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SUMMARY

Stress adaptation is exploited by cancer cells to survive and proliferate under
adverse conditions. Survival pathways induced by stress are thus highly prom-
ising therapeutic targets. One key pathway involves formation of cytoplasmic
stress granules, which regulate the location, stability, and translation of specific
mRNAs. Here, we describe a transcriptional stress response that is triggered
by similar stressors and characterized by accumulation of RepoMan (cell division
cycle associated 2) at nuclear stress foci (nucSF). Formation of these structures is
reversible, and they are distinct from known nuclear organelles and stress bodies.
Immunofluorescence analysis revealed accumulation of heterochromatic
markers, and increased association of RepoMan with the adenylate cyclase 2
(ADCY2) gene locus in stressed cells accompanied reduced levels of ADCY2
mRNA and protein. Quantitative comparison of the RepoMan interactome in
stressed vs. unstressed cells identified condensin Il as a nucSF factor, suggesting
their functional association in the establishment and/or maintenance of these
facultative heterochromatic domains.

INTRODUCTION

In the face of adverse environmental conditions, cells activate an adaptive signaling pathway termed the
integrated stress response (Pakos-Zebrucka et al., 2016). Stress-specific activation of one of four moni-
toring kinases (PERK, PKR, HRI, GCN2) that phosphorylate the eukaryotic translation initiation factor
elF2a on Ser51 triggers cytoplasmic events that promote survival and restore cellular homeostasis. Phos-
phorylation shifts the balance of protein synthesis from active translation initiation to ribosomal runoff, and
subsequent accumulation of stalled polysomes promotes formation of stress granules (SGs). These dy-
namic RNA/protein structures serve as triage sites that regulate the location, stability, and translation of
specific mRNAs (Protter and Parker, 2016). A general reduction in global translation conserves energy
and prevents accumulation of misfolded proteins, while selective translation of genes that promote cell
survival and recovery is maintained (Lu et al., 2004). SGs also sequester key protein components, such as
the TORC1 kinase that coordinates nutrient availability with cell growth (Takahara and Maeda, 2012).
Upon removal of stress, elF2a is dephosphorylated, restoring normal protein synthesis and promoting
SG disassembly (Lu et al., 2004). The microenvironment of solid tumors is often characterized by conditions
thatinduce SG formation, such as low nutrient availability and a hypoxic core, and SG and SG-like foci have
been detected in tumors of various origins. These include breast carcinoma and glioma (Baguet et al., 2007,
Moeller et al., 2004; Somasekharan et al., 2015; Vilas-Boas et al., 2016). There is also increasing evidence
that SGs, by contributing to re-programming of gene expression, promote tumor progression and devel-
opment of therapeutic resistance (Anderson et al., 2015; Eisinger-Mathason et al., 2008; Grabocka and Bar-
Sagi, 2016; Mahboubi and Stochaj, 2014; Somasekharan et al., 2015).

This study has uncovered a novel nuclear stress response that involves the rapid and reversible formation of
heterochromatic domains in response to treatments that induce cytoplasmic SGs. Nuclear stress foci
(nucSF) were first detected as an unexpected accumulation of the protein RepoMan within discrete nuclear
foci in response to hypoxia. We originally identified RepoMan (cell division cycle associated 2 [Walker,
2001]) as a PP1 phosphatase regulatory subunit that recruits the catalytic subunit to chromatin-associated
substrates (recruits PP1 onto mitotic chromatin at anaphase) (Trinkle-Mulcahy et al., 2006). Subsequent
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work linked the RepoMan/PP1 complex to regulation of key mitotic events that include chromosome segre-
gation (Vagnarelli et al., 2006; Wurzenberger et al., 2012), chromosomal Aurora B kinase targeting (Qian
et al., 2013, 2011), and nuclear envelope reassembly (Qian et al., 2011; Vagnarelli et al., 2011). Equally
important non-mitotic roles were suggested by its persistence on chromatin during interphase and the
cell cycle-independent apoptosis observed upon siRNA-mediated knockdown (Trinkle-Mulcahy et al.,
2006). RepoMan/PP1 was shown to counteract the phosphorylation-mediated activation of ataxia-telangi-
ectasia mutated, a key upstream signaling kinase in DNA damage response. As a consequence, excess Re-
poMan desensitizes cells to DNA damage (Peng et al., 2010), which can decrease genomic stability by al-
lowing mutations to accumulate. Consistent with a pro-survival role, overexpression of RepoMan promotes
proliferation of colorectal cancer and lung cancer adenocarcinoma cells in culture (Feng et al., 2019; Shi
et al., 2017) while knockdown sensitizes oral squamous cell carcinoma cells to DNA damage-induced
apoptosis (Uchida et al., 2013).

Increasing evidence points to RepoMan as a strong prognostic indicator that is elevated in numerous hu-
man cancers. RepoMan mRNA transcripts are overexpressed in late-stage cancers, with increased levels
observed in breast, ovary, lung, and colon cancer tissues (Feng et al., 2019; Peng et al., 2010; Shi et al.,
2017), as well as in oral squamous cell carcinoma and malignant breast cancer cell lines (Peng et al,,
2010; Uchida et al., 2013; Vagnarelli, 2014). It is part of a cohort of 18 signature genes associated with
malignant melanoma progression (Ryu et al., 2007) and one of two top-ranked genes correlated with
metastatic behavior of synovial sarcomas (Lagarde et al., 2013). RepoMan is among the top scoring genes
upregulated in aggressive stage 4 neuroblastoma tumors (Krasnoselsky et al., 2005), and high expression
correlates with poor prognosis (Vagnarelli, 2014). RepoMan is also highly upregulated in tumor-infiltrating
microglia in glioma-bearing brains (Gieryng et al., 2017), suggesting contribution to tumor immunity mech-
anisms that reprogram non-tumor cells within the tumor microenvironment.

More recently, RepoMan was shown to participate in heterochromatin formation in early G1, counteracting
histone phosphorylation at mitotic exit to permit recruitment of heterochromatin proteins and accumula-
tion of repressive histone marks (de Castro et al., 2017). We thus propose that nucSF represent facultative
heterochromatin domains that function to repress specific genes as part of the cellular stress response. As-
sociation of RepoMan with these regions may explain its link to later stage cancers and poor prognosis and
suggests that the nucSF pathway could be exploited to target cells that have developed therapeutic resis-
tance through stress adaption.

RESULTS AND DISCUSSION

Exogenous and Endogenous Cellular Stressors Induce Formation of nucSF in Parallel with
Cytoplasmic SGs

Given that most solid tumors contain gradients of hypoxia and cells in hypoxic regions are the most aggressive
and resistant to radiation and chemotherapy (Wilson and Hay, 2011), we were interested in testing whether or not
excess RepoMan could further blunt the reduced DNA damage response observed in hypoxic cells. A surprising
observation was that growth of cells in hypoxic conditions (1% O, for 24 hr) induced accumulation of RepoMan in
multiple discrete nuclear foci (Figure 1A). These foci largely disassemble within 24 hr of re-oxygenation. Recruit-
ment of RepoMan to nucSF requires its C-terminal half (Figure 1B), which governs association with chromatin
(Prévost et al., 2013) (Vagnarelli et al., 2011). Fluorescence recovery after photobleaching (FRAP) experiments re-
vealed a significantly reduced turnover rate for nucSF-associated green fluorescent protein (GFP)-tagged Repo-
Man, with no change in the overall mobile fraction (Figure 1C). We hypothesized that they may represent regions
of more highly condensed chromatin. Senescence-associated heterochromatic foci induced by oncogenic stress
and linked to suppression of pro-proliferative genes (Aird and Zhang, 2013; Narita et al., 2003) have been previ-
ously described; however, formation of nucSF (which are smaller and more numerous) is rapid and reversible, and
cells continue to proliferate after recovery.

We screened a panel of 16 different cellular stressors that included DNA damaging agents, transcription
and replication inhibitors, ER stress inducers, heat and osmotic shock, and nutrient starvation. Formation
of nucSF was induced by a subset of stressors that, along with hypoxia, have also been shown to trigger
formation of cytoplasmic SGs (Table S1; for review see (Mahboubi and Stochaj, 2017) (Protter and Parker,
2016)). These include sodium arsenite (Mahboubi et al., 2013), proteasome inhibition with MG132 (Mazroui
et al., 2007) or the chemotherapeutic bortezomib (Fournier et al., 2010), osmotic stress (Dewey et al., 2011),
heat shock (Mahboubi et al., 2013), and nutrient/serum starvation (Reineke et al., 2018). Of significance is
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Figure 1. Exogenous and Endogenous Stressors Trigger Formation of nucSF in Parallel with Cytoplasmic SGs
(A) GFP-RepoMan transiently expressed in Hela cells exposed to hypoxic (1% O,) conditions for 24 hr showed
accumulation in multiple bright nuclear foci (arrows). These foci were largely resolved 24 hr after re-oxygenation (Re-ox).
(B) Hypoxia (Hyp; 24 hr) triggered accumulation of the C-terminal half (aa 496-1023) but not the N-terminal half (aa 1-496)
of RepoMan at nuclear foci (arrow).

(C) FRAP analysis of GFP-RepoMan at hypoxia-induced nucSF revealed a significant decrease in turnover rate with no
change in the overall mobile fraction (mean + SE for >3 biological replicates; *p = 2.3 x 107° as determined by a paired
Student's t-test).

(D) GFP-RepoMan accumulates at nucSF (green arrows) in both HelLa and U20S cells treated with 0.5 mM sodium arsenite
for 30 min. The cells were fixed and stained with anti-G3BP to confirm formation of cytoplasmic SGs (red arrows).

(E) Live imaging of U20S cells stably expressing GFP-G3BP2 and transiently expressing mCherry-RepoMan. NucSF (red
arrows) and SGs (green arrows) were detected as early as 10 and 15 min, respectively, following addition of 0.5 mM
arsenite. See Video S1.

(F) Inclusion of ISRIB (200 nM) or pre-treatment with CHX (50 png/mL, 2 hr) selectively blocked SG but not nucSF formation
in arsenite-treated cells.

(G) Treatment with the proteasome inhibitor bortezomib (25 uM, 4 hr) and overnight glucose/serum starvation induced
both SGs and nucSF, while treatment with the elF4A inhibitor Rocaglamide (1 uM, 1 hr) or hydrogen peroxide (H,O;

1 mM, 2 hr) selectively induced only SGs.

See Video S2 for the full Rocaglamide A time course. Scale bars are 5 pm.

the fact that hypoxia, arsenite, and the proteasome inhibitor bortezomib have all been linked to promotion
of therapy resistance(Fournier et al., 2010; Ganapathy et al., 2014; Wilson and Hay, 2011).

Figure 1D demonstrates formation of SGs and nucSF in HelLa and U20S cells treated for 30 min with 0.5 mM
arsenite. Arsenite-induced formation of SGs and nucSF was observed in additional cancer cell lines (MCF7,
HCT116, SW480/620, SHSY5Y, NTERA-2), the virally transformed HEK293 cell line, and hTERT-immortalized
retinal pigmental epithelial cells, suggesting that it is a conserved stress response (Table S2, Figure S2).
Live imaging revealed that formation of arsenite-induced nucSF and SGs occurs on a similar timescale in
U20S cells (Figure 1E; Video S1).

Formation of SGs and nucSF in response to arsenite could be uncoupled by stressing cells in the presence
of the small molecule integrated stress response inhibitor (ISRIB) (Figure 1F), which reverses the effects of
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elF2a phosphorylation on translation and SG assembly (Sidrauski et al., 2015). Pre-treatment with cyclohex-
imide, which stabilizes polysomes and prevents SG assembly (Kedersha et al., 2000), also selectively blocks
SG but not nucSF formation (Figure 1F). Similarly, although the mechanism remains unclear, treatment with
arsenite at a lower temperature inhibits SG formation (Wheeler et al., 2016), but does not affect nucSF for-
mation (Figure STN).

Stressors that induce SGs in a phospho-elF2a-independent manner did not induce nucSF (Figures 1G and S1).
These include H,O,, which induces SGs that are compositionally distinct from canonical SGs and requires re-
modeling of the cap-binding elFAE complex (Emara et al., 2012), and Rocaglamide A, which interferes with
the RNA helicase elF4A to induce formation of granules that are positive for core SG markers but negative
for poly(A) mRNAs (Aulas et al., 2017) (Figure 1G; Video S2). Having observed that more extreme heat stress
(45°C for 1 hr vs 30 min) was required to induce nucSF compared to SGs (Figures STK-S1L), we extended the
incubation time for Rocaglamide A from 1 to 6 hr but still did not see nucSF formation (Figure STM). SG assembly
can also be induced by overexpression of several SG-associated proteins, including TIA-1, which promotes
nucleation and aggregation. In this case, nucSF assembly is not induced (Figures STO-S1P). Taken together,
these results suggest that the cellular and nuclear stress pathways are triggered by a shared kinase-mediated
signaling event that is either upstream or related to activation of the elF2a stress kinases. This will be tested sys-
tematically in future work using a panel of inhibitors of various stress-related kinases.

Itis also likely that nucSF, like SGs, have stress-specific properties. Although nucSF were induced by the
osmotic stressors sorbitol and NaCl, for example, they were fewer in number and clustered at the nucleolar
periphery (Figures S11-S1J). NucSF induced by extreme heat shock showed this nucleolar clustering to an
even greater extent (Figure S1L), which might represent a more dramatic reorganization of the chromatin
landscape.

Importantly, heat shock— and arsenite-induced nucSF are distinct from the heat shock-induced nuclear stress
bodies that accumulate mMRNA processing factors and are marked by accumulation of heat shock factor 1
(Jolly et al., 1999]; Figures S1L and S3H). And although RepoMan plays a role in DNA damage sensing, nucSF
do not show accumulation of YH2AX, which is a marker for sites of DNA double-strand breaks (Figure S3G
[Mah et al., 2010]). NucSF are also distinct from previously described membraneless nuclear bodies that
include promyelocytic leukemia protein (PML) bodies, Cajal bodies, splicing speckles, and paraspeckles (Fig-
ures S3A-S3D (Sleeman and Trinkle-Mulcahy, 2014). These bodies are primarily enriched in RNA, whereas
nucSF are sites of increased DNA but not RNA staining (Figures STE-S1F). Chromatin insulator bodies are
aggregates of chromatin insulator proteins that have been observed to form in response to osmotic stress
in Drosophila nuclei (Schoborg et al., 2013). Their function is thought to be sequestration of insulator proteins
away from DNA, with release triggered when cells are returned to isotonicity. Although they have not been
observed in human cells, we stained arsenite-stressed cells with antibodies that recognized human CCCTC-
binding factor (hCTCF), the human ortholog of Drosophila CTCF (dCTCF), to confirm that this factor does not
show accumulation at nucSF (Figure S3I).

nucSF Are Sites of Accumulation of Heterochromatic Markers

To determine whether nucSF represent regions of more highly condensed chromatin, we subjected arse-
nite-stressed cells to immunofluorescence analysis and confirmed accumulation of the heterochromatin
markers HP1y and tri-methylated lysine residue 9 of histone H3 (H3K9me3) at these regions (Figures 2A
and 2B). Having noted partial overlap of the H3K9me3 and RepoMan signals (Figure 2B; see inset), we
set out to define their spatial relationship at the nanoscale level using expansion microscopy (ExM)-based
super-resolution imaging. ExM is a sample preparation technique in which fixed and stained cells are
embedded in a dense cross-linked network of swellable polyelectrolyte hydrogel (Truckenbrodt et al.,
2019). Addition of water isotropically expands the sample up to 10-fold, increasing the physical distance
between biomolecules (Figure 2C). ExM was recently used to demonstrate functional subdomains in cyto-
plasmic SGs (Cirillo et al., 2020). Although structures can already be resolved at the sub-diffraction level
(<200 nm) using a conventional microscope, we paired ExM (expansion factor calculated as ~7-fold; Fig-
ure S4A) with Airyscan imaging on an LSM880 confocal microscope to achieve a further 1.7x increase in res-
olution (Huff, 2015). We used ExM/Airyscan imaging and 3D volume rendering to demonstrate that
H3K9me3 staining surrounds and spreads out from smaller RepoMan foci at nucSF (Figures 2D-2G). This
suggests that RepoMan may play a role in nucSF nucleation and/or spreading and that individual nucSF
may mediate repression of multiple genes.
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Figure 2. NucSF are Sites of Accumulation of Heterochromatic Markers

(A and B) U20S cells transiently expressing GFP-RepoMan (green) and treated with 0.5 mM arsenite for 30 min were fixed
and stained with anti-HP1y (A) or anti-H3K9me3 (B) and Alexa Fluor 555 secondary antibodies (red).

(C) Simplified model of ExM protocol. The expansion factor averaged 7.1x (see Figure S4).

(D) Airyscan image of an expanded arsenite-stressed U20S cell expressing GFP-RepoMan and fixed and stained with anti-
H3K9me3-AlexaFluor555 and Hoechst 33342.

(E) 3D volume rendering of the data set in (D).

(F and G) Enlarged insets (F and G) show RepoMan (green) relative to H3K9me3 (red) and DNA (blue). Scale bars are 5 pm.

Arsenite Induces Increased Association of RepoMan with the ADCY2 Gene Locus

Analysis of endogenous RepoMan has been limited by the lack of specific and reliable antibodies (de Castro
etal., 2017; Prévost et al., 2013). We used CRISPR/Cas9 gene editing to fuse GFP to the N-terminus of endog-
enous RepoMan in HEK293 cells, confirming its shift in molecular mass by Western blot analysis and its expected
subcellular localization by live imaging (Figures 3A and 3B). We also confirmed accumulation of endogenous
GFP-tagged RepoMan at nucSF in response to arsenite treatment, using anti-TIA1 counter staining (Kedersha
and Anderson, 2007) to mark SGs (Figure 3C). After 30 min of arsenite treatment, >90% of cells were positive
for nucSF (>6 foci per cell; Figure 3D). These structures were fully disassembled 24 hr after removal of the stress.

We optimized GFP-RepoMan chromatin immunoprecipitation (ChIP) using this HEK293 knock-in cell line and
confirmed association with two gene loci identified in a previously published in vitro screen to be bound by
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Figure 3. Arsenite Stress Induces Increased Association of RepoMan with the ADCY2 Gene Locus
(A) Western blot analysis of HEK293/GFP-RepoMan knock-in cell lysates with anti-RepoMan to assess the shift in
molecular mass in heterozygous (single allele knock-in) and homozygous (double allele knock-in) cells.
(B and C) To assess their response to acute arsenite treatment (0.5 mM for 30 min), homozygous cells were fixed following
no treatment (B) or arsenite treatment (C) and stained with anti-TIA1 (red) and DAPI (blue). Green arrows indicate nucSF
and red arrows point to SGs. Scale bars are 5 um.
(D) Time course of arsenite-induced nucSF formation and disassembly in HEK293 GFP-RepoMan CRISPR knock-in cells.
For each time point, multiple fields of view were imaged and cells scored for nucSF formation (>6 foci per cell). Results are
shown for 3 independent experiments, with a total of 167-262 cells counted for each time point (mean + SE indicated by
black bar).
(E) ChIP-gPCR was used to compare binding of GFP-RepoMan to the ADCY2 (blue X) and PPP2R2C (gray X) gene loci in
the knock-in cell line (untreated vs. 0.5 mM arsenite for 30 min). Mock immunoprecipitations (IPs) from untreated (UT) and
arsenite-treated (ARS) lysates were included as controls, and all data normalized to the mock UT values. The experiment
was repeated twice, with 2 technical replicates each time. Black bars indicate mean + standard deviation (SD).
(F) RNA isolated from untreated vs. arsenite-stressed U20S cells was subjected to RT-gPCR analysis. Values were
normalized to GAPDH (see Figure S4 for confirmation that its cellular levels do not change with arsenite stress). Mean +
standard error (SE) is indicated for 3 biological replicates.
(G) Lysates from arsenite-stressed vs. untreated U20S, MCF7, and HEK293 cells were subjected to Western blot analysis
with anti-ADCY2.
Ponceau staining is shown for the corresponding region on the blot, and alpha-tubulin was stained as an additional
loading control (TUB; see Figure S4 for confirmation that its cellular levels do not change with arsenite stress).

RepoMan: ADCY2 (adenylate cyclase) and PPP2R2C (PP2A regulatory subunit) (de Castro et al., 2017). ChlP-
quantitative polymerase chain reaction (ChIP-gPCR) revealed increased association of RepoMan with the
ADCY2 gene locus in response to arsenite treatment (Figure 3E), and reverse transcription PCR (RT-PCR)
confirmed a >two-fold reduction in ADCY2 mRNA levels in arsenite-stressed cells (Figure 3F). Consistent with
this, ADCY2 protein levels were shown by Western blot analysis to be reduced in arsenite-stressed U20S,
MCF7, and HEK293 cells (Figure 3G). Adenylate cyclase catalyzes production of cAMP from ATP. This second
messenger plays a key role in regulation of cell proliferation, and upregulation of cAMP has been proposed
as a cancer therapy approach (Chen et al., 1998; Fajardo et al., 2014; Li et al., 2016). Notably, adenylate cyclase
was identified as one of the most highly downregulated proteins following long-term exposure of human em-
bryonic carcinoma cells to low levels of arsenite (Das et al., 2011). Future experiments will utilize ChlP-sequencing
(ChIP-seq) (Nakato and Sakata, 2020) and/or CUT&Tag (Kaya-Okur et al., 2019) approaches to identify additional
nucSF target genes and determine whether, like SGs, there are stress-specific differences.

Condensin Il Accumulates at nucSF and Associates with RepoMan in Arsenite-Stressed Cells

To identify other factors that localize to nucSF, we compared the interactome of RepoMan in arsenite-stressed
vs. untreated cells using two complementary strategies: (1) affinity purification/mass spectrometry (AP/MS),
which identifies proteins that co-precipitate with affinity-purified bait protein, and (2) BiolD, in which a biotin
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Figure 4. Condensin Il Accumulates at nucSF and Associates with RepoMan in Arsenite-Stressed Cells

(A) Diagram detailing the complementary SILAC-based quantitative AP/MS and BiolD strategies used to compare the
interactome of RepoMan in arsenite-stressed vs untreated cells. For AP/MS, untreated cells were labeled with heavy (H)
media and arsenite-treated cells with light (L) media. Endogenous GFP-tagged RepoMan in the HEK293 knock-in cell line
was immunoprecipitated using the GFP-Trap_A affinity resin and associated proteins identified by MS analysis. For BiolD,
the labeling strategy was flipped so that untreated cells were labeled with light media and arsenite-treated cells with
heavy media. BiolD2-tagged RepoMan was lentivirally transduced in U20S cells and biotinylated proteins captured on
streptavidin affinity resin and identified by MS analysis. ARS:UT ratios were determined for all proteins identified (L:H for
AP/MS, (H)L for BiolD).

(B) The table highlights overlapping and novel hits that showed increased association with RepoMan in single replicates
of the internally controlled complementary screens (full data sets provided as Table S3). The number of peptides detected
for each protein is listed, as well as its ratio ARS:UT (with the median ratio for the experiment listed for comparison). Note
that in the AP/MS experiment NCAPD3 and NCAPG2 peptides were only detected in the L (+ARS) form. Asterisk (*)
indicates that MaxQuant did not calculate a SILAC ratio for the protein, so enrichment was estimated by comparing the
summed L vs. H peptide intensities.

(C) AP/Western blot validation of the increased association of endogenous NCAPD3 with endogenous GFP-tagged
RepoMan in arsenite-stressed HEK293 knock-in cells.

(D) BiolD/Western blot validation of increased biotinylation of endogenous NCAPD3 by transduced BiolD2-RepoMan in
U20S cells. Both blots were probed with anti-NCAPD3.

(E) Live imaging of U20S cells stably expressing GFP-NCAPD3, either untreated (left panel) or treated with 0.5 mM
arsenite for 30 min (arrows indicate stress-induced nuclear foci).

(F) Live imaging of U20S cells stably expressing GFP-NCAPD3 (green) and transiently expressing mCherry-RepoMan
(red), treated with 0.5 mM arsenite for 30 min to induce nucSF (red arrow) at which NCAPD3 (green arrow) accumulates.
The inset panels show the individual NCAPD3 (top panel) and RepoMan (bottom panel) signals. Scale bars are 5 pm.

ligase fused to the bait protein drives biotinylation of proximal proteins for capture on a streptavidin affinity ma-
trix and identification by MS (Figure 4A). Both incorporated SILAC (stable isotope labeling by amino acids [AAs]
in culture) metabolic labeling to facilitate the robust and reliable identification of bona fide enriched factors
above background contaminants (Trinkle-Mulcahy, 2012). The AP/MS experiment was performed using the
GFP-RepoMan knock-in HEK293 cell line and high affinity GFP-Trap_A resin (Trinkle-Mulcahy et al., 2008),
with endogenous GFP-RepoMan captured from untreated cells labeled with heavy AAs and arsenite-stressed
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cells (0.5 mM for 30 min) labeled with light AA. The BiolD experiment was carried out in lentiviral-transduced
U20S cells expressing RepoMan fused to the smaller and more active BiolD2 biotin ligase from A. aeolicus
(Kim et al., 2016). The labeling strategy was reversed for this experiment, with biotin was added for 2 hr in the
presence (heavy AA) or absence (light AA) of 0.1 mM arsenite. We also used a lower dose of arsenite for a longer
incubation time to ensure efficient biotinylation and confirmed nucSF formation by staining fixed cells with fluo-
rophore-tagged streptavidin (Figure S4D). Proteins that showed increased association with RepoMan in arse-
nite-stressed cells were readily identified by their increased light:heavy (AP/MS) or heavy:light (BiolD) ratios (Ta-
ble S3).

Overlapping hits, some of which are highlighted in the table in Figure 4B, include the condensin Il complex mem-
bers NCAPD3, NCAPG2, SMC2, and SMC4 (Uhlmann, 2016). In contrast to condensin |, condensin Il is found in
the nucleus throughout the cell cycle and has been proposed to play a role in establishment of chromatin archi-
tecture (Rosin et al., 2018). Increased association of NCADP3 with RepoMan in arsenite-stressed cells was vali-
dated by AP/Western blot (Figure 4C) and BiolD/Western blot (Figure 4D) analysis. We further confirmed recruit-
ment of NCAPD3 to nucSF with arsenite treatment (Figure 4E), where it shows overlap with the RepoMan signal
(Figure 4F). The subnuclear localization of NCAPD3 does not change in cells in which SGs are induced by TIA-1
overexpression (Figure S1P). Having previously shown that condensin Il and the RepoMan/PP1 complex co-op-
erate in the regulation of chromosome architecture during mitosis (Vagnarelli et al., 2006), we propose that they
may also play a co-operative role in the regulation of nucSF formation and/or function in stressed cells. The
observation of arsenite-induced NCAPD3 accumulation in nuclear foci in cells treated with RepoMan siRNA sug-
gests that RepoMan may not be required for its recruitment to nucSF (Figure S4E); however, a more comprehen-
sive analysis is required to determine whether these foci are functionally comparable to RepoMan-containing
nucSF. RNAi-mediated RepoMan knockdown also triggers apoptotic pathways and widescale cell death that
may confound the results (Trinkle-Mulcahy et al., 2006). Moving forward, we will take advantage of the temporal
resolution of acute strategies such as auxin-inducible degradation (Li et al., 2019) to functionally dissect the con-
tributions of RepoMan and NCAPD3 to this novel stress pathway.

With stress adaptation posing a significant challenge to the efficient treatment of cancer, characterization of
cellular pro-survival pathways triggered by stress is essential for the identification of new molecular targets for
both primary and adjuvant therapies. Factors involved in formation of cytoplasmic SGs are attractive candidates
and have received significant attention recently. What these studies did not appreciate, however, is the nuclear
stress pathway that we now know occurs in parallel with SG formation in response to similar endogenous and
exogenous stressors. These findings thus open up an entirely new avenue of research.

Limitations of the Study

Molecular dissection of the contributions of RepoMan and condensin Il to the formation/function of nucSF is
complicated by their key roles in other cellular pathways, such as cell cycle regulation and DNA damage
response. This limits the usefulness of traditional knockdown/knockout approaches and necessitates optimiza-
tion of more rapid protein depletion methods that can be implemented upstream of acute cellular stress.

Resource Availability
Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Laura Trinkle-Mulcahy (ltrinkle@uottawa.ca).

Materials Availability

All unique/stable reagents generated in this study are available from the Lead Contact with a completed
Materials Transfer Agreement.

Data and Code Availability
The published article includes all data sets generated or analyzed during this study.
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All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Tables

Stress

Mode of Action

nucSF/SG Formation

Sodium Arsenite (0.5 mM, 30 min)

ROS production

Yes/Yes (Fig. 1d)

Bortezomib (25 uM, 4 hrs)

Inhibits 26S Proteasome

Yes/Yes (Fig. 19)

Serum/glucose-free media (overnight)

Nutrient/serum starvation

Yes/Yes (Fig. 19)

Rocaglamide A (1 uM, 1 hr)

Inhibits elF4A

No/Yes* (Fig. 19)

Rocaglamide A (1 uM, 6 hr)

Inhibits elF4A

No/Yes* (Fig. STm)

Hydrogen peroxide (1 mM, 2 hrs)

Oxidative stress

No/Yes* (Fig. 19)

Actinomycin D (2.5 pg/ml, 2 hrs)

Inhibits RNA transcription

No/No (Fig. S1a)

5,6-Dichlorobenzimidazole 1-B-D-
ribofuranoside (DRB; 25 ug/ml, 2 hrs)

Inhibits CTD kinases

No/No (Fig. S1b)

Hydroxyurea (2 mM, overnight) Inhibits DNA synthesis No/No (Fig. S1c)
Camptothecin (1 pg/ml, 1 hr) Inhibits DNA topoisomerase | No/No (Fig. S1d)
Cisplatin (1 ng/ml, overnight) Crosslinks DNA No/No (Fig. S1e)
Etoposide (50 uM, 4 hrs) Inhibits DNA Topoisomerase || No/No (Fig. S1f)

Olaparib (10 uM, overnight)

Inhibits PARP

No/No (Fig. S1g)

MG132 (10 pg/ml, 1 hr)

Inhibits 26S proteasome

Yes/Yes (Fig. S1h)

Sorbitol (0.4 M, 1 hr)

Osmotic stress

Yes”/Yes* (Fig. S1i)

NaCl (0.2 M, 1 hr)

Osmotic stress

Yes”™/Yes* (Fig. S1j)

Heat Shock (45°C, 30 min)

Heat stress

No/Yes (Fig. S1k)

Heat Shock (45°C, 1 hr)

Heat stress (extreme)

Yes”/Yes (Fig. S1)

TIA-1 overexpression

Aggregation of SG factors

No/Yes* (Fig. ST1o-p)

Table S1. Summary of cellular stresses tested for nucSF and SG formation, Related to Figures 1 and S1.
Formation of nucSF and cytoplasmic SGs was assessed in U20S cells (see indicated panels in Figures 1 and
S1). Yes = >50% of cells have >6 nuclear foci and/or SGs. *non-canonical SGs. A fewer nuclear foci, clustered

at the nucleolar periphery.




Cell Line Description nucSF/SG formation
Hela Cervical carcinoma (f) Yes/Yes (Fig. 1d)
uU-2 OS Osteosarcoma (f) Yes/Yes (Fig. 1d)
MCF7 Breast cancer, derived from metastatic site (f) Yes/Yes (Fig. S1a)
NTERA-2 Pluripotent testicular embryonal carcinoma (m) Yes/Yes (Fig. S2b)
SH-SY5Y Neuroblastoma (f) Yes/Yes (Fig. S2c)
HCT116 Colorectal carcinoma (m) Yes/Yes (Fig. S2d)
SW480 Colorectal adenocarcinoma (m) Yes/Yes (Fig. S2e)
SW620 Colorectal adenocarcinoma, derived from metastatic site (m) Yes/Yes (Fig. S2f)
HEK293 Embryonic kidney, adenoviral-transformed (f) Yes/Yes (Fig. S29g)
RPE-1 Retinal pigmented epithelium, hTERT-immortalized (f) Yes/Yes (Fig. S2h)

Table S2. Summary of cultured human cell lines tested for arsenite-induced nucSF and SG formation,
Related to Figurse 1 and S2. Cells transiently expressing GFP-RepoMan were treated with arsenite (0.5 mM,
30 min), fixed and stained with anti-G3BP to assess formation of nucSF and SGs (see indicated panels in
Figures 1 and S2). Yes = >50% of cells had >6 nuclear foci and/or SGs. (f) = female. (m) = male.




Supplemental Figures

a Actinomycin D C Hydroxyurea d Camptothecin

e Cisplatin

o

Figure S1. Stress-specific formation of nucSF and cytoplasmic SGs, Related to Figure 1. a-k, m-n. U20S
cells stably expressing GFP-G3BP2 (green) and transiently expressing mCh-RepoMan (red) were subjected to
the treatment indicated at the top of each panel and imaged live to assess formation of nucSF (red arrows) and
SGs (green arrows). See Table S2 for details of each treatment (concentration, time, mode of action). Cells
exposed to heat shock were fixed prior to imaging (k-l). In response to more extreme heat shock (45°C for 1
hr), accumulation of mCh-RepoMan at small nucSF (red arrows) and the peri-nucleolar region (red arrowhead)
in parental U20S cells was observed (l). For this experiment, the cells were fixed and stained with anti-HSF1
(green) to mark heat shock-induced nuclear stress bodies (green arrowheads). o. Transient overexpression of
mCh-TIA1 in U20S cells stably expressing G3BP2 induced SGs containing both proteins (red arrowheads,
green arrows) but did not trigger accumulation of NCAPD3 in nucSF (p). Scale bars are 5 pum.
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Figure S2. Arsenite stress induces formation of nucSF and cytoplasmic SGs in a range of cultured cell
lines, Related to Figure 1. a-h. The cell lines indicated at the top of each panel were transiently transfected
with GFP-RepoMan and either left untreated or treated with 0.5 mM arsenite for 30 min prior to fixation
(+ARS). The fixed cells were stained with anti-G3BP (red). Green arrows point to nucSF while red arrows point

to SGs. Scale bars are 5 um.



Figure S3. Arsenite-induced nucSF marked by accumulation of GFP-RepoMan in U20S cells are distinct
from other known nuclear bodies, Related to Figure 2. No overlap is detected between nucSF (GFP-
RepoMan; green arrows) and nuclear organelles such as PML bodies (a; anti-PML; red arrows), Cajal bodies (b;
anti-Coilin; red arrows), splicing speckles (c; anti-Y12; red arrows) or paraspeckles (d; mCh-PSP1; red arrows).
Increased Hoechst 33342 (DNA; blue) but not Pyronin Y (RNA, red) staining is observed in nucSF (e; f is
expanded view of the region delineated by the white box). The arsenite treatment use d (0.5 mM for 30 min)
did not induce accumulation of either YH2AX (g; marker for sites of double-strand DNA breaks) or HSF1 (h;
marker for heat shock-induced nuclear stress bodies). i. No localized accumulation of the chromatin insulator
factor CTCF was observed in arsenite-stressed cells. Scale bars are 5 um.
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Figure S4. Control experiments, Related to Figures 2-4. a. Estimation of ExM expansion factor based on
measurement of Hoechst 33342-stained nuclear area in pre- and post-expansion cells. Results shown here are
for 92 pre-ExM and 36 post-ExM cells measured in 4 separate experiments. The average expansion factor was
7.1. b. Western blot assessing protein levels of GAPDH and alpha-tubulin (TUB) in equivalent total protein
amounts (50 pg) of U20S whole cell lysates with and without arsenite stress (0.5 mM for 30 min). Ponceau S
staining of the relevant region of the blot is shown. c. Graph showing the results of 3 independent experiments
(X) and the mean = SE (-). For each experiment, GAPDH and TUB levels were quantified, and then normalized
by the level of total stained protein in each lane (measured on a Coomassie-stained gel run in parallel). d.
Coverslips included in the dishes of cells harvested for the BiolD experiment (U20S cells transduced to
transiently express BiolD2-RepoMan) were removed for fixation and streptavidin staining to confirm
accumulation of RepoMan at arsenite-induced nucSF (arrows). e. U20S cells stably expressing GFP-NCAPD3
were treated with Cy5-tagged siRNA targeting RepoMan for 48 hrs prior to arsenite stress. Red arrowhead
indicates cell that has taken up the siRNA and green arrows indicate NCAPD3 accumulation in nuclear foci.
Scale bars are 5 um.



Transparent Methods
Plasmids and antibodies

The pEGFP(C1)-RepoMan and pmCherry(C1)-RepoMan plasmids were previously described (Trinkle-Mulcahy
et al., 2006) and are available through Addgene (plasmids #44212 and 46274). For BiolD experiments,
RepoMan was fused to the BiolD2 tag sequence (Addgene plasmid #74223; (Kim et al., 2016)) and subcloned
into the pLVX-IRES-mCherry vector (Takara Bio). Coding sequences for G3BP2 and NCAPD3 were amplified
from donor constructs (obtained from ThermoFisher) and subcloned into the pEGFP-C1 expression plasmid.
All cloning was confirmed by DNA sequencing (StemCore Laboratories, Ottawa Hospital Research Institute).
pmCherry-PSP1 and pmCherry-TIA1 were gifts from Drs. Archa Fox and Derrick Gibbings, respectively.
Antibodies that recognize HP 1y, H3K9me3, HSF1, Coilin, SNRPB (Y12), ADCY2 and NCAPD3 were obtained
from Abcam. Alpha-tubulin and GFP antibodies were from Millipore Sigma. The G3BP antibody was from BD
Biosciences, the CTCF antibody from New England Biolabs and the PML antibody from Santa Cruz
Biotechnology. The TIA1 antibody was a gift from Dr. Jocelyn C6té. All HRP- and fluorophore-conjugated
secondary antibodies and streptavidin were from ThermoFisher.

CRISPR/Cas 9 gene editing

To knock GFP in frame upstream of Exon 1 in endogenous RepoMan, guide RNAs were designed
(ThermoFisher), annealed and cloned into pSpCas9(BB)-2A-Puro (PX459) V2.0 (Ran et al., 2013)) (Addgene
plasmid #62988) using Bbsl. The guide sequences were #1 (FWD CACCGTCGAATCACGTTCATCTTGC; REV
AAACGCAAGATGAACGTGATTCGAC), #2 (FWD CACCGATCACGTTCATCTTGCTGGT; REV
AAACACCAGCAAGATGAACGTGATC) and #4 (FWD CACCGTGAATTGGCATCCATCTAAG; REV
AAACCTTAGATGGATGCCAATTCAC). A linear donor/repair template (GeneArt Strings; ThermoFisher) was
designed with 800 bp left and right arms that anneal to the RepoMan gene locus near the initiating methionine
flanking the GFP sequence and a linker region (5 x alanine). Silent mutations were introduced into the PAM
sequences in the donor template targeted by the guide RNAs. The linear template was subcloned into pCR-
Blunt (ThermoFisher), using EcoRlI, for amplification. HEK293 cells were transfected with a 3:1 ratio of the
circular Cas9/gRNA plasmid to the linear donor/repair template, using polyethylenimine (PEI) transfection
reagent. Cells were selected by puromycin for 24 hrs and recovered in normal media. GFP-based cell sorting
(uOttawa Flow Cytometry Core Facility) was used to sort 1 cell per well in a 96-well plate. Clonal lines were
expanded for analysis by imaging and Western blot. RNAi-mediated knockdown of RepoMan was carried out
as previously described (Trinkle-Mulcahy et al., 2006).

Cell culture

The cell lines used in this study (detailed in Table S2) were all obtained from ATCC and grown in Dulbecco’s
modified Eagles’ medium (DMEM; Wisent Bioproducts Inc.) supplemented with 10% fetal calf serum and 100
U/mL penicillin and streptomycin (Wisent Bioproducts Inc). For overnight glucose/serum starvation, cells were
incubated in glucose-free DMEM (ThermoFisher). Stable cell lines were generated as previously described and
maintained in media supplemented with G418 (Trinkle-Mulcahy et al., 2007). For hypoxia experiments, cells
were maintained at 1% O; in a H35 HypOxyStation® hypoxia chamber (Whitley). For BiolD experiments, 20
uM biotin was added to the media for 2 hrs prior to harvesting. All drug treatments are summarized in Table
S1. All chemicals were purchased from Millipore Sigma, with the exception of Olaparib (SelleckChem) and
NaCl (Fisher Scientific).

Chromatin Immunoprecipitation



GFP-RepoMan knock-in HEK293 cells (untreated or arsenite-stressed) were formaldehyde-fixed, scraped into
PBS, pelleted and frozen in liquid N.. Native chromatin immunoprecipitation (ChIP) was performed as
previously described (Brand et al., 2008), with ChIPed DNA purified by phenol-chloroform extraction and
precipitated with ethanol, and GAPDH, ADCY2 and PPP2R2C DNA sequences (de Castro et al 2017) amplified
with PerfeC TaSYBRGreen SuperMix (Quanta Biosciences) using a Rotor-Gene Q real-time PCR system
(QIAGEN). ChlPed DNA quantity was calculated compared with a genomic DNA standard curve using Rotor-
Gene Q Series Software 1.7 (QIAGEN) with R2 > 0.96. Drosophila spike-in chromatin was used as an internal
standard. GFP-Trap_A resin (Chromotek) was used to capture GFP-RepoMan and Protein G Sepharose Fast
Flow beads (ThermoFisher) as a negative control. Four experiments (2 x 15 cm dishes untreated vs. arsenite
each) were analyzed.

RT-GPCR

Total cellular RNA was extracted from cells and reverse-transcribed, and transcripts were amplified as previously
described (Chamousset et al., 2010). For gPCR, 4 pL of each cDNA reaction was analyzed in duplicate using
Power Up SYBR Green Master Mix (ThermoFisher) and a CF96 Touch™ Real-Time PCR Detection System
(BioRad). The comparative Cr method (Schmittgen and Livak, 2008) was used to compare relative levels of mRNA
in arsenite-stressed versus untreated U20S cells, using GAPDH as an internal standard (see Fig. S4). Custom
gPCR primers for GAPDH, ADCY2 and PPP2R2C were as previously described (de Castro et al 2017), with three
biological replicates analyzed for each.

Metabolic labeling

Stable isotope labeling with amino acids in cell culture (SILAC) for label-based quantitative MS was carried out
as previously described (Trinkle-Mulcahy et al., 2008). Briefly, cells were grown for 7-10 passages in high
glucose DMEM containing either L-arginine and L- lysine (Light), or the isotopes L-arginine™C/"N and L-
lysine™3C/"N (Heavy). SILAC media was prepared by supplementing high glucose DMEM minus
Arg/Lys/Leu/Met (AthenaES) with 10% dialyzed FBS (ThermoFisher) and the appropriate amino acids, mixing
well and filtering through a 0.22 um filter (Millipore). For the BiolD experiment, Heavy isotope-encoded cells
were exposed to arsenite stress. This labeling was flipped for the AP/MS experiment, with Light-encoded cells
exposed to arsenite stress.

Preparation of cell extracts and affinity purification

For standard Western blots and AP/MS experiments, whole cell extracts were prepared by scraping cells into
ice-cold RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, protease inhibitors),
sonicating and clearing by centrifuging at 2800g for 10 min at 4 °C. For BiolD experiments, whole cell lysates
were prepared in high salt (500 mM NaCl) RIPA buffer. Total protein concentrations were measured using the
Pierce BCA Protein Assay Kit (ThermoFisher).

GFP-RepoMan complexes were captured from cell extracts as previously described (Prévost et al., 2013), with
equal amounts of total protein extract for each condition incubated with GFP-Trap_A beads (Chromotek) at
4°C for 1 hour. Following an initial wash with RIPA buffer, beads from the control and experimental pulldowns
were combined for additional washes (to minimize variability in downstream processing) and bound proteins
eluted with 1% SDS. For BiolD experiments, the salt concentration in the lysates was first reduced to 250 mM
by adding an equal volume of “no salt” (0 mM NaCl) RIPA buffer, and then equal amounts of total protein
extract for each condition incubated with Streptavidin-agarose beads (ThermoFisher) at 4°C for 4 hours.
Following an initial wash with RIPA buffer, beads from the control and experimental pulldowns were combined



for additional washes (to minimize variability in downstream processing) and bound proteins eluted with 2%
SDS/30 mM biotin.

The eluted proteins were reduced and alkylated by treatment with DTT and iodoacetamide, respectively.
Sample buffer was then added and the proteins resolved by electrophoresis on a NUPAGE 10% BisTris gel
(Thermo Fisher). The gel was stained using SimplyBlue Safestain (Thermo Fisher) and the entire lane cut into
five slices. Each slice was cut into 2 x 2 mm fragments, destained, and digested overnight at 30°C with Trypsin
Gold (ThermoFisher).

Mass spectrometry and data analysis

An aliquot of each tryptic digest was analyzed by LC-MS/MS on an Orbitrap Fusion Lumos system (Thermo
Scientific) coupled to a Dionex UltiMate 3000 RSLC nano HPL. The raw files were searched against the Human
UniProt Database using MaxQuant software v1.5.5.1 (http:/www.maxquant.org) (Tyanova et al., 2016) and the
following criteria: peptide tolerance = 10 ppm, trypsin as the enzyme (two missed cleavages allowed), and
carboxyamidomethylation of cysteine as a fixed modification. Variable modifications are oxidation of
methionine and N-terminal acetylation. Heavy SILAC labels were Arg10 (R10) and Lys8 (K8). Quantitation of
SILAC ratios was based on razor and unique peptides, and the minimum ratio count was 2. The peptide and
protein FDR was 0.01. The BiolD and AP/MS datasets (minus common environmental contaminants as per
http://maxquant.org and proteins identified via the decoy database) are provided in Table S3.

Fluorescence microscopy

Cells seeded on No. 1.5 coverslips were fixed for 10 min at room temperature in 3.7% (wt/vol)
paraformaldehyde (PFA) in CSK buffer (1mM PIPES pH 6.8, 100mM NaCl, 300mM sucrose, 3mM MgCl2, 2mM
EDTA). Following a 10 min permeabilization with 1% Triton X-100 in PBS, nonspecific binding sites were
blocked by incubation in PBS with 1% BSA and 0.1% Tween-20. For immunostaining, cells were incubated
with the appropriate primary antibody, followed by incubation with the appropriate fluorophore-conjugated
secondary antibody. Coverslips were prepared for imaging by mounting in Vectashield liquid mounting media
(Vector Labs).

For live imaging, cells were cultured in 35 um optically clear polymer-bottom p-dishes or 4-well p-slides (ibidi)
and growth medium replaced with Phenol Red-free COindependent medium (ThermoFisher). If desired,
DNA was stained by incubating the cells for 20 min at 37°C in medium containing 0.25 pg/ml Hoechst No.
33342 (Millipore Sigma). Images were acquired using a DeltaVision CORE widefield fluorescence system fitted
with a 60x NA 1.4 PlanApochromat objective (Olympus), CoolSNAP charge-coupled device (CCD) camera
(Roper Scientific) and environmental chamber. The microscope was controlled and images processed by
SoftWorX acquisition and deconvolution software (GE Healthcare). All images are single, deconvolved optical
sections. Photobleaching experiments were carried out as previously described (Prévost et al., 2013)

Expansion microscopy

Expansion microscopy was carried out as per the X10 protocol (Truckenbrodt et al., 2019). Briefly, cells seeded
on coverslips were fixed and stained as described above, followed by overnight incubation at room
temperature with Acryloyl-X anchoring reagent (ThermoFisher) diluted to 0.1 mg/ml in PBS. The gelation
solution was prepared by mixing 1.335g DMAA and 0.32 g sodium acrylate (both from Millipore Sigma) with
2.85 g ddH20, vortexing and purging O by bubbling with N for 40 min at room temperature. A solution of
0.036 g/ml of potassium persulfate was prepared in ddH20O, 0.3 ml added to 2.7 ml of gelation solution and
O; purged by bubbling with N; for 15 min on ice. Gelation chambers were prepared by sandwiching the



stained coverslip, cell side up, between two coverslips and adding spacer coverslips along the sides. 2 ul of
TEMED was added to 0.5 ml of the gel solution and vortexed, 100 ul of gel solution was pipetted on top of
the cells using a pre-chilled pipette tip and a 22 x 22 mm coverslip placed on top. Gels were placed in a
humidified chamber and allowed to polymerize for 3 hours at room temperature. The gels were removed from
the coverslips and placed in 35 um culture dishes for overnight incubation at 50°C with 8 U/ml Proteinase K
(Millipore Sigma) prepared fresh in digestion buffer (50mM TRIS, 800mM Guanidine HCI, 1mM EDTA and 0.5%
(v/v) Triton X-100 in ddH20O, pH 8.0). To swell the gels, they were transferred to 10 cm culture dishes and 10
ml of deionized water containing 1.7 pg/ml Hoechst 33342 (Millipore Sigma) was added. After 10 min, this was
replaced with deionized water for a further 50 min incubation. To image cells post-expansion, circular sections
were punched out of the gel using the top of a P1000 pipette tip and transferred to 8-well chambered
coverslips (ibidi). Multiwavelength Z-stacks were acquired using a Zeiss LSM880 confocal laser scanning
microscope with a 63x/1.4 NA Plan-Apo objective in AiryScan mode (Huff, 2015). 3D Surfaces volume
rendering was carried out using Imaris software (Bitplane). To calculated the expansion factor, pre- and post-
expansion cells were imaged and nuclear area measured using SoftWorX (Figure S4a).
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