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SUMMARY

Transcription of the proto-oncogene SPHK1 is regu-
lated by KHPS1, an antisense RNA that activates
SPHK1 expression by forming a triple-helical
RNA-DNA-DNA structure at the SPHK1 enhancer.
Triplex-mediated tethering of KHPS1 to its target
gene is required for recruitment of E2F1 and p300
and transcription of the RNA derived from
the SPHK1 enhancer (eRNA-Sphk1). eRNA-Sphk1
evicts CTCF, which insulates the enhancer from
the SPHK1 promoter, thus facilitating SPHK1
expression. Genomic deletion of the triplex-forming
sequence attenuates SPHK1 expression, leading to
decreased cell migration and invasion. Replace-
ment of the triplex-forming region (TFR) of KHPS1
by the TFR of the lncRNA MEG3 tethers KHPS1
to the MEG3 target gene TGFBR1, underscoring
the interchangeability and anchoring function of
sequences involved in triplex formation. Altogether,
the results reveal a triplex-driven feedforward
mechanism involving lncRNA-dependent induction
of eRNA, which enhances expression of specific
target genes.
INTRODUCTION

Antisense transcription is increasingly recognized as an impor-

tant regulator of gene expression, acting as a modular scaffold

for protein complexes that can rewire regulatory networks. The

genomic arrangement of antisense RNA genes suggests that

they might be a part of circuits that allow genes to regulate

their own expression. The intrinsic flexibility of RNA molecules

supports that antisense transcripts, and long noncoding RNAs

(lncRNAs) in general, act as molecular platforms in which

different domains associate with DNA, RNA, or proteins. By in-

teracting with multiple proteins, lncRNAs enable recruitment of

chromatin-modifying enzymes and transcription regulators that

control the chromatin state and activity of specific genes (Long

et al., 2017; Chen et al., 2018). A distinct class of noncoding

RNAs (ncRNAs), known as enhancer-derived RNAs (eRNAs),

activates transcription of specific target genes by stabilization
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of enhancer-promoter interactions (De Santa et al., 2010; Kim

et al., 2010; Ørom et al., 2010).

A wealth of transcriptomics data has demonstrated the pres-

ence and functional relevance of numerous lncRNAs. However,

it remains elusive how they function at the molecular level and

how they are targeted to specific genomic sites. Because RNA

has the ability to recognize and bind specific DNA sequences, it

can hybridize with single-stranded DNA, forming RNA-DNA du-

plexes known as R loops (Thomas et al., 1976), or directly bind

to the major groove of purine-rich double-stranded DNA via

Hoogsteen base pairing, forming RNA-DNA-DNA triplex struc-

tures (Felsenfeld et al., 1957; Li et al., 2016). In silico analyses

have identified numerous lncRNAs with triplex-forming domains,

which may engage in triplex structures with respective purine-

rich DNA sequences (Goñi et al., 2004; Buske et al., 2012; Soi-

bam, 2017). Such specific structures may mark the genome

and dictate how lncRNA-associated transcription regulators

and chromatin-modifying enzymes are guided to appropriate

genomic sequences. Significantly, sequences with triplex-form-

ing potential are overrepresented at regulatory gene regions,

such as promoters and enhancers, suggesting that RNA-

DNA triplex formation may represent a general mechanism for

lncRNA-mediated recognition of target sites in the genome.

Examples for lncRNAs that associate with specific DNA se-

quences via triplex formation include promoter-associated

RNA (pRNA), which silences transcription of rRNA genes by tar-

geting DNMT3b to the rDNA promoter (Schmitz et al., 2010);

PAPAS, an lncRNA that is transcribed in antisense orientation

to pre-rRNA and facilitates recruitment of the CHD4/NuRD

repressor to rDNA (Zhao et al., 2018); Fendrr, which facilitates

tissue differentiation by targeting the PRC2 complex to develop-

mental genes (Grote et al., 2013); andMEG3, which guides PRC2

to transforming growth factor b (TGF-b)-responsive genes (Mon-

dal et al., 2015). Furthermore, PARTICLE andHOTAIR, as well as

some microRNAs (miRNAs), were shown to regulate expression

of specific target genes and to directly interact with DNA

(O’Leary et al., 2015; Kalwa et al., 2016; Paugh et al., 2016).

Another example is KHPS1, an RNA that is synthesized in anti-

sense orientation to the proto-oncogene SPHK1 (sphingosine

kinase 1) and is required for activation of SPHK1 transcription

(Imamura et al., 2004; Postepska-Igielska et al., 2015). Tran-

scription of KHPS1 is associated with recruitment of KHPS1-

associated transcriptional co-activators to SPHK1 that establish

a transcription-permissive chromatin structure (Postepska-Igiel-

ska et al., 2015).
rs.
commons.org/licenses/by/4.0/).
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Figure 1. lncRNA KHPS1 Activates a Poised Enhancer

(A) Scheme of the humanSPHK1 locus. Exons of SPHK1-B andSPHK1-C are presented as blue and purple boxes, respectively; black lines represent introns. The

transcription start sites of KHPS1, isoB RNA (eRNA-Sphk1), and SPHK1mRNA (isoC RNA) are marked by arrows. E2F1 binding sites are boxed. The positions of

primers used in qPCR to monitor the levels of KHPS1, eRNA-Sphk1, and SPHK1 mRNA are indicated by colored arrowheads.

(legend continued on next page)
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However, none of the previous studies, including ours, pro-

vided rigorous proof that RNA-DNA triplex structures are physi-

ologically relevant. Here we provide compelling experimental

evidence for triplex-dependent regulation of gene expression.

We show that binding of KHPS1 to a triplex-forming region up-

stream of the SPHK1 promoter is indispensable for activation

of a poised enhancer. The activated enhancer produces eRNA,

which is required for SPHK1 expression and cell proliferation.

Transcription of messenger RNA encoding SPHK1 (SPHK1

mRNA) depends on binding of KHPS1 to a purine-rich sequence

at the enhancer, forming a triple helical RNA-DNA structure.

Tethering KHPS1 to DNA guides associated regulatory proteins

to the SPHK1 enhancer and facilitates transcription of the RNA

derived from the SPHK1 enhancer (eRNA-Sphk1). Genomic

deletion of the triplex-forming region (TFR) or prevention of

KHPS1 binding to DNA by ectopic TFR-containing RNA impairs

cell proliferation and viability. Significantly, replacement of the

KHPS1 TFR by the TFR of the lncRNA MEG3 targets KHPS1 to

the MEG3 target gene TGFBR1. The results demonstrate the

functional relevance of RNA-DNA triplexes and decipher a regu-

latory feedforwardmechanism that depends on triplex-mediated

guidance of lncRNA-associated regulatory proteins to distinct

genomic loci.

RESULTS

KHPS1 Activates a Poised Enhancer
The human SPHK1 locus comprises different gene isoforms,

with transcription from the SPHK1-C (isoform C [isoC]) promoter

giving rise to alternatively spliced mRNAs that encode three

isoforms of the SPHK1 protein (Figures 1A and S1A) (Paugh

et al., 2009). Transcription from the E2F1-regulated SPHK1-C

promoter also directs the synthesis of a long antisense tran-

script, termed KHPS1 (Imamura et al., 2004; Postepska-Igielska

et al., 2015), indicating that SPHK1-C is a bidirectional promoter

that governs transcription of SPHK1mRNA in the sense direction

and KHPS1 in the antisense orientation. Significantly, transcrip-

tion ofKHPS1 is required for activation of theSPHK1-B promoter

(Postepska-Igielska et al., 2015). Knockdown of KHPS1 by anti-

sense oligonucleotides (ASOs) led to decreased levels of both
(B) qRT-PCR monitoring levels of KHPS1, isoB RNA (eRNA-Sphk1), isoC RNA (

control ASO (�) or KHPS1-specific ASO targeting nucleotides �101/�121 relativ

(C) Different half-lives of isoB (eRNA-Sphk1) and isoC (SPHK1 mRNA) transcrip

transcription by treatment with flavopiridol. The levels of isoB and isoC RNAs we

(D) ChIPs showing occupancy of the indicated histone marks and p300 at the S

treatment with 4-OHT for 8 h (N = 3).

(E) Levels of KHPS1, isoC (SPHK1 mRNA), and eRNA-Sphk1 in U2OS/ER-E2F1

(�5/�25 and �49/�69 relative to the TSS of KHPS1) (+) or co-transfected with a

(F) ChIPs showing occupancy of E2F1, p300, H3K27ac, and Pol II at eSPHK1 in

KHPS1 in the absence and presence of flavopiridol treatment (1 h) (N = 3).

(G) Reporter assaymonitoringKHPS1-dependent activation of eSPHK1-driven luc

plasmid pTet-KHPS1(+1,448/�592-isoB-luc) and a plasmid encoding tTA. Where

with siRNAs against E2F1, p300, or PCAF or treatedwith curcumin (30 mM) or NAM

of luciferase (N = 3).

(H) Reporter assay measuring SPHK1-C-driven luciferase expression in U2OS/ER

an E2F1 expression vector.Where indicated, ASOs targeting KHPS1 or eRNA-Sph

luc was set to 1 (N = 3).

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01.

See also Figure S1.

2906 Cell Reports 26, 2904–2915, March 12, 2019
isoB and isoC RNAs, indicating that KHPS1 regulates tran-

scription of sense RNAs that originate from the SPHK1-B and

SPHK1-C promoters, respectively (Figures 1B and S1B).

isoC transcripts (SPHK1 mRNA) are usually two orders of

magnitude more abundant than isoB transcripts (Figure S1C).

Moreover, a large fraction of isoB RNA resides in the nucleus,

whereas isoC RNA is enriched in the cytoplasm (Figure S1D).

Toexaminewhether thedifferent abundancesof isoform-specific

RNAs is due to different transcript stability, we determined the

turnover of isoB and isoC RNAs after blocking transcription elon-

gationwith flavopiridol. Both transcripts displayedmarked differ-

ences in their half-lives, with 50% of isoB RNA being degraded

after 15 min, whereas isoC transcripts exhibit a half-life of about

3.5 h (Figure 1C). The different features of isoB and isoC RNAs

suggest that these are distinct RNAs with diverse functions.

The nuclear localization and rapid decay of isoB RNA are remi-

niscent of eRNAs, which are transcribed from uni- or bidirec-

tional promoters and regulate transcription of enhancer-associ-

ated genes (Kim et al., 2010; Li et al., 2013; Hsieh et al., 2014;

Lam et al., 2014). We therefore reasoned that isoB RNA might

exert the function of an eRNA that is activated byKHPS1 and en-

hances isoC transcription. Inspection of available datasets re-

vealed the presence of typical enhancer marks upstream of the

transcription start site (TSS) of SPHK1-B, that is, enrichment of

histone H3 monomethylated at lysine 4 (H3K4me1) and histone

H3 acetylated at lysine 27 (H3K27ac), suggesting that SPHK1-

B may function as a distal regulatory element (Figure S1E).

This view is supported by chromatin immunoprecipitation

(ChIP) experiments using U2OS/ER-E2F1 cells that express

estrogen receptor (ER)-tagged E2F1. In uninduced U2OS/ER-

E2F1 cells, the SPHK1-B promoter displays a high H3K4me1/

H3K4me3 ratio (>2), a characteristic of enhancers. However,

the SPHK1-C promoter exhibits a low H3K4me1/H3K4me3 ratio

(0.04), which marks active promoters (Figures 1D and S1F).

Upon KHPS1 induction by 4-hydroxytamoxifen (4-OHT), the

increased occupancy of p300 and H3K27ac at the SPHK1-B

promoter coincided with loss of histone H3 trimethylated at

lysine 27 (H3K27me3) (Figure 1D). The increase in H3K27ac

at the expense of H3K27me3, the high ratio of H3K4me1/

H3K4me3, and the KHPS1-dependent activation of isoB
SPHK1 mRNA), and GAPDH mRNA in U2OS/ER-E2F1 cells transfected with

e to the TSS of SPHK1-B (+) (N = 3).

ts in U2OS/ER-E2F1 cells treated with 4-OHT (5 h) followed by inhibition of

re monitored by qRT-PCR at the indicated times (N = 3).

PHK1-B and SPHK1-C promoters in uninduced U2OS/ER-E2F1 cells or after

cells expressing dCas9-VP64 targeted to the KHPS1 promoter by sgRNAs

control sgRNA (�) (N = 3).

untreated U2OS/ER-E2F1 cells and after CRISPRa-mediated upregulation of

iferase expression. U2OS/ER-E2F1 cells were co-transfected with the reporter

indicated, cells were transfected with ASOs against KHPS1 or eRNA-Sphk1,

(10mM). Activation of eRNA-Sphk1 transcriptionwasmeasured by expression

-E2F1 cells co-transfected with the indicated pREP4-luciferase plasmids and

k1were co-transfected. The luciferase signal of pREP4-SPHK1(�592/+1,795)-



transcription indicate that SPHK1-B is a poised enhancer that is

activated byKHPS1. Thus, theSPHK1-B promoter will thereafter

be referred to as the SPHK1 enhancer (eSPHK1), isoB tran-

scripts will be referred to as eRNA-Sphk1, and isoC transcripts

will be referred to as SPHK1 mRNA.

To substantiate the requirement of KHPS1 for activation of

the SPHK1-B enhancer, we took advantage of the CRISPR

activation (CRISPRa) approach to induce KHPS1 transcription.

As expected, targeting of dCas9-VP64 to the bidirectional

KHPS1 promoter led to upregulation of both KHPS1 and

SPHK1 mRNA. Induction of KHPS1 by dCas9-VP64 also led to

increased levels of eRNA-Sphk1 (Figure 1E) and enhanced occu-

pancy of E2F1, p300, RNA polymerase II (Pol II), and H3K27ac

at SPHK1-B. Transcriptional activation and association with

chromatin were compromised if Pol II transcription elongation

was inhibited by flavopiridol (Figures 1F and S1G). No increase

in H3K27ac was observed downstream of the TSS of KHPS1,

supporting that dCas9-VP64-mediated changes in chromatin

structure did not spread into adjacent gene regions (Figure S1H).

Thus, transcription of KHPS1 rather than binding of dCas9-VP64

triggered the establishment of a transcription-permissive chro-

matin structure at the eSPHK1.

To reinforce the importance of KHPS1-mediated recruitment

of transcriptional co-activators and induction of eRNA-Sphk1,

we generated a reporter plasmid that drives KHPS1 transcription

under the control of a tetracycline-inducible promoter. Enhancer

activation was monitored by expression of luciferase, which was

fused in frame with eRNA-Sphk1. Upon transfection of the tetra-

cycline transactivator (tTA), a 30- to 40-fold increase in the lucif-

erase signal was observed. Enhanced luciferase expression was

compromised by ASO-mediated knockdown of either KHPS1 or

eRNA-Sphk1, underscoring the requirement of both regulatory

RNAs for luciferase expression (Figure 1G). Increased luciferase

expression was also attenuated by treatment with curcumin,

an inhibitor of p300/CBP activity (Marcu et al., 2006), and

by small interfering RNA (siRNA)-mediated depletion of E2F1

or p300. Knockdown of the histone acetyltransferase PCAF

or treatment with nicotinamide (NAM), a specific inhibitor of

NAD+-dependent deacetylases, did not affect eSPHK1-driven

luciferase expression, reinforcing that transcription of eRNA-

Sphk1 requires KHPS1-dependent targeting of p300/CBP and

E2F1 to the eSPHK1.

To corroborate the enhancing function of eRNA-Sphk1 on

SPHK1-C transcription, we transfected U2OS/ER-E2F1 cells

with luciferase reporter plasmids comprising or lacking se-

quences upstream of the TSS of eSPHK1 and monitored

SPHK1-C-driven luciferase activity upon E2F1 induction. Lucif-

erase expression was significantly higher in cells transfected

with the plasmid harboring eSPHK1 sequences from �592

to +1,795 (pREP4-SPHK1(�592/+1,795)) than in cells trans-

fected with the reporter lacking eSPHK1 (pREP4-SPHK1(+46/

+1,795)). Insertion of a polyadenylation cassette 20 bp down-

stream of the TSS of eSPHK1 reduced luciferase expression,

reinforcing the importance of eRNA transcription for SPHK1-C

transcription (Figure 1H). The level of KHPS1 remained un-

changed, corroborating that attenuation of SPHK1-C tran-

scription was brought about by poly(A)-dependent termination

of eRNA-Sphk1 (Figure S1I). Knockdown of either KHPS1 or
eRNA-Sphk1 led to decreased luciferase expression, under-

scoring the importance of KHPS1-dependent induction of

eRNA-Sphk1 for transcription of SPHK1 mRNA.

eRNA-Sphk1 Stimulates Transcription of SPHK1 mRNA
To substantiate the importance of eRNA-Sphk1 for SPHK1-C

transcription, we monitored the level of SPHK1 mRNA after

ASO-mediated knockdown of eRNA-Sphk1. Consistent with

the enhancing function of eRNA-Sphk1, knockdown of eRNA-

Sphk1 markedly reduced the level of SPHK1 mRNA without

affecting KHPS1 (Figures 2A, S2A, and S2B). Likewise, single

guide RNA (sgRNA)-mediated targeting of the dCas9-KRAB

co-repressor to eSPHK1 decreased both eRNA-Sphk1 and

SPHK1 mRNA without affecting the level of KHPS1 (Figures

2B, left, and S2C) and attenuated binding of initiating Pol II to

the SPHK1-C promoter (Figure 2B, right). Given that efficient

KRAB-mediated repression requires targeting of sgRNAs close

to the TSS (Gilbert et al., 2013; Radzisheuskaya et al., 2016),

this result reveals that downregulation of SPHK1 mRNA is

brought about by knockdown of eRNA-Sphk1 rather than by

dCas9-KRAB-mediated repression of SPHK1-C transcription.

Reciprocally, activation of eRNA-Sphk1 transcription by

dCas9-VP64 led to increased binding of Pol II to the SPHK1-C

promoter and elevated levels of both SPHK1 mRNA and

SPHK1 proteins, whereas KHPS1 remained unchanged (Figures

2C, S2D, and S2E). Moreover, E2F1-induced activation of

SPHK1-C was compromised upon knockdown of eRNA-Sphk1

(Figure S2F). Depletion of INTS11, a subunit of the Integrator

complex that mediates transcription termination and release of

mature eRNAs (Lai et al., 2015), attenuated E2F1-mediated

increase of mature eRNA-Sphk1 and reduced transcription of

SPHK1 mRNA (Figures 2D and S2G), reinforcing that transcripts

originating from eSPHK1 enhance expression of SPHK1.

Given that elevated levels of SPHK1 are linked to tumor devel-

opment and progression (Sarkar et al., 2005; Zhu et al., 2015), we

examined whether knockdown of KHPS1 and eRNA-Sphk1

would impair the tumorigenic potential of cells. To this end, we

transfected ASOs against KHPS1 or eRNA-Sphk1 into MDA-

MB-231 cells, a breast cancer cell line that expresses high levels

of SPHK1 (Datta et al., 2014). We observed a profound delay in

gap closure after depletion of either KHPS1 or eRNA-Sphk1,

which was similar to the phenotype observed in cells treated

with the SPHK1 inhibitor SKI II (French et al., 2003) (Figures 2E

and S2H). The invasive capacity of control and ASO-treated

MDA-MB-231 cells was also severely impaired after depletion

of KHPS1 or eRNA-Sphk1 (Figures 2F, S2I, and S2J). Further-

more, knockdown of either KHPS1 or eRNA-Sphk1 prevented

colony formation in soft agar, an indicator of cancer cell tumori-

genicity (Figure S2K). These results demonstrate that downregu-

lation of KHPS1 or eRNA-Sphk1 suppresses metastatic features

of cancer cells by compromising KHPS1- and eRNA-Sphk1-

dependent expression of SPHK1.

Previous studies have suggested that eRNAs enhance tran-

scription by stabilizing CTCF-mediated enhancer-promoter

interactions (Kim et al., 2015; Werner et al., 2017). Inspection of

chromatin immunoprecipitation sequencing (ChIP-seq) data

deposited in the Encyclopedia of DNA Elements (ENCODE) data-

base revealed thepresenceof aCTCFbinding site in the first intron
Cell Reports 26, 2904–2915, March 12, 2019 2907
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Figure 2. eRNA-Sphk1 Stimulates Transcrip-

tion of SPHK1-C by Evicting CTCF

(A) Levels of eRNA-Sphk1, SPHK1 mRNA, and

GAPDH mRNA upon transfection with non-specific

ASO (�) or ASO targeting eRNA-Sphk1 (+352/+362)

(+) (N = 3).

(B) Left: qRT-PCR showing levels of eRNA-Sphk1,

SPHK1 mRNA, and GAPDH mRNA in U2OS/ER-

E2F1 cells expressing dCas9-KRAB and sgRNA

targeting either eSPHK1 (�20/�1) (+) or a non-spe-

cific sgRNA (�) (N = 3). Right: ChIP showing occu-

pancy of initiating Pol II (Pol II-pSer5) at the SPHK1-C

promoter normalized to total Pol II. Binding to the

RPLP2 promoter was monitored as control (N = 3).

(C) Left: qRT-PCR showing levels of eRNA-Sphk1,

SPHK1 mRNA, and GAPDH mRNA in U2OS/

ER-E2F1 cells expressing dCas9-VP64 and sgRNAs

as in (B) (N = 3). Right: ChIP of initiating Pol II (Pol II-

pSer5) at the SPHK1-C and RPLP2 promoter

analyzed as in (B) (N = 3).

(D) Levels of eRNA-Sphk1, SPHK1 mRNA, and

GAPDH mRNA in 4-OHT-induced U2OS/ER-E2F1

cells transfected with siRNA against INTS11 (+) or

control siRNA (�) (N = 3).

(E) Wound-healing assay in MDA-MB-231 cells

transfected with a control ASO (ctrl) or with ASOs

targeting KHPS1 (�101/�121) or eRNA-Sphk1

(+352/+362). Gap closure was monitored 0 and 24 h

after scratching by bright-field microscopy. Scale

bars, 100 mm.

(F) Cell invasion assay of MDA-MB-231 cells trans-

fected as in (E). Scale bars, 100 mm.

(G) Scheme: ChIP-seq track showing CTCF bound

between the SPHK1 enhancer and the SPHK1-C

promoter in osteoblasts (GEO: GSM733784). The

graph shows CTCF occupancy in untreated and

4-OHT-induced U2OS/ER-E2F1 cells. The regions

analyzed by qPCR are �464/�698 (a), +638/+790

(b), and +1,658/+1,795 (c). Binding to the CDC2

promoter was monitored as control (N = 3).

(H) ChIP showing occupancy of CTCF and H3K27ac

in U2OS/ER-E2F1 cells co-transfected with a dCas9-

VP64 expression vector and either eSPHK1-specific

(+) or non-specific (�) sgRNAs. Binding to the CDC2

promoter was monitored as control (N = 3).

(I) Reporter assay measuring expression of SPHK1-

C-driven luciferase in U2OS/ER-E2F1 cells trans-

fected with the indicated pREP4-luciferase plas-

mids and an E2F1 expression plasmid. Data are

presented in reference to cells transfected with

pREP4-SPHK1(�592/+1,795)-luc (N = 3).

(J) Levels of the indicated RNAs in parental U2OS/

ER-E2F1 cells (wild-type [WT]) (�) or cells lacking the

CTCF binding sites (DCTCF) (+) between the TSS of

eSPHK1 and the TSS of SPHK1-C after induction

with 4-OHT (3 h) (N = 3).

(K) ChIP showing occupancy of H3K27ac and initi-

ating Pol II at the eSPHK1 and SPHK1-C promoter in

U2OS/ER-E2F1 cells as in (J). Binding to the RPLP2

promoter was monitored as control (N = 3).

Data are presented as mean ± SEM. *p < 0.05,

**p < 0.01, ***p < 0.001. ns, not significant.

See also Figure S2.
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of eRNA-Sphk1. To examine whether eRNA-Sphk1 transcription

affects CTCF binding, we monitored CTCF occupancy in U2OS/

ER-E2F1 before and after 4-OHT treatment. Induction of eRNA-

Sphk1 by KHPS1 led to decreased binding of CTCF to its target

site locatedbetweeneSPHK1andSPHK1-C (Figure2G). Likewise,

activation of eRNA-Sphk1 transcription by dCas9-VP64 led to

decreased CTCF binding and enhanced H3K27ac occupancy at

SPHK1-C, reinforcing that transcription of eRNA-Sphk1 triggers

displacement of the CTCF insulator, thereby removing the bound-

arybetweeneSPHK1andSPHK1-C (Figures2HandS2L). Further-

more, reporter assays monitoring the promoter activity of

SPHK1-C revealed a significant increase in plasmid-driven lucif-

erase expression if the region comprising the CTCF binding site

wasdeleted (Figure2I). Finally,genomicdeletionof theCTCFbind-

ing sites (DCTCF) by CRISPR-Cas9 led to increased levels of

SPHK1mRNAwithout affectingKHPS1oreRNA-Sphk1 transcrip-

tion (Figures 2J and S2M). Enhanced transcription of SPHK1

mRNA correlated with increased occupancy of Pol II and

H3K27acat theSPHK1-Cpromoter (Figure2K).Collectively, these

results indicate that transcription of eRNA-Sphk1 augments tran-

scription of SPHK1 mRNA by evicting CTCF that insulates the

enhancer from the SPHK1-C promoter.

Enhancer Activation Requires Binding of KHPS1 to
eSPHK1

Previous electrophoretic mobility shift assays (EMSAs) and cap-

ture experiments have shown that KHPS1 is capable of binding

to a stretch of homopurines within eSPHK1, forming a triple

helical structure that anchors KHPS1 to the SPHK1 locus

(Postepska-Igielska et al., 2015). To investigate whether triplex

formation is required for KHPS1-dependent activation of eRNA-

Sphk1 transcription, we used a reporter plasmid (pTet-KHPS1

(+1,448/�592)), which comprises a tetracycline-responsive pro-

moter, the first exon of eRNA-Sphk1, and eSPHK1 sequences

(�592/+1) (Figure 3A). To assay reporter-derived transcripts rather

than endogenous eRNA-Sphk1, the plasmid was transfected into

NIH 3T3 cells and the readout of human eRNA-Sphk1 was moni-

tored by qRT-PCR. Similar to upregulation of KHPS1 by dCas9-

VP64 or E2F1, doxycycline-induced transcription of KHPS1 coin-

cided with transcription activation of eRNA-Sphk1. Conversely,

eRNA-Sphk1 synthesis was compromised after knockdown of

KHPS1 (Figures 3A and S3A). Thus, the reporter assay mimics

the in vivo situation; that is, transcription of sense RNA depends

on transcription of KHPS1.

To unambiguously prove that transcription of eRNA-Sphk1 re-

quires tethering of KHPS1 to the TFR of SPHK1, we abolished

triplex formation by either deletion of the TFR or by inserting

pyrimidine substitutions that impair Hoogsteen base pairing

into the homopurine stretch. Sense transcription was not

induced if the TFR was deleted (DTFR) or if the TFR was mutated

(mutTFR), emphasizing the importance of KHPS1-dependent

triplex formation for activation of eRNA-Sphk1 (Figure 3B).

Consistently, induction of KHPS1 led to increased occupancy

of E2F1 and p300 at the plasmid comprising an intact TFR,

but not at plasmids in which the TFR was mutated or deleted

(Figures 3C and S3B). These results emphasize that anchoring

of KHPS1 to the TFR is required for the recruitment of E2F1

and p300 and for eRNA-Sphk1 synthesis.
To further demonstrate the importance of the TFR for the

association of KHPS1 with eSPHK1, we incubated biotinylated

KHPS1 versions comprising wild-type, mutated, or deleted

TFRs with corresponding DNA fragments and captured RNA-

associated DNA on streptavidin beads. Consistent with the

reporter assays, ectopic wild-type KHPS1 captured the TFR-

containing DNA fragment, while no binding was observed if the

TFR was mutated or deleted (Figure 3D).

Given that p300/CBP interacts with RNA (Postepska-Igielska

et al., 2015; Bose et al., 2017), we sought to delineate the region

of KHPS1 that conveys the interaction with p300. To this end, we

immunoprecipitated UV-crosslinked p300-RNA complexes from

4-OHT-treated U2OS/ER-E2F1 cells and monitored KHPS1 as-

sociation by qRT-PCR using primers that cover different regions

of KHPS1. This experimental approach revealed that p300 pref-

erentially bound to KHPS1 sequences comprising the first exon

of eRNA-Sphk1 (amplicon D), but not to sequences located

upstream (amplicons A–C) or downstream (amplicons E–G) of

exon 1 (Figure 3E). HOTAIR and 18S rRNA used as controls

did not bind to p300, demonstrating that p300 binds to RNA in

a sequence- or structure-dependent manner.

The finding that different regions of KHPS1 bind to p300 and

DNA indicates that KHPS1 comprises distinct functional do-

mains that govern the interaction with DNA and p300, respec-

tively. To examine whether compromised binding of p300 to re-

porter plasmids lacking a functional TFRwas due to perturbation

of triplex formation, we monitored p300 binding to KHPS1 by

RNA immunoprecipitation (RIP) experiments. p300 was associ-

ated with reporter transcripts containing the wild-type, depleted,

or mutated TFR sequence, but not with KHPS1 lacking se-

quences within the first exon of eRNA-Sphk1 (D+25/+193),

whichmediate the interaction with p300 (Figure 3F). Accordingly,

deletion of this region compromised activation of eRNA-Sphk1

(Figure S3C). These results reinforce that tethering KHPS1 to

the TFR is necessary for the recruitment of p300 to eSPHK1,

but not for the interaction of KHPS1 with p300.

Triplex Motifs Mediate Site-Specific Targeting of
lncRNA-Associated Proteins
Next, we examined whether foreign sequences that have been

reported to form RNA-DNA triplexes would be capable of func-

tionally replacing the TFR of eSPHK1 and activating reporter

gene transcription. For this, we replaced the TFR of eSPHK1

by TFR sequences of Fendrr (Grote et al., 2013), MEG3, or the

MEG3 target gene TGFBR1 (Mondal et al., 2015) in the reporter

plasmid pTet-KHPS1(+1,448/�592) (Figure 4A). After transfec-

tion and doxycycline treatment, all chimeric constructs yielded

similar levels of KHPS1. Significantly, sense transcription was

activated if the plasmids contained a genuine triplex-forming

sequence, that is, the TFR of eSPHK1, Fendrr, MEG3, or

TGFBR1. Constructs in which the TFR was replaced by control

sequences, such as U2 small nuclear RNA (snRNA)- or lucif-

erase-derived sequences, did not promote transcription of

eRNA-Sphk1 (Figures 4B and S4A). Again, transcription was

compromised upon ASO-mediated knockdown of chimeric

KHPS1, demonstrating that transcripts harboring triplex-forming

sequences are required for activation of eRNA-Sphk1 transcrip-

tion (Figure S4B). Enhanced sense transcription correlated with
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Figure 3. Enhancer Activation Requires the

Association of KHPS1 with eSPHK1

(A) Levels of KHPS1 and eRNA-Sphk1 in NIH 3T3

Tet-ON cells transfected with the reporter plasmid

pTet-KHPS1(+1,448/�592) and ASO targeting

KHPS1 upon induction with doxycycline (3 mg/mL,

12 h) (N = 3). The scheme above presents the struc-

ture of pTet-KHPS1(+1,448/�592). Triplex-forming

region (TFR) and E2F1 binding site are indicated

(TetO, Tet promoter; pA, polyadenylation site).

(B) Levels of KHPS1 and eRNA-Sphk1 in NIH 3T3

Tet-ON cells transfected with the indicated reporter

plasmids pTet-KHPS1(+1,448/�592). Cells were

induced with doxycycline (5 mg/mL, 18 h) or left

untreated (N = 4). The scheme above illustrates the

structure of pTet-KHPS1(+1,448/�592) comprising

the intact TFR of eSPHK1 (WT TFR), deleted TFR

(DTFR), or mutated TFR (mutTFR) (TetO, Tet pro-

moter; pA, polyadenylation site).

(C) ChIPs showing occupancy of E2F1 and p300 at

pTet-KHPS1(+1,448/�592) as in (B). Binding was

monitored by qPCRusing primers�137/�89 (N= 3).

(D) Biotinylated KHPS1 (�373/�241) versions

comprising the intact TFR (WT), DTFR, or mutTFR

were incubated with a corresponding DNA

fragment (�406/�65), and captured DNA was

measured by qPCR (N = 3).

(E) Cross-linking and immunoprecipitation (CLIP)-

qPCR monitoring binding of p300 to different re-

gions of KHPS1 (A, �592/�425; B, �373/�304; C,

�137/�89; D, +108/+165; E, +630/+790; F, +930/

+1,124; and G, +1,132/+1,242). Binding to HOTAIR

and 18S rRNA was monitored as control. RNA

enrichment was calculated as a percentage of

sample input and normalized to a percentage of

input of the immunoglobulin G (IgG) (N = 4).

(F) RIP assay showing levels of reporter-derived

KHPS1associatedwith endogenousp300 inNIH3T3

Tet-ON cells transfected with pTet-KHPS1(+1,448/

�592) comprising the intact TFR (WT), DTFR, or

mutTFR or lacking nucleotides +25/+193 relative to

the eSPHK1 TSS (D+25/+193) (N = 3).

Data are presented as mean ± SEM. *p < 0.05,

**p < 0.01.

See also Figure S3.
increased occupancy of E2F1 and p300 at TFR-containing re-

porter plasmids (Figures 4C and S4C), reinforcing that foreign

purine-rich sequences can functionally replace the TFR of

eSPHK1 and facilitate recruitment of regulatory proteins.

To substantiate that RNAs containing the TFR of KHPS1 bind

to eSPHK1 via Hoogsteen base pairing, we performed in vitro

capture assays using biotinylated RNAs comprising the TFR of

KHPS1, Fendrr, MEG3, and TGFBR1. U2 snRNA- or luciferase-

derived sequences served as negative controls (Figure 4A). To

distinguish triplex-mediated capturing from unspecific DNA

binding, we used DNA fragments that were generated either in

the presence of unmodified nucleotides or in the presence of

7-deaza-purine nucleotides, which do not allow Hoogsteen

base paring. After incubation of chimeric RNAs with correspond-

ing DNA fragments and capturing on streptavidin-coated beads,

RNA-associated DNA was monitored by PCR. The interaction

between RNAs and DNA fragments containing the TFR of
2910 Cell Reports 26, 2904–2915, March 12, 2019
eSPHK1, Fendrr, MEG3, or TGFBR1 was abolished when the

PCR fragments were generated in the presence of 7-deaza-

purine nucleotides (Figure 4D), validating that the association

with DNA is brought about by Hoogsteen base pairing.

To validate the functional interchangeability of TFR motifs in

targeting lncRNA-associated proteins to specific genomic loci,

we transfected synthetic RNA harboring KHPS1 sequences

from �406/+596 or a corresponding chimeric RNA in which the

TFR of KHPS1 was replaced by the TFR of MEG3 (KHPS1-

MEG3) and monitored H3K27ac and E2F1 occupancy at cellular

SPHK1, MEG3, and TGFBR1. Ectopic RNA comprising the TFR

of KHPS1 led to enhanced occupancy of E2F1 and H3K27ac at

the SPHK1 locus, whereas KHPS1-MEG3RNA did not affect oc-

cupancy of E2F1 and H3K27ac at eSPHK1. Conversely, ectopic

KHPS1-MEG3RNA, but notKHPS1, led to increased occupancy

of E2F1 and higher levels of H3K27ac at endogenous TGFBR1

and MEG3 (Figures 4E and S4D). These RNA transfection
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Figure 4. Triplex Motifs Mediate Site-Specific Targeting of lncRNA-Associated Proteins

(A) Sequences of foreign TFRs used to replace the TFR of eSPHK1 in pTet-KHPS1(+1,448/�592).

(B) qRT-PCR showing levels of reporter-derived eRNA-Sphk1 in NIH 3T3 Tet-ON cells transfected with chimeric plasmids comprising the indicated foreign TFRs.

Cells were induced with doxycycline (5 mg/mL, 18 h) or left untreated (N = 3).

(C) ChIPs showing binding of E2F1 and p300 to the reporter plasmid pTet-KHPS1(+1,448/�592) as in (B). Binding was monitored by qPCR using primers �137/

�89 (N = 3).

(D) Triplex-capture assay. Biotinylated chimeric KHPS1 versions (�373/�241) were incubated with an eSPHK1-containing PCR fragment (�406/�65) harboring

foreign TFRs generated in the presence of either unmodified deoxyadenosine triphosphate (dATP)/deoxyguanosine triphosphate (dGTP) or deaza-7-dATP/

dGTP. Captured RNA-associated DNA was measured by qPCR (N = 3).

(E) ChIPs of H3K27ac and E2F1 at eSPHK1, TGFBR1, andMEG3 in HeLa cells after transfection with synthetic KHPS1 versions (�406/+596) comprising the TFR

of eitherKHPS1 orMEG3. The schemes below illustrate the genes that are targeted by the chimeric RNAs. Arrows indicate primer positions used for qPCR (N = 3).

Data are represented as mean ± SEM, *p < 0.05, **p < 0.01.

See also Figure S4.
experiments indicate that the respective TFR may determine the

target specificity of lncRNAs and underscore the relevance of

triplex-mediated anchoring of purine- or pyrimidine-rich RNAs

for targeting regulatory proteins to TFR-containing gene loci.

Triplex Formation Is Indispensable for SPHK1
Expression
To validate the importance of KHPS1-mediated triplex forma-

tion for SPHK1 expression, we sought to compete for binding

ofKHPS1 toeSPHK1by synthetic TFR-containingRNA. Transfec-
tion of RNA comprising the TFR of KHPS1 (�373/�241) markedly

reduced 4-OHT-induced transcription of eRNA-Sphk1, indicating

that the ectopic RNA competed for binding of cellular KHPS1 to

eSPHK1 (Figures 5A and S5A). Transcripts in which the TFR

was deleted (DTFR) and mutated (mutTFR) or synthetic RNA

comprising the intron of eRNA-Sphk1 (+638/+790) did not affect

transcription of eRNA-Sphk1, validating the specificity of the

triplex-based competition approach. The requirement of triplex

formation for transcription of eRNA-Sphk1 was also supported

by ChIP experiments showing reduced occupancy of Pol II and
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Figure 5. Triplex Formation Is Indispensable for SPHK1 Expression

(A) Experiment showing the level of eRNA-Sphk1 in untransfected (�) U2OS/ER-E2F1 cells or in cells transfected with synthetic KHPS1 (�373/�241) harboring

intact TFR, DTFR, or mutTFR or intronic sequences (+638/+790). eRNA-Sphk1 was induced with 4-OHT (2 h). The scheme illustrates the principle of the

competition-based approach (N = 3).

(B) ChIP showing binding of Pol II and p300 to eSPHK1 in U2OS/ER-E2F1 cells upon transfection of RNA comprising the TFR (�373/�241) or intronic sequences

(+638/+790) of KHPS1 (N = 3).

(legend continued on next page)
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p300 at eSPHK1 in 4-OHT-treated cells after transfection of TFR-

containing RNA (Figures 5B and S5B). These results demonstrate

that ectopic RNAs that contain the respective TFR sequence

compete for binding of KHPS1 to eSPHK1, reinforcing that bind-

ing of endogenousKHPS1 toDNA is required for p300 recruitment

and transcription of eRNA-Sphk1.

Because triplex-mediated anchoring of KHPS1 is indispens-

able for enhancer activation and SPHK1 expression, we ex-

pected that the cellular tumorigenic potential would be compro-

mised if the association of KHPS1 with DNA were prevented.

Wound healing, cell invasion, and colony formation were

impaired after transfection of short synthetic RNA comprising

the TFR (�373/�241), whereas intronic RNA did not affect these

processes (Figures 5C, 5D, S5C, and S5D). These results under-

score that the physical association of KHPS1 with the TFR is

essential for SPHK1-dependent downstream events.

To monitor the impact of triplex formation on SPHK1-depen-

dent processes, we deleted a 66 bp genomic sequence

comprising the TFR by CRISPR-Cas9. In haploid HAP1 cells,

deletion of the TFR turned out to be lethal. To overcome the

lethality caused by SPHK1 deficiency upon deletion of the

TFR, we used MDA-MB-231 cells, which are triploid for chromo-

some 17 harboring SPHK1. Again, homozygous deletion of the

TFR was lethal, substantiating the importance of the TFR for

SPHK1 expression and cell viability. Even though the level of

KHPS1 was similar in all clones, both eRNA-Sphk1 and SPHK1

mRNA were markedly decreased in DTFR+/+/� clones harboring

monoallelic TFR deletions (Figures 5E, S5E, and S5F), which

correlated with decreased cell proliferation (Figure 5F). Biallelic

deletion of the TFR (DTFR+/�/�) impaired cell proliferation even

more severely and led to cell death. Cells with monoallelic TFR

deletion showed a considerable delay in gap closure and cell in-

vasion assays, underscoring that anchoring KHPS1 to the

enhancer TFR is pivotal for SPHK1-dependent functions (Figures

5G and 5H). These experiments reveal a hierarchical regulatory

cascade in which KHPS1 tethered to the eSPHK1 promotes

transcription of eRNA-Sphk1, which in turn is a prerequisite for

upregulation of SPHK1 mRNA and cell proliferation (Figure 5I).

DISCUSSION

Although lncRNAs have been implicated in numerous cellular

processes, their mode of action has mostly been linked to regu-
(C) Wound-healing assay in MDA-MB-231 cells transfected with KHPS1 vers

Gap closure was monitored 0 and 24 h after scratching by bright-field microsco

(D) Cell invasion assay of MDA-MB-231 cells transfected as in (C). Scale bars, 1

(E) Levels of eRNA-Sphk1, SPHK1mRNA, andKHPS1 in parental cells (�) and inm

(N = 3).

(F) Proliferation of parental cells (WT) and mutant MDA-MB-231 cells comprising

(N = 3).

(G) Scratch assay performed withWT and TFR+/+/�MDA-MB-231 cells. Gap closu

bars, 100 mm.

(H) Cell invasion assay using WT and DTFR+/+/� MDA-MB-231 cells. Scale bars,

(I) Model of KHPS1-dependent regulation of SPHK1 mRNA transcription. KHPS

formation recruits p300 and activates the synthesis of eRNA-Sphk1. eRNA-Sph

scription of SPHK1 mRNA.

Data are presented as mean ± SEM unless specified differently. *p < 0.05, **p <

See also Figure S5.
lation of protein coding genes. Here we provide evidence that

lncRNAs can also activate poised enhancers to drive transcrip-

tion of the respective target genes. We have previously reported

that the antisense RNA KHPS1 can form a triple helical structure

at the promoter of SPHK1-B (Postepska-Igielska et al., 2015).

Here we show that upon induction of KHPS1, the isoB promoter

gains active enhancer-specific marks, such as p300 occupancy

and H3K27ac, indicating that the SPHK1-B promoter is a

poised enhancer that is activated by KHPS1. In support of this

notion, the establishment of active histone marks correlated

with increased levels of isoB transcripts, which exhibit charac-

teristic features of eRNAs, such as nuclear localization, short

half-life, and activation of specific target gene(s). Moreover,

induction of eRNA-Sphk1 by dCas9-VP64 increased transcrip-

tion of SPHK1-C. Conversely, ASO- and CRISPR interference

(CRISPRi)-mediated downregulation of eRNA-Sphk1 led to

compromised transcription of SPHK1 mRNA, indicating that

both enhancer transcription and eRNA-Sphk1 are required for

activation of SPHK1-C.

eRNAs have been proposed to regulate gene expression by

mediating enhancer-promoter interaction via DNA loops and

by association with chromatin-modifying enzymes that establish

a transcription-permissive chromatin structure (Kim et al., 2015;

Werner et al., 2017). Our results uncover another function

of eRNA; that is, transcription of eRNA leads to eviction of

CTCF, which insulates eSPHK1 from the SPHK1-C promoter.

Numerous studies have shown that CTCF facilitates enhancer-

promoter interactions; however, the mechanism underlying the

enhancer-blocking activity of CTCF remained elusive. Our study

shows that eRNA-Sphk1 displaces CTCF, which in turn leads to

activation of SPHK1 mRNA transcription. Given that the human

genome contains thousands of CTCF binding sites andmany en-

hancers produce eRNA, transcription of enhancer RNA may

represent a common mechanism allowing neighboring genes

to be differentially regulated (Bell et al., 1999; Xie et al., 2007;

Ren et al., 2017).

Triplex-forming motifs are widespread in mammalian ge-

nomes; on average, there is one specific TFR every 1.6 kb in

the human genome, located preferentially at regulatory elements

(Buske et al., 2012). Thus, tethering lncRNAs to DNA via triplex

formation may represent a general mechanism for target gene

recognition of chromatin-modifying enzymes and transcription

regulators. Several studies have proposed that lncRNAs can
ions comprising the TFR (�373/�241) or intronic sequences (+638/+790).

py. Scale bars, 100 mm.

00 mm.

utantMDA-MB-231 cells comprising amonoallelic TFR deletion (DTFR+/+/�) (+)

a monoallelic TFR deletion (DTFR+/+/�) or biallelic TFR deletion (DTFR +/�/�)

re was monitored 0 and 24 h after scratching by bright-field microscopy. Scale

100 mm.

1 tethered to the TFR of the SPHK1 enhancer (eSPHK1) via RNA-DNA triplex

k1 evicts CTCF, which insulates eSPHK1 from SPHK1-C and augments tran-

0.01.
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form triplexes with regulatory DNA elements. Examples are

pRNA, a nucleolar RNA originating from the intergenic spacer,

which forms RNA-DNA triplexes at the rDNA promoter (Schmitz

et al., 2010). PAPAS, a nucleolar lncRNA that is transcribed in

antisense orientation to pre-rRNA, facilitates recruitment of the

CHD4/NuRD repressor to rDNA (Zhao et al., 2016, 2018). Other

examples of triplex-forming lncRNAs are PARTICLE, which

affects the expression of MAT2A (O’Leary et al., 2015); Fendrr,

which recruits the PRC2 complex to developmental genes (Grote

et al., 2013); MEG3, which guides PRC2 to TGF-b-responsive

genes (Mondal et al., 2015); and HOTAIR, which regulates

adipogenic differentiation of mesenchymal stem cells (Kalwa

et al., 2016).

A key issue of the present study was to unequivocally prove

that transcription activation of SPHK1 requires anchoring of

KHPS1 to the TFR at the eSPHK1. If the TFR was deleted or per-

turbed by pyrimidine interruptions, elevated levels of KHPS1

increased neither the occupancy of E2F1 and p300 nor the tran-

scription of sense RNA. This result demonstrates that tethering

of KHPS1 to the enhancer TFR is essential for targeting regu-

latory proteins complexes to eSPHK1 and activation of eRNA

transcription. The importance of triplex formation for KHPS1-

dependent transcription activation was substantiated by swap

experiments in which the TFR of the reporter plasmid was re-

placed by foreign sequences that were reported to be engaged

in triplex formation. Substitution of the TFR of SPHK1 with

triplex-forming sequences present in Fendrr (Grote et al., 2013)

or inMEG3 or its target gene TGFBR1 (Mondal et al., 2015) func-

tionally replaced the TFR of SPHK1; that is, chimeric KHPS1

comprising foreign TFRs was capable of binding to the respec-

tive DNA sequence and mediating activation of sense transcrip-

tion at the reporter. Replacement of the TFR of KHPS1 by the

TFR of MEG3 led to increased occupancy of H3K27ac and

E2F1 at endogenous TGFBR1, a gene that is targeted by

MEG3. This result emphasizes the importance of triplex forma-

tion in lncRNA-mediated targeting of regulatory proteins to

remote genomic sites.

The functional importance of triplex formation for KHPS1-

dependent expression of SPHK1 was further documented by

competition experiments. Transfection of a short synthetic

RNA comprising the TFR of KHPS1 efficiently competed for

binding of endogenous KHPS1 to the eSPHK1. As a conse-

quence, expression of eRNA-Sphk1 was attenuated, leading to

impaired cell migration, invasion, and clonogenicity. Further-

more, homozygous genomic deletion of the TFR turned out to

be lethal. Mono- or biallelic deletion of the TFR in MD-MBA-

231 cells severely impaired cell viability. Depletion of KHPS1 or

eRNA-Sphk1 led to decreased cell migration, invasion, and col-

ony formation ofMD-MBA-231 cells, indicating that downregula-

tion of these lncRNAs compromises the malignant phenotype.

Altogether, we have provided compelling evidence that tran-

scription of both eRNA-Sphk1 and SPHK1 mRNA depends on

the physical association of KHPS1 with the eSPHK1 (Figure 5I).

Although we have yet to understand how RNA-DNA triplex

formation is regulated, our results suggest that triplex-based

recruitment of chromatin-modifying complexes may represent

a common targeting mechanism for transcription regulators

bound to lncRNAs.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-E2F1 (ChIP) Santa Cruz Cat# sc-251, RRID:AB_627476

Mouse monoclonal anti-p300 (ChIP) Abcam Cat# ab14984; RRID:AB_301550

Rabbit polyclonal anti- RNA Pol II (N-20) (ChIP) Santa Cruz Cat# sc-899, RRID:AB_632359

Mouse monoclonal anti- RNA Pol II CTD (ChIP) Abcam Cat# ab5408, RRID:AB_304868

Rabbit polyclonal anti-trimethyl-Histone H3 (Lys4) (ChIP) Millipore Cat# 07-473, RRID:AB_1977252

Rabbit polyclonal anti-Histone H3 (acetyl K27) (ChIP) Abcam Cat# ab4729, RRID:AB_2118291

Rabbit polyclonal anti-H3 (ChIP) Diagenode Cat# C15310135

Rabbit polyclonal anti-monomethyl Histone H3 (Lys4) (ChIP) Millipore Cat# 07-436, RRID:AB_10068114

Rabbit polyclonal anti-Histone H3 (tri methyl K27) (ChIP) Abcam Cat# ab195477

Rabbit polyclonal anti-CTCF (ChIP) Active Motif Cat# 61311, RRID:AB_2614975

Rabbit monoclonal anti-SPHK1 (WB) Cell Signaling Cat# 12071

Peroxidase AffiniPure Goat anti-Rabbit IgG (WB) Dianova Cat# 111-035-144, RRID:AB_2307391

Peroxidase AffiniPure Goat anti-Mouse IgG (WB) Dianova Cat# 115-035-062, RRID:AB_2338504

Chemicals, Peptides, and Recombinant Proteins

4-hydroxytamoxifen Sigma-Aldrich Cat# H7904

SKI II Sigma-Aldrich Cat# S5696

Flavopiridol Sigma-Aldrich Cat# F3055

Doxycyclin Sigma-Aldrich Cat# D9891

Nicotinamide (NAM) Sigma-Aldrich Cat# N3376

Curcumin Sigma-Aldrich Cat# 239802

Crystal violet Sigma-Aldrich Cat# C0775

Critical Commercial Assays

TRI-reagent Sigma-Aldrich Cat# T9424

Dual Luciferase Assay System Promega Cat# E4030

Transcriptor first strand cDNA synthesis kit Roche Cat# 0437901001

TURBO DNase Ambion Cat# AM2238

QuantiTect SYBR Green PCR Kit QIAGEN Cat# 204145

MEGAscript T7 Transcription Kit Ambion Cat# AM1334

PwoSuperYield DNA polymerase Kit Roche Cat# 4340868001

Lipofectamine 2000 ThermoFisher Scientific Cat# 11668019

Lipofectamine 3000 ThermoFisher Scientific Cat# L3000008

Lipofectamine RNA iMAX ThermoFisher Scientific Cat# 13778075

ExoI restriction enzyme New England Biolab Cat# M0568

RNase I ThermoFisher Scientific Cat# EN0601

RNase A Promega Cat# EN0531

Experimental Models: Cell Lines

Human U2OS/ER-E2F1 cell line Ginsbergs lab, Hershko et al., 2005 N/A

Human MDA-MB-231 cell line ATCC HTB-26

Human HeLa cell line ATCC N/A

Mouse NIH 3T3 Tet-ON cell line Takara Cat# 631197

Oligonucleotides

ASO used in knockdown experiments, see Table S1 This study N/A

Oligonucleotides used for CRISPR-mediated mutagenesis,

see Table S2

This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primers used in qPCR, see Table S3 This study and Postepska-Igielska

et al., 2015

N/A

Primers used for strand-specific RT-qPCR, see Table S3 This study N/A

Primers used to generate transcription templates, see Table S3 This study and Postepska-Igielska

et al., 2015

N/A

Oligonucleotides used for reporter plasmids with foreign TFRs,

see Table S4

This study N/A

Sip300 SMARTpool: ON-TARGETplus EP300 siRNA Dharmacon Cat# L-003486-00

SiE2F1 SMARTpool: ON-TARGETplus E2F1 siRNA Dharmacon Cat# L-003259-00

siPCAF ON-TARGETplus Human KAT2A siRNA Dharmacon Cat# L-009722-02

Recombinant DNA

pTet-KHPS1(+1448/-592) Postepska-Igielska et al., 2015 N/A

pTet-KHPS1(+1448/-592)mutTFR This study N/A

pTet-KHPS1(+1448/-592)DTFR This study N/A

pTet-KHPS1(+1448/-592)MEG3 This study N/A

pTet-KHPS1(+1448/-592)TGFBR1 This study N/A

pTet-KHPS1(+1448/-592)Fendrr This study N/A

pTet-KHPS1(+1448/-592)scrU2 This study N/A

pTet-KHPS1(+1448/-592)scrLuc This study N/A

pGL4.10[luc2] Promega Cat# E6651, #9PIE665

pREP4 (pCEP4 with RSV promoter) ThermoFisher Scientific Cat# V004450

pREP4-SPHK1(-592/+1795) This study N/A

pREP4-SPHK1(+46/+1795) This study N/A

pREP4-SPHK1(-592/+1795)DCTCF This study N/A

pTet-7B-MS2bs-luc This study N/A

pTet-KHPS1(+1448/-592-IsoB-luc) This study N/A

pHAGE EF1a dCas9-KRAB Addgene Cat# 50919

lentiGuide-Puro Addgene Cat# 52963

dCas9-VP64_GFP Addgene Cat# 61422

MS2-P65-HSF1_GFP Addgene Cat# 61423

sgRNA(MS1) cloning backbone Addgene Cat# 61424

lentiCRISPR v2 Addgene Cat# 52961

Software and Algorithms

Open Reading Frame Finder https://www.ncbi.nlm.nih.gov/orffinder/

Other

Dynabeads Protein-G ThermoFisher Scientific Cat# 10003D

Dynabeads MyOne Streptavidin C1 ThermoFisher Scientific Cat# 65001

7-deaza-dGTP Sigma-Aldrich Cat# 10988537001

7-deaza-dATP Tri-Link Cat# N-2010
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Ingrid Grummt (i.grummt@

dkfz-heidelberg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HeLa (female), MDA-MB-231 (female) and NIH 3T3-TetON (male) cell lines grown in Dulbecco’s modified Eagle’s medium

supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin-streptomycin. U2OS/ER-E2F1 cell line (female) was grown

in Dulbecco’s modified Eagle’s medium supplemented with 5% Fetal Bovine Serum (FBS) and 1% penicillin-streptomycin. All cells
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were maintained under standard growth conditions at 37�C and 5% CO2 in a humidified atmosphere. MDA-MB-231DTFR cells or

U2OS/ER-E2F1DCTCF cells were generated by CRISPR-Cas9–mediated mutagenesis. Cells were transfected with lentiCRISPR

v2 vectors harboring single guide RNAs targeting either the TFR or the CTCF binding sites at SPHK1 (Table S2). Single clones

were retrieved after 72 h of puromycin selection (0.2-0.5 mg/ml), expanded and screened by PCR using primers �592F/+25R

or +108F/+1448R. Deletion of the TFR and the putative CTCF binding sites was confirmed by sequencing.

METHOD DETAILS

Cell transfection and treatments
Lipofectamine 3000 was used for transfection of U2OS/ER-E2F1 cells with plasmid DNA and Lipofectamine RNAiMAX for transfec-

tion of RNA or siRNAs. For reporter assays, 3 3 104 NIH 3T3 Tet-ON cells were transfected with 2 ng of pTet-KHPS1(+1448/-592)

using Lipofectamine 2000. Cells were replated after 24 h and induced with 5 mg/ml doxycycline for 16 h. To knockdown KHPS1

or eRNA-Sphk1, cells were reverse-transfected twice with 20 mM ASOs using Lipofectamine RNAiMAX. Customly designed scram-

bled ASOs were used as a control. Cells were harvested 72 h after transfection and proceeded for RNA analysis. ASO sequences are

listed in Table S1. For CRISPRi, 83 104 U2OS/ER-E2F1 cells were transfected with 100 ng of dCas9-KRAB and 100 ng of lentiGuide-

Puro plasmid expressing sgRNAs that target SPHK1-B promoter. Cells were harvested 24 h after transfection. For CRISPRa, U2OS/

ER-E2F1 cells were transfectedwith 50 ng of dCas9-VP64_GFP, 50 ng ofMS2-P65-HSF1_GFP and 50 ng of sgRNA(MS2) expressing

sgRNAswhich target SPHK1-B orKHPS1 promoters. Cells were harvested 24 h after transfection. Sequences of sgRNAs are listed in

Table S2.

For activation of ER-tagged E2F1, U2OS/ER-E2F1 cells were treated with 100 nM 4-hydroxytamoxifen (4-OHT). To inhibit RNA

polymerase II transcription or SPHK1 activity cells were treated with 1 mM flavopiridol for 1-3 h or 10 mM of SKI II, respectively.

To monitor RNA half-life, U2OS/ER-E2F1 cells were induced with 200 nM 4-OHT at 60% confluency for 5 h. After addition of

1 mM flavopiridol, cells were harvested in 20 min intervals, RNA was isolated and quantified by RT-qPCR.

Recombinant plasmids preparation
pTet-KHPS1/+1448/-592 comprises SPHK1 sequences from�592 to +1448 with respect to the TSS of SPHK1-B inserted into pTet-

7B-MS2bs. To generate reporter constructs containing foreign TFR sequences, oligonucleotides comprising TFR sequences were

annealed and inserted between the BamHI and CsiI sites of pTet-KHPS1/+1448/-592. Oligonucleotide sequences are listed

in Table S4. To generate pREP4-luc, the luciferase gene from pGL4.10 was inserted into the NheI-BamHI site of the episomal

vector pREP4. Luciferase reporter constructs were cloned by inserting PCR fragments comprising SPHK1 sequences �592/

+1795, +46/+1795 or �592/+1795D(+706/+1189) into pREP4-luc. To generate pTet-KHPS1(+1448/-592isoB-luc), a PCR fragment

comprising nucleotides �592/+1448 was inserted into pTet-7B-MS2bs-luc. To produce pTet-7B-MS2bs-luc, the luciferase gene

from pGL4.10 was cloned into the XhoI site of pTet-7B-MS2bs. Primer sequences are listed in Table S3.

RNA isolation and quantitative RT-PCR
RNAwas isolated using TRI reagent. For reverse transcription, RNAwas treated with TURBODNase I and transcribed into cDNAwith

Transcriptor Reverse Transcriptase using 2 mg of RNA and 0.25 mM of random hexamer primers. qPCR was performed on a Roche

LightCycler 480 using the QuantiTect SYBR Green PCR Kit and gene-specific primers. RNA levels were normalized to 18S rRNA. To

analyze antisense and sense transcripts from the reporter plasmid pTet-KHPS1(+1448/-592) or pREP4-SPHK1(�592/+1795)-luc,

cDNA was synthetized by strand-specific RT using primers +841R and �89F, respectively. Primers are listed in Table S3.

Synthetic RNAs were generated by in vitro transcription using MEGAscript T7 Transcription Kit (Ambion) according to the

manufacturer’s instructions. To label RNA, the reaction mixture was supplemented with 2.5 nM biotin-16-dUTP (Roche). Templates

were generated by PCR using gene specific reverse primers fused to T7 promoter sequence (Table S3).

Luciferase assay
U2OS/ER-E2F1 or NIH 3T3 TetON cells seeded in 12 well plates were transfected with 50 ng of the respective firefly luciferase re-

porter plasmids and 5 ng of the TK-Renilla plasmid (Promega). Cells were lysed in 1x Passive Lysis Buffer (Promega) 24 h after trans-

fection, and luciferase activity wasmeasured bymonitoring light emission with the in vivo imaging system of IVIS Lumina II instrument

(PerkinElmer). Firefly luciferase activity was normalized to Renilla luciferase activity and presented in reference to expression of the

control reporter vector.

Chromatin immunoprecipitation (ChIP)
Cells were crosslinked with 1% formaldehyde for 10 min, quenched with 125mM glycine. Isolated chromatin was sonicated in a Bio-

ruptor Pico (Diagenode) in buffer containing 1% SDS, 50 mM HEPES [pH 8.0], 10 mM EDTA to obtain an average fragment length of

200-500 bp. For ChIPs on reporter plasmids, the chromatin pellets were digested with a cocktail of restriction enzymes (XhoI, ScaI,

BspEI, SapI) prior to sonication. Upon dilution with 4 volumes of IP-buffer (20 mM HEPES [pH 8.0], 187.5 mM NaCl, 1 mM EDTA,

0.5 mM EGTA, 1% Triton X-100), chromatin was incubated with antibody-coupled Dynabeads coated with Protein G overnight at

4�C. Protein-DNA complexes were washed twice in buffer A (150 mM NaCl, 20 mM HEPES [pH 8.0], 0.5 mM EGTA, 1 mM EDTA,
e3 Cell Reports 26, 2904–2915.e1–e4, March 12, 2019



0.1% SDS, 0.1% Na-deoxycholate, 1% Triton X-100), followed by two washes with buffer B containing 500 mM NaCl, with buffer C

(250 mM LiCl, 0.5% Na-deoxycholate, 0.5% NP-40, 20 mM HEPES [pH 8.0], 0.5 mM EGTA, 1 mM EDTA), and with buffer D (20 mM

HEPES [pH 8.0], 0.5 mM EGTA, 1 mMEDTA). After elution, reversal of the cross-link (65�C, 6 h) and digestion with proteinase K, DNA

was purified and quantified by qPCR using gene-specific primers. Primer sequences are listed in Table S3. The ratio of DNA in the

immunoprecipitates (upon subtraction of the IgG background) versus DNA in the input chromatin was calculated and normalized to

control reactions.

RNA immunoprecipitation (RIP)
Nuclei were lysed in RIP buffer (20 mM Tris-HCl [pH 8.0], 200 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% Triton X-100, 1% NP-40,

100 U RNAsin, and Roche Complete protease inhibitors) for 15 min at 4�C. After brief sonication and treatment with DNase I, lysates

were sonicated, cleared by centrifugation, diluted 5-fold in RIP buffer without detergents and incubated with the respective anti-

bodies coupled to Dynabeads Protein G for 3.5 h at 4�C. Immobilized protein-RNA complexes were washed 3 times in buffer con-

taining 400mMNaCl, 20mMTris-HCl [pH 8.0], 1 mMEDTA, 1mMEGTA, 100 U RNAsin, protease inhibitors (Roche Complete), 0.2%

NP-40, 0.1% Triton X-100. Co-precipitated RNA was eluted for 30 min at 56�C in buffer containing 20 mM Tris-HCl [pH 8.0], 30 mM

NaCl, 2.5 mM EDTA, 0.4% SDS, 20 mg/ml proteinase K, purified with TRIzol and analyzed by RT-qPCR. The fraction of co-precip-

itated RNA is calculated as percentage of input normalized to the IgG signal and presented in the reference to the control reaction.

Cross-linking and immunoprecipitation (CLIP) assay
U2OS/ER-E2F1 cells were crosslinkedwith 150mJ/cm2 at 254 nmusing a Stratalinker (Stratagene). Nuclei were isolated and lysed in

RIPA buffer (10 mM Tris-HCl [pH 7.5], 140 mM NaCl, 1% Triton X-100, 0.1% Na-deoxycholate, 100 U RNAsin, and protease inhib-

itors). RNAwas digested for 3min with 0.1 U RNase I and 4U TURBODNase. After clearing by centrifugation, the lysates were diluted

1:3 with RIPA buffer without SDS and incubated with antibody-coupled Protein G Dynabeads overnight at 4�C. After stringent
washing in 50 mM Tris-HCl [pH 7.5], 1 M NaCl, 1 mM EDTA, 1% NP-40, 0.1% SDS, 0.5% Na-deoxycholate, co-precipitated RNA

was eluted by incubation at 37�C for 30 min in buffer containing 0.5% SDS and 200 ng/ml proteinase K and for another 30 min

with the same buffer containing 7 M urea. RNA was analyzed by RT-qPCR, the fraction of co-precipitated KHPS1 being presented

as percentage of input normalized to the IgG signal.

Triplex Capture Assay
100 fmoles of PCR-fragments containing eSPHK1 sequence from�406 to�65 were digested with exonuclease I and incubated with

1 pmol of biotin-labeled KHPS1 (�373/-241) in 10 mM Tris-HCl [pH 7.5], 20 mM KCl, 10 mMMgCl2, 0.05% Tween 20, and 100 U of

RNasin (Promega) for 1.5 h at room temperature. RNA-DNA complexes were captured on DynabeadsMyOne Streptavidin C1 beads,

washed three times with a buffer containing 150 mM KCl, 10 mM Tris-HCl [pH 7.5], 5 mM MgCl2, 0.5% NP-40, and once with buffer

containing 15mMKCl, 10mMTris-HCl [pH 7.5] and 5mMMgCl2. RNA-associated DNAwas elutedwith RNase A (50 ng/ml, 30min at

37�C), analyzed by qPCR, normalized to input DNA and presented in reference to control sample. To monitor recovery of eSPHK1

sequences, primers�406/-304 were used. To generate 7-deaza-modified DNA fragments, 7-deaza-2-deoxy-nucleotide-50-triphos-
phate (7-deaza-dGTP) and 7-deaza-2-deoxy-adenosine-50-triphosphate (7-deaza-dATP) and the PwoSuperYield DNA polymerase

Kit were used in PCR reactions.

Wound-healing and invasion assays
To monitor cell migration, a wound healing assay was performed in MDA-MB-231 cells transfected with ASOs or synthetic RNAs.

Confluent cells were wounded by manual scratching with a 10 mL pipette tip. Plates were photographed immediately and 24 h after

scratching using Nikon microscope (Eclipse TE2000). For Matrigel invasion assay, 53 104 cells were suspended in 0.3 mL medium

containing 10% serum, plated in the top chamber with a Matrigel-coated membrane (24-well insert; pore size, 8 mm, (Corning Biocat)

with 0.5 mLmedium containing 20% serum as an attractant at the lower chamber. 16 h after seeding, cells in lower part of the cham-

ber were fixed with 100% methanol and stained with 0.5% crystal violet.

Soft agar colony formation assay
53 103 MDA-MB-231 cells in medium containing 0.2% agarose were plated on top of a bottom layer containing 0.5% agarose and

20% serum. After incubation for 20-30 days with medium changes every three days, colonies were stained with 0.5% crystal violet

and images were taken.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed in the form ofmatched pairs in which ‘‘control’’ and ‘‘experimental’’ samples were paired. The values

in the graphs showmeans of three independent experiments with error bars representing standard error of the mean (SEM). The sta-

tistical significance level was set at p values *p < 0.05, **p < 0.01 and ***p < 0.001 calculated using a paired two-tailed Student’s t test

with two groups of unnormalized data.
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