 sec with a small probe at medium
setting on ice. Protein concentration was measured with a BCA kit (Pierce) and 500 mg of lysate
was pre-cleared by rotating samples for 1 hour at 4°C using 40 ul of a 50% slurry of 1:1 protein
A- and protein G-Sepharose beads (GE Healthcare). Samples were centrifuged for 15 seconds at
1500 rpm at 4°C and the supernatant with the precleared lysate was transferred into a fresh col-
lection tube. For immunoprecipitation, 2 mg/ml anti-CTCF (Active Motif; AB_2614975), or
mouse anti-SC-35 (Novus; NB100-1774) was added to precleared lysates together with 40 ml of
a 50% slurry of 1:1 protein A/G beads and incubated at 4°C overnight. Samples were centri-
fuged for 15 seconds at 1500 rpm at 4°C and the pellet containing beads with immuno-com-
plexes were washed with IP wash buffer (100 mM Tris-HCI pH 8.5, 500 mM LiCl, 1% NP-40,
1% Sodium Deoxycholate) for 1 h every 15 minutes at 4°C. After immunoprecipitation, CTCE-
or SC-35-associated RNAs were isolated from the immunoprecipitate according to the manu-
facture’s protocol (Wako). After elution from the beads, RNA was prepared using a miRNeasy
kit (Qiagen). To remove possible genomic DNA contamination, RNase-free DNase was used
during the RNA purification steps. RNA concentration was determined using a Nanodrop spec-
trophotometer (NanoDrop Technologies Inc.) and its integrity was ascertained by migration on
a 2% agarose gel and analyzed by displaying 28S and 18S rRNA. The RNAs were analyzed using
small RNA deep sequencing (summarized in S2 Table).

Bioinformatic analysis

Libraries were sequenced by generated 100 bp paired-end reads on HiSEq. 2000 (Illumina).
Sequenced reads were quality-tested using FASTQC [107] and aligned to the hgl9human
genome using the STAR [108] version 2.5.1b. Mapping was carried out using default parame-
ters (up to 10 mismatches per read, and up to 9 multi-mapping locations per read). The
genome index was constructed using the gene annotation supplied with the hg19 Illumina iGe-
nomes collection and sjdbOverhang value of 100. Raw gene expression was quantified across
all gene bodies, using the top-expressed isoform as proxy for gene expression, and differential
gene expression was carried out using the DESeq2 [109] package version 1.14 using replicates
to compute within-group dispersion. Differentially bound transcripts were defined as having a
false discovery rate (FDR) <0.05 and a log2 fold change >1 when comparing two experimental
conditions. Transcripts showing sc35-specific binding and CTCF-specific binding were
defined as those significantly upregulated in the sc35 RIP or CTCF RIP compared to the con-
trol RNA-seq, respectively. Transcripts showing both significant binding of CTCF and SC-35
in HMECs but no significant binding in the vVHMECs were annotated with HOMER [110] and
tested for term overrepresentation using WebGestalt [111]. ChIP-seq analysis was carried out
using HOMER findPeaks and mergePeaks subroutines using default parameters (four-fold
enrichment over input control, four-fold enrichment over local tag count, Poisson p-

value < 0.001, and style factor). Peaks common to replicate 1 and replicate 2 at day 1 or day 10
were kept and merged into a common peak file. Raw read counts were then assigned to peaks
using HOMER annotatePeaks using all replicates from both days. Differential CTCF peaks
were found using raw counts of merged peaks from both day 1 and day 10 HMECs with
DESeq2 using lenient parameters of FDR < 0.05 and log2fold > 1. Normalized read densities
were visualized using the UCSC genome browser [112]. Data was submitted to GEO
(GSE139886). A summary of the read statistics for ChIP-seq and RIP-seq is shown in S3 Table.

Supporting information

S1 Fig. CTCF-associated nuclear clusters are absent in certain human breast cancer cell
lines and patient-derived human fibroblasts. (A) Indicated cells were stained with antibodies
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to CTCF and SC-35 and DAPI as a DNA marker. Samples were visualized with an Airyscan
microscope. (B) Indicated cell lines were treated with 100 uM H,O, for 24 hours. Protein levels
of CTCF and actin (as a control) were assessed by Western blotting.

(TIF)

$2 Fig. CTCF is enriched at nuclear speckle compartments together with polyA RNA and
splicing factors. (A) HMECs were stained against antibodies to CTCF and either a polyA
RNA probe; antibodies to SC-35-associated nuclear speckle proteins, PAPBN1 and hnRNP-K;
a paraspeckle marker, NONO; or a nucleolus marker, Nucleolin. MCF10A cells were also
stained against antibodies to CTCF and SC-35. Samples were visualized using an Airyscan
microscope.

(TTF)

S3 Fig. Stress-induced loss of CTCF clustering is observed with CTCF antibodies recogniz-
ing either the N- or C-terminus of CTCF. (A) Diagram of N-terminal and C-terminal CTCF
antibodies epitope-recognition sites and known PTM sites in CTCF. (B) Indicated cells were
stained with SC-35 and CTCF (N-terminal epitope) and DAPI as a DNA marker. (C) Indi-
cated cells were stained with H3K27Ac and CTCF (C-terminal epitope) and DAPI as a DNA
marker. (D) Indicated cells were stained with a probe for PolyA RNA, CTCF (C-terminal epi-
tope) and DAPI as a DNA marker. Samples were visualized with an Airyscan microscope.
(TIF)

S1 Table. List of mass spectrometry protein interaction partners for CTCF.
(PDF)

S2 Table. List of RIP-seq RNA interaction partners for CTCF. Prioritization of interaction
partners was listed by enrichment over control sample (log2fold).
(PDF)

S3 Table. Summary of the read statistics for ChIP-seq and RIP-seq.
(XLSX)

S4 Table. Summary of antibodies.
(PDF)

Acknowledgments

Human breast tissues were reliably obtained from The National Disease Research Interchange
(NDRI) and the UCSD Tissue Biorepository. We thank J. Moresco, J. Diedrich and W. Low
for their technical expertise in proteomic analyses conducted by the Salk Institute Mass Spec-
trometry Core. Imaging was performed in the Waitt Advanced Biophotonics Core and geno-
mic analyses conducted by the Salk Integrative Genomics and Bioinformatics Core. hPSCs
were generously provided by Dr. Amy Firth. We thank the Salk Stem Cell Core Facility and
staff for space, equipment, custom media, and validated reagents for pluripotent stem cell
culture.

Author Contributions

Conceptualization: Bettina J. Lehman, Fernando J. Lopez-Diaz, Kenneth E. Diffenderfer, Uri
Manor, Beverly M. Emerson.

Data curation: Bettina J. Lehman, Maxim N. Shokhirev, Uri Manor.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009277  January 7, 2021 28/34


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009277.s002
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009277.s003
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009277.s004
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009277.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009277.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1009277.s007
https://doi.org/10.1371/journal.pgen.1009277

PLOS GENETICS Dynamic regulation of CTCF complexes by cellular stress

Formal analysis: Bettina J. Lehman, Fernando J. Lopez-Diaz, Thom P. Santisakultarm, Linjing
Fang, Maxim N. Shokhirev, Uri Manor, Beverly M. Emerson.

Funding acquisition: Beverly M. Emerson.
Investigation: Bettina J. Lehman, Fernando J. Lopez-Diaz.

Methodology: Bettina J. Lehman, Fernando J. Lopez-Diaz, Thom P. Santisakultarm, Linjing
Fang, Kenneth E. Diffenderfer, Uri Manor.

Project administration: Bettina J. Lehman, Beverly M. Emerson.

Resources: Maxim N. Shokhirev, Kenneth E. Diffenderfer, Uri Manor, Beverly M. Emerson.
Software: Thom P. Santisakultarm, Linjing Fang, Uri Manor.

Supervision: Uri Manor, Beverly M. Emerson.

Validation: Bettina J. Lehman.

Visualization: Bettina J. Lehman, Fernando J. Lopez-Diaz, Thom P. Santisakultarm, Linjing
Fang, Maxim N. Shokhirev, Uri Manor.

Writing - original draft: Bettina J. Lehman, Beverly M. Emerson.

Writing - review & editing: Bettina J. Lehman, Maxim N. Shokhirev, Kenneth E. Diffender-
fer, Uri Manor, Beverly M. Emerson.

References

1. GalluzziL, Yamazaki T, Kroemer G. Linking cellular stress responses to systemic homeostasis. Nat
Rev Mol Cell Biol. 2018; 19: 731-745. https://doi.org/10.1038/s41580-018-0068-0 PMID: 30305710

2. Stampfer MR, Yaswen P. Culture models of human mammary epithelial cell transformation. J Mam-
mary Gland Biol Neoplasia. 2000; 5: 365—-378. https://doi.org/10.1023/a:1009525827514 PMID:
14973382

3. PandeyV, Zhang M, You M, Zhang W, Chen R, Zhang W, et al. Expression of two non-mutated
genetic elements is sufficient to stimulate oncogenic transformation of human mammary epithelial
cells. Cell Death Dis. 2018; 9: 1147. https://doi.org/10.1038/s41419-018-1177-6 PMID: 30451834

4. Locke WJ, Clark SJ. Epigenome remodelling in breast cancer: insights from an early in vitro model of
carcinogenesis. Breast Cancer Res. 2012; 14: 215. https://doi.org/10.1186/bcr3237 PMID: 23168266

5. Fordyce CA, Patten KT, Fessenden TB, DeFilippis R, Hwang ES, Zhao J, et al. Cell-extrinsic conse-
quences of epithelial stress: activation of protumorigenic tissue phenotypes. Breast Cancer Res.
2012; 14: R155. https://doi.org/10.1186/bcr3368 PMID: 23216814

6. Romanov SR, Kozakiewicz BK, Holst CR, Stampfer MR, Haupt LM, TIsty TD. Normal human mam-
mary epithelial cells spontaneously escape senescence and acquire genomic changes. Nature. 2001;
409: 633—-637. https://doi.org/10.1038/35054579 PMID: 11214324

7. Hinshelwood RA, Clark SJ. Breast cancer epigenetics: normal human mammary epithelial cells as a
model system. J Mol Med. 2008; 86: 1315-1328. https://doi.org/10.1007/s00109-008-0386-3 PMID:
18716754

8. Ghirlando R, Felsenfeld G. CTCF: making the right connections. Genes Dev. 2016; 30: 881-891.
https://doi.org/10.1101/gad.277863.116 PMID: 27083996

9. Merkenschlager M, Nora EP. CTCF and Cohesin in Genome Folding and Transcriptional Gene Regu-
lation. Annu Rev Genomics Hum Genet. 2016; 17: 17—43. https://doi.org/10.1146/annurev-genom-
083115-022339 PMID: 27089971

10. Rowley MJ, Corces VG. Organizational principles of 3D genome architecture. Nat Rev Genet. 2018;
19: 789-800. https://doi.org/10.1038/s41576-018-0060-8 PMID: 30367165

11. Arzate-Mejia RG, Recillas-Targa F, Corces VG. Developing in 3D: the role of CTCF in cell differentia-
tion. Development. 2018;145. https://doi.org/10.1242/dev.137729 PMID: 29567640

12. Ren G, Zhao K. CTCF and cellular heterogeneity. Cell Biosci. 2019; 9: 83. https://doi.org/10.1186/
513578-019-0347-2 PMID: 31632638

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009277  January 7, 2021 29/34


https://doi.org/10.1038/s41580-018-0068-0
http://www.ncbi.nlm.nih.gov/pubmed/30305710
https://doi.org/10.1023/a%3A1009525827514
http://www.ncbi.nlm.nih.gov/pubmed/14973382
https://doi.org/10.1038/s41419-018-1177-6
http://www.ncbi.nlm.nih.gov/pubmed/30451834
https://doi.org/10.1186/bcr3237
http://www.ncbi.nlm.nih.gov/pubmed/23168266
https://doi.org/10.1186/bcr3368
http://www.ncbi.nlm.nih.gov/pubmed/23216814
https://doi.org/10.1038/35054579
http://www.ncbi.nlm.nih.gov/pubmed/11214324
https://doi.org/10.1007/s00109-008-0386-3
http://www.ncbi.nlm.nih.gov/pubmed/18716754
https://doi.org/10.1101/gad.277863.116
http://www.ncbi.nlm.nih.gov/pubmed/27083996
https://doi.org/10.1146/annurev-genom-083115-022339
https://doi.org/10.1146/annurev-genom-083115-022339
http://www.ncbi.nlm.nih.gov/pubmed/27089971
https://doi.org/10.1038/s41576-018-0060-8
http://www.ncbi.nlm.nih.gov/pubmed/30367165
https://doi.org/10.1242/dev.137729
http://www.ncbi.nlm.nih.gov/pubmed/29567640
https://doi.org/10.1186/s13578-019-0347-2
https://doi.org/10.1186/s13578-019-0347-2
http://www.ncbi.nlm.nih.gov/pubmed/31632638
https://doi.org/10.1371/journal.pgen.1009277

PLOS GENETICS

Dynamic regulation of CTCF complexes by cellular stress

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Liu F, Wu D, Wang X. Roles of CTCF in conformation and functions of chromosome. Semin Cell Dev
Biol. 2019; 90: 168—173. https://doi.org/10.1016/j.semcdb.2018.07.021 PMID: 30031212

Braccioli L, de Wit E. CTCF: a Swiss-army knife for genome organization and transcription regulation.
Essays Biochem. 2019; 63: 157—165. https://doi.org/10.1042/EBC20180069 PMID: 30940740

Lobanenkov VV, Nicolas RH, Adler VV, Paterson H, Klenova EM, Polotskaja AV, et al. A novel
sequence-specific DNA binding protein which interacts with three regularly spaced direct repeats of
the CCCTC-motif in the 5'-flanking sequence of the chicken c-myc gene. Oncogene. 1990; 5: 1743—
1753. PMID: 2284094

Klenova EM, Nicolas RH, Paterson HF, Carne AF, Heath CM, Goodwin GH, et al. CTCF, a conserved
nuclear factor required for optimal transcriptional activity of the chicken c-myc gene, is an 11-Zn-finger
protein differentially expressed in multiple forms. Mol Cell Biol. 1993; 13: 7612-7624. https://doi.org/
10.1128/mcb.13.12.7612 PMID: 8246978

Saldana-Meyer R, Rodriguez-Hernaez J, Nishana M, Jacome-Lopez K, Nora EP, Bruneau BG, et al.
RNA interactions with CTCF are essential for its proper function. bioRxiv. 2019; 530014. https://doi.
org/10.1101/530014

Yamamoto T, Saitoh N. Non-coding RNAs and chromatin domains. Curr Opin Cell Biol. 2019; 58: 26—
33. https://doi.org/10.1016/j.ceb.2018.12.005 PMID: 30682683

Hansen AS, Hsieh T-HS, Cattoglio C, Pustova |, Darzacq X, Tjian R. An RNA-binding region regulates
CTCEF clustering and chromatin looping. bioRxiv. 2018; 495432. https://doi.org/10.1101/495432

Kung JT, Kesner B, An JY, Ahn JY, Cifuentes-Rojas C, Colognori D, et al. Locus-specific targeting to
the X chromosome revealed by the RNA interactome of CTCF. Mol Cell. 2015; 57: 361-375. https://
doi.org/10.1016/j.molcel.2014.12.006 PMID: 25578877

Sun S, Del Rosario BC, Szanto A, Ogawa Y, Jeon Y, Lee JT. Jpx RNA activates Xist by evicting
CTCF. Cell. 2013; 153: 1537—-1551. https://doi.org/10.1016/j.cell.2013.05.028 PMID: 23791181

Saldafia-Meyer R, Gonzalez-Buendia E, Guerrero G, Narendra V, Bonasio R, Recillas-Targa F, et al.
CTCF regulates the human p53 gene through direct interaction with its natural antisense transcript,
Wrap53. Genes Dev. 2014; 28: 723-734. https://doi.org/10.1101/gad.236869.113 PMID: 24696455

Guo Y, Monahan K, Wu H, Gertz J, Varley KE, Li W, et al. CTCF/cohesin-mediated DNA looping is
required for protocadherin o promoter choice. Proc Natl Acad Sci USA. 2012; 109: 21081-21086.
https://doi.org/10.1073/pnas.1219280110 PMID: 23204437

Shukla S, Kavak E, Gregory M, Imashimizu M, Shutinoski B, Kashlev M, et al. CTCF-promoted RNA
polymerase |l pausing links DNA methylation to splicing. Nature. 2011; 479: 74—79. https://doi.org/10.
1038/nature10442 PMID: 21964334

Paredes SH, Melgar MF, Sethupathy P. Promoter-proximal CCCTC-factor binding is associated with
an increase in the transcriptional pausing index. Bioinformatics. 2013; 29: 1485-1487. https://doi.org/
10.1093/bioinformatics/bts596 PMID: 23047559

Agirre E, Bellora N, Allé M, Pages A, Bertucci P, Kornblihtt AR, et al. A chromatin code for alternative
splicing involving a putative association between CTCF and HP1a proteins. BMC Biol. 2015; 13: 31.
https://doi.org/10.1186/s12915-015-0141-5 PMID: 25934638

Wang J, Wang Y, Lu L. De-SUMOylation of CCCTC binding factor (CTCF) in hypoxic stress-induced
human corneal epithelial cells. J Biol Chem. 2012; 287: 12469—-12479. https://doi.org/10.1074/jbc.
M111.286641 PMID: 22354964

Li T, Lu L. Functional role of CCCTC binding factor (CTCF) in stress-induced apoptosis. Exp Cell Res.
2007; 313: 3057—-3065. https://doi.org/10.1016/j.yexcr.2007.05.018 PMID: 17583694

LuL, WangL, Li T, Wang J. NF-kappaB subtypes regulate CCCTC binding factor affecting corneal epi-
thelial cell fate. J Biol Chem. 2010; 285: 9373-9382. https://doi.org/10.1074/jbc.M109.094425 PMID:
20110362

Roy AR, Ahmed A, DiStefano PV, Chi L, Khyzha N, Galjart N, et al. The transcriptional regulator
CCCTC-binding factor limits oxidative stress in endothelial cells. J Biol Chem. 2018; 293: 8449-8461.
https://doi.org/10.1074/jbc.M117.814699 PMID: 29610276

Hilmi K, Jangal M, Marques M, Zhao T, Saad A, Zhang C, et al. CTCF facilitates DNA double-strand
break repair by enhancing homologous recombination repair. Sci Adv. 2017; 3: €1601898. https://doi.
org/10.1126/sciadv.1601898 PMID: 28560323

Tanwar VS, Jose CC, Cuddapah S. Role of CTCF in DNA damage response. Mutat Res. 2019; 780:
61-68. https://doi.org/10.1016/j.mrrev.2018.02.002 PMID: 31395350

Nunes VS, Moretti NS. Nuclear subcompartments: an overview. Cell Biol Int. 2017; 41: 2—7. hitps://
doi.org/10.1002/cbin.10703 PMID: 27862595

Long JC, Caceres JF. The SR protein family of splicing factors: master regulators of gene expression.
Biochemical Journal. 2009; 417: 15-27. https://doi.org/10.1042/BJ20081501 PMID: 19061484

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009277  January 7, 2021 30/34


https://doi.org/10.1016/j.semcdb.2018.07.021
http://www.ncbi.nlm.nih.gov/pubmed/30031212
https://doi.org/10.1042/EBC20180069
http://www.ncbi.nlm.nih.gov/pubmed/30940740
http://www.ncbi.nlm.nih.gov/pubmed/2284094
https://doi.org/10.1128/mcb.13.12.7612
https://doi.org/10.1128/mcb.13.12.7612
http://www.ncbi.nlm.nih.gov/pubmed/8246978
https://doi.org/10.1101/530014
https://doi.org/10.1101/530014
https://doi.org/10.1016/j.ceb.2018.12.005
http://www.ncbi.nlm.nih.gov/pubmed/30682683
https://doi.org/10.1101/495432
https://doi.org/10.1016/j.molcel.2014.12.006
https://doi.org/10.1016/j.molcel.2014.12.006
http://www.ncbi.nlm.nih.gov/pubmed/25578877
https://doi.org/10.1016/j.cell.2013.05.028
http://www.ncbi.nlm.nih.gov/pubmed/23791181
https://doi.org/10.1101/gad.236869.113
http://www.ncbi.nlm.nih.gov/pubmed/24696455
https://doi.org/10.1073/pnas.1219280110
http://www.ncbi.nlm.nih.gov/pubmed/23204437
https://doi.org/10.1038/nature10442
https://doi.org/10.1038/nature10442
http://www.ncbi.nlm.nih.gov/pubmed/21964334
https://doi.org/10.1093/bioinformatics/bts596
https://doi.org/10.1093/bioinformatics/bts596
http://www.ncbi.nlm.nih.gov/pubmed/23047559
https://doi.org/10.1186/s12915-015-0141-5
http://www.ncbi.nlm.nih.gov/pubmed/25934638
https://doi.org/10.1074/jbc.M111.286641
https://doi.org/10.1074/jbc.M111.286641
http://www.ncbi.nlm.nih.gov/pubmed/22354964
https://doi.org/10.1016/j.yexcr.2007.05.018
http://www.ncbi.nlm.nih.gov/pubmed/17583694
https://doi.org/10.1074/jbc.M109.094425
http://www.ncbi.nlm.nih.gov/pubmed/20110362
https://doi.org/10.1074/jbc.M117.814699
http://www.ncbi.nlm.nih.gov/pubmed/29610276
https://doi.org/10.1126/sciadv.1601898
https://doi.org/10.1126/sciadv.1601898
http://www.ncbi.nlm.nih.gov/pubmed/28560323
https://doi.org/10.1016/j.mrrev.2018.02.002
http://www.ncbi.nlm.nih.gov/pubmed/31395350
https://doi.org/10.1002/cbin.10703
https://doi.org/10.1002/cbin.10703
http://www.ncbi.nlm.nih.gov/pubmed/27862595
https://doi.org/10.1042/BJ20081501
http://www.ncbi.nlm.nih.gov/pubmed/19061484
https://doi.org/10.1371/journal.pgen.1009277

PLOS GENETICS

Dynamic regulation of CTCF complexes by cellular stress

35.

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Huschtscha LI, Noble JR, Neumann AA, Moy EL, Barry P, Melki JR, et al. Loss of p16INK4 expression
by methylation is associated with lifespan extension of human mammary epithelial cells. Cancer Res.
1998; 58: 3508-3512. PMID: 9721850

Zhang J, Pickering CR, Holst CR, Gauthier ML, Tlsty TD. p16INK4a modulates p53 in primary human
mammary epithelial cells. Cancer Res. 2006; 66: 10325—-10331. https://doi.org/10.1158/0008-5472.
CAN-06-1594 PMID: 17079452

Duan J-J, Cai J, Guo Y-F, Bian X-W, Yu S-C. ALDH1AS3, a metabolic target for cancer diagnosis and
therapy. Int J Cancer. 2016; 139: 965-975. https://doi.org/10.1002/ijc.30091 PMID: 26991532

Croker AK, Rodriguez-Torres M, Xia Y, Pardhan S, Leong HS, Lewis JD, et al. Differential Functional
Roles of ALDH1A1 and ALDH1AS in Mediating Metastatic Behavior and Therapy Resistance of
Human Breast Cancer Cells. Int J Mol Sci. 2017; 18. https://doi.org/10.3390/ijms 18102039 PMID:
28937653

Henderson DJP, Miranda JL, Emerson BM. The 3-NAD+ salvage pathway and PKC-mediated signal-
ing influence localized PARP-1 activity and CTCF Poly(ADP)ribosylation. Oncotarget. 2017; 8:
64698-64713. hitps://doi.org/10.18632/oncotarget.19841 PMID: 29029387

Maki CG, Huibregtse JM, Howley PM. In vivo ubiquitination and proteasome-mediated degradation of
p53(1). Cancer Res. 1996; 56: 2649-2654. PMID: 8653711

ENCODE Project Consortium. An integrated encyclopedia of DNA elements in the human genome.
Nature. 2012; 489: 57—74. https://doi.org/10.1038/nature11247 PMID: 22955616

Witcher M, Emerson BM. Epigenetic silencing of the p16(INK4a) tumor suppressor is associated with
loss of CTCF binding and a chromatin boundary. Mol Cell. 2009; 34: 271-284. https://doi.org/10.1016/
j-molcel.2009.04.001 PMID: 19450526

Nakahashi H, Kieffer Kwon K-R, Resch W, Vian L, Dose M, Stavreva D, et al. A genome-wide map of
CTCF multivalency redefines the CTCF code. Cell Rep. 2013; 3: 1678-1689. https://doi.org/10.1016/j.
celrep.2013.04.024 PMID: 23707059

Hansen AS, Pustova I, Cattoglio C, Tjian R, Darzacq X. CTCF and cohesin regulate chromatin loop
stability with distinct dynamics. Elife. 2017; 6. https://doi.org/10.7554/eLife.25776 PMID: 28467304

Agarwal H, Reisser M, Wortmann C, Gebhardt JCM. Direct Observation of Cell-Cycle-Dependent
Interactions between CTCF and Chromatin. Biophys J. 2017; 112: 2051-2055. https://doi.org/10.
1016/j.bpj.2017.04.018 PMID: 28487148

Hansen AS, Cattoglio C, Darzacq X, Tjian R. Recent evidence that TADs and chromatin loops are
dynamic structures. Nucleus. 2018; 9: 20—32. https://doi.org/10.1080/19491034.2017.1389365 PMID:
29077530

Oomen ME, Hansen AS, Liu Y, Darzacq X, Dekker J. CTCF sites display cell cycle-dependent dynam-
ics in factor binding and nucleosome positioning. Genome Res. 2019; 29: 236—249. https://doi.org/10.
1101/gr.241547.118 PMID: 30655336

Hansen AS, Amitai A, Cattoglio C, Tjian R, Darzacq X. Guided nuclear exploration increases CTCF
target search efficiency. Nat Chem Biol. 2020; 16: 257-266. https://doi.org/10.1038/s41589-019-
0422-3 PMID: 31792445

Tabb DL, McDonald WH, Yates JR. DTASelect and Contrast: tools for assembling and comparing pro-
tein identifications from shotgun proteomics. J Proteome Res. 2002; 1: 21-26. https://doi.org/10.1021/
pr015504q PMID: 12643522

Chen Y, Belmont AS. Genome organization around nuclear speckles. Curr Opin Genet Dev. 2019; 55:
91-99. https://doi.org/10.1016/j.gde.2019.06.008 PMID: 31394307

Galganski L, Urbanek MO, Krzyzosiak WJ. Nuclear speckles: molecular organization, biological func-
tion and role in disease. Nucleic Acids Res. 2017; 45: 10350—10368. https://doi.org/10.1093/nar/
gkx759 PMID: 28977640

Marina RJ, Sturgill D, Bailly MA, Thenoz M, Varma G, Prigge MF, et al. TET-catalyzed oxidation of
intragenic 5-methylcytosine regulates CTCF-dependent alternative splicing. The EMBO Journal.
2016; 35: 335—-355. https://doi.org/10.15252/embj.201593235 PMID: 26711177

Ruiz-Velasco M, Kumar M, Lai MC, Bhat P, Solis-Pinson AB, Reyes A, et al. CTCF-Mediated Chroma-
tin Loops between Promoter and Gene Body Regulate Alternative Splicing across Individuals. Cell
Syst. 2017; 5: 628-637.€6. https://doi.org/10.1016/j.cels.2017.10.018 PMID: 29199022

Zheng Z, Ambigapathy G, Keifer J. MeCP2 regulates Tet1-catalyzed demethylation, CTCF binding,
and learning-dependent alternative splicing of the BDNF gene in Turtle. Elife. 2017; 6. https://doi.org/
10.7554/eLife.25384 PMID: 28594324

Docquier F, Kita G-X, Farrar D, Jat P, O’'Hare M, Chernukhin |, et al. Decreased poly(ADP-ribosyl)
ation of CTCF, a transcription factor, is associated with breast cancer phenotype and cell proliferation.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009277  January 7, 2021 31/34


http://www.ncbi.nlm.nih.gov/pubmed/9721850
https://doi.org/10.1158/0008-5472.CAN-06-1594
https://doi.org/10.1158/0008-5472.CAN-06-1594
http://www.ncbi.nlm.nih.gov/pubmed/17079452
https://doi.org/10.1002/ijc.30091
http://www.ncbi.nlm.nih.gov/pubmed/26991532
https://doi.org/10.3390/ijms18102039
http://www.ncbi.nlm.nih.gov/pubmed/28937653
https://doi.org/10.18632/oncotarget.19841
http://www.ncbi.nlm.nih.gov/pubmed/29029387
http://www.ncbi.nlm.nih.gov/pubmed/8653711
https://doi.org/10.1038/nature11247
http://www.ncbi.nlm.nih.gov/pubmed/22955616
https://doi.org/10.1016/j.molcel.2009.04.001
https://doi.org/10.1016/j.molcel.2009.04.001
http://www.ncbi.nlm.nih.gov/pubmed/19450526
https://doi.org/10.1016/j.celrep.2013.04.024
https://doi.org/10.1016/j.celrep.2013.04.024
http://www.ncbi.nlm.nih.gov/pubmed/23707059
https://doi.org/10.7554/eLife.25776
http://www.ncbi.nlm.nih.gov/pubmed/28467304
https://doi.org/10.1016/j.bpj.2017.04.018
https://doi.org/10.1016/j.bpj.2017.04.018
http://www.ncbi.nlm.nih.gov/pubmed/28487148
https://doi.org/10.1080/19491034.2017.1389365
http://www.ncbi.nlm.nih.gov/pubmed/29077530
https://doi.org/10.1101/gr.241547.118
https://doi.org/10.1101/gr.241547.118
http://www.ncbi.nlm.nih.gov/pubmed/30655336
https://doi.org/10.1038/s41589-019-0422-3
https://doi.org/10.1038/s41589-019-0422-3
http://www.ncbi.nlm.nih.gov/pubmed/31792445
https://doi.org/10.1021/pr015504q
https://doi.org/10.1021/pr015504q
http://www.ncbi.nlm.nih.gov/pubmed/12643522
https://doi.org/10.1016/j.gde.2019.06.008
http://www.ncbi.nlm.nih.gov/pubmed/31394307
https://doi.org/10.1093/nar/gkx759
https://doi.org/10.1093/nar/gkx759
http://www.ncbi.nlm.nih.gov/pubmed/28977640
https://doi.org/10.15252/embj.201593235
http://www.ncbi.nlm.nih.gov/pubmed/26711177
https://doi.org/10.1016/j.cels.2017.10.018
http://www.ncbi.nlm.nih.gov/pubmed/29199022
https://doi.org/10.7554/eLife.25384
https://doi.org/10.7554/eLife.25384
http://www.ncbi.nlm.nih.gov/pubmed/28594324
https://doi.org/10.1371/journal.pgen.1009277

PLOS GENETICS

Dynamic regulation of CTCF complexes by cellular stress

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Clin Cancer Res. 2009; 15: 5762-5771. https://doi.org/10.1158/1078-0432.CCR-09-0329 PMID:
19737964

Pavlaki I, Docquier F, Chernukhin |, Kita G, Gretton S, Clarkson CT, et al. Poly(ADP-ribosyl)ation
associated changes in CTCF-chromatin binding and gene expression in breast cells. Biochim Biophys
Acta Gene Regul Mech. 2018; 1861: 718-730. hitps://doi.org/10.1016/j.bbagrm.2018.06.010 PMID:
29981477

Zirkel A, Nikolic M, Sofiadis K, Mallm J-P, Brackley CA, Gothe H, et al. HMGB2 Loss upon Senes-
cence Entry Disrupts Genomic Organization and Induces CTCF Clustering across Cell Types. Mol
Cell. 2018; 70: 730—744.€6. https://doi.org/10.1016/j.molcel.2018.03.030 PMID: 29706538

Pefia-Hernandez R, Marques M, Hilmi K, Zhao T, Saad A, Alaoui-Jamali MA, et al. Genome-wide tar-
geting of the epigenetic regulatory protein CTCF to gene promoters by the transcription factor TFII-I.
Proc Natl Acad Sci USA. 2015; 112: E677—-686. https://doi.org/10.1073/pnas. 1416674112 PMID:
25646466

Wigington CP, Williams KR, Meers MP, Bassell GJ, Corbett AH. Poly(A) RNA-binding proteins and
polyadenosine RNA: new members and novel functions. Wiley Interdiscip Rev RNA. 2014; 5: 601—
622. https://doi.org/10.1002/wrna.1233 PMID: 24789627

Head SR, Komori HK, LaMere SA, Whisenant T, Van Nieuwerburgh F, Salomon DR, et al. Library con-
struction for next-generation sequencing: overviews and challenges. BioTechniques. 2014; 56: 61-64,
66, 68, passim. https://doi.org/10.2144/000114133 PMID: 24502796

Wheeler EC, Van Nostrand EL, Yeo GW. Advances and challenges in the detection of transcriptome-
wide protein-RNA interactions. Wiley Interdiscip Rev RNA. 2018; 9. https://doi.org/10.1002/wrna.1436
PMID: 28853213

Martinez-Garay |, Gil-Sanz C, Franco SJ, Espinosa A, Molnar Z, Mueller U. Cadherin 2/4 signaling via
PTP1B and catenins is crucial for nucleokinesis during radial neuronal migration in the neocortex.
Development. 2016; 143: 2121-2134. https://doi.org/10.1242/dev.132456 PMID: 27151949

Krupp M, Weinmann A, Galle PR, Teufel A. Actin binding LIM protein 3 (abLIM3). Int J Mol Med. 2006;
17:129-133. PMID: 16328021

Peng S-X, Yao L, Cui C, Zhao H, Liu C-J, Li Y-H, et al. Semaphorin4D promotes axon regrowth and
swimming ability during recovery following zebrafish spinal cord injury. Neuroscience. 2017; 351: 36—
46. https://doi.org/10.1016/j.neuroscience.2017.03.030 PMID: 28347780

Shi 'Y, Long F. Hedgehog signaling via Gli2 prevents obesity induced by high-fat diet in adult mice.
Elife. 2017; 6. https://doi.org/10.7554/eLife.31649 PMID: 29205155

Liu N, Garry GA, Li S, Bezprozvannaya S, Sanchez-Ortiz E, Chen B, et al. A Twist2-dependent pro-
genitor cell contributes to adult skeletal muscle. Nat Cell Biol. 2017; 19: 202—213. https://doi.org/10.
1038/ncb3477 PMID: 28218909

Myhre JL, Hills JA, Jean F, Pilgrim DB. Unc45b is essential for early myofibrillogenesis and costamere
formation in zebrafish. Dev Biol. 2014; 390: 26—40. https://doi.org/10.1016/j.ydbio.2014.02.022 PMID:
24613615

Siwek M, Sowa-Kué¢ma M, Dudek D, Styczen K, Szewczyk B, Kotarska K, et al. Oxidative stress mark-
ers in affective disorders. Pharmacol Rep. 2013; 65: 1558—1571. https://doi.org/10.1016/s1734-1140
(18)71517-2 PMID: 24553004

Singh A, Kukreti R, Saso L, Kukreti S. Oxidative Stress: A Key Modulator in Neurodegenerative Dis-
eases. Molecules. 2019; 24. https://doi.org/10.3390/molecules24081583 PMID: 31013638

Saleem U, Sabir S, Niazi SG, Naeem M, Ahmad B. Role of Oxidative Stress and Antioxidant Defense
Biomarkers in Neurodegenerative Diseases. Crit Rev Eukaryot Gene Expr. 2020; 30: 311-322.
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2020029202 PMID: 32894661

Lyublinskaya OG, lvanova JS, Pugovkina NA, Kozhukharova IV, Kovaleva ZV, Shatrova AN, et al.
Redox environment in stem and differentiated cells: A quantitative approach. Redox Biol. 2017; 12:
758-769. https://doi.org/10.1016/j.redox.2017.04.016 PMID: 28426982

Gorman AM. Neuronal cell death in neurodegenerative diseases: recurring themes around protein
handling. J Cell Mol Med. 2008; 12: 2263-2280. https://doi.org/10.1111/j.1582-4934.2008.00402.x
PMID: 18624755

Boyer LF, Campbell B, Larkin S, Mu Y, Gage FH. Dopaminergic differentiation of human pluripotent
cells. Curr Protoc Stem Cell Biol. 2012;Chapter 1: Unit1H.6. https://doi.org/10.1002/9780470151808.
sc01h06s22 PMID: 22872424

Balakrishnan SK, Witcher M, Berggren TW, Emerson BM. Functional and molecular characterization
of the role of CTCF in human embryonic stem cell biology. PLoS ONE. 2012; 7: e42424. https://doi.
org/10.1371/journal.pone.0042424 PMID: 22879976

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009277  January 7, 2021 32/34


https://doi.org/10.1158/1078-0432.CCR-09-0329
http://www.ncbi.nlm.nih.gov/pubmed/19737964
https://doi.org/10.1016/j.bbagrm.2018.06.010
http://www.ncbi.nlm.nih.gov/pubmed/29981477
https://doi.org/10.1016/j.molcel.2018.03.030
http://www.ncbi.nlm.nih.gov/pubmed/29706538
https://doi.org/10.1073/pnas.1416674112
http://www.ncbi.nlm.nih.gov/pubmed/25646466
https://doi.org/10.1002/wrna.1233
http://www.ncbi.nlm.nih.gov/pubmed/24789627
https://doi.org/10.2144/000114133
http://www.ncbi.nlm.nih.gov/pubmed/24502796
https://doi.org/10.1002/wrna.1436
http://www.ncbi.nlm.nih.gov/pubmed/28853213
https://doi.org/10.1242/dev.132456
http://www.ncbi.nlm.nih.gov/pubmed/27151949
http://www.ncbi.nlm.nih.gov/pubmed/16328021
https://doi.org/10.1016/j.neuroscience.2017.03.030
http://www.ncbi.nlm.nih.gov/pubmed/28347780
https://doi.org/10.7554/eLife.31649
http://www.ncbi.nlm.nih.gov/pubmed/29205155
https://doi.org/10.1038/ncb3477
https://doi.org/10.1038/ncb3477
http://www.ncbi.nlm.nih.gov/pubmed/28218909
https://doi.org/10.1016/j.ydbio.2014.02.022
http://www.ncbi.nlm.nih.gov/pubmed/24613615
https://doi.org/10.1016/s1734-1140%2813%2971517-2
https://doi.org/10.1016/s1734-1140%2813%2971517-2
http://www.ncbi.nlm.nih.gov/pubmed/24553004
https://doi.org/10.3390/molecules24081583
http://www.ncbi.nlm.nih.gov/pubmed/31013638
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2020029202
http://www.ncbi.nlm.nih.gov/pubmed/32894661
https://doi.org/10.1016/j.redox.2017.04.016
http://www.ncbi.nlm.nih.gov/pubmed/28426982
https://doi.org/10.1111/j.1582-4934.2008.00402.x
http://www.ncbi.nlm.nih.gov/pubmed/18624755
https://doi.org/10.1002/9780470151808.sc01h06s22
https://doi.org/10.1002/9780470151808.sc01h06s22
http://www.ncbi.nlm.nih.gov/pubmed/22872424
https://doi.org/10.1371/journal.pone.0042424
https://doi.org/10.1371/journal.pone.0042424
http://www.ncbi.nlm.nih.gov/pubmed/22879976
https://doi.org/10.1371/journal.pgen.1009277

PLOS GENETICS

Dynamic regulation of CTCF complexes by cellular stress

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94,

Palmisano |, Danzi MC, Hutson TH, Zhou L, McLachlan E, Serger E, et al. Epigenomic signatures
underpin the axonal regenerative ability of dorsal root ganglia sensory neurons. Nat Neurosci. 2019;
22:1913-1924. https://doi.org/10.1038/s41593-019-0490-4 PMID: 31591560

Wang J, Wang J, Yang L, Zhao C, Wu LN, Xu L, et al. CTCF-mediated chromatin looping in EGR2 reg-
ulation and SUZ12 recruitment critical for peripheral myelination and repair. Nat Commun. 2020; 11:
4133. https://doi.org/10.1038/s41467-020-17955-2 PMID: 32807777

Wada T, Wallerich S, Becskei A. Stochastic Gene Choice during Cellular Differentiation. Cell Rep.
2018; 24: 3503-3512. https://doi.org/10.1016/j.celrep.2018.08.074 PMID: 30257211

Miller MW, Sadeh N. Traumatic stress, oxidative stress and post-traumatic stress disorder: neurode-
generation and the accelerated-aging hypothesis. Mol Psychiatry. 2014; 19: 1156—1162. https://doi.
org/10.1038/mp.2014.111 PMID: 25245500

Docquier F, Farrar D, D’Arcy V, Chernukhin |, Robinson AF, Loukinov D, et al. Heightened expression
of CTCF in breast cancer cells is associated with resistance to apoptosis. Cancer Res. 2005; 65:
5112-5122. https://doi.org/10.1158/0008-5472.CAN-03-3498 PMID: 15958555

Farrar D, Rai S, Chernukhin |, Jagodic M, Ito Y, Yammine S, et al. Mutational analysis of the poly
(ADP-ribosyl)ation sites of the transcription factor CTCF provides an insight into the mechanism of its
regulation by poly(ADP-ribosyl)ation. Mol Cell Biol. 2010; 30: 1199—-1216. https://doi.org/10.1128/
MCB.00827-09 PMID: 20038529

El-Kady A, Klenova E. Regulation of the transcription factor, CTCF, by phosphorylation with protein
kinase CK2. FEBS Lett. 2005; 579: 1424—1434. https://doi.org/10.1016/j.febslet.2005.01.044 PMID:
15733852

Kitchen NS, Schoenherr CJ. Sumoylation modulates a domain in CTCF that activates transcription
and decondenses chromatin. J Cell Biochem. 2010; 111: 665-675. https://doi.org/10.1002/jcb.22751
PMID: 20589758

Han D, Chen Q, ShiJ, Zhang F, Yu X. CTCF participates in DNA damage response via poly(ADP-ribo-
syl)ation. Sci Rep. 2017; 7: 43530. https://doi.org/10.1038/srep43530 PMID: 28262757

Kubo N, Ishii H, Gorkin D, Meitinger F, Xiong X, Fang R, et al. Preservation of Chromatin Organization
after Acute Loss of CTCF in Mouse Embryonic Stem Cells. bioRxiv. 2017; 118737. https://doi.org/10.
1101/118737

Nora EP, Goloborodko A, Valton A-L, Gibcus JH, Uebersohn A, Abdennur N, et al. Targeted Degrada-
tion of CTCF Decouples Local Insulation of Chromosome Domains from Genomic Compartmentaliza-
tion. Cell. 2017; 169: 930-944.e22. https://doi.org/10.1016/j.cell.2017.05.004 PMID: 28525758

Cuddapah S, Jothi R, Schones DE, Roh T-Y, Cui K, Zhao K. Global analysis of the insulator binding
protein CTCF in chromatin barrier regions reveals demarcation of active and repressive domains.
Genome Res. 2009; 19: 24-32. https://doi.org/10.1101/gr.082800.108 PMID: 19056695

Wang DC, Wang W, Zhang L, Wang X. A tour of 3D genome with a focus on CTCF. Semin Cell Dev
Biol. 2018. https://doi.org/10.1016/j.semcdb.2018.07.020 PMID: 30031214

Yusufzai TM, Tagami H, Nakatani Y, Felsenfeld G. CTCF tethers an insulator to subnuclear sites, sug-
gesting shared insulator mechanisms across species. Mol Cell. 2004; 13: 291-298. https://doi.org/10.
1016/s1097-2765(04)00029-2 PMID: 14759373

Marino MM, Rega C, Russo R, Valletta M, Gentile MT, Esposito S, et al. Interactome mapping defines
BRG1, a component of the SWI/SNF chromatin remodeling complex, as a new partner of the transcrip-
tional regulator CTCF. J Biol Chem. 2019; 294: 861-873. https://doi.org/10.1074/jbc.RA118.004882
PMID: 30459231

Torrano V, Navascués J, Docquier F, Zhang R, Burke LJ, Chernukhin |, et al. Targeting of CTCF to the
nucleolus inhibits nucleolar transcription through a poly(ADP-ribosyl)ation-dependent mechanism. J
Cell Sci. 2006; 119: 1746—-1759. https://doi.org/10.1242/jcs.02890 PMID: 16595548

Fiorito E, Sharma Y, Gilfillan S, Wang S, Singh SK, Satheesh SV, et al. CTCF modulates Estrogen
Receptor function through specific chromatin and nuclear matrix interactions. Nucleic Acids Res.
2016; 44: 10588—-10602. https://doi.org/10.1093/nar/gkw785 PMID: 27638884

FeiJ, Jadaliha M, Harmon TS, Li ITS, Hua B, Hao Q, et al. Quantitative analysis of multilayer organiza-
tion of proteins and RNA in nuclear speckles at super resolution. J Cell Sci. 2017; 130: 4180-4192.
https://doi.org/10.1242/jcs.206854 PMID: 29133588

Watson LA, Wang X, Elbert A, Kernohan KD, Galjart N, Berube NG. Dual Effect of CTCF Loss on Neu-
roprogenitor Differentiation and Survival. Journal of Neuroscience. 2014; 34: 2860-2870. https://doi.
org/10.1523/JNEUROSCI.3769-13.2014 PMID: 24553927

Su C-H, D D, Tarn W-Y. Alternative Splicing in Neurogenesis and Brain Development. Front Mol
Biosci. 2018; 5: 12. https://doi.org/10.3389/fmolb.2018.00012 PMID: 29484299

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009277  January 7, 2021 33/34


https://doi.org/10.1038/s41593-019-0490-4
http://www.ncbi.nlm.nih.gov/pubmed/31591560
https://doi.org/10.1038/s41467-020-17955-2
http://www.ncbi.nlm.nih.gov/pubmed/32807777
https://doi.org/10.1016/j.celrep.2018.08.074
http://www.ncbi.nlm.nih.gov/pubmed/30257211
https://doi.org/10.1038/mp.2014.111
https://doi.org/10.1038/mp.2014.111
http://www.ncbi.nlm.nih.gov/pubmed/25245500
https://doi.org/10.1158/0008-5472.CAN-03-3498
http://www.ncbi.nlm.nih.gov/pubmed/15958555
https://doi.org/10.1128/MCB.00827-09
https://doi.org/10.1128/MCB.00827-09
http://www.ncbi.nlm.nih.gov/pubmed/20038529
https://doi.org/10.1016/j.febslet.2005.01.044
http://www.ncbi.nlm.nih.gov/pubmed/15733852
https://doi.org/10.1002/jcb.22751
http://www.ncbi.nlm.nih.gov/pubmed/20589758
https://doi.org/10.1038/srep43530
http://www.ncbi.nlm.nih.gov/pubmed/28262757
https://doi.org/10.1101/118737
https://doi.org/10.1101/118737
https://doi.org/10.1016/j.cell.2017.05.004
http://www.ncbi.nlm.nih.gov/pubmed/28525758
https://doi.org/10.1101/gr.082800.108
http://www.ncbi.nlm.nih.gov/pubmed/19056695
https://doi.org/10.1016/j.semcdb.2018.07.020
http://www.ncbi.nlm.nih.gov/pubmed/30031214
https://doi.org/10.1016/s1097-2765%2804%2900029-2
https://doi.org/10.1016/s1097-2765%2804%2900029-2
http://www.ncbi.nlm.nih.gov/pubmed/14759373
https://doi.org/10.1074/jbc.RA118.004882
http://www.ncbi.nlm.nih.gov/pubmed/30459231
https://doi.org/10.1242/jcs.02890
http://www.ncbi.nlm.nih.gov/pubmed/16595548
https://doi.org/10.1093/nar/gkw785
http://www.ncbi.nlm.nih.gov/pubmed/27638884
https://doi.org/10.1242/jcs.206854
http://www.ncbi.nlm.nih.gov/pubmed/29133588
https://doi.org/10.1523/JNEUROSCI.3769-13.2014
https://doi.org/10.1523/JNEUROSCI.3769-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24553927
https://doi.org/10.3389/fmolb.2018.00012
http://www.ncbi.nlm.nih.gov/pubmed/29484299
https://doi.org/10.1371/journal.pgen.1009277

PLOS GENETICS

Dynamic regulation of CTCF complexes by cellular stress

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

Chepelev |, Chen X. Alternative splicing switching in stem cell lineages. Front Biol (Beijing). 2013; 8:
50-59. https://doi.org/10.1007/s11515-012-1198-y PMID: 23399987

Baralle FE, Giudice J. Alternative splicing as a regulator of development and tissue identity. Nature
Reviews Molecular Cell Biology. 2017; 18: 437. https://doi.org/10.1038/nrm.2017.27 PMID: 28488700

Kim J, Han KY, Khanna N, Ha T, Belmont AS. Nuclear speckle fusion via long-range directional motion
regulates speckle morphology after transcriptional inhibition. J Cell Sci. 2019; 132. https://doi.org/10.
1242/jcs.226563 PMID: 30858197

Herrmann CH, Mancini MA. The Cdk9 and cyclin T subunits of TAK/P-TEFb localize to splicing factor-
rich nuclear speckle regions. J Cell Sci. 2001; 114: 1491-1503. PMID: 11282025

Dow EC, Liu H, Rice AP. T-loop phosphorylated Cdk9 localizes to nuclear speckle domains which
may serve as sites of active P-TEFb function and exchange between the Brd4 and 7SK/HEXIM1 regu-
latory complexes. J Cell Physiol. 2010; 224: 84—93. https://doi.org/10.1002/jcp.22096 PMID:
20201073

Stroberg W, Schnell S. Do Cellular Condensates Accelerate Biochemical Reactions? Lessons from
Microdroplet Chemistry. Biophys J. 2018; 115: 3-8. https://doi.org/10.1016/].bpj.2018.05.023 PMID:
29972809

Khanna N, Hu Y, Belmont AS. HSP70 transgene directed motion to nuclear speckles facilitates heat
shock activation. Curr Biol. 2014; 24: 1138-1144. https://doi.org/10.1016/j.cub.2014.03.053 PMID:
24794297

Kim J, Khanna N, Belmont AS. Transcription amplification by nuclear speckle association. Cell Biol-
ogy; 2019 Apr. https://doi.org/10.1101/604298

Firth AL, Dargitz CT, Qualls SJ, Menon T, Wright R, Singer O, et al. Generation of multiciliated cells in
functional airway epithelia from human induced pluripotent stem cells. Proc Natl Acad Sci USA. 2014;
111: E1723-1730. https://doi.org/10.1073/pnas.1403470111 PMID: 24706852

Gomes NP, Bjerke G, Llorente B, Szostek SA, Emerson BM, Espinosa JM. Gene-specific requirement
for P-TEFb activity and RNA polymerase |l phosphorylation within the p53 transcriptional program.
Genes Dev. 2006; 20: 601-612. https://doi.org/10.1101/gad.1398206 PMID: 16510875

Xiao J, Xiao L. A Research of the Partition Clustering Algorithm. 2010 International Symposium on
Intelligence Information Processing and Trusted Computing. Huanggang, China: IEEE; 2010. pp.
551-553. https://doi.org/10.1109/IPTC.2010.148

Motulsky HJ, Brown RE. Detecting outliers when fitting data with nonlinear regression—a new method
based on robust nonlinear regression and the false discovery rate. BMC Bioinformatics. 2006; 7: 123.
https://doi.org/10.1186/1471-2105-7-123 PMID: 16526949

Leggett RM, Ramirez-Gonzalez RH, Clavijo BJ, Waite D, Davey RP. Sequencing quality assessment
tools to enable data-driven informatics for high throughput genomics. Frontiers in Genetics. 2013;4.
https://doi.org/10.3389/fgene.2013.00004 PMID: 23408347

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-
seq aligner. Bioinformatics. 2013; 29: 15-21. https://doi.org/10.1093/bioinformatics/bts635 PMID:
23104886

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeqg2. Genome Biol. 2014; 15: 550. https://doi.org/10.1186/s13059-014-0550-8 PMID:
25516281

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, et al. Simple combinations of lineage-deter-
mining transcription factors prime cis-regulatory elements required for macrophage and B cell identi-
ties. Mol Cell. 2010; 38: 576-589. https://doi.org/10.1016/j.molcel.2010.05.004 PMID: 20513432

Wang J, Duncan D, Shi Z, Zhang B. WEB-based GEne SeT AnaLysis Toolkit (WebGestalt): update
2013. Nucleic Acids Research. 2013; 41: W77-W83. https://doi.org/10.1093/nar/gkt439 PMID:
23703215

Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, et al. The human genome
browser at UCSC. Genome Res. 2002; 12: 996—1006. https://doi.org/10.1101/gr.229102 PMID:
12045153

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009277  January 7, 2021 34/34


https://doi.org/10.1007/s11515-012-1198-y
http://www.ncbi.nlm.nih.gov/pubmed/23399987
https://doi.org/10.1038/nrm.2017.27
http://www.ncbi.nlm.nih.gov/pubmed/28488700
https://doi.org/10.1242/jcs.226563
https://doi.org/10.1242/jcs.226563
http://www.ncbi.nlm.nih.gov/pubmed/30858197
http://www.ncbi.nlm.nih.gov/pubmed/11282025
https://doi.org/10.1002/jcp.22096
http://www.ncbi.nlm.nih.gov/pubmed/20201073
https://doi.org/10.1016/j.bpj.2018.05.023
http://www.ncbi.nlm.nih.gov/pubmed/29972809
https://doi.org/10.1016/j.cub.2014.03.053
http://www.ncbi.nlm.nih.gov/pubmed/24794297
https://doi.org/10.1101/604298
https://doi.org/10.1073/pnas.1403470111
http://www.ncbi.nlm.nih.gov/pubmed/24706852
https://doi.org/10.1101/gad.1398206
http://www.ncbi.nlm.nih.gov/pubmed/16510875
https://doi.org/10.1109/IPTC.2010.148
https://doi.org/10.1186/1471-2105-7-123
http://www.ncbi.nlm.nih.gov/pubmed/16526949
https://doi.org/10.3389/fgene.2013.00004
http://www.ncbi.nlm.nih.gov/pubmed/23408347
https://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1016/j.molcel.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20513432
https://doi.org/10.1093/nar/gkt439
http://www.ncbi.nlm.nih.gov/pubmed/23703215
https://doi.org/10.1101/gr.229102
http://www.ncbi.nlm.nih.gov/pubmed/12045153
https://doi.org/10.1371/journal.pgen.1009277

