© 2020. Published by The Company of Biologists Ltd | Journal of Cell Science (2020) 133, jcs236265. doi:10.1242/jcs.236265

e Company of
‘Blologlsts

RESEARCH ARTICLE

Lamin A/C modulates spatial organization and function of the

Hsp/70 gene locus via nuclear myosin |
Roopali Pradhan, Muhunden Jayakrishnan Nallappa and Kundan Sengupta*

ABSTRACT

The structure—function relationship of the nucleus is tightly regulated,
especially during heat shock. Typically, heat shock activates molecular
chaperones that prevent protein misfolding and preserve genome
integrity. However, the molecular mechanisms that regulate nuclear
structure—function relationships during heat shock remain unclear.
Here, we show that lamin A and C (hereafter lamin A/C; both lamin A
and C are encoded by LMNA) are required for heat-shock-mediated
transcriptional induction of the Hsp70 gene locus (HSPA genes).
Interestingly, lamin A/C regulates redistribution of nuclear myosin |
(NM1) into the nucleus upon heat shock, and depletion of either lamin
A/C or NM1 abrogates heat-shock-induced repositioning of Hsp70
gene locus away from the nuclear envelope. Lamins and NM1 also
regulate spatial positioning of the SC35 (also known as SRSF2)
speckles — important nuclear landmarks that modulates Hsp70 gene
locus expression upon heat shock. This suggests an intricate crosstalk
between nuclear lamins, NM1 and SC35 organization in modulating
transcriptional responses of the Hsp70 gene locus during heat shock.
Taken together, this study unravels a novel role for lamin A/C in the
regulation of the spatial dynamics and function of the Hsp70 gene
locus upon heat shock, via the nuclear motor protein NM1.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION

It is of paramount importance to maintain the integrity of the
nucleus and the genome, especially when cells encounter external
stress. Cells have diverse mechanisms for their survival even when
subject to wide variations in temperature (Pauli et al., 1992;
Tanguay, 1983). Heat-shock proteins such as members of the Hsp70
and Hsp90 families are synthesized in response to elevated
temperatures (Richter et al., 2010; Velichko et al., 2013). These
molecular chaperones bind to DNA to protect it from single stranded
breaks and proteins to prevent them from misfolding (Morimoto,
1998; Richter et al., 2010). Upon heat shock, the transcription factor
heat-shock factor 1 (HSF1) is unbound from its interactors, such as
Hsp90 and Hsp70 (otherwise expressed at low basal levels),
undergoes autophosphorylation, translocates into the nucleus and
binds to the promoters of heat-shock genes, facilitating their
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expression (Baler et al., 1993; Demirovic et al., 2014; Jolly et al.,
1997; Sarge et al., 1993).

Upon heat-shock, five major families of heat-shock proteins are
induced namely — HSPA (Hsp70 family; note herein Hsp70 refers to
the products of the three closely related genes HSPA1A, HSPA1B and
HSPAIL), HSPB (small HSP family), HSPC (Hsp90 family), HSPD
(Hsp60 family) and HSPH (large HSP family) (Daugaard et al., 2007;
Stetleretal., 2010). HSF1 binds to the promoters of Hsp70 gene locus
and induces its actin-mediated directional movement toward nuclear
speckles, which are enriched in transcription factors and in close
proximity to the locus; contact with speckles induces transcriptional
upregulation of Hsp70 gene locus (Daugaard et al., 2007; Hu et al.,
2010; Jolly et al., 1999; Khanna et al., 2014; Kim et al., 2020). After
attenuation of heat shock, HSF1-Hsp70 dimers are reformed,
inactivating HSF1, completing the negative feedback loop
(Demirovic et al., 2014; Morimoto, 1998; Sarge et al., 1993).
During the heat-shock response, active translocation of Hsp70 into
the nucleus is mediated by Hikeshi, a nuclear import carrier (Imamoto
and Kose, 2012). Hsp70 is implicated in regulating rDNA
transcription during heat shock and in maintaining cell viability
during recovery post heat shock (Kose and Imamoto, 2014; Kose
et al., 2012; Yanoma et al., 2017).

How factors that maintain nuclear architecture and function
respond to heat shock is unclear. Nuclear lamins maintain
structural and functional integrity of the nucleus along with their
interactors (Dechat et al., 2010; Prokocimer et al., 2009; Shimi et al.,
2008; Wilson and Foisner, 2010; Zastrow et al., 2004). In Drosophila
Schneider 2 cells, heat shock converts lamin Dm?2 into lamin Dm1 by
dephosphorylation (Smith and Fisher, 1984; Smith et al., 1987).
Exposure of Ehrlich Ascites tumor cells to heat shock, leads to the
dephosphorylation of lamin A and C (hereafter lamin A/C; both lamin
A and C are encoded by LMNA), further affecting the structural
stability of the nucleoskeletal meshwork (Krachmarov and Traub,
1993). Lamin B is a heat-shock-responsive protein and its expression
is upregulated at 45.5°C in U-1 melanoma and HeLa cells (Dynlacht
et al., 1999; Falloon and Dynlacht, 2002; Zhu et al., 1999).
Interestingly, small heat-shock proteins (sHsps) like aB-crystallin and
Hsp25 (also known as HSPBI) colocalize with lamin A/C in the
nucleoplasm upon heat shock in C2C12 myoblast cells (Willsie and
Clegg, 2002). Analyses of mouse pituitary gland tissue using mass
spectrometry coupled with isobaric tags for relative and absolute
quantitation (iTRAQ) shows that heat stress enhances expression of
pre-lamin A/C, lamin B1, vimentin and keratin (Memon et al., 2016).
Taken together, these results suggest a regulatory crosstalk between
the heat-shock response and nuclear lamins.

Nuclear proteins such as BAF, LAP2o (lamin-interacting
proteins) and the nucleolar protein NPMI1 are altered in their
localization and dynamics during heat stress across cell types (Bar
et al., 2014; Snyers and Schofer, 2008; Vanderwaal et al., 2009;
Willsie and Clegg, 2002). The mechanisms by which the heat-shock
response is transduced and regulated by nuclear lamins are unclear.
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Altered localization of proteins that maintain nuclear architecture
can potentially modulate perception of heat shock by the nucleus
depending on the duration and temperature of the treatment. For
instance, fibroblasts derived from Hutchinson—Gilford progeria
syndrome (HGPS) patients with the lamin A/C mutation (G608G)
are hypersensitive to heat stress (Paradisi et al., 2005). It is well
established that global transcriptional changes are elicited during
heat stress (Kantidze et al., 2015; Mahat et al., 2016). Lamins can
modulate the Polycomb repressive complex and further fine-tune
the transcriptome during heat shock (Cesarini et al., 2015; Marullo
et al., 2016).

Here, we examined the role of nuclear lamins in regulating the
heat-shock response. We show that subjecting cells to heat shock
significantly upregulates lamin B1 and lamin A levels. Lamins are
required for heat-shock-induced upregulation of the heat-shock
gene HSPAIA, which is a part of the Hsp70 gene locus.
Remarkably, depletion of lamin A/C, but not the B-type lamins,
inhibits movement of the Hsp70 gene locus toward the nuclear
interior and nuclear translocation of Hsp70 protein from the
cytoplasm upon thermal stress. Lamin A/C also regulates the
localization of the nuclear motor protein nuclear myosin I (NM1,
myosin 1c isoform B), into the nucleus. NM1 repositions the Hsp70
gene locus upon heat shock, as NM1 knockdown or inhibition of
NMI1 activity attenuates HSPAIA gene expression and impairs
movement of the Hsp70 gene locus toward the nuclear interior.
Furthermore, lamins and NM1 modulate the spatial organization of
the SC35 nuclear speckles that induce Hsp70 gene locus expression
upon heat shock. This suggests an intricate crosstalk between
nuclear lamins, NM1 and SC35 organization in modulating
transcriptional responses of the Hsp70 gene locus during heat
shock. Taken together, this study unravels a novel role for lamin A/C
in the regulation of the spatial dynamics and expression of the Hsp70
gene locus upon heat shock.

RESULTS

Induction and monitoring the heat-shock response in single
cells

Cells have evolved ingenious mechanisms to counter extraneous
stressors such as heat shock. Typically, cells maintain biochemical
and cellular homeostasis at an optimal temperature of 37°C.
Transferring cells to restrictive temperatures of 42°C, triggers the
heat-shock response, wherein heat-shock proteins are expressed that
counter the detrimental effects of elevated temperature on cells
(Morimoto, 1998; Richter et al., 2010; Yanoma et al., 2017).

We examined induction of the heat-shock response in diploid
colorectal cancer cells (DLD-1) by monitoring expression levels of
the heat-shock gene HSPA 1A and the subcellular localization of the
heat-shock protein Hsp70, respectively. We subjected cells to
increasing durations of heat shock at 42°C (identical time-points at
37°C served as control), followed by quantitative real-time RT-PCR
(qQRT-PCR) to quantify transcript levels of the HSPAIA gene
(Fig. S1A). HSPAIA expression was significantly upregulated
within ~5—10 min of heat shock at 42°C, and the transcript levels
peaked within ~60 min (Fig. S1A). We next performed
immunostaining of Hsp70 in cells subjected to heat shock for
increasing durations, followed by recovery at 37°C (Fig. S1B,C).
Hsp70 translocated into the nucleus in the majority of cells (~80%)
within ~15 min of heat shock (Fig. S1D). Hsp70 showed increased
expression during recovery and ~35-40% nuclei continued to retain
Hsp70 even after ~2 h of recovery at 37°C (Fig. S1D). In contrast,
hardly any cells showed Hsp70 in the nucleus at 37°C (Fig. S1C).
Taken together, enhanced expression of HSPAIA gene and

translocation of the Hsp70 protein into the nucleus underscores
the induction of the heat-shock response.

Lamin A and B1 expression is upregulated during heat shock
A and B-type lamins regulate nuclear structure, function and
plasticity in cells (Dechat et al., 2010; Prokocimer et al., 2009;
Shimi et al., 2008; Wilson and Foisner, 2010; Zastrow et al., 2004).
Notwithstanding the role of lamin B as a heat-shock-responsive
protein (Dynlacht et al., 1999), the role and response of nuclear
lamins upon heat shock is unclear. Small heat-shock proteins
(sHsps), such as oB-crystallin and Hsp25, colocalize with
lamin A/C upon heat shock in C2C12 myoblast cells (Willsie and
Clegg, 2002), suggesting a potential involvement of lamins during
the heat-shock response.

Here, we investigated the effect of heat shock on nuclear lamins
by subjecting cells to heat shock for increasing durations, followed
by recovery at 37°C in the absence of heat shock. We visualized
nuclear lamins in single cells by immunofluorescence staining
(Figs 1A,B and 2A,B). Lamin A levels showed a significant
increase, both at the nuclear envelope and within the nucleoplasm at
~15 min upon heat shock. This increase in lamin A levels was
sustained in cells for ~60 min of heat shock (Fig. 1C-E; Fig. S2A).
Interestingly, lamin A was restored to basal levels in cells returned to
37°C for increasing durations of recovery (Fig. 1D,E). In addition,
lamin B1 levels increased significantly after ~15 min of heat shock
and by ~2-fold after 60 min at 42°C (Fig. 2C; Fig. S2A). Lamin B1
expression declined at 1 h post recovery, while the levels increased
after a recovery period of 2 h, and returned to baseline levels after
~4 h of recovery from heat shock (Fig. 2C). In contrast, lamin B2
levels showed relatively subtle changes upon heat shock, with an
increase after ~60 min at 42°C and decrease during the ~2 h of
recovery (Fig. 2D). We hardly detected lamin B1 or B2 in the
nucleoplasm, consistent with a relatively enhanced nucleoplasmic
localization of lamin A as compared to B-type lamins (Bridger et al.,
1993; Broers et al., 1999; Fricker et al., 1997; Hozak et al., 1995;
Moir et al., 2000; Pochukalina et al., 2016). In addition, the
transcript levels of lamin B1 (~2.5 fold) and lamin A (~1.5 fold)
were upregulated within ~10 min at 42°C, while lamin B2 transcript
levels were relatively unaltered until ~60 min of heat shock
(Fig. S2B). Of note, while nuclear area and circularity did not
show significant changes upon heat shock, nuclear volume
increased during the recovery from heat shock (Fig. S2C-E). In
summary, nuclear lamin expression is altered during the activation
of the heat-shock response pathway.

Lamin A/C depletion abrogates nuclear translocation

of Hsp70 upon heat shock

The nuclear translocation of Hsp70 in response to heat shock
prevents protein misfolding, protects cells from DNA damage and
maintains cell viability during heat shock (Kose and Imamoto,
2014; Kose et al., 2012; Yanoma et al., 2017). We asked whether
nuclear lamins are involved in the translocation of Hsp70 into the
nucleus upon heat shock. We performed siRNA-mediated
knockdowns of lamins in DLD-1 cells, followed by heat shock at
42°C for 60 min and immunostaining of the heat-shock factor
Hsp70 (Fig. 3A-C; Fig. S2F). Remarkably, only a small sub-
population of lamin A/C-depleted cells showed translocation of
Hsp70 into the nucleus upon heat shock, while >60% of B-type
lamin-depleted cells (siLaminB1, siLamin B2) showed nuclear
translocation of Hsp70 upon heat shock comparable to control
cells (siLacZ) (Fig. 3D). Overexpression of GFP—lamin A
(siRNA resistant) rescued the nuclear translocation of Hsp70 in
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Fig. 1. Lamin A levels are upregulated
upon heat shock. (A) Experimental
scheme. (B) Representative mid-optical
sections from confocal z-stacks showing
lamin A immunostaining in cells exposed
to heat shock at 42°C for 15, 30 and

60 min (controls at 37°C) and recovery
for 1,2 and 4 h at 37°C post 60 min heat
shock. (C) Line scan analysis of a single
representative nucleus with (+HS) and
without (—HS) heat shock. (D,E) Dot
scatter plot and meants.e.m. of
normalized fluorescence intensities
(from line scan analysis of each nucleus)
for lamin A (D) nuclear envelope and
(E) nucleoplasm in cells exposed to heat
shock, control cells at 37°C and cells
under recovery. Data are from two
independent biological replicates; the
number of nuclei analyzed is given on the
figure (n). *P<0.05; **P<0.001;
***P<0.0001; ns, not significant (Mann—
Whitney test). Scale bars: 10 pm.
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>70% of siLamin A/C cells (depleted of endogenous lamin A/C)
(Fig. 3E-G).

To address the specificity of lamin A/C in regulating nuclear
import of Hsp70, and that the impaired translocation of Hsp70 upon
lamin A/C depletion is not just a consequence of altered transport,
we performed nuclear import assays. We employed a
dexamethasone inducible reporter construct consisting of the
hormone-responsive domain of glucocorticoid and GFP fused to

the M9 core domain (GR2-GFP2-M9) (Hutten et al., 2009). While
this construct localizes exclusively in the cytoplasm, it is imported
into the nucleus following dexamethasone treatment (5 pM). Lamin
A/C or lamin B2 depletion did not cause a significant difference in
the nuclear import of GR2-GFP2-M9. However, lamin Bl
knockdown showed a small but significant reduction in nuclear
import (Fig. S3A-C). Furthermore, the depletion of nucleoporin
Nup98 (an off-pore nucleoporin) showed reduced nuclear import
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Fig. 2. Lamin B1 levels are upregulated upon heat shock. (A) Experimental scheme. (B) Representative mid-optical sections from confocal z-stacks showing
lamin B1 and B2 immunostaining in cells exposed to heat shock at 42°C for 15 and 60 min (controls, same time points at 37°C). Recovery for 1, 2 and 4 h

at 37°C post 60 min heat shock. (C,D) Dot scatter plot and meanzts.e.m. of normalized fluorescence intensities (line scan analysis of each individual nucleus) for
(C) lamin B1 and (D) lamin B2, at the nuclear envelope in cells exposed to heat shock, control cells at 37°C and cells under recovery. Data are from two
independent biological replicates; the number of nuclei analyzed is given on the figure (n). **P<0.01; ***P<0.0001; ns, not significant (Mann—Whitney test).

Scale bars: 10 ym.

under similar conditions, and therefore served as a positive control
(Fig. S3B-C) (Labade et al., 2016). In summary, lamin A/C
knockdown does not impede global nuclear import and the
abrogation of the nuclear translocation of Hsp70 is a specific
effect of lamin A/C depletion. Taken together, these studies show
that lamin A/C modulates the import of Hsp70 into the nucleus upon
heat shock.

Lamin depletion specifically attenuates the heat-shock-
mediated upregulation of HSPA1A

We sought to examine the involvement of nuclear lamins in
modulating transcriptional responses upon heat shock induction, for
which we examined expression levels of HSPA1A4 (a member of the
Hsp70 gene locus) upon lamin knockdown. We independently

depleted lamins, followed by heat shock and performed gene
expression profiling by qRT-PCR analyses of HSPA1A4 (Fig. 4A,B;
Fig. S2G). Interestingly, depletion of lamins caused an ~3-fold
decrease in HSPA 1A transcript levels at 42°C [Fig. 4B, control cells
(siLacZ) showed an ~30-fold upregulation of HSPA1A expression
upon heat shock]. We examined the impact of lamin depletion on
the expression of another member of the Hsp70 gene locus,
HSPAIL. Lamin knockdowns showed an ~2-fold decrease in
HSPAIL transcript levels at 42°C [Fig. S4A,B, control cells
(siLacZ) showed an ~15-fold upregulation of HSPAIL expression
upon heat shock]. In summary, lamins modulate HSPAI1A4 and
HSPAIL transcript levels upon heat shock.

The Hsp70 gene locus is induced in cells subjected to cadmium
sulfate (CdSO4)-induced metal ion stress (Polla et al., 1995). CdSO,
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Fig. 3. Depletion of lamin A/C
impairs heat-shock-induced
nuclear translocation of Hsp70.
(A) Experimental scheme.

(B) Representative mid-optical
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at 37°C). (C) Representative mid-
optical sections from confocal z-stacks
showing Hsp70 and lamin B1
immunostaining in siLacZ or siLamin
B1 cells exposed to heat shock at 42°C
for 60 min (controls at 37°C).

(D) Quantification of the mean+s.e.m.
percentage of nuclei showing nuclear
translocation of Hsp70 after heat shock
in siLacZ, siLamin A/C, siLamin B1
and siLamin B2 cells (controls at 37°C
show no nuclear translocation of
Hsp70). Data from three independent
biological replicates; the number of
nuclei analyzed is given on the
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(E) Experimental scheme.

(F) Representative mid-optical
sections from confocal z-stacks
showing Hsp70 immunostaining in
siLacZ or siLamin A/C cells
overexpressing EGFP-N1 or siRNA-
resistant (indicated by an asterisk after
lamin A) GFP-lamin A and subjected
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treatment activates HSPA1A4 expression in the absence of heat shock
(Hu et al., 2010). Interestingly, the same distal element near the
Hsp70 gene promoter (the heat-shock element centered at —100 bp)
and transcription factor (HSF1) are required for both the heat shock
and metal ion stress-induced expression of the Hsp70 gene locus
(Williams and Morimoto, 1990). We therefore used CdSO4
treatment as an independent means to activate expression of the

- G replicates; the number of nuclei
r<\|+_) Z 100- analyzed is given on the figure (n).
. '-5 . ***P<0.0001 (Mann—-Whitney test).
» ~ ] Kk .

w S _ 80 - — —_= Scale bars: 10 ym.

. 5 —_

- 4

+ £ § § =
RS T 2 40-
g3 3§ =S
B0 2

s < 20
+
<z M S
S FUA G
g0 S & S &
= S \a S ¥
@ R & 3 &
&< 8 g N % #
2 £ QQ' QQ'
= ) L L
=@ v o . .
I siLacz siLamin A/C
© QA
= w
[ZXO)

Hsp70 gene locus and unravel the mechanisms by which lamins
exert their regulatory role in the heat-shock transcriptional response
cascade. We treated cells with increasing concentrations of CdSO,
for 2 h and monitored (1) HSPA 1A and HSPA 1L transcript levels, and
(2) nuclear translocation of Hsp70 protein (Fig. S3D). Both nuclear
translocation of Hsp70 and HSPA1A4 and HSPAIL gene expression
showed a dose-dependent increase upon CdSO, treatment
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Fig. 4. Lamin A/C is required for heat-shock-induced expression and
dynamics of the Hsp70 gene locus. (A,B) Lamin knockdown attenuates heat-
shock-mediated induction of HSPA1A. (A) Experimental scheme.

(B) Measurement of meants.e.m. HSPA1A transcript levels using qRT-PCR in
siLacZ, siLamin A/C, siLamin B1 and siLamin B2 cells upon heat shock at 42°C
for 60 min (controls: siRNA-treated cells at 37°C). Data from four independent
biological replicates (n=12). Expression was first normalized to the internal
control (GAPDH) and then to siLacZ at 37°C. *P<0.05, **P<0.001; ns, not
significant (Student’s t-test). (C) Measurement of meants.e.m. HSPATA
transcript levels using qRT-PCR in siLacZ, siLamin A/C, siLamin B1 and siLamin
B2 cells upon 100 uM cadmium sulfate treatment at 37°C for 120 min (same
volume of NFW was added in control cells). Data from three independent
biological replicates (n=9). Expression was first normalized to the internal control
(GAPDH) and then to siLacZ with no cadmium sulfate. **P<0.001; ns, not
significant (Student's t-test). (D—G) Depletion of lamin A/C, but not B-type
lamins, abrogates heat-shock-mediated movement of the Hsp70 gene locus
toward the nuclear interior. (D) Experimental scheme. (E) Representative mid-
optical sections from confocal z-stacks showing SC35 and lamin B1 or lamin A
immunostaining, and 3D-FISH for Hsp70 gene locus (HSPA1A), in siLacZ,
siLamin A/C, siLamin B1 and siLamin B2 cells upon heat shock at 42°C for
60 min (controls: siRNA-treated cells at 37°C). White arrows highlight specific
hybridization of BAC DNA probe showing two copies of Hsp70 gene locus.

(F) Dot scatter plot and median showing the shortest distance (in um) of the
Hsp70 gene loci from lamin staining in siLacZ and lamin-knockdown cells after
heat shock (controls: siRNA-treated cells at 37°C). (G) Dot scatter plot and
median showing the shortest distance of the Hsp70 gene loci from SC35
speckles in siLacZ, lamin knockdown cells after heat shock (controls: siRNA
treated cells at 37°C). Data in F,G are from four and two independent biological
replicates, respectively; the number of nuclei analyzed is given on the figure (n).
**P<0.001, ***P<0.0001; ns, not significant (Mann-Whitney test). Scale bars:
10 ym.

(Fig. S3E-H). To address whether lamin depletion also affects
CdSOy-induced expression of HSPAIA, we treated lamin-
knockdown cells with 100 uM CdSOy for 2 h, followed by qRT-
PCR analyses of HSPA 1A transcript levels (Fig. 4A; Fig. S4C-E).
Interestingly, lamin depletion did not affect CdSOy4-induced
upregulation of HSPAIA expression (Fig. 4C). This contrasts
with a specific involvement of lamins in the repression of HSPA1A
expression upon heat shock (Fig. 4B), further underscoring
the role of lamins in specifically modulating the heat-shock
response.

Lamin A/C is required for heat-shock-induced movement
of the Hsp70 gene locus
The Hsp70 gene locus is in close proximity to the nuclear speckles
and shows enhanced contact with nuclear speckles upon heat shock,
which further enhances transcriptional upregulation (Khanna et al.,
2014; Kim et al., 2020). Furthermore, increase in the contact of
Hsp70 gene locus with nuclear speckles is significantly higher when
cells are exposed to heat shock as compared to what is observed
during metal ion stress (Hu et al., 2010). Since lamin depletion
attenuates heat-shock-induced upregulation of HSPA14 (Fig. 4B,C),
we examined whether lamin depletion also impacts heat-shock-
induced repositioning of the Hsp70 gene locus. We subjected lamin-
knockdown cells to heat shock at 42°C for 60 min, followed by
sequential immunostaining and fluorescence in situ hybridization
(immuno-3D FISH). We performed immunostaining for lamin Bl
and SC35, followed by FISH using a fluorescently labeled probe for
the Hsp70 gene locus (Fig. 4D,E; Fig. S31-K). Visualization of lamin
B1, SC35 and the Hsp70 gene locus together enabled measurement of
the shortest distance to Hsp70 gene loci from both the nuclear lamina
(which marks the nuclear envelope) and the nuclear speckles.
Hsp70 gene loci showed a significant movement toward the
nuclear interior upon heat shock in lamin B1- and B2-depleted cells,
as in control cells (siLacZ) (Fig. 4E, white arrows, F). Remarkably,
lamin A/C knockdown significantly curtailed the movement of

Hsp70 gene loci toward the nuclear interior upon heat shock
(Fig. 4E, white arrows, F). Hsp70 gene loci are in close proximity to
SC35 speckles (siLacZ at 37°C) (Fig. 4G). While, Hsp70 gene loci
moved closer to the speckles upon heat shock (Fig. 4E,G), lamin
depletion did not show any change in the localization of Hsp70 gene
loci with respect to SC35 speckles upon heat shock. Of note, Hsp70
gene loci moved closer to the speckles upon lamin B2 depletion at
37°C (Fig. 4G).

The Hsp70 gene locus did not reposition either with respect to the
nuclear lamina or the nuclear speckles upon CdSO, treatment
(100 uM CdSO, for 2 h) (Fig. S4F-I). This suggests that enhanced
contact with nuclear speckles and repositioning away from the
nuclear periphery are specific features of heat-shock-induced
expression of the Hsp70 gene locus. Taken together, these
analyses reveal that lamins are potentially required for enhanced
contact between the Hsp70 gene locus and SC35 speckles upon heat
shock, whereas lamin A/C uniquely regulates the heat-shock-
mediated spatial repositioning of the Hsp70 gene locus with respect
to the nuclear lamina.

Since nuclear speckles induce heat-shock-mediated expression
of Hsp70 gene locus, we determined whether lamin depletion
impacts the size and spatial distribution of the SC35 speckles
(Fig. S5A). Imaging and analyses of SC35 speckles revealed that
the speckle volume marginally decreases in siLamin B2 cells at
37°C, while lamin knockdown significantly decreases speckle
volumes upon heat shock (Fig. S5B). Speckle volumes remained
unchanged in control cells (siLacZ) before or after heat shock
(Fig. S5B). Of note, number of SC35 speckles show a marginal
increase per nucleus upon lamin B1 depletion (Fig. S5D).

We examined the spatial distribution of the SC35 speckles by
measuring the shortest distance of each individual speckle from the
nuclear lamina (Fig. S5C). Upon heat shock, SC35 speckles
repositioned closer toward the nuclear periphery in control cells
(siLacZ, 42°C) (Fig. S5C). Furthermore, depletion of either of the
lamins relocalized nuclear speckles toward the nuclear periphery,
even in the absence of heat shock (Fig. S5C). Of note, lamin A/C
depletion showed a similar organization of SC35 speckles as control
cells upon heat shock (Fig. S5C). Notwithstanding a minor decrease
in nuclear area upon lamin A/C or B2 depletion (Fig. S6E,F),
nuclear lamins modulate the topology and spatial positioning of the
SC35 nuclear speckles in the interphase nucleus.

Lamin A overexpression rescues the expression and spatial
repositioning of the Hsp70 gene locus upon heat shock

We examined the specificity of lamin A in regulating the dynamics
and function of the Hsp70 gene locus by overexpressing GFP—lamin
A (siRNA resistant) in cells depleted of endogenous lamin A/C and
examining the (1) expression and (2) spatial localization of the
Hsp70 gene locus upon heat shock (Fig. SA,B). While lamin A/C
depletion attenuates heat-shock-mediated upregulation of HSPAI1A4,
overexpression of GFP—lamin A (siRNA resistant) rescued HSPA 1A
transcript levels upon heat shock (Fig. 5B; Fig. S6D).

We performed immuno-3D FISH for the Hsp70 gene locus with
(1) lamin B1 (marker of the nuclear envelope) and (2) GFP (marker
of lamin A-overexpressing cells), in endogenous lamin A/C-
depleted cells overexpressing GFP—lamin A (siRNA resistant)
upon heat shock (Fig. 5C,D). Interestingly, GFP-lamin A
overexpression in otherwise lamin A/C-depleted cells, rescued
and re-localized Hsp70 gene loci toward the nuclear interior upon
heat shock (Fig. 5D).

We next sought to distinguish whether the nuclear envelope-
associated lamin A or the nucleoplasmic pool of lamin A
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Fig. 5. Overexpression of GFP-lamin A WT, S22A or S22D rescues the
expression and spatial dynamics of the Hsp70 gene locus. (Ai,Aii)
Experimental scheme. (B) Measurement of meants.e.m. HSPA1A transcript
levels using qRT-PCR in siLacZ and siLamin A/C cells overexpressing (OE)
EGFP-N1, siRNA-resistant GFP-lamin A (LA) WT, S22A or S22D. Expression
was normalized to the internal control (GAPDH) and then to the siLacZ+EGFP-
N1 37°C control. Combined data are from two independent biological
replicates (n=6). *P<0.05; **P<0.01; ***P<0.0001 (Student’s t-test).

(C) Representative mid-optical sections from confocal z-stacks showing lamin
B2 and GFP immunostaining, and 3D-FISH for the Hsp70 gene locus
(HSPA1A) in siLacZ and siLamin A/C cells, overexpressing EGFP-N1, siRNA-
resistant GFP-lamin A (GFP-lamin A*) WT, S22A or S22D upon heat shock at
42°C for 60 min (controls: siRNA-treated cells at 37°C, Fig. S6A-D). White
arrows highlight specific hybridization of BAC DNA probe showing two copies
of the Hsp70 gene locus. Scale bars: 10 ym. (D) Dot scatter plot and median
showing the shortest distance (in um) of the Hsp70 loci from lamin B2 staining
in control cells treated with siLacZ and overexpressing EGFP-N1, and siRNA-
resistant GFP—lamin A, S22A and S22D, and siLamin A/C cells
overexpressing EGFP-N1, and siRNA-resistant GFP-lamin A, S22A and
S22D, upon heat shock at 42°C for 60 min (controls: siRNA-treated cells at 37°
C, Fig. S4A-C). Data from two independent biological replicates; the number of
nuclei analyzed is given on the figure (n). *P<0.05; **P<0.01; *** P<0.0001; ns,
not significant (Mann—Whitney test). (E) Measurement of meants.e.m.
HSPA1A transcript levels using gRT-PCR in siLacZ, siLamin B1 and siLamin
B2 cells overexpressing EGFP-N1, GFP—lamin A WT or NM1-GFP.
Expression was normalized to internal control (GAPDH) and then to
siLacZ+EGFP-N1 37°C control. Combined data from two independent
biological replicates (n=6). **P<0.01; ns, not significant (Student’s t-test).

differentially modulates expression and dynamics of Hsp70 gene
locus. We created independent point mutations in lamin A, first a
S22D phosphomimetic mutant which shows enhanced localization
in the nucleoplasm, and second a S22 A phosphodeficient mutant of
lamin A, which is predominantly localized at the nuclear envelope
(Kochin et al., 2014). We examined the expression and dynamics of
the Hsp70 gene locus upon overexpressing (1) siRNA-resistant
GFP-lamin A S22A and (2) S22D in lamin A/C-depleted cells
(Fig. 5A-D). Interestingly, both mutants rescue the expression and
dynamics of the Hsp70 gene locus in a manner that is comparable to
the rescue seen with wild type (WT) lamin A (Fig. 5B,D). In
summary, nucleoplasmic or nuclear envelope-associated lamin A
does not show significant differences in regulating heat-shock-
mediated expression and dynamics of the Hsp70 gene locus.
Furthermore, overexpression of either WT lamin A or mutant lamins
(S22A or S22D) does not affect the spatial positions of Hsp70 gene
locus at 37°C (Fig. S6A—D), while overexpression of lamin A S22D
upregulates HSPA 1A expression by ~2.5 fold in the absence of heat
shock (Fig. 5B). Taken together, these results strongly implicate
lamin A/C in regulating the movement of the Hsp70 gene locus
toward the nuclear interior upon heat shock.

We tested whether lamin A overexpression rescues the otherwise
attenuated expression of HSPAIA in B-type lamin-depleted cells
upon heat shock (Fig. SE). Overexpression of GFP—lamin A in B-
type lamin-depleted cells (siLamin B1 and siLamin B2) does not
rescue the attenuated expression of HSPAIA upon heat shock
(Fig. SE), suggesting mutually exclusive functions of A and B-type
lamins in regulating Hsp70 gene expression.

Lamin A/C modulates Hsp70 gene loci movement potentially
via NM1

Myosin lc¢ isoform B, known as nuclear myosin I (NM1), localizes
in the nucleus and regulates long-range chromatin dynamics in the
interphase nucleus (Chuang et al., 2006; Hofmann et al., 2006;
Kulashreshtha et al., 2016; Pestic-Dragovich et al., 2000). NM1
interacts with emerin, which is also a direct interactor of lamin A/C

(Holaska and Wilson, 2007; Lee et al., 2001). However, the
functional significance of this interaction is unclear in the context of
chromatin dynamics, during heat shock. The lamin A—emerin—-NM1
complex, in conjunction with nuclear actin, is implicated in
modulating chromatin dynamics (Mehta et al., 2008; Ranade
et al., 2019). Considering that NM1 is a nuclear motor protein and
interacts with actin that further modulates Hsp70 gene loci
dynamics (Khanna et al., 2014), we addressed the mechanistic
underpinnings of the heat-shock response, by examining the effect
of heat shock on the lamin A-emerin—-NM1 sub-complex.
Interestingly, co-immunoprecipitation assays revealed an
enhanced interaction between NM1 and emerin upon heat shock
at 42°C (Fig. 6A, red asterisk), which was restored to basal levels
upon recovery at 37°C (Fig. 6A,B). We showed that lamin A/C is
required for maintaining the NMIl—-emerin interaction and for
partitioning NM1 between the cytoplasm and the nucleus (Ranade
et al., 2019). We therefore examined the subcellular localization of
NMI1 upon heat shock, and lamin depletion. NM1 is localized as
punctate foci at the plasma membrane and in the nucleoplasm
(Fig. 6C). Consistent with previous results, intranuclear NM1 foci
increase upon lamin A/C depletion at 37°C (Fig. 6C,D) (Ranade
etal., 2019). Heat shock caused a significant increase in numbers of
intranuclear NM1 foci upon lamin Bl or B2 knockdown or in
control cells (siLacZ), suggesting that lamin B1 or B2 depletion
does not affect the response of NM1 to heat shock (Fig. 6C,D). In
contrast, lamin A/C knockdown did not cause an increase in NM1
intranuclear foci upon heat shock (Fig. 6C,D). Taken together, this
further underscores a specific role of lamin A/C as a modulator of
NM1 localization in the nucleus.

To further determine whether NM1 is a downstream target of lamin
A/C, we independently overexpressed GFP—lamin A in a background
of NM1 depletion and conversely overexpressed NM1-GFP in a
lamin A/C depletion background. We exposed these cells to heat
shock at 42°C for 60 min, and analyzed transcript levels of HSPA 14
using qRT-PCR (Fig. 6F,G). Interestingly, siNM1 cells showed an
~2-fold decrease in HSPAIA transcript levels at 42°C whereas
control cells (siLacZ) showed an ~20-fold upregulation of HSPA1A
expression upon heat shock (Fig. 6F, Fig. S§A,B), suggesting that
NMI is indeed required for heat-shock-induced transcriptional
upregulation of HSPAIA. Although overexpression of NMI1-GFP
in lamin A/C-knockdown cells partially rescued transcript levels of
HSPAIA upon heat shock (Fig. 6G), the overexpression of GFP—
lamin A in NM1 knockdown cells was unable to rescue HSPAI1A
expression (Fig. 6F). These results suggest that NM1 functions
downstream of lamin A/C. Interestingly, NM1-GFP overexpression
in B-type lamin-depleted cells (siLamin B1 or siLamin B2) did not
rescue the otherwise attenuated expression of HSPA 14, reiterating the
distinct roles of A and B-type lamins in regulating HSPAIA
expression (Fig. 5E). In summary, lamin A/C regulates the spatial
dynamics and expression levels of the Hsp70 gene locus during heat
shock by modulating the localization and, potentially, the activity of
NMI in the interphase nucleus.

NM1 depletion abrogates heat-shock-induced movement

of the Hsp70 gene locus

We next investigated the underlying mechanistic role of NM1
during heat shock by examining the induction of HSPAIA
expression and analyzing the spatial positions of the Hsp70 gene
loci upon NM1 inhibition and knockdown (Chon et al., 2001;
Steinberg and Mclntosh, 1998). Cells treated with 1 mM 2,3
butanediol-monoxime (BDM), an NM1 inhibitor, for 90 min, or
NM1 knockdown showed a significant decrease in NMI1 levels
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Fig. 6. Lamin A/C is required for heat-shock-induced increase in NM1
intranuclear foci. (A) Representative co-immunoprecipitation (PD, pulldown)
using anti-emerin antibody (red arrow), probed for NM1 and lamin A in control
cells (37°C), cells subjected to heat shock at 42°C for 60 min and upon
recovery for 2 h. The asterisk highlights the presence of emerin in the PD.
(B) Densitometric quantification of meants.e.m. band intensities for NM1 in
emerin pulldown upon heat shock at 42°C (control cells at 37°C) and upon
recovery. Both emerin and NM1 levels were normalized to their respective
inputs, and the extent of NM1 pulled down with emerin was further normalized
to total emerin pulldown. Data from three independent biological replicates.
*P<0.05 (Student’s t-test). (C) Representative mid-optical section images from
confocal z-stacks showing immunostaining of NM1 and emerin in lamin-
knockdown cells upon heat shock at 42°C for 60 min (controls, 37°C).
Immunostaining shows both cytoplasmic and intranuclear fractions of NM1.
(D) Dot scatter plot and median of intranuclear NM1 foci numbers in lamin-
knockdown cells exposed to heat shock. Data from two (siLamin B1 and B2)
and three (siLacZ and siLamin A/C) independent biological replicates.
***P<0.0001 (Mann—Whitney test). (Ei-Eii) Experimental scheme. (F)
Measurement of meanzs.e.m. HSPA 1A transcript levels using qRT-PCR in
siNM1 cells overexpressing EGFP-N1 or GFP—lamin A WT. Expression was
normalized to the internal control (GAPDH) and then to the siLacZ+EGFP-N1
37°C control. (G) Measurement of meants.e.m. HSPA1A transcript levels
using qRT-PCR in siLamin A/C cells overexpressing EGFP-N1 or NM1-GFP.
Expression was normalized to the internal control (GAPDH) and then to the
siLacZ+EGFP-N1 37°C control. Combined data in F and G are from two
independent biological replicates each (n=6 each). **P<0.01, ***P<0.0001;
ns, not significant (Student’s t-test). Scale bars: 10 um.

(Figs S7B-D, S8A,B). Interestingly, both NMI1 inhibition or
depletion attenuated HSPA 1A expression levels to a similar extent as
lamin A/C knockdown alone (Fig. 7A—C). NM1 inhibition in lamin
A/C knockdown cells further decreased HSPA 1A transcript levels at
42°C (Fig. 7B). However, co-depletion of lamin A/C and NM1 did
not show an additive repression of HSPA A, suggesting that inactive
NM1 further contributes to the transcriptional repression of Hsp70
gene locus (Fig. 7C).

We asked whether NM1 modulates the spatial positions of the
Hsp70 gene loci by performing immuno-3D FISH of the Hsp70 gene
locus with regard to the location of the lamin B1 (nuclear envelope)
and SC35 nuclear speckles upon NM1 loss (Fig. 7D,E). Interestingly,
NMI1 inhibition or knockdown abrogated the movement of the Hsp70
gene locus away from the nuclear envelope upon heat shock
(Fig. 7E,F,H). While the Hsp70 gene locus was in close proximity
to the SC35 speckles (Fig. 7G,I), NM1 inhibition upon heat shock
or NM1 knockdown (at 37°C and 42°C) resulted in a marginal
separation between the Hsp70 gene loci and SC35 speckles
(Fig. 7G,I). These results underscore the importance of NM1 and
its activity in regulating the expression and spatial positioning of
the Hsp70 gene locus upon heat shock.

We examined the impact of NM1 depletion on the size and spatial
distribution of the SC35 speckles (Fig. S5A). Interestingly, loss
of NM1 (1) causes a decrease in the volume of SC35 speckles and
(2) relocalization of the speckles toward the nuclear interior at both
37°C and 42°C (Fig. S5C). This reorganization of SC35 speckles
correlates with the increased distance between Hsp70 gene locus
and SC35 in siNM1 cells, wherein the Hsp70 locus is positioned
closer to the nuclear periphery, while the speckles are redistributed
toward the nuclear interior (Fig. 7H-I; Fig. S5C). In summary, these
results highlight an intricate regulatory cross talk between lamin
A/C and NM1 in mediating the spatial organization and function of
the Hsp70 gene locus and its association with nuclear speckles in
the interphase nucleus.

DISCUSSION
Heat-shock signaling involves a physiologically important
regulatory network of molecular chaperones that are activated in

response to an aggregation of misfolded proteins upon thermal
stress (Richter et al., 2010). This network is highly important for the
immediate activation of the heat-shock response (Velichko et al.,
2013). The Hsp70 gene locus is transcriptionally activated upon
heat shock and shows enhanced contacts with nuclear speckles,
which amplifies gene expression (Khanna et al., 2014; Kim et al.,
2020). Here, we show that lamin A/C regulates the spatial
positioning of the Hsp70 gene locus and its expression upon heat
shock via the nuclear motor protein NM1.

Lamins maintain nuclear structure and function, and have key
roles in DNA replication, transcription, positioning of chromosome
territories and regulation of gene expression among others (Butin-
Israeli et al., 2015; Dechat et al., 2008; Ghosh et al., 2015; Gibbs-
Seymour et al., 2015; Ranade et al., 2017; Shumaker et al., 2008;
Singh et al., 2013). Lamins regulate RNA Pol II-mediated
transcription by potentially functioning as docking sites for the
polymerase (Heessen and Fornerod, 2007; Spann et al., 2002).
Lamins directly interact with chromatin via lamina-associated
domains (LADs) — regions of chromatin that are enriched in
repressive histone marks such as H3K9me2, and are devoid of
signatures of active transcription such as RNA Pol II and histone
modifications such as H3K4me3 (Guelen et al., 2008; Meuleman
et al.,, 2013). The spatial organization of a gene locus in the
interphase nucleus largely correlates with its expression levels
(Khanna et al., 2014; Meaburn et al., 2009, 2016; Volpi et al., 2000;
Williams et al., 2002). For instance, tethering a reporter gene to the
nuclear lamina using a GFP-LacI-AEMD and lacO system represses
gene expression (Reddy et al., 2008). Lamina-associating sequences
(LASs) tether with the nuclear lamina and recruit repressors such as
cKrox and HDAC3 (Zullo et al., 2012). Tethering chromatin to the
inner nuclear membrane via the Lacl-lacO system represses a subset
of genes, owing to the activity of class I/Il HDACs localized near the
nuclear envelope (Finlan et al., 2008). Interestingly, gene loci
targeted to the nuclear envelope can also be transcriptionally active
(Kumaran and Spector, 2008). As lamins are regulators of nuclear
mechanotransduction (Dahl et al., 2008; Hale et al., 2008;
Lammerding et al., 2005; Osmanagic-Myers et al., 2015), lamins
might potentially perceive and relay effects of thermal stress. Lamin
B is upregulated upon heat shock in U-1 melanoma and HeLa cells,
but is downregulated in response to heat shock in CHO cells
(Dynlacht et al., 1999; Falloon and Dynlacht, 2002; Zhu et al.,
1999). The nuclear envelope proteins emerin and lamin B1 are
downregulated during recovery from heat shock in HeLa S3 cells
(Haddad and Paulin-Levasseur, 2008). Lamins therefore also show
diverse responses during heat shock, in a cell-type-specific manner.

Lamin A/C modulates nuclear import of Hsp70

Lamin A (~1.2 fold) and B1 (~2 fold) are upregulated to variable
extents in response to heat shock (Figs 1D,E, 2C). Of note,
lamin A/C, but not B-type lamins, modulate the import of Hsp70
into the nucleus upon heat shock (Fig. 3D). The import carrier
Hikeshi, is required for the nuclear import of Hsp70 (Imamoto and
Kose, 2012). Lamin A/C depletion may impact nuclear
translocation of Hsp70 or impact Hikeshi activity. Overexpression
of progerin (a mutant form of lamin A associated with accelerated
ageing or progeria) shows variable effects on nuclear import. Busch
et al. showed decreased nuclear import of a reporter plasmid (GFP-
NLS) upon overexpression of progerin in HeLa cells, potentially
due to mislocalization of the nucleoporin Nup153. However, Ferri
et al. found that nucleo-cytoplasmic transport is unaffected under
similar experimental conditions in U20S cells (Busch et al., 2009;
Ferri et al., 2017). HGPS patient fibroblasts and ESC-derived
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Fig. 7. NM1 inhibition or knockdown attenuates heat-shock-induced upregulation of HSPA1A and spatial repositioning of Hsp70 gene locus.

(Ai,Aii) Experimental scheme. (B) Measurement of meants.e.m. HSPA1A transcript levels using qRT-PCR in siLacZ and siLamin A/C cells, subjected to NM1
inhibition using BDM and heat shock at 42°C (control: NFW). Expression was normalized to the internal control (GAPDH) and then to siLacZ 37°C+NFW.

(C) Measurement of mean+s.e.m. HSPA1A transcript levels using qRT-PCR in siLacZ cells and cells with single and co-depletion of lamin A/C and NM1,
subjected to heat shock at 42°C (control: NFW). Expression was normalized to the internal control (GAPDH) and then to siLacZ 37°C. Combined datain Band C
are from two independent biological replicates (n=6 each). *P<0.05; **P<0.001; ***P<0.0001; ns, not significant (Student’s t-test). (Di,Dii) Experimental scheme.
(E) Representative mid-optical sections from confocal z-stacks showing SC35 and lamin B1 immunostaining, and 3D-FISH for the Hsp70 gene locus (HSPA1A),
in cells treated with BDM or siRNA against NM1, subjected to heat shock at 42°C. White arrows highlight specific hybridization of BAC DNA probe showing two
copies of the Hsp70 gene locus. (F) Dot scatter plot and median showing the shortest distance (in um) of the Hsp70 loci from lamin B1 staining in cells treated with
BDM and subjected to heat shock at 42°C. Data from four independent biological replicates. (G) Dot scatter plot and median showing the shortest distance of the
Hsp70 loci from SC35 speckles in cells treated with BDM and heat shock at 42°C. Data from two independent biological replicates. (H) Dot scatter plot and median
showing the shortest distance of the Hsp70 loci from lamin B1 staining in siNM1 cells subjected to heat shock at 42°C. Data from two independent biological
replicates. (I) Dot scatter plot and median showing the shortest distance of the Hsp70 loci from SC35 speckles in siNM1 upon heat shock at 42°C. Data from
two independent biological replicates. In F—I, the number of nuclei analyzed is given on the figure (n). *P<0.05; **P<0.01; ***P<0.0001; ns, not significant
(Mann-Whitney test). Scale bars: 10 ym.
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fibroblast-like cells (EDFCs) derived from lamin A/C- and Bl1-
knockout mESCs show altered distribution of nuclear pore
complexes (Goldman et al., 2004; Guo et al.,, 2014; Sullivan
etal., 1999). A and B-type lamins show differential association with
the nuclear pore complex proteins that may differentially impact
cargo movement through the NPC (Xie et al., 2016). Therefore,
understanding the mechanisms of lamin interaction with nuclear
import factors or nucleoporins is essential for understanding the role
of lamins in the heat-shock response pathway.

Differential regulation of HSPA1A transcription by nuclear
lamins

Although the Hsp70 gene locus is located in close proximity to
nuclear speckles, enhanced contact of Hsp70 gene locus with the
speckles upon heat-shock results in its transcriptional upregulation
(Jolly et al.,, 1999; Khanna et al., 2014; Kim et al., 2020).
Furthermore, the HSPAIA4 promoter is essential since the artificial
introduction of this promoter upstream of another gene, MT24,
induced its movement toward nuclear speckles coupled with its
expression upon heat shock (Hu et al., 2010). Endogenous Hsp70
gene loci are in close proximity to SC35 speckles, and move further
toward SC35 and away from the nuclear envelope upon heat shock,
but not cadmium sulfate treatment (an independent inducer of
Hsp70 gene locus activation) (Fig. 4F,G; Fig. S4F-I). Interestingly,
we identified a requirement for nuclear lamins only in the heat-
shock-induced upregulation of HSPA14 (Fig. 4B,C). Both metal ion
stress and heat shock upregulate HSPAI1A4 gene expression via the
HSF1 pathway (Williams and Morimoto, 1990). This indicates that
lamins regulate the heat-shock response downstream of HSFI.
HSF1 binding at the HSPA 1A gene promoter induces recruitment of
the transcription machinery and actin-dependent movement of the
gene locus toward nuclear speckles for enhanced transcription
(Khanna et al., 2014; Kim et al., 2020). Examining the spatial
positions of the Hsp70 gene loci revealed that, while lamin A/C
knockdown abrogates heat-shock-induced movement of the Hsp70
gene locus away from the nuclear envelope (Fig. 4F), lamin
depletion does not affect the proximity of the locus to SC35

speckles (Fig. 4G). This further correlates with the spatial
redistribution of SC35 speckles toward the nuclear periphery
upon lamin depletion (Fig. S5C). We surmise that while lamins are
important regulators of SC35 speckle organization in the interphase
nucleus, the impact of lamin A/C on Hsp70 gene locus potentially
stems from its control of locus movement upon heat shock.
Lamin A/C and its direct interactor emerin, bind to and regulate
actin polymerization (Holaska et al., 2004; Ondrej et al., 2008;
Simon et al., 2010). Furthermore, emerin directly interacts with the
nuclear motor protein NM1, which assists in chromatin dynamics
and remodeling during transcription by RNA Pol I, II and III
(Almuzzaini et al., 2015; Chuang et al., 2006; Hofmann et al., 2006,
Holaska and Wilson, 2007; Mehta et al., 2008; Percipalle et al.,
2006; Pestic-Dragovich et al., 2000). Lamin A/C is also required for
the localization of emerin at the inner nuclear membrane (Vaughan
et al, 2001). Interestingly, lamin A/C modulates levels of
intranuclear NM1 foci upon heat shock (Fig. 6D), while
inhibition or knockdown of NM1 attenuates HSPAIA expression
upon heat shock, similar to what is seen upon lamin A/C
knockdown alone (Fig. 7B,C). Additionally, NM1 inhibition and
depletion abrogates heat-shock-induced movement of the Hsp70
gene locus toward the nuclear interior (Fig. 7F,H). NM1 knockdown
repositions SC35 speckles toward the nuclear interior, as evidenced
by a marginally increased separation between the Hsp70 gene loci
and SC35 speckles in siNM1 cells, both in the presence and absence
of heat shock (Fig. 7G,I). Therefore, NM1 is an important
modulator of heat-shock-induced reorganization of the SC35
speckles and repositioning of the Hsp70 gene locus. We propose
that lamin A/C loss perturbs nuclear localization of NM1 and its
activity, potentially in an emerin-dependent manner (Fig. 8).
Additionally, NM1 is bound near the promoters of a subset of
heat-shock genes in mouse embryonic fibroblasts (MEFs) and also
interacts with the WSTF—SNF2h chromatin-remodeling complex
(Almuzzaini et al., 2015; Percipalle et al., 2006). Any alterations in
NMI localization or activity could further affect the remodeling
activity of this complex, impeding appropriate transcriptional
responses.
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— E— nuclear mmm
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| N NM1
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3% Nuclear Myosin | (NM1)
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Fig. 8. Model depicting regulation of the Hsp70 gene locus by lamin A/C and NM1. The Hsp70 gene locus moves away from the nuclear envelope and

shows enhanced contact with SC35 nuclear speckles upon heat shock, which further assists in increasing its expression (Hu et al., 2010; Khanna et al., 2014; Kim

et al., 2020). Heat shock redistributes nuclear speckles toward the nuclear periphery. Depletion of lamin A/C, inhibition of NM1 activity or NM1 depletion,
attenuates heat-shock-mediated induction of HSPA1A (a gene which is a part of the Hsp70 locus), by abrogating the movement of the gene locus toward the

nuclear interior. Furthermore, depletion of lamin A/C repositions the SC35 speckles toward the nuclear periphery even in the absence of heat shock, but does
not alter the proximity of the Hsp70 gene locus to the speckles. Interestingly, NM1 knockdown repositions the speckles toward the nuclear interior at both 37°C

and 42°C, as reflected in the increased spatial separation between the Hsp70 gene locus and the speckles. We propose that loss of lamin A/C impairs
(1) partitioning of the nuclear motor NM1, between the cytoplasm and the nucleus, (2) potentially NM1 activity and (3) the stability of the actin—emerin-NM1
subcomplex upon heat shock. Our results highlight a novel regulatory role for lamin A/C and NM1 in the modulation of the physiologically critical heat shock

response pathway.
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Interestingly, while depletion of B-type lamins attenuates
HSPAIA gene expression (Fig. 4B), it does not impact the
movement of the Hsp70 gene locus toward the nuclear interior
upon heat shock (Fig. 4F). We speculate that lamin Bl and B2
potentially recruit transcription factors such as NF-Y, NF-kB and
CREB that are required for the upregulation of Hsp70 locus
expression after it has contacted nuclear speckles (Erkina et al.,
2010; Mahat et al., 2016; Sasi et al., 2014). Furthermore, B-type
lamins also regulate the organization of the SC35 speckles in the
nucleus (Fig. S5C). This suggests a regulatory role for lamins in
modulating the association of the Hsp70 gene locus, with nuclear
speckles and could potentially extend to other heat shock inducible
and speckle associated gene loci as well. In summary, these results
highlight an important role for lamins in regulating nuclear
organization during heat shock and a novel regulatory partnership
between lamin A/C and NM1 in the modulation of the expression
and dynamics of the Hsp70 gene locus.

MATERIALS AND METHODS

Cell culture

DLD-1 colorectal adenocarcinoma cells were obtained from Thomas Ried
(NCI, NIH, Bethesda, MD). DLD-1 cells were maintained in RPMI medium
(Invitrogen, RPMI 1640, 11875-093) supplemented with 10% fetal bovine
serum (FBS, Invitrogen, 6140-079 Carlsbad, CA) and the antibiotics
penicillin (100 U/ml) and streptomycin (100 pg/ml, Invitrogen, 15070-063)
at 37°C with 5% CO,. DLD-1 cells were validated by karyotyping
metaphase chromosome spreads, which showed that these cells maintain
pseudodiploid chromosome numbers of ~44-46. Cells were routinely tested
and found to be free of mycoplasma contamination.

Heat shock induction in DLD-1 cells

The culture medium of cells was first changed from complete RPMI 1640
medium to Leibovitz L-15 medium (Gibco, 21083-027; pre-warmed to
room temperature before use). Culture dishes (either 35 mmx>10 mm dishes
with 8 cm? area, or 6-well plates with 9.5 cm? area per well, Corning®)
containing cells were sealed with parafilm and exposed to either 37°C
(control) or 42°C (heat shock) in water baths (for required time points), pre-
set at these temperatures for at least 30-45 min to maintain stable
temperatures.

siRNA-mediated knockdown

Cells (~0.2x10°%) were seeded overnight for transfection. The siRNA
transfection mix was prepared using Lipofectamine RNAimax in reduced
serum medium [Opti-MEM, Invitrogen Cat No. 31985-070] and incubated
at RT for 30 min. The siRNA mix was added to cells in complete RPMI
1640 medium and knockdown was continued for 48 h after which cells were
used for further assays. Details of siRNAs used are given in Table S1.

Cadmium sulfate treatment

Cells were first transferred to fresh complete RPMI 1640 medium, followed
by the addition of cadmium sulfate solution (1 mM stock, prepared in
nuclease-free water). An equal volume of nuclease free water was added to
control cells. Cells were maintained at 37°C, in 5% CO, incubator for the 2 h
duration of the treatment.

Overexpression of siRNA-resistant GFP-lamin AWT, S22A

and S22D

The pEGFP-Lamin A construct was a kind gift from Kaushik Sengupta
(SINP, Kolkata, India) and was converted into an siRNA-resistant WT
sequences using the primers shown in Table S2. Point mutations were
introduced in siRNA-resistant GFP—Lamin A WT to generate GFP—Lamin
A S22A and S22D mutants. Cells (~0.2x10°) were seeded overnight for
siRNA transfection. Transfection mix was prepared using Lipofectamine
RNAimax in Opti-MEM containing 100 nM siRNA against LacZ and lamin
A/C, and incubated at room temperature for 30 min. siRNA mix was then

added to cells in complete RPMI 1640 medium and knockdown was
continued for 24 h. After 24 h, cells were transfected with either EGFP-N1
(empty vector) or the siRNA-resistant GFP—-Lamin A using Lipofectamine
LTX and Plus reagent (Invitrogen, 15338100) for 48 h. After 48 h, heat-
shock induction was carried out as described above.

Western blotting

Whole-cell extracts were prepared using the RIPA buffer (50 mM Tris-HC1
pH 7.4, 150 mM NaCl, 0.1% SDS, 0.01% sodium azide, 0.5% sodium
deoxycholate, 1 mM EDTA and 1% NP-40). Protein samples were
denatured by boiling in 4x Laemmli buffer and resolved on a 10%
acrylamide-bis acrylamide gel, followed by transfer to an activated PVDF
membrane at a constant voltage of 90 V for 100 min. The membrane was
blocked in 5% non-fat dried milk prepared in 1x Tris-buffered saline and
0.1% Tween 20 (1x TBST) for 1 h at room temperature. Primary antibody
(details shown in Table S3) were prepared in 0.5% non-fat dried milk in
1x TBST and incubated overnight at 4°C or for 3 h at room temperature.
Secondary antibody incubation was carried out for 1 h at room temperature.
Blots were developed using chemiluminescent substrate (GE Healthcare;
ECL Prime, 89168-782) and acquired at incremental exposures of 10 s
under a chemiluminescence system LAS4000 (GE Healthcare).

Immunofluorescence assay

Cells growing on coverslips were washed briefly using 1x PBS (5 min, twice at
room temperature) followed by fixation with 4% paraformaldehyde (PFA,
Sigma, 158127) prepared in 1x PBS (pH 7.4) for 12 min, and permeabilization
in 0.5% Triton X-100 (prepared in 1x PBS) for 10 min. Blocking was
performed in 1% BSA (Sigma, A2153) solution (prepared in 1x PBS) for
30 min. Primary antibodies (Table S3) were diluted in 0.5% BSA and incubation
with cells was carried out at room temperature for 90 min. Secondary antibodies
were diluted in 1x PBS with 0.1% Triton X-100 (1x PBST) and incubation was
carried out at room temperature for 60 min. Cells were counterstained with
0.05 pg/ml 4',6-diamidino-2-phenylindole (DAPI) solution for 2 min at room
temperature, washed in 1x PBS and mounted in Slowfade Gold Antifade
(Invitrogen, S36937) and stored at 4°C until they were imaged.

Quantification of cells with nuclear translocation of Hsp70

Cells subjected to heat shock at 42°C (60 min) or control cells maintained at
37°C, were immunostained for Hsp70. DLD-1 cells at 37°C showed a faint
Hsp70 staining in the cytoplasm, while upon heat shock, Hsp70 staining was
pan-nuclear or localized distinctly in the nucleolus with increased
fluorescence intensity. DAPI staining was used to demarcate the nuclear
border, and cells that showed Hsp70 staining within the nucleus or nucleolus
were scored positive for nuclear translocation of Hsp70 upon heat shock.

Quantification of nuclear area, volume and circularity

DAPI staining from the immunofluorescence assays was used to quantify
the nuclear area, volume and circularity. Using ImageJ, the mid-optical
section of the confocal z-stacks was selected. The DAPI channel was used
for thresholding individual nuclei, and area and circularity was calculated.
Nuclear volume was quantified across the entire 3D confocal stack using the
Object Counter3D tool in Imagel.

RNA isolation

Cells were harvested in Trizol reagent (Invitrogen, 15596018), collected in
1.5 ml microfuge tubes, vortexed briefly for 10 s and 100 ul chloroform per
500 pl Trizol was added. The mixture was vortexed for 10 s and incubated at
room temperature for 10 min, followed by centrifugation (12,000 g for
15 min at 4°C). The aqueous phase was carefully collected in fresh 1.5 ml
microfuge tubes. Equal volume of isopropanol was added, followed by
vortexing for 15 secs and incubation at room temperature for 15 min. The
samples were centrifuged again (12,000 g for 15 min at 4°C), and the RNA
pellet was washed with 70% ethanol and dried at 37°C for 5-10 min. The
RNA pellet was reconstituted in desired volume of nuclease-free water
(NFW) and incubated at 37°C for 5 min and at 65°C for 5 min (without
shaking). RNA was stored at —80°C till further use. RNA quantification was
performed using a Nanodrop machine.
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Preparation of cDNA and qRT-PCR

c¢DNA was prepared using oligo(dT) primers and a Verso cDNA Synthesis
Kit (Thermo Fisher Scientific, AB1453B). qRT-PCR was performed from
cDNA templates using Kapa SyBr Fast PCR Master Mix (2x%) Universal
(KK4602) and real-time PCR system (Bio-rad, CFX96) (Table S4).
Transcript levels were determined after (first) normalization to the internal
control GAPDH and further (second normalization) to the specific
experimental control.

NM1 inhibition using BDM

Cells were transferred from complete RPMI 1640 medium to pre-warmed
Leibovitz L-15 medium. BDM (Sigma, B0753-25G) was added at a final
concentration of 1 mM (diluted from a 50 mM stock prepared in NFW; the
control was an equal volume of NFW). Cells were incubated in a 37°C/5%
CO, incubator for 30 min. Then, cells (+BDM) were subjected to heat shock
at 42°C for 60 min, while cells maintained at 37°C for 60 min in water baths
served as control.

Quantification of intranuclear NM1 foci

In cells immunostained for NM1, DAPI staining was used to demarcate the
nuclear border in each individual cell using the Freehand selection of Imagel.
Switching to the fluorescence channel for NM1, the Find Maxima process
was used to obtain a count of NM1 foci present inside the nuclear border.
Noise tolerance was adjusted to exclude any ambiguous dim foci, and
maintained for control and treatment sets. The plasma membrane fraction of
NMI1, which shows a continuous staining, is not considered in this analysis.

Immuno-3D FISH

Fixation

Cells post heat shock were immediately treated with CSK buffer (0.1 M
NaCl, 0.3 M sucrose, 3 mM MgCl,, 10 mM PIPES pH 7.4, 0.5% Triton
X-100) for 67 min, followed by fixation using 4% PFA for 12 min at room
temperature. After two washes in 1x PBS, cells were permeabilized in 0.5%
Triton X-100 (in 1x PBS) for 15 min and incubated in 20% glycerol (in 1x
PBS) for 45 min. This was followed by five or six freeze—thaw cycles in
liquid nitrogen, and three washes in 1x PBS, 10 min in 0.1 M HCl, and two
washes in 50% formamide 2x saline sodium citrate buffer, pH 7.4 (50% FA-
2x SSC). Coverslips with fixed nuclei were stored at 4°C overnight (or until
further use).

Immunofluorescence

The immunofluorescence protocol was followed as described above. After
the final three washes of 1x PBST, coverslips were stored in 1x PBST for
30 min. Post-fixation was carried out in 4% PFA for 7 min and post-
permeabilization in 0.5% Triton X-100 for 7 min, followed by two washes
in 1x PBS and two washes in 50% FA-2 x SSC.

Preparation of BAC DNA probe for FISH

BAC clone RP11-92G8 (CHORI BACPAC Resources) for HSPAI1A4 and
HSPAIL was purified using the BAC isolation protocol optimized for
100 ml cultures (Villalobos et al., 2004). BAC DNA was labeled with
aminoallyl-dUTP-Texas Red (Jena Bioscience, NU-803-TXR) or
aminoallyl-dUTP-Rhodamine-12 (Jena Bioscience, NU-803-RHOX)
using a Nick Translation Kit (Roche, 10976776001, following the kit
protocol). The labeling reaction was carried out at 15°C for 2.5 h and
terminated using 0.5 M EDTA, and DNA was precipitated using 3 M
sodium acetate and ethanol. The labeled DNA pellet was resuspended in
deionized formamide (pH 7.4) at 37°C, followed by addition of Master Mix
containing dextran sulfate and 2x SSC. The probe was stored at —20°C until
further use.

Hybridization

The HSPAIA probe was incubated at 37°C for 7 min with shaking at
750 rpm, followed by denaturation at 80°C for 5 min and quickly chilled on
ice for 2 min. Pre-annealing was at 37°C for 45 min. The HSPA 1A probe and
immunostained nuclei were co-denatured at 80°C for 7 min, followed by
hybridization in a moist sealed box at 37°C for 48 h.

Detection

Post hybridization, coverslips were washed in 50% FA-2X SSC (pH 7.4),
three times for 5 min each time at 45°C, followed by 0.1x SSC washes (three
times for 5 min each time) at 60°C. Coverslips were counterstained with
DAPI for 2 min, washed in 2x SSC, mounted in Slowfade Gold Antifade
and stored in 4°C until imaged.

Imaging

Confocal images for Immuno-3D FISH were acquired on a Zeiss LSM 710
confocal microscope (Carl Zeiss, Thornwood, NJ, USA) with 63x Plan-
Apochromat 1.4 NA oil immersion objective, ZEN software and scan zoom
of 1.5-2.0. Z-stacked images were acquired at 512x512 pixels per frame
using a 8-bit pixel depth for each channel at a voxel size of
0.105 umx0.105 umx0.34 um and line averaging set at 4, collected
sequentially in a three-channel mode. Immunofluorescence imaging was
performed using Leica TCS SP8 confocal laser scanning microscope with a
63x Plan-Apochromat 1.4 NA oil immersion objective, LAS X software and
scan zoom of 1.0-1.5. Z-stacked images were acquired at 512x512 pixels
per frame using a 8-bit pixel depth for each channel at a voxel size of
0.105 umx0.105 umx0.34 um and frame averaging set to 4, collected
sequentially in a three-channel mode.

Analyses

3D reconstruction of confocal stacks was performed using Huygens
Professional software for DAPI (blue channel), HSPAIA (red or
green channel), SC35 (green channel) and lamin A or Bl (far red
channel). Lamin staining was set as envelope anchor. The center of mass
(CM) for the thresholded HSPA1A locus signal was determined and the
shortest distance between the anchor (lamin staining) and CM was
computed. To compute the distance between the SC35 speckles and the
Hsp70 loci, SC35 speckles were set as anchors and the shortest distance
between the anchor surface (SC35) and CM of the gene loci was
computed.

Co-immunoprecipitation of lamin A-emerin-NM1 complex

Cells post heat shock were lysed in co-immunoprecipitation buffer
(50 mM Tris-HCI pH ~8.0, 300 mM NaCl and 0.5% NP-40), kept on ice
for 15 min and centrifuged at 14,000 rpm (~20,000 g) for 20 min at 4°C.
Lysates were subjected to pre-clearing using 10 ul Dynabead—Protein G
(Invitrogen, 10003D) for 45 min at 4°C on a rotary shaker at 67 rpm. Post
pre-clearing, the protein concentration was estimated and 2 pg of either
mouse anti-emerin (Santacruz, H-12 sc-25284) or normal mouse IgG
(Millipore, 12-371) was added to 500 pg lysate. Antigen—antibody
incubation was carried out at 4°C on a rotary shaker at 6—7 rpm
overnight. 20 pl Dynabead—Protein G, previously blocked with
0.5 mg/ml BSA solution for 30 min at 4°C, were added to capture the
antigen—antibody complex for 4 h at 4°C on a rotary shaker at 67 rpm. The
beads containing the complex were washed 5-6 times with chilled
co-immunoprecipitation buffer for 10 min at 4°C on a rotary shaker at
12—13 rpm. After the washes, antigen—antibody complex was eluted from
the beads by boiling them at 95°C for 10 min in 2x Laemmli’s buffer and
SDS-PAGE followed by western blotting was carried out.

Statistical analyses

The band intensity (western blotting) and average fold change (QRT-PCR)
values were compared using unpaired Student’s 7-test (two-tailed). Surface
area, circularity, fluorescence intensities (IFA) and distances of Hsp70 gene
loci from lamina or SC35 were compared using Mann—Whitney test. P<0.05
was considered statistically significant. Graphs were plotted using GraphPad
Prism 5.0 and Microsoft Excel.
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