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Human satellite-11l non-coding RNAs modulate heat-shock-
induced transcriptional repression
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ABSTRACT HSPs, the HSR is also involved in global suppression
The heat shock response is a conserved defense mechanism that transcription and. translatipnal processes and .associated chal
protects cells from physiological stress, including thermal stress. the cellular physiology (Lindquist, 1986). Besides the heat sh
Besides the activation of heat-shock-protein genes, the heat shock the H,SR 1S aI§o activated by a variety of stressors and therefo
response is also known to bring about global suppression of HSR IS considered to be a generic stress-response mechan
transcription; however, the mechanism by which this occurs is Protectcells against stress-induced damages (Courgeon etal.,
poorly understood. One of the intriguing aspects of the heat shock Heikkila etal., 1982; Michel and Starka, 1986; Yura et al., 198
response in human cells is the transcription of satellite-Ill (Sat3) long AN intriguing observation with regard to the HSRin humansiis
non-coding RNAs and their association with nuclear stress bodies N€atinduced expression of a class of long non-coding R
(nSBs) of unknown function. Besides association with the Sat3 (INCRNAs)known as the satellite-1ll transcripts (hereafter referre
transcript, the nSBs are also known to recruit the transcription factors &S Sat3 transcripts) (Rizzi et al., 2004; Jolly et al., 2004). §
HSF1 and CREBBP, and several RNA-binding proteins, including the  {ranscripts are coded by the satellite-lll family of repetit
splicing factor SRSF1. We demonstrate here that the recruitment of S€dUences harboring a consensus GGAAT motif and localize
CREBBP and SRSF1 to nSBs is Sat3-dependent, and that loss of (N€ peri-centromeric region of acrocentric chromoso
Sat3 transcripts relieves the heat-shock-induced transcriptional (V@lgardsdottir et al., 2005; Jolly et al., 2002). The heat-shq
repression of a few target genes. Conversely, forced expression of induced expression of Sat3 is HSF1-dependent, the polyaden
Sat3 transcripts results in the formation of nSBs and transcriptional  S@t3 transcripts vary in length (ranging from 2 to over 5 kb), anc
repression even without a heat shock. Our results thus provide a fcranscrlptstend toaccumulate gtthe site oftr_ansc_rlptlon to form
novel insight into the regulatory role for the Sat3 transcripts in heat- IS known as nuclear stress bodies (nSBs), primarily at the 9912
shock-dependent transcriptional repression. (Jolly et al., 2004; Sengupta et al., 2009; Rizzi et al., 2004;

etal., 2004). The Sat3-positive nSBs colocalize with HSF1, CR

KEY WORDS: Heat shock response, Non-coding RNA, Transcription binding protein (CREBBP; also known as CBP), RNA polymer
factor, Nuclear stress bodies II, RNA-binding proteins such as SRSF1 (serine/arginine-

splicing factor 1; also known as SF2 or ASF), KHDRBS1 (
INTRODUCTION known as Sam68), and several heterogeneous nu

The heat shock response (HSR) is a ubiquitous cell-defenis@nucleoproteins (hnRNPs) (Weighardt et al., 1999; Den
mechanism and is conserved throughout the eukaryotes (Akedetl., 2001; Metz et al., 2004; Chiodi et al., 2004; Jolly et al., 20
et al., 2010). The HSR is induced when the cell is und&he recruitment of HSF1 and CREBBP onto the nSBs is thoug
physiological stress that alters the protein folding, such as a Heanecessary for the transcription of Sat3 loci (Jolly et al., 2(
shock, and is therefore characterized by the increased expressi@eanfjupta et al., 2009). The association of several splicing fa
chaperones known as the heat shock proteins (HSPs) (Lindquwiith nSBs possibly suggests a role for Sat3 transcripts
1986). The HSR is mediated by the heat shock transcription facequestration of these proteins into an inactive compart
(HSF1 in mammals), which is activated upon exposure of cellsdoring the thermal stress (Jolly et al., 2002; Chiodi et al., 2(
the stress and is essential for the stress-induced transcriptiododi and Lakhotia, 2006). However, the specific functions of S
genes coding for HSPs (Wu, 1984; Parker and Topol, 1984). Thuianscripts in the HSR and the cellular pathways that are regulat
HSF1 is considered to be the master regulator of the HSRt3 transcripts are not very well understood. Here, we show th:
(McMillan et al., 1998; Xiao et al., 1999; Pirkkala et al., 2000at3 transcripts recruit critical factors involved in the transcripti
Zhang et al., 2002). In addition to its role in the activation of throcesses, thereby contributing to the heat-induced transcript

silencing. We also provide evidence to suggest that Sat3-mea
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the transcription factors HSF1 (Cotto et al., 1997) and CREBBRat the signals obtained for the overexpressed Sat3 repea
(Jolly et al., 2004), the splicing factors SRSF1 and SRSF9 (alsdeed from the transcripts and not from cross hybridization
known as SRp30c) (Metz et al., 2004), and several other RNAe DNA.
binding proteins such as hnRNPs and SAFB (scaffold attachmerBecause the overexpressed Sat3 formed nSBs in the majo
factor B) (Chiodi et al., 2000; Denegri et al., 2001; Weighardt et ghg transfected cells, and because the nSBs were positive for
1999). We have validated the colocalization of CREBBP ametid CREBBP, we wanted to test whether the overexpressed
SRSF1 with Sat3-positive nSBs by immuno-fluorescencgtu transcripts associate with the endogenous Sat3 chromosoma
hybridization (immuno-FISH) (Fig. 1A,B). With the exception oFor this, we carried out a combined DNRNA FISH with a DNA
HSF1, which is required for the heat-shock-induced expressiorpadbe to detect the 9921 locus, a non-overlapping region adjace
Sat3 transcripts (Jolly et al., 2004; Sengupta et al., 2009), the Sat3 locus on chromosome 9 (Moyzis et al., 1987) devoid o
functional significance of the other factors that are recruited datellite Ill repeats (see Fig. 3F) and an oligo probe to detect the
the nSBs is not fully understood. We therefore wanted to tésinscripts. In the heat-shocked cells, the signals for the 9921 r¢
whether loss of CREBBP would destabilize the nSBs or netere seen in close proximity to the nSBs positive for the S
As shown in Fig. 1C,D, the RNAi-mediated knockdown ofranscripts in the majority 80%) of the cells that expressed t
CREBBP did not affect the heat-shock-induced, HSF1-positi8at3 transcripts (Fig. 3G). Intriguingly, a similar pattern was &
or the Sat3-positive nSBs, whereas the loss of HSF1 did affseen for the overexpressed Sat3 transcripts in the transfectec
the nSB formation by arresting the transcription of Sat3 logot exposed to a heat shock (Fig. 3H). However, nearly 50% o
(Fig. 1E), as reported earlier (Jolly et al., 2004; Sengupta et alierexpressed Sat3-positive nSBs did not cluster around the
2009). Intriguingly, knockdown of Sat3 transcripts, using tHecus (Fig. 3H).
phosphorothioate-modified antisense oligos, led to the loss of
CREBBP on the nSBs (Fig. 1F; Fig. S1A,D), whereas HSHMKhockdown of Sat3 transcripts partially relieves the heat-
continued to form nSB-like structures even in the absence of theck-induced transcriptional repression
Sat3 transcripts (Fig. 1F,G), implying that the Sat3 transcripts selfia/ing observed the dynamic nature of the Sat3 expression al
as a scaffold for the recruitment of CREBBP to the nSBs. recruitment of CREBBP on Sat3 transcripts, we reasoned that
As expected, the loss of HSF1 abolished the formation mwight regulate the heat-shock-induced transcriptional repres
CREBBP-positive nSBs, confirming that HSF1 is essential for tfie investigate this, we selected 18 genes whose expression
formation of nSBs during a heat shock (Fig. 2A). Intriguinghare known to go down during heat shock in HelLa cells (Pa
knockdown of SRSF1 led to the loss of CREBBP on the HSFét al., 2011). Because the transcription process is known t
positive nSBs, suggesting SRSF1 to be essential for the recruitnseippressed during the HSR, we used the nuclear RNA
of CREBBP to HSF1-positive nSBs (Fig. 2A; Fig. S1A,D)accurately quantify the expression difference. For this we
However, the partial loss of SRSF1 did not affect the formationtbe real-time PCR approach using the Fluidgmicrofluidic
Sat3-positive nSBs (Fig. 2B) or the HSF1-positive nSBs (Fig. 2@gvice (Livak et al., 2013). As observed previously (Pandey e
SRSF1is known to physically interact with the Sat3 transcripts (M&@11), all 18 genes tested in the present study showed a signi
et al., 2004); therefore, and as expected, the loss of Sat3 transarguisction in the expression level upon exposure to heat s
resulted in the loss of SRSF1 on the nSBs (Fig. 2C). Knockdown(Bfg. 4A). As shown in Fig. 4A, a significant increase in t
SRSF1, however, did not affect the formation of Sat3-positive nS8gression level of 14 genes in heat-shocked cells was obs
(Fig. 2B). Similarly, knockdown of CREBBP did not affect theipon partial knockdown of Sat3 transcripts. However, four ge
SRSF1-positive nSBs (Fig. 2D). The knockdown efficiency of Safd not show a change in the expression level upon partial los
antisense oligos, and the RNAI constructs for the knockdown $4it3 transcripts (Fig. 4A). No such change in the expression
HSF1, CREBBP and SRSF1 are shown in Fig. S2A-C. was found when Sat3 was silenced in cells not exposed to the
Having seen a change in the localization pattern of CREBBRock (see Fig. S3A). We next tested whether ectopic expressi
upon loss of Sat3 transcript or the SRSF1, we next wanted to Se¢3 transcripts would alter the expression level of these 18 g
whether CREBBP would get recruited to the Sat3-positive nSBar this, the mammalian expression construct harboring the
even when the Sat3 transcripts are overexpressed using the rkagadat (pcDNA-Sat3) was transiently transfected in HelLa cells
promoter. For this, we have created a mammalian expresdiom expression level of the 18 genes was quantified.
construct in which the 158 base pair (bp) fragment harboring thensfected with a bacterial expression construct harboring
Sat3 repeats was cloned under a viral promoter and confirmedS&3 repeat (pGEM-Sat3) was used as the control. As sho
expression (see Fig. S2D). As shown in Fig. 3A,B, the pcDNA&ig. 4B, a significant reduction in the expression level
mediated expression of Sat3 transcripts resulted in the formatiooluderved for 14 genes in cells that overexpressed the
nSB-like Sat3-positive bodies in the majority of the transfect&@dnscripts. Intriguingly, the same set of genes showed
cells; in a small proportion of transfected cells, however, tircrease in the expression level upon loss of Sat3 in ¢
overexpressed Sat3 transcripts showed a diffused pattern inetk@osed to the heat shock (Fig. 4A), suggesting a direct rolg
nuclei. Interestingly, the overexpression of Sat3 repeats resulte8at3 transcripts in the transcriptional regulation. The expres
the recruitment of SRSF1 and CREBBP, but not HSF1, to the nSBgels of the remaining four genes were unaltered upon
in the majority of the transfected cells even when the cells were oeerexpression (Fig. 4B), as was seen upon knockdow
exposed to a heat shock (Fig. 3C-E; Fig. S1F). This observation wadogenous Sat3 transcript during a heat shock (Fig. 4A).
similar to that seen in the nSBs resulting from the expression of Sa¢3t wanted to test whether the Sat3-transcript-medi
endogenous transcripts (Fig. 1A,B), strengthening the notion ttranhscriptional repression is due to the recruitment of CREE
Sat3 transcripts are required for the recruitment of CREBBP oratwd/or SRSF1 on to the Sat3 transcripts. For this, pcDNA-Sat3
the nSBs. Transient transfection of a bacterial expression vecmexpressed with an expression construct coding for CREBB
(pGEM2-98) bearing the same repeat fragment did not yiedRSF1, and the expression levels of nine genes in the contre
nSB-like signals upoim situ hybridization (Fig. S2D), suggestingwas tested. As shown in Fig. 5A, co-expression of CREBBHRE!
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Fig. 1. The heat-shock-induced Sat3 transcripts sequester CREB-binding protein (CREBBP) to nSBs. (A,B) Representative immuno-FISH images showing
colocalization of Sat3 transcripts with endogenous CREBBP (A) or with transiently expressed GFP-tagged SRSF1 (SRSF1-GFP) (B) in HeLa cells; control (upper
panels) or heat-shocked (lower panels) cells, as indicated. (C,D) Images of immuno-FISH or immunofluorescence stainings showing the continued presence of
Sat3 transcripts (C) or HSF1-positive nSBs (D) upon knockdown of CREBBP in cells exposed to a heat shock. Note the colocalization of nSBs positive for &t3
transcripts or HSF1 with the CREBBP foci in the control cells (upper panels). (E) Immuno-FISH images showing the absence of Sat3-posititve nSBs upon loss of
HSF1 in heat-shocked cells. The upper panels represent the control set, whereas the lower panels show the HSF1 knockdown. (F) Immunofluorescence images
showing the absence of CREBBP in HSF1-positive nSBs when Sat3 was knocked down in heat-shocked cells. The upper panels represent the control set,
whereas the lower panels represent the Sat3-knockdown set. (G) Immuno-FISH images showing the presence of HSF1-positive nSBs even in the absence of
Sat3 transcripts in the heat-shocked cells. The upper panels represent the control set showing the colocalization of Sat3 transcripts with HSF1. The efficiency of
Sat3 antisense oligos used for the knockdown of Sat3 transcripts was validated by FISH and semi-quantitative PCR (Fig. S2A,B). The efficiency of the knockdown
construct for HSF1 was validated by semi-quantitative PCR and by immunoblotting (Fig. S2C). Scale bar: 10 um.
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Fig. 2. SRSF1 facilitates the recruitment of CREBBP to Sat3 transcripts. (A) Immunofluorescence images showing the absence of CREBBP in HSF1-positive
nSBs when SRSF1 was knocked down in heat-shocked cells. The upper panels represent the control set [non-silencing RNAi duplex (NS_RNAI)], whereas the
lower panels represent the HSF1 and SRSF1 knockdown sets. (B) Immuno-FISH images showing the presence of Sat3-transcript-positive nSBs upon
SRSF1 knockdown in cells exposed to a heat shock. Note the colocalization of Sat3 transcripts with SRSF1 in the control cells (upper panels).

(C) Immunofluorescence images showing the absence of SRSF1 in the HSF1-positive nSBs upon loss of Sat3 transcripts. The upper panels represent the control
set, whereas the lower show SRSF1 and Sat3 knockdown. (D) Immunofluorescence images showing the presence of SRSF1-positive nSBs upon CREBBP
knockdown in cells exposed to a heat shock. Upper panels show the colocalization of CREBBP and SRSF1 in the control condition, whereas lower panels
represent the CREBBP knockdown set. The efficiency of the knockdown constructs for CREBBP and SRSF1 was validated by semi-quantitative PCR and by
immunoblots (Fig. S2C). For quantified colocalization data, see Fig. S1A-E. Scale bar: 10 pm.

SRSF1 partially relieved the Sat3-mediated transcriptiomaerexpressed Sat3 transcripts led to a significant increase i
suppression of the nine genes tested. Overexpression of eithexpfession level of target genes (Fig. 5E), possibly due to
these two proteins alone resulted in an increase in the expressioreasedavailability of CREBBP for transcription. However, n
levels of the target genes upon heat shock (Fig. 5B) as well aswath change was seen when HSF1 was knocked down (Fig.
the physiological temperatures (Fig. S3B). Depletion of Sat@ggesting that HSF1 is not involved in overexpressed-S
transcripts in cells overexpressing CREBBP did not significantlyediated transcriptional silencing. Intriguingly, knockdown
alter the expression levels of the target genes in the heat-sho&R8F1 in cells not exposed to heat shock also showed
cells (Fig. S4A); their expression profile was similar to the celsippression in the transcript level of target genes (see Fig. $
that overexpressed CREBBP and were exposed to a heat shsogigesting a direct role for SRSF1 in the transcriptional prod
(Fig. 5B). Conversely, partial knockdown of CREBBP resulted ifhus, the loss of either the Sat3 transcripts or SRSF1 is likel
reduced expression of the same set of genes in the heat-shounl@dase the availability of CREBBP for transcriptional activ
cells (Fig. 5C), further strengthening the role of CREBBP in tleven during heat shock. Conversely loss of CREBBP during
heat-shock-induced transcriptional regulation. Because teat shock is expected to further reduce the expression lev
recruitment of CREBBP to nSBs requires the presence of SR$&bet genes and indeed that was observed (Fig. 5C). To
(Fig. 2A), we next tested whether knockdown of SRSF1 wouldhether these genes are indeed the direct targets of CREBB
relieve the heat-shock-induced transcriptional repression. dAgeried the data available from a genome-wide study that look
shown in Fig. 5D, partial loss of SRSF1 did increase thbe CREBBP occupancy in over 16,000 promoter sitesivo

expression level of target genes during the heat shock. T¢Ramos et al., 2010). Interestingly, we found the occupancy
could possibly mean that the Sat3 transcripts sequester CREBGRCREBBP to be much higher in the regulatory regions of the
via SRSF1 to bring about transcriptional repression of target gegeses that showed an increased expression upon loss of

during the heat shock. Indeed, partial loss of SRSF1 in cells ttranscripts as compared with the four genes that did not shé
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Fig. 3. Ectopic overexpression of Sat3-repeat-bearing transcripts form nSBs in non-heat-shocked cells. (A) FISH images showing the nSB-like (top) and
the diffused (bottom) pattern of localization for the Sat3 transcripts when overexpressed using a mammalian expression construct (pcDNA-Sat3) in HeLa cells.
(B) Bar diagram representing the percentage of cells showing the different expression patterns of pcDNA-Sat3-derived Sat3 transcripts, as depictd in A (n=3).
(C) Immuno-FISH images showing colocalization of transiently expressed SRSF1-GFP with Sat3-repeat-bearing transcripts in cells transfected with the Sat3
mammalian expression construct (pcDNA-Sat3) but not in cells transfected with the Sat3-repeat-bearing bacterial expression construct (pGEM-Sat3).

(D,E) Similarly, the transiently expressed Sat3-repeat-bearing transcripts colocalized with endogenous CREBBP (D) but not with HSF1 (E). Note the lack of any
Sat3 signal in cells transfected with pPGEM-Sat3. For quantification of colocalization data, see Fig. S1F. (F) Ideogram of chromosome 9 showing the position of
the Sat3 locus (9q12; identified in purple on the ideogram and a red line below), and the physical position of the genomic probe (9921, identified by a green line
below the ideogram) used for the DNA FISH. (G) Representative image of the combined DNA-RNA FISH showing the fluorescent signals obtained for the
endogenous Sat3 transcripts (red) and for the 9921 genomic locus (green) in a cell exposed to a heat shock. The nucleus is stained with DAPI (blue). (H) Similarly,
arepresentative image for the combined DNA-RNA FISH showing the fluorescent signals obtained for the overexpressed Sat3 transcripts (pcDNA-Sat3; red) and
for the 9921 genomic locus (green). The nucleus is stained with DAPI. Note the overlapping as well as non-overlapping signals for the overexpressed Sat3
transcripts with the 9921 locus. Scale bar: 10 um.
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change in their expression level (Table S1). Thus, there seems toryeunoprecipitation to pull-down CREBBP and tested
a direct correlation between the CREBBP occupancy on fmesence of Sat3 transcripts in the immunoprecipitate.
promoter and a change in the Sat3-mediated expression level oktimvn in Fig. 6, Sat3 transcripts were detected in
genes tested. precipitate derived from cells exposed to the heat shock,
It is known that SRSF1, an RNA-binding protein, physicalltheir level was lower when the SRSF1 was knocked down.
interacts with the Sat3 transcripts (Metz et al., 2004). Becauaseplification was observed in samples that were not exposed
CREBBP requires Sat3 transcripts and SRSF1 for its recruitmeeat shock or in samples that were immunoprecipitated wi
to the nSBs, we wanted to test whether CREBBP interacts withn-specific antibody, establishing the specificity of the p
Sat3 transcripts through SRSF1. For this, we carried out an RNéwn assay used.
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Fig. 4. Knockdown of Sat3
transcripts partially relieves heat-
shock-induced transcriptional
repression. (A) Bar diagram showing
fold change in the expression levels of
18 genes evaluated by quantitative
PCR. The cells were transfected with
the anti-sense Sat3 oligos or the
control oligos, either exposed or not
exposed to heat shock, and the gene
expression was evaluated by the
Fluidigm’s microfluidic devices, as
indicated. All values are normalized to
the samples transfected with control
oligos and not given a heat shock
(identified as ‘Set #1"). For calculating
statistical significance, Set #2 was
compared with Set #1, and Set #3
was compared with the Set #2.

(B) Bar diagram showing the fold
difference in the expression levels of
the indicated genes in cells
transfected with the bacterial
expression construct having the Sat3
repeat (pGEM-Sat3) and given heat
shock or no heat shock, or cells
transfected with the mammalian
expression construct bearing the Sat3
repeat (pcDNA-Sat3) and given no
heat shock, as indicated. All values
are normalized to the samples
transfected with the pGEM-Sat3
construct and not given a heat shock
(identified as ‘Set #1'). For calculating
statistical significance, Set #3 was
compared with Set #1. For both
figures, each bar represents mean
values of three biological replicates,
each of which were processed for two
experimental replicates. Unpaired
Student’s t-test, *P 0.05.

Sat3 transcripts are required for full protection against heat- as compared to cells transfected with an empty vector or
shock-induced cell death bacterial expression vector Sat3 repeats (pGEM2-Sat3) (Fig. 7¢
Because transcription of Sat3 loci is regulated by HSF1, and HSRttiguingly, cells that expressed the cloned Sat3 repeats exhib
is a critical player in the heat shock response, we wanted to chsighificantly lower survival rates when exposed to a heat sh
whether the Sat3 transcripts are required for human cells to cosfeggesting a toxic effect of Sat3 transcripts when ectopig
full protection against thermal stress. For this, HelLa cells wenepressed (Fig. 7C). As stated earlier, transient expressic
transiently transfected with antisense oligos for the knockdownpaDNA-Sat3 resulted in the formation of Sat3-positive nSBs
Sat3 transcript, the cells exposed to a heat shock (42°C for 1 hounen the cells were not exposed to a heat shock, wherea
and cell viability measured by an MTT assay at the end of the hbatterial expression vector bearing the same repeat fragment d
shock. The loss of Sat3 transcripts led to a significant reductigeld nSB-like signals uponn situ hybridization (Fig. S2D),
( 70%) in cell survival as compared to cells that were transienslyggesting the specific involvement of the Sat3-repeat-be:
transfected with the control oligos and exposed to a heat shtrakscripts in the formation of nSBs and the associated cytotox
(Fig. 7A). However, the Sat3 antisense oligos did not affect the

survival of cells that were not exposed to the heat shock, suggeshrsfUSSION

that the Sat3 transcripts are required for survival only under theri@alicial roles for non-coding regulatory RNAs (ncRNAS)
stress condition (Fig. 7A). We validated these findings usingcallular physiology are being uncovered, and studies in the
different approach, wherein the transfected cells were counteddecade have highlighted the importance of ncRNAs
fragmented nuclei, indicating apoptotic cell death (see Fig. S2E).thscriptional regulation (Ponting et al., 2009). These incluc
shown in Fig. 7B, around 60% of the cells transfected with tlsausal role for ncRNAs in chromatin remodeling (Hirota et
antisense oligo showed an increase in the apoptotic nucl2@®8) and gene silencing (Chaumeil et al., 2006; Green et
phenotype as compared to cells transfected with the conf6D7; Martianov et al., 2007). Our current findings provide a nc
oligos. We next wanted to assess whether forced expressionnsight into the role of the Sat3 ncRNAs in the heat she
Sat3 transcripts would alter the viability of cells that are not expogedponse. The heat-shock-induced expression and localizati
to a heat shock. Transient expression of the Sat3 mammalat3 transcripts in the nSBs have been known for a while, but
expression construct (pcDNA-Sat3) resulted in a lower survival rafeecific functions in HSR was not known. We show here that &
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Fig. 5. Overexpression of Sat3-repeat-bearing transcripts bring about SRSF1-dependent transcriptional suppression of genes even when the cells a re
not exposed to a heat shock . (A) The cells were transfected with the indicated expression construct for the Sat3 repeat (mammalian expression construct
pcDNA-Sat3 or the bacterial expression construct pPGEM-Sat3) along with the constructs coding for GFP, CREBBP or SRSF1, and the expression level of nine
genes was evaluated by the Fluidigm's microfluidic devices, as indicated. All values are normalized to the samples co-transfected with the pGEM-Sat3 and GFP
expression constructs and not given a heat shock (HS) (Set #1). For calculating statistical significance, both Set #2 and Set #3 were compared with Set #1,
whereas Set #4 and Set #5 were compared with Set #3. (B) Cells transfected with the expression constructs coding for GFP, CREBBP or SRSF1 were exposed or
not exposed to HS as indicated, and the expression levels of the genes were evaluated by gPCR. All values are normalized to the samples co-transfected with the
construct coding for GFP and not given HS (Set #1). For calculating statistical significance, Set #2 was compared with Set #1, whereas Set #3 and Set #4 were
compared with the Set #2. (C) Cells transfected with the RNAIi duplex for the knockdown of CREBBP were exposed or not exposed to HS as indicated, and the
expression levels of the nine genes were evaluated by gPCR. All values are normalized to Set #1, and fold change in the expression level in the remaining sets
was plotted. For calculating statistical significance, both Set #2 and Set #3 were compared with Set #1, whereas Set #4 was compared with Set #2. (D) Cells
transfected with the RNAI duplex for the knockdown of SRSF1 were exposed or not exposed to HS as indicated, and the expression levels of the nine genes wee
evaluated by qPCR. All values are normalized to Set #1, and fold change in the expression level in the remaining sets was plotted. For calculating statistical
significance, Set #2 was compared with Set #1, whereas Set #3 was compared with Set #2. (E) Bar diagram showing the fold difference in the expression levels of
the indicated genes in cells transfected with pGEM-Sat3 or pcDNA-Sat3 along with sSiRNA forSRSF1 or the HSF1-knockdown construct, as indicated. All values
are normalized to Set #1, and fold change in the expression level in the remaining sets was plotted. For calculating statistical significance, Set #2 was compared
with Set #1, whereas both Set #3 and Set #4 were compared with Set #2. For all panels (A-E), each bar represents mean values of three biological replicates, each
of which were processed for two experimental replicates. Unpaired Students t-test, *P  0.05.

ncRNAs are essential for the cells to mount an effective HSR, drahscripts in lowering the affinity between the RNA polymer:
that the Sat3 transcripts possibly serve asirk, as originally complex and the promoter elements has been established (
proposed (Jolly and Lakhotia, 2006), to recruit critical factors ef al., 2004; Mariner et al., 2008). Expression of Alu transcript
the transcriptional machinery and thus aid in heat-shock-inducedulated by RNA polymerase Il and its level is known to go
gene silencing- at least for the 14 genes tested in the presehiring the heat shock (Li et al., 1999; Liu et al., 1995).
study. Chronic heat stress is known to induce cell deatbntrast, the expression of Sat3 transcripts is under the cont
(Stankiewicz et al., 2009). Perhaps the prolonged ectopicdi$F1 and is RNA-polymerase-ll-dependent (Jolly et al., 2(
expressed Sat3-repeat-bearing transcripts mimic such a chrBeicgupta et al., 2009; Rizzi et al., 2004). Secondly, §
condition, and induce cell death. transcripts are required only during a heat stress (Valgardsc
Heat shock is known to alter the transcriptional status of the cal al., 2008). Long ncRNAs are thought to regulate cell
and much attention has been paid to the transcriptiopabcesses by serving as docking sites for proteins and pr
upregulation of genes coding for the heat shock proteins, withmplexes (Willingham et al., 2005; Mariner et al., 2008; Sas
their mechanisms being well elucidated (Akerfelt et al., 201@X al., 2009; Souquere et al., 2010). Our findings that the S
However, the mechanism behind heat-shock-induced globadiated recruitment of transcription factors might underlie
transcriptional repression is not very well understood. One limeluced transcriptional silencing of a set of genes studied unco
of evidence suggests heat-shock-induced release of RNwly identified role of these transcripts and mechanis
polymerase Il from the DNA as a possible mechanism (Hiettanscriptional control. Indeed, Sat3-positive nSBs were kno
et al.,, 2005). Consistent with this notion, a causal role for Atecruit several proteins, including the transcription factors H
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Fig. 6. SRSF1 is required for the recruitment of CREBBP to Sat3-positive nSBs. (A) RNA-immunoprecipitation assay (IP) establishing the presence of
endogenous Sat3 transcripts in the immunoprecipitates pulled-down by anti-CREBBP. The cells were transiently transfected with the non-silencing RNAI duplex
(NS_RNAI) or the RNAI for SRSF1 and the cells were exposed or not exposed to heat shock, and processed for the IP using anti-CREBBP or the control
antibody, anti-Myc (both raised in rabbit). RNA from the IP was processed for RT-PCR, and a semi-quantitative RT-PCR was carried out for the Sat3 transcripts.
An aliquot of the pull-down samples were probed with anti-CREBBP to establish the CREBBP pull-down and with anti-rabbit IgG to serve as loading control.
(B) Bar diagram representing the fold difference in the intensity of the RT-PCR amplicons, a representative image of which is shown in A. Each bar represents
mean values of three biological replicates. WCL, whole-cell lysate. Unpaired Students t-test, *P  0.05.

and CREBBP, and RNA-binding proteins such as SRSF1 amdriguingly, a good number of nSBs formed by the overexpres
hnRNPs (Jolly and Lakhotia, 2006). Although HSF1 is distinctigat3 transcripts localize closer to the Sat3 locus on chromoso
required for Sat3 expression, our observations that knockdowrsofjgesting the possible presence of a cellular procesaricabrs
CREBBP did not affect heat-shock-induced Sat3 expression whees Sat3 transcripts to their genomic locus. Indeed, IncRNAS
intriguing. On the contrary, loss of Sat3 transcripts led to the losskabwn to interact with DNA and serve as scaffolds to recruit pro
CREBBP recruitment to the nSBs, suggesting a role of Sat@mplexes on the chromatin (Rinn and Chang, 2012).

transcripts as a scaffold for CREBBRecruitment to nSBs, and CREBBP is a co-activator that is believed to form a complex
that CREBBP is not required for Sat3 expression. The presencea wériety of transcription factors that aid in positioning the comy
SRSF1, a protein that is known to bind to Sat3 transcripts (Chiodiar the promoters of the target genes (Sterner and Berger, 2
et al.,, 2004), might be crucial in order for other factors to @his complex is believed to recruit general transcription factors
recruited on Sat3 transcripts, because CREBBP is dependent ofikiNA polymerase Il to activate the target genes (Vo and Good
presence of SRSFL1 for its colocalization with Sat3-positive nSRB801). More than 400 potential target sites for CREBBP are kn
Thus, CREBBPs association with the nSBs could be a consequeringhe human genome (Zhang et al., 2005); therefore, modulatic
and not a cause of Sat3 expression. It is interesting to note in BREBBP activity is likely to have cascading effects on seconc
regard that loss of non-coding hsromega transcrifite suggested and tertiary targets. Thus, our findings on CREBB®cruitment to
functional homolog of Sat3 transcripts Drosophila (Jolly and Sat3 transcripts suggest a global role of CREBBP in heat-s
Lakhotia, 2006)- results in increased activity of CREBBP undeinduced transcriptional suppression. Our assays are limited t
neurological stress in the fly model of Huntington disease (Mallfenes, among which only 14 (75%) of them showed an upregul:
and Lakhotia, 2010). Similar to Sat3, ther-omegdaranscripts in upon loss of Sat3 transcripts; the observed trend therefore cou
fly are enriched near their site of transcription, recruit several RNi#e generalized and extrapolated to a global level. Nonetheless
binding proteins, and these transcripts are essential for h@aervation that either the loss of Sat3 transcript under heat stre
tolerance (Jolly and Lakhotia, 2006). Unlike Sat3, however, tttee overexpression of CREBBP in cells maintained at physiolog
hsromega transcripts are expressed in physiological conditionseasperature, led to a significant increase in the expression le
well, but their expression level increases manifold upon exposuréie genes tested suggests that the availability of CREBBP ¢
a heat shock (Jolly and Lakhotia, 2006; Bendena et al., 1989)pdulate the expression of the target genes (Fig. 8). Support fc
suggesting a similar mode of action for Sat3 transcripts in the heatdel comes from the observation that the CREBBP occupanc
shock response (Jolly and Lakhotia, 2006). Indeed, stress-indueed higher for genes that increased their expression upon partig
ncRNAs are known in mammalian cells‘iomobilize proteins of Sat3 transcript (Table S1). It is, however, interesting to note
within subnuclear structures and regulate the transcriptional pro¢kes majority of CREBBP target genes seem to function
(Prasanth, 2012). For example, the INncCcRNEATJ, an essential transcriptional regulation (Ramos et al., 2010). Thus,
component of the nuclear subcompartment known as paraspeckésilability of CREBBP during heat shock could have
is known to be upregulated upon proteasomal blockade andcéscading effect on the transcriptional process. Therefore, it
facilitate transcriptional repression by sequestering critical proteiesinteresting to test for the altered expression levels of CRE
to the paraspeckles (Hirose et al., 2014). A recent reptatgets in cells that are partially deficient for Sat3 transcripts a
demonstrates that the assembly of both paraspeckles and nSBerigare with the CREBBP occupancy on their promoters. Pe
compromised upon knockdown of essential components of #heh genome-wide studies, our results are strong enough to s
SWI/SNF chromatin remodeling complex, (Kawaguchi et athat the heat-shock-induced recruitment of CREBBP onto the
2015), suggesting a common pathway for the assembly tanscripts could be one of the mechanisms by which the cell ¢
IncRNA-dependent nuclear bodies in  mammalian cellsting about transcriptional suppression of at least a subset of g

Journal of Cell Science

3548



RESEARCH ARTICLE Journal of Cell Science (2016) 129, 3541-3552 doi:10.1242/jcs.189803

Fig. 7. Sat3 transcripts are required for the full protection against heat-
shock-induced cell death. (A) Bar diagram showing loss in cell survival upon
anti-sense (AS)-oligonucleotide-mediated knockdown of Sat3 transcripts
during a heat shock or in the ‘no heat shock’ (control) conditions, as measured
by an MTT assay. (B) Bar diagram showing frequency of cell death as
measured by scoring abnormal/apoptotic nuclei in cells transfected with the AS
oligos for the Sat3 or control oligos and exposed or not exposed to a heat
shock. A representative image for the abnormal, apoptotic nuclei can be seen
in Fig. S2A,E. (C) Bar diagram showing the survival of cells transiently
transfected with Sat3-bearing mammalian (pcDNA-Sat3) or bacterial (pGEM-
Sat3) expression constructs, or an empty vector (pcDNA), when exposed or
not exposed to a heat shock. The cell survival was measured by an MTT assay.
(D) Bar diagram showing the percent of apoptotic nuclei in cells transiently
transfected with the Sat3-bearing mammalian (pcDNA-Sat3) or bacterial
(pGEM-Sat3) expression constructs as indicated. Unpaired Students t-test,
*P 0.05; **P 0.005; ***P 0.0005.

L . . . . Fig. 8. Schematic diagram depicting the proposed model for the role of
The RNA-binding protein SRSF1 is a well-known Splmm%aﬁ transcripts in heat-shock-induced transcriptional repression. In

factor; therefore, it is intriguing to note that the loss of SRSF1 led{@tressed cells (A), the Sat3 locus is transcriptionally silent and, hence,
transcriptional repression during heat shock. Although this is likelREBBP and SRSF1 are available for the transcription of target genes. During
to be an indirect effect, due to CREBBP not being able to bdeat shock (B), HSF1 activates the transcription of Sat3 loci, leading to the
recruited to the Sat3 transcripts in the absence of SRSF1, jfoij@ation of Sat3—transcript—dependeqt nSBs, which sequt_ester CREBBP and
intriguing to note that a couple of reports have also establish<a§R§':1 a”‘:]’ asaco_”seq”‘f'l‘ce' thfe;e "ga'oss of ”a_”SC’Lp“O” z“aliggtgﬁlnf'
direct role for SRSF1 in transcriptional regulation. For example, q}g%”ever‘éReEeB);ps”mjrggsfisfo atsérar}scgpts In a heat-shocked cell (C)
o N ) ases an rom nSBs, leading to the transcriptional
transcription factor PPARs known to interact with SRSF1 to formcivation of target genes even under the thermal stress.
a functional complex to activate the target genes (Kim et al., 2009).
Similarly, loss of SRSF1 was shown to resultin RNA polymerasesignificant reduction in the expression of the same set of ge
accumulation on the genes and diminished transcription elongastongly supports this notion. Because Sat3-positive nSB
(Lin et al., 2008), and SRSF1 was required for the transcriptiokalbwn to recruit several other factors (Jolly and Lakhotia, 2006
activation of promoter-associated nascent RNA (Ji et al., 2018puld be interesting to test their contributions to the transcripti
Thus, SRSF1-like serine- and arginine-rich (SR) proteins @mcess and beyond during the heat shock response. Taken tog
believed to be involved in multiple levels of transcriptional controlur leads are strong enough to suggest that Sat3 transcrip
(Howard and Sanford, 2015). Therefore, a direct role for SRSFlessential for the cells to provide full protection against heat-sh
Sat3-mediated transcriptional control could not be ruled out. Gonduced cell death. Our results also uncover a newly ident
observation that overexpression of SRSF1 enhanced the expresasgight into the regulatory role for the Sat3 transcripts in heat-sh
of the target genes tested, and conversely its loss results idependent transcriptional repression.
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MATERIALS AND METHODS discussed above. Post-hybridization, the RNA signals were fixed usin
Cell culture, transfection and cell treatment paraformaldehyde and the slides were treated with RNAse A. The cells
All experiments were carried out using the HeLa cell line obtained from tiiren denatured at 73°C in a denaturation buffer (70% formamide, 2x
national repository, the National Centre of Cell Science, Pune, India. BemM sodium phosphate, pH 7.0) for 5 min, followed by dehydratio
cells were grown in Dulbect® modified Eagles medium (Sigma Aldrich ice-cold 70% ethanol for 2 min. Dehydration of the cells was continued
Chemicals Pvt. Ltd., New Delhi, India) supplemented with 10% (v/v) fetd0% and 100% ice-cold ethanol for 2 min each and then the slides
calf serum, 100 units/ml penicillin and 100 mg/ml streptomycirallowed to air-dry. A chromosome-9 DNA probe specific to the 9921 reg
Lipofectamine 2000 transfection reagent (Thermo Fisher Scientific Ratking the Sat3 repeats and fluorescently labeled with green 5-fluore
Ltd., Mumbai, India) was used for transfection according to tl#JTP (Empire Genomics, New York, NY; cat. no. CHR9-10-GR)
manufacturés protocol. For the heat shock treatment, cells grown aenatured and hybridized. The cells were processed for post-hybridiz
gelatin-coated dishes were allowed to float in a water bath maintainesvashes and detection as per the manufacsupeotocol.
42°C for 1 h and were harvested at the end of the heat shock.

Cell viability assays
Knockdown approach Two different methods were used to assess the cell viability, as rep
For the knockdown of Sat3 transcripts, a phosphorothioate-modifieatlier (Sengupta et al., 2011). For the MTT method, cells were incuk
antisense oligo (BCCATTCCATTCCATTCCATT-3) was used as with 0.5mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli
reported (Valgardsdottir et al., 2005), and a non-specific olidwomide (MTT) for 6 h at 37°C prior to harvesting and the metab
5-GTCTTCCAGCCACTGCTCAT-3 was used as a control, and th&oduct measured at 570 nm using a spectrophotometer. For the
knockdown efficiency was evaluated oysitu hybridization and also by counting method, transfected cells (GFP-positive) were scored fo
a semi-quantitative PCR. Th€REBBP and SRSF1transcripts were fragmented nuclei morphology, as shown in Fig. 7B,D. Cell counting
knocked down using commercially available siRNA duplexes (cat. rdone in a blinded manner.
EHUO075681 and EHU132201, respectively; Sigma Aldrich Chemicals Pvt.
Ltd., India). The shRNA construct for the knockdown lEF1 was Nuclear/cytoplasmic fractionation
purchased from Open Biosystem, CO, and have been validated previousBhe nuclear and cytoplasmic fractions of cells were obtained using
our studies (Sengupta et al.,, 2011). The efficiency of knockout wasclear/cytosol fractionation kit (BioVision Inc., CA), as per the protoco
confirmed by RT-PCR and immunoblots/FISH, as shown in Fig. S2A-Ghe manufacturer.

Expression constructs used RNA isolation and RT-PCR
The Sat3 overexpression construct was created by subcloning the 158dipthe heat shock experiments, the total RNA was extracted fro
fragment harboring the Sat3 repeat derived from the 9912 locus and claometlear fraction using Trizol reagent (Invitrogen, USA). Around 5 pg
in pPGEM2-98 (a kind gift from Dr. Caroline Jolly, INSERM, France), intdotal RNA was used to synthesize cDNA and the efficiency of cDNA
the mammalian expression construct pcDNA3.1. The expression constchecked by RT-PCR with primers for the amplification of housekeey
coding for GFP-tagged SRSF1 (pGFPC1-SF2) was a kind gift frayenes. The primer sequences used for the PCR are given in the Tab
Dr. J. Caceres (Cold Spring Harbor Laboratory, NY). The pcDNA3The oligonucleotides were commercially synthesized (Sigma Ald
FLAG-CBP-HA construct for the CREBBP expression was obtained fra@hemicals Pvt. Ltd., India).
Addgene, MA (plasmid #32908).

Quantitative PCR using Fluidigm gPCR methodology
Antibodies used Quantitative PCR (gPCR) was carried out using the BiofMaHb system
The following antibodies were used for the experiments: anti-CREBBP (egith a fast ramp rate (5.5°C/s) on a 48.48 Dynamic AMaiptegrated
no. 7389S; Sigma Aldrich Chemicals Pvt. Ltd., India; dilution 1:100), anfiuidic circuit (IFC) from Fluidigm, CA (Livak et al., 2013). The cDN/
HSF1 (cat. no. 4356S; Cell Signaling Technology, MA; dilution 1:400used for the gPCR was checked for its efficiency using housekeeping (
anti-SF2/ASF (cat. no. 32-4600; Invitrogen Inc.; dilution 1:100); antitsing a conventional PCR. Prior to the qPCR reactions, the specific t
digoxin (cat. no. 200-062-156; dilution 1:250), and all secondary antibodasplification (STA) protocol (manufacturer protocol) was used tc
were from Jackson ImmunoResearch, PA. The specificity of the antibodiesease the number of copies of target cDNA. Post-STA, samples
was validated by the RNAi-mediated knockdown approach (see Fig. S2@ated with exonuclease 1 to eliminate the carryover of unincorpo

primers. The resultant product was diluted tenfold for making pre-mix t
Immunocytochemistry used for gPCR using the Kapa SYBR FAST (Kapa Biosystems). Rox
HelLa cells grown on gelatin-coated sterile glass coverslips were procesgslused as a passive reference with SYBR as the probe type. The dg
for immunofluorescence microscopy, as reported earlier (Sengupta etcallected using Biomark HD data collection software v.3.1.2 and ana
2009). Fluorescence images were captured using an epifluoresceva®done using Fluidigm Real-Time PCR analysis software v.3.0.2.
microscope (Axiovision) with the ApoTome module attached (Carl Zeiss,
Bangalore, India) and the images were assembled using Adobe PhotosRimmunoprecipitation (RIP)

The RIP protocol was adapted from Rinn et al. (2007) as follows: cells
Image quantification trypsinized and resuspended in 2 ml PBS, 2 ml nuclear isolation b
Quantification for the colocalization analysis was performed for about @028 M sucrose; 40 mM Tris-HCI pH 7.5; 20 mM MgC#% Triton X-
cells for each set by the Green and Red Puncta Co-localization macr@@if) and 6 ml water on ice for 20 min (with frequent mixing). Nuclei wi
ImageJ (created by D. J. Swiwarski, modified by R. K. Dagda amelleted and resuspended in 1 ml RIP buffer [150 mM KCI, 25 mM Tris
co-approved by Charleen T. Chu) (Pampliega et al., 2013). 7.4,5mM EDTA, 0.5 mM DTT, 0.5% NP40, 1x PIC, 1x PhIC, 100 U/

RiboLock RNase Inhibitor (Fermentas)]. Resuspended nuclei were spli
Fluorescence RNA and DNA in situ hybridization (FISH) and two fractions of 5001 each (for Mock and IP) and were mechanica
immuno-FISH sheared. Nuclear membrane and debris were pelleted by centrifug
The 158-bp Sat3 repeat cloned in the pGEM2-98 construct was P@Rtibody to CREBBP (cat. no. 7389S; Sigma) or the Myc epitope (Mock
amplified andin vitro transcribed to generate anti-sense probes using tell Signaling Technology, cat. no. 2272S) was added to the super
digoxigenin (DIG) labeling kit (Roche Products Pvt. Ltd, Mumbai, Indiaand incubated overnight at 4°C with gentle rotation. Thirty-fivef pre-
Fixed cells were processed for RiN¥situhybridization and immuno-FISH cleared protein A/G beads were then added and incubated for 5 h at 4°
as reported earlier (Sengupta et al., 2009). For the combinecHRN/A  gentle rotation. Beads were pelleted at §®0r 1 min, the supernatant wa
FISH, cells were fixed and processed first for RiNAitu hybridization as removed and beads were washed in S0RIP buffer three times followec
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by one wash in PBS. Beads were then re-suspended in 1 ml of Trizol. Bwese, T., Virnicehi, G., Tanigawa, A., Naganuma, T., Li, R., Kimura, H., Yokoi,
precipitated RNAs were isolated and RT-PCR for the Sat3 mRNA wag- Nakagawa, S., Benard, M., Fox, A. H. et al. (2014). NEAT1 long noncoding

performed.

Statistical analysis

RNA regulates transcription via protein sequestration within subnuclear bodies.
Mol. Biol. Cell 25, 169-183.

Hirota, K., Miyoshi, T., Kugou, K., Hoffman, C. S., Shibata, T. and Ohta, K.
(2008). Stepwise chromatin remodelling by a cascade of transcription initiation of

An unpaired Studetgt-test was used for analysis of differences betweennon-coding RNAs. Nature 456, 130-134.
groups. Error bars represent meanzts.8-value of 0.05 was considered Howard, J. M. and Sanford, J. R. (2015). The RNAissance family: SR proteins as

as statistically significant.
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