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STAG2 depletion that are not only non-
converging but at places display inverse
patterns (see examples in Fig. 4A,B and
zoom-ins at 25-kb resolution in Fig. 4C,
D; Supplemental Fig. S8B). In line with
previous observations, we detected no
widespread switches between A- and B-
compartments upon either depletion
(Supplemental Fig. S9A; Seitan et al.
2013; Sofueva et al. 2013; Zuin et al.
2014a; Nora et al. 2017; Rao et al. 2017).
Still, a general increase in longer-range in-
teractions (>2 Mb) was seen in STAG1-de-
pleted cells, in contrast to a largely
inversed trend in STAG2-depleted ones
(Supplemental Fig. S9B).

Looking at the level of individual
TADs (up to ~2 Mbp), STAG1 depletion
resulted in stronger loss of interactions
and general contact reshuffling com-
pared to STAG2 depletion (Fig. 4E;
Supplemental Fig. S9C). We identified
TAD boundaries with TADtool (Kruse
et al. 2016) and found that the majority
(~60%) remained unaffected despite
STAG1 or STAG2 depletion. Of the
~40% TAD boundaries that did change,
in both cases they mostly merge with
adjacent TADs (i.e., loss of local insula-
tion in ~20% TADs) or a new boundary
develops (in ~15% TADs) (Supplemental
Fig. S9D). These effects are consistent
with the collapse of loop domains seen
upon RAD21 depletion (Rao et al. 2017).

Both TAD number and TAD border
strength were more affected by STAG1
depletion (Supplemental Fig. S9EF),
while no significant differences between
STAG1 or STAG2 could be observed in
TAD border conservation (Supplemental
Fig. S9G). Changes in interactions occur-
ring across TAD boundaries strengthened
only within the A-compartment upon
STAG2 degradation, whereas upon
STAG1 depletion, they weakened (and
moderately increased in B-compart-
ments) (Supplemental Fig. SOH).

Finally, we plotted average interac-
tion profiles around STAGI1/STAG2-
shared peaks and STAG1- or STAG2-only
peaks (Fig. 4G). In non-auxin-treated cells,
STAG1/STAG2-shared peaks and STAG1-
only, but not STAG2-only sites, reside at
sites of local contact insulation (i.e., at
TAD or loop domain boundaries). Upon
depletion of either subunit, we again ob-
served shorter-range contact changes
around STAG2-only sites and longer-
range changes around STAG1-only and
STAG1/STAG2-shared sites (Fig. 4G).

We next used the highest (i.e., 10-
kbp) resolution our Hi-C data could

Figure 4. Hi-C reveals different contributions of STAG1 and STAG2 to higher-order chromatin struc-
ture. (A,B) Differential maps of Chromosome 17 illustrating the chromatin contact changes after aux-
in-mediated degradation of STAG1 (A, STAG1-AID) or STAG2 (B, STAG2-AID). Examples of changes
are encircled. Color key =Balanced (Knight-Ruiz) Hi-C contact frequencies. (C,D) Zoom-in for a region
of Chromosome 13 into the contact maps for STAG1-AID (C) and STAG2-AID (D) cells. The maps for un-
treated cells (w/o auxin), treated cells (+auxin), and the differential interaction maps split in loss of inter-
actions (blue) and gain of interactions (red) are shown. (E) Change of chromatin contact frequency
relative to the separation of the contacting bins (25 kb) after STAG1 or STAG2 degradation for the exam-
ples of Chromosomes 6 and 17. (F) Aggregate peak analysis of STAG1-only peaks showing that a lot of
the sites lose their respective contacts after STAG1 degradations while alternative contacts are formed.
(G) Insulation plots showing the averaged Hi-C signals for all STAG1/STAG2 shared peaks as well as all
STAG1-only and STAG2-only peaks in the untreated maps (w/o auxin). For the same peaks, the averaged
differential Hi-C signals in the different maps are shown. The maps are presented with a bin size of 25 kb
and 10 bins to the left and right of each binding site.
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afford to query looping interactions between sites bound by one or
the other cohesin-STAG complex. Focusing on STAG1- and
STAG2-only peaks, we found STAG2-only peaks did not appear
to form loops (with the caveat of their low number of 568 peaks)
(Supplemental Fig. S9I). To substantiate this inability, we also
asked whether STAG2-only sites might form loops with any other
STAG-bound site; we used Fit-Hi-C (Ay et al. 2014) to call all loop-
like interactions in our Hi-C matrices and mined those with a
STAG2-only peak in at least one of its anchors. This only returned
126 loops of ~0.8 Mbp in size that were also not sensitive to STAG2
auxin-mediated degradation (Supplemental Fig. S9]). In contrast,
STAG1-only-bound sites gave rise to >1600 long-range loops in
cis, which were markedly weakened upon STAG1 degradation
(Fig. 4F). Approximately 2000 loops emerge in STAG1-depleted
cells connecting previously bound STAG1-only sites (Fig. 4F).
These were not seen as strong loops in non-auxin-treated cells, in-
dicating widespread loop rewiring in the absence of STAG1. These
two subsets contain 833 loops with STAG1-only shorter-range an-
chors that persist upon STAG1 degradation (Supplemental Fig.
S10A,B). These persistent STAG1-only loops are significantly en-
riched for convergent CTCF DNA-binding motifs at their anchors,
compared to STAG1-only loops detected in the presence or ab-
sence of STAG1 (Supplemental Fig. S10C). This is in line with
what was shown for strong loops across numerous mammalian
cell types (Rao et al. 2014; Guo et al. 2015) cobound by cohesin
(Sofueva et al. 2013; Zuin et al. 2014a). Collectively, this analysis
highlights reciprocal and subunit-specific contribution of STAG1
and STAG2 to 3D chromatin organization at different scales. At
the Mbp-level, STAG1 depletion leads to a stronger contact reshuf-
fling than STAG2, and this remains so at higher resolution, where
individual looping events emanating from STAG1-only sites are se-
lectively lost or rewired upon STAG1 depletion. On the other
hand, STAG2-only peaks do not contribute significantly to loop-
ing and might rather directly affect gene expression, as recently
proposed (Kojic et al. 2018).

STAGI and STAG2 depletion affect distinct gene subsets

Our analyses of genome-wide binding and contribution to chro-
matin looping indicated that STAG1 and STAG2 might affect
gene regulation via distinct paths. This prompted us to identify
genes differentially expressed upon depletion of either STAG in
HCT116. We performed RNA-seq in two independent STAG1-
AID and STAG2-AID clones. After filtering out auxin-responsive
loci (Rao et al. 2017), we observed 167 and 169 misregulated genes
(FC>0.6; P-value<0.05) following STAG1 and STAG2 depletion,
respectively (Fig. 5A,B; Supplemental Fig. S11A,B). Of these, only
36 were also reported as misregulated by RAD21 degradation in
the same cells (Supplemental Fig. S11C; Rao et al. 2017). Most of
these gene expression changes were not seen in the reciprocal
AID line, as confirmed by RT-qPCR analysis of selected genes
(Fig. 5C). This hints at specific roles for STAG1 or STAG2 in gene
expression regulation. GO analysis with IPA (Ingenuity Pathway
Analysis) (Kramer et al. 2014) revealed that STAG1 and STAG2 con-
trol genes belonging to different pathways and networks. For in-
stance, STAG1 depletion affected genes linked to pathways
relevant to neuronal development (Supplemental Fig. S11D), as
was proposed (Soardi et al. 2017).

To assess the significance of these predictions in a relevant
cellular context, we depleted STAG1, STAG2, or SMC1A in human
neural stem cells (hNSCs) using siRNAs (Supplemental Fig.
S12A-F). We first tested genes misregulated by STAG1 and

STAG2 degradation and confirmed that many genes also depend
on STAG1 or STAG2 in this cell type (Fig. 5D), with discrepancies
probably due to differential cell type-dependencies. We next test-
ed genes associated with neuronal development and found that
their expression depended either on both STAG1 and STAG2
(CDK6 and ADAM19) or only on STAG2 (AXL, IL65T, and GAL)
(Fig. 6). For these genes, an SMCIA knockdown was also tested
(Supplemental Fig. S12A-C). In summary, many of the gene ex-
pression changes documented in our HCT116 model translate
into dependencies in a cell type relevant to neural development,
with many of the tested genes also implicated in cancer (Mochi-
zuki and Okada 2007; Tigan et al. 2016).

Finally, to understand how STAG1 or STAG2 depletion under-
pins misregulation of particular gene subsets, we plotted cohesin
(RAD21, SMC1A) and CTCF ChlIP-seq signals relative to the pro-
moter (transcription start site, TSS) and the 3’ end of STAG1-/
STAG2-regulated genes (transcription termination site, TTS) and
up to 6 kbp up- and downstream (Supplemental Fig. S13A). For
genes down-regulated after STAG1 degradation, we observed en-
riched cohesin, but not CTCEF, signal at the TSS, pointing to a
CTCF-independent binding here, as reported for particular pro-
moters before (Schmidt et al. 2010). Genes down-regulated after
STAG2 degradation have enriched cohesin and CTCF signal at
both the TSS and TTS, suggesting that long-range interactions
spanning their gene bodies might be involved in their regulation.
Up-regulated genes have cohesin and CTCF signals enriched at
their TSS. We speculated that these promoters are now contacting
noncognate enhancers due to a reshuffling of promoter-based
long-range interactions, in line with the mechanism proposed to
follow cohesin degradation (Rao et al. 2017). We plotted average
Hi-C profiles around the TSS of these four STAG1-/STAG2-regulat-
ed gene subsets (Supplemental Fig. S13B). TSSs of genes up-regulat-
ed upon STAG1 or STAG2 depletion do not reside at sites of local
insulation (i.e., at a TAD or loop domain boundary), but reshuffl-
ing of Hi-C contacts does occur at the longer- and shorter-range,
respectively. This effect also holds true for down-regulated genes,
but here, there is a stronger indication of them residing at a boun-
dary site remodeled upon STAG1 or STAG2 depletion
(Supplemental Fig. S13B). This agrees with the early observation
that such boundary sites are often marked by active gene promot-
ers (Dixon et al. 2012), and their down-regulation would then af-
fect boundary strength.

Discussion

While distinct roles for STAG1 and STAG2 have been proposed for
their binding at telomeres and centromeres (Canudas and Smith
2009; Bisht et al. 2013), ChIP experiments for these two factors re-
vealed extensive overlap between the two, as well as with CTCF
along human chromosomal arms (Fig. 2A; Supplemental Fig. S3;
Wendt et al. 2008; Remeseiro et al. 2012). Our ChIP-seq exploited
the mClover-tag in the STAG1 and STAG2 loci, thereby eliminat-
ing antibody bias. We still saw extensive overlap between STAG1
and STAG2 peaks, aligning well to published RAD21 ChlIP-seq
data from HCT116 (Rao et al. 2017). However, we observed that
26% of all STAG1 and 4% of all STAG2 binding sites did not
show binding by the other STAG subunit. These uniquely occu-
pied sites are still co-occupied by CTCF, which contrasts with pre-
vious observations of a large number of STAG2-only peaks lacking
CTCEF (Kojic et al. 2018). This might be attributed to cell type—spe-
cific differences, since the relative numbers of STAG1- and STAG2-
bound sites differ significantly between cell types (Kojic et al.
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Figure 5. STAG1 or STAG2 regulate different genes. (A, B) Volcano plots representing the transcription-
al changes after STAG1 degradation (A) or STAG2 degradation (B). Significantly changing genes are plot-
ted in blue when down-regulated, in orange when up-regulated. Genes that lie outside of the plotted
range are indicated with their fold change and P-value. (C) Validation of genes responding to degrada-
tion of STAG1 or STAG2 in two independent clones of the respective AID cells by RT-PCR/qPCR. Genes
that respond to STAG1 (STC2, DUSP4, BNIP3L, FUS) or STAG2 (KDM3A, NR4A2, TGM2, AMOTL2) or both
(CAVT) were tested. (D) Sensitivity of genes to depletion of STAG1 or STAG2 was recapitulated in neural
stem cells using siRNA depletion of STAGT (shSTAGT) and STAG2 (shSTAG2). Mean of n=3, t-test P-val-
ues are indicated, (*) P<0.05, (**) P<0.01.

2018). However, HelLa cells, which con-
tain substantially more STAG2 than
STAG1, show >90% STAG2/CTCF over-
lap (Hauf et al. 2005; Wendt et al. 2008).

Our Re-ChIP and single-molecule
dSTORM localization experiments re-
vealed that, at the level of single alleles,
individual binding sites are actually oc-
cupied exclusively by either cohesin-
STAG1 or cohesin-STAG2, contradicting
recent propositions of cobinding (Kojic
et al. 2018). The overlap of STAG1 and
STAG2 ChIP-seq peaks then simply re-
flects the fact that these sites have no
preference for STAG1 or STAG2 in the
population. STAG1/STAG2-shared sites,
as well as STAG1-only but not STAG2-
only sites display chromatin insulation
properties (Fig. 4G). This agrees with
the observation that STAG1/STAG2-
shared sites have a similar genomic distri-
bution as STAG1-only sites, in contrast to
STAG2-only sites that preferentially lo-
calize to gene promoters.

Upon STAGI1- or STAG2-degrada-
tion, functional differences between
STAG1 and STAG2 become apparent
also at shared sites. STAG2 depletion
leads to a loss of insulation and to a
mild, yet notable, increase in shorter-
range interactions, visible in both insula-
tion and decay plots (Fig. 4E,G). In con-
trast, upon STAG1 depletion, we
observe reduced interactions at the range
of TAD sizes (i.e., up to ~2 Mbp) (Fig. 4E,
G). This discrepancy can be interpreted
on the basis of (1) the increase in
STAG1 occupancy at STAG2-bound sites
in the absence of STAG2 that is more pro-
nounced than the converse (Supplemen-
tal Fig. S3H-K), and (2) the combination
of FRAP studies and loop extrusion mod-
eling that suggest continuous formation
and collapse of chromatin loops relying
on cohesin and CTCF throughout the
cell cycle (Hansen et al. 2017). In other
words, introduction of more STAG1 can
allow establishment of new loops within
Mbp-sized domains. Yet another hint
that chromatin interactions change dif-
ferentially when STAG1 or STAG2 are de-
pleted was provided by Wutz and
coworkers in a very recent publication
(Wutz et al. 2020). They observed longer
chromatin loops after depletion of
STAG2 for 48 h, presumably mediated
by STAG1. We reanalyzed our Hi-C data
accordingly and indeed observed moder-
ately increased loop lengths following
STAG2 degradation (Supplemental Fig.
S14A-C). We also asked whether the
chromatin  changes we recorded
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STAG1-/STAG2-relevant gene expression changes in NSCs

CDKG6 (STAG1/STAG2-AID 1)

other, >1000 loops form de novo be-
tween previously STAG1-only occupied
sites. This likely indicates that replacing
STAG1 by STAG2 at these sites suffices
) for loop formation, albeit not without
reshuffling loop anchors, since STAG2-
only sites form a small number of loops
among them or with other STAG1/
STAG2 sites (Supplemental Fig. S9I,])).
Thus, we suggest that context (i.e., the
orientation of the underlying CTCF sites
and the repertoire of cobound factors at
the anchors of prospective loops) is deci-
sive for chromatin folding via STAG1/2
and determines redundant and unique
contributions.

Degradation of STAG1 or STAG2
also led to moderate changes in gene ex-
pression (Fig. 5). Most of these genes
were specifically affected in response to
depletion of one or the other STAG,
and not after RAD21 degradation (Rao
et al. 2017). This pattern was recapitulat-
ed in neural stem cells using siRNA-me-
diated depletion of either STAG. We
suggest that STAG2 has more direct ef-
fects on gene transcription due to its
higher incidence at gene promoters com-
pared to STAG1 (Fig. 2F), as also pro-
posed by Kojic et al. (2018). On the
other hand, the TSS of STAG1-depen-
dent genes generally resided at a position
of local insulation, and STAG1 seems to
affect formation of longer-range loops
(Supplemental Fig. S14). STAG1 deple-
tion might thus cause gene misregula-
tion via redirection of spatial chromatin
contacts.

Finally, our dSTORM imaging re-
vealed—to our knowledge, for the first
time—that approximately only half of
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Figure 6. STAG1 and STAG2 are important in the regulation of genes involved in neuronal develop-

ment. Genes found to be involved in neuronal development and misregulated by STAG1 and STAG2 deg-
radation were tested in neural stem cells under control (Ctrl), STAGT (shSTAGT), STAG2 (shSTAG2), and
SMCT1A (shSMCTA) siRNA knockdown to test whether they depend specifically on STAG1 or STAG2 or on
the presence of the cohesin complex in general. The tested genes are: CDK6, associated with microceph-
aly (Faheem et al. 2015); AXL, intellectual disability (Burstyn-Cohen 2017); IL6ST, neural protection and
development (Marz et al. 1997); ADAM19, neurogenesis (Alfandari and Taneyhill 2018); GAL, neuro-reg-
ulatory peptide-encoding gene (Borroto-Escuela et al. 2017). Mean of n=3; t-test P-values are indicated.

(*) P<0.05, (**) P<0.01, (***) P<0.001.

following STAG1 or STAG2 degradation can also be recapitulated if
“wild-type” HCT116 Hi-C is used as a control data set. To this end,
we compared our Hi-C data to that from untreated RAD21-AID
HCT116 (Rao et al. 2017) and obtained essentially identical
changes at all levels of chromatin organization (despite differences
in Hi-C preparations and sequencing depth) (Supplemental Fig.
S15A-F).

Despite robust and acute degradation of either STAG subunit
in our cells, not all loops forming between STAG1-only sites are
sensitive to STAG1 degradation. On one hand, there is a subset
of ~800 loops that persist despite STAG1 depletion, and on the

the observed CTCF clusters are in con-
tact with cohesin in skin fibroblasts.
Since, in these cells, the vast majority
of CTCFs are chromatin-bound, CTCF
clusters not contacting cohesin could
represent the nonspecific DNA-binding
pool of CTCF observed by FRAP experi-
ments in U20S cells (Hansen et al.
2017); alternatively, it can be that
only a subset of CTCF binding sites in
a cell are occupied by cohesin at a given time. The size of the
CTCF clusters increases as the number of contacting cohesin
clusters rises; the CTCF cluster size doubles, for example, when
associated with two cohesin clusters. It is thus tempting to spec-
ulate that these larger clusters represent CTCF sites engaged in
chromatin loops, although we did not directly visualize loops
here. This hypothesis is reinforced by our observation that the
median CTCF cluster size in RAD21-AID cells (Natsume et al.
2016) decreases upon RAD21 degradation to a size comparable
to that of the smallest CTCF clusters in skin fibroblasts. This
rules out that larger CTCF clusters are merely neighboring sites
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and points to them being triggers that inform 3D chromatin
structure.

Taken together, we identified both redundant and nonredun-
dant roles for STAG1 and STAG2 subunits of the cohesin ring com-
plexin looping and ultimately in gene regulation. Of course, much
of the current knowledge on how these large protein complexes
operate comes from population studies complemented by (but
not fully aligned to) single-cell measurements. Thus, in the future,
it will be important to bridge this gap and address cell-to-cell var-
iation in cohesin/CTCF function in genome organization.

Methods

Cell lines

STAG1-AID and STAG2-AID cell lines were generated using the
HCT116-CMV-OsTIR1 cells obtained from M. Kanemaki using
the similar strategy as described (Natsume et al. 2016). Details of
the procedure and the sequences of the guide RNAs are in
Supplemental Methods.

Cell culture

STAG1-AID and STAG2-AID cells as well as RAD21-AID cells
(Natsume et al. 2016) were cultured in McCoy’s SA medium sup-
plemented with 10% charcoal/dextran-treated FBS (HYCLONE,
GE Healthcare SH30068.03) and PSG. As was also observed in
the RAD21-AID cells, the STAG1-AID and STAG2-AID cells showed
reduced protein levels compared to wild type due to leakiness of
the degron system. We noticed that it strongly depends on the fe-
tal bovine serum used for culturing the AID-tagged cells (see also
Supplemental Fig. S1A,B). Using media supplemented with char-
coal/dextran-treated FBS retained AID-tagged proteins best.

To induce protein degradation, 500 uM indole-3-acetic acid
(auxin, IAA) dissolved in ethanol or the solvent ethanol as a con-
trol were added for 12 h.

Human primary skin fibroblasts (Dept. of Clinical Genetics,
Erasmus MC) were cultured in DMEM medium with 10% FBS
and PSG.

Antibodies

Rabbit polyclonal antibodies directed against EGFP, STAG1, and
STAG2 were custom-made. Details for antibody generation are in
Supplemental Methods. The anti-SMC3 antibody has been de-
scribed before (Zuin et al. 2014b). Additional antibodies are listed
in Supplemental Table S1.

Immunoprecipitation

Immunoprecipitation experiments were performed as described
(Watrin et al. 2006).

Cell fractionation

Whole-cell extracts of human primary skin fibroblasts were sepa-
rated into soluble supernatant and chromatin-containing pellet
fractions as described (Watrin et al. 2006).

ChIP sample preparation

ChIP was performed as described (Cabianca et al. 2012) with some
adaptations. Details are in Supplemental Methods. For indicated
experiments, the OneDay ChIP kit (Diagenode) was used accord-
ing to the protocol of the manufacturer. The samples were either
analyzed by qPCR (the respective primers are listed in
Supplemental Table S2) or processed for sequencing.

ChIP-seq sample preparation and sequencing

Details about ChIP-seq sample preparation and sequencing are in
Supplemental Methods.

ChlIP-seq analysis

Details for initial ChIP-seq analysis are in Supplemental Methods.
Sequencing data information and statistics are shown in
Supplemental Table S6. All software used for the analysis is listed
in Supplemental Table S9.

Cohesin positions (common, STAG1-only, and STAG2-only
sites) were defined by calculating the overlap between STAG1
and STAG2 peaks using the “intersect” option of BEDTools v2.27
(Quinlan and Hall 2010) with a minimum of 1-nt overlap.
STAG1 peaks called using a g-value of 0.005 were intersected
with STAG2 peaks called using a g-value of 0.06 to define
STAG1-only sites. For STAG2-only sites, a list of STAG2 peaks (g-
value=0.05) was intersected with a list of STAG1 sites (g-value=
0.06).

Mean read density profiles and read density heat maps were
obtained with deepTools (Ramirez et al. 2016) using normalized
bigWig files and plotting them around peak summits of STAG1-
or STAG2-only or common peaks. For the SMC3 heat maps, in-
put-normalized bigWig files were used.

Details about the analysis of the enrichment of common and
-only sites at enhancer and promoters are in Supplemental
Methods.

Transcription factor mapping

The analysis of transcription factor motifs at STAG1 and STAG2
binding sites in context with DNase hypersensitivity as a marker
for the accessibility of these predicted TF sites was performed as de-
scribed previously (Lin et al. 2015).

Culturing of neural stem cells and siRNA knockdown

Culturing of human neural stem cells and siRNA knockdown prep-
aration were performed as described in Kruszka et al. (2019).
Details and siRNA sequences are in Supplemental Methods.

Transcription analysis by reverse transcription (RT) and qPCR

Details about RNA and cDNA preparation and transcription anal-
ysis are in Supplemental Methods. The sequences of the primers
used for the RT-qPCR are listed in Supplemental Table S3.

Re-ChlP or sequential ChIP

The original protocol from Vdéelkel et al. (2015) was modified to
perform the first ChIP step with antibodies crosslinked to beads.
To prepare the beads, 20 mg of the different antibodies were loaded
on 50 pL Affi-Prep Protein A Resin (Bio-Rad) (multiply this with the
number of second ChIP’s planned and plan one extra sample to
check the ChIP efficiency of the first ChIP step). After three washes
with TBS/T (0.01% Triton X-100), the beads were washed three
times with 0.2 M sodium borate pH 9.0 and then incubated for
20 min with a 20 mM solution of dimethyl pimelimidate dihydro-
chloride (Sigma-Aldrich) at room temperature under rotation. The
crosslinking reaction was quenched by washing the beads three
times with 250 mM Tris pH 8.0. Not-crosslinked antibodies were
removed by a short treatment with 50 pL 100 mM glycine pH
2.0 per 50 pL beads, and then the beads were neutralized again
by washing with TBS/T.
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Sample preparation for the chromatin immunoprecipitation
was performed as described before (Wendt et al. 2008; Zuin et al.
2014b). Refer to Supplemental Methods for details.

The samples for the second ChIP were eluted with Re-ChIP
elution buffer (100 mM NaHCOj3;, 1% SDS, 10 mM DTT) twice
for 30 min at 37°C with 25 pL per 50 pL beads. The eluates were
diluted 1:50 with ChIP buffer from the OneDay ChIP kit
(Diagenode) and subsequently subjected to a second ChIP in ac-
cordance with the OneDay ChIP kit manual but performing an
overnight antibody incubation under rotation at 4°C. Bead washes
and cleanup were performed as described in the OneDay ChIP kit
protocol. Primer sequences for ChIP-qPCR primers are listed in
Supplemental Table S2. The fold enrichment values of the second
ChIP depend on the efficiency of the first ChIP. To normalize for
these variations and efficiently compare the three experiments,
we used the qPCR primer pair #4 to normalize the experiments
similarly to what has been previously described (Jermann et al.
2014). Therefore, for this primer pair, no standard deviation is
shown.

RNA sample preparation and sequencing

Details about RNA sample preparation and sequencing are in
Supplemental Methods.

RNA-seq analysis

Details about RNA-seq analysis are in Supplemental Methods.
Sequencing data information and statistics are shown in
Supplemental Table S6. All software used for the analysis is listed
in Supplemental Table S9.

Genes with an FDR<0.05 and an absolute (log,) fold-change
of >0.6 were deemed as differentially expressed and listed in
Supplemental Tables S4 and S5. Volcano plots were generated us-
ing R (https://www.R-project.org/) (R Core Team 2018).
Significant deregulated genes (P-value>0.05) were labeled in
green. Genes found to be deregulated in both cases, after depletion
of STAG1 and STAG2, where labeled in blue. Gene Ontology and
networks were generated through Metascape (Zhou et al. 2019).

Hi-C sample preparation, sequencing, and data analysis

In situ Hi-C data from STAG1-/STAG2-AID HTC116 cells were
generated as described previously (Zirkel et al. 2018) in two biolog-
ical replicates each. For Hi-C sample sequencing and data analysis,
details are in Supplemental Methods. Sequencing data in-
formation and statistics are shown in Supplemental Table S6. All
software used for this analysis is listed in Supplemental Table S9.
All in-house programming scripts used for the analysis were writ-
ten in Python v2.7.15rcl (https://www.python.org/) and R
v.3.3.4 (https://www.R-project.org/) (R Core Team 2018) and are
available at GitHub (https://github.com) in the repository https
://github.com/eggduzao/Casa_et_al (under GNU General Public
License v3.0).

Immunostaining (including dSTORM preparation)

A detailed description of the immunostaining procedure is present
at Supplemental Methods. A list of all antibodies used is shown at
Supplemental Table S1.

dSTORM imaging

Cells were seeded to 70% density on cover slips; fixed and stained
cells were mounted in an Attofluor cell chamber (Thermo Fisher
Scientific) and in 1 mL of dSTORM buffer (25 mM MEA, glucose ox-
idase, catalase [all from Sigma-Aldrich], 50 mM NacCl, and 10% glu-

cose [Sigma-Aldrich] in 10 mM Tris-HCI pH 8.0). The cell chamber
was sealed with a cover slip and incubated on the microscope at
room temperature for 30 min prior to imaging, to minimize drift.
Imaging was performed using a Zeiss Elyra PS1 system fitted with
an Andor iXon DU 897, 512x 512 EMCCD camera. Images were
made using a 100x 1.49NA TIRF objective and were imaged in
HiLo mode. High Power 100 mW diode lasers with wavelengths
of 488, 561, and 642 nm were used to excite the fluorophores
and, respectively, BP495-575+LP750, BP 570-650+LP750, or
LP655 filters were used. Movies of 12,000 frames were recorded
with an exposure time of 33 msec. Multichannel images were ac-
quired sequentially from high wavelength to lower wavelengths.
In the Supplemental Movie, 1000 frames from one of the experi-
ments are shown.

dSTORM analysis

Three dSTORM movies were made, one for each protein, and ana-
lyzed using Zeiss ZEN 2012 software. Localizations with a precision
larger than 50 nm were discarded; remaining localizations were
drift-corrected using a model-based approach. All additional anal-
ysis was done in R (https:/www.R-project.org/) (R Core Team
2018) using the SMoLR package v.1.0.3 (Paul et al. 2019) and Fiji
(Schindelin et al. 2012). Localizations from a single nucleus were
selected manually by selecting a region of interest (ROI) in Fiji
and the IJROI_subset function in SMoLR. Localizations were clus-
tered based on their density using a kernel density estimation
(KDE)-based clustering algorithm with the threshold set to 0.05
for all three channels. All clusters for CTCF were selected, and their
area was measured using the thresholded KDE binary image. In the
triple channel dSTORM experiments, CTCF was grouped based on
the number of overlapping binary clusters from the STAG1 and
STAG2 channels; clusters were considered overlapping if pixels
containing both colors were present in the structure.

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE132014. All in-house code/scripts used to perform the analyses
are available at GitHub (https://github.com/eggduzao/Casa_et_al)
(under GNU General Public License v3.0) and as Supplemental
Code.
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