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SUMMARY

The long non-coding RNA SLNCR and the transcription factor E2F1 are known melanoma 

oncogenes. We show that SLNCR binds to E2F1 to promote the proliferation, invasion, and 

migration of melanoma cells from the bloodstream into the lungs. Blocking SLNCR-E2F1 
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complex formation without reducing the levels of either SLNCR or E2F1 prevents lung 

extravasation in mice. A 60-nt fragment of SLNCR contains two RNA analogs of the E2F1 DNA 

binding site (BS) in opposite orientations and can form a hairpin RNA that phenocopies the E2F1 

DNA BS. Molecular dynamics (MD) simulations and biochemical experiments indicate that this 

fragment of SLNCR binds to the E2F1 DNA-binding domain more effectively than the E2F1 DNA 

BS. MD simulations predict higher affinity for DNA-E2F1 complex formation but faster kinetics 

and a greater number of RNA-amino acid contacts for the RNA-E2F1 complex, suggesting that 

RNA binding to E2F1 is more kinetically favorable.

Graphical Abstract

In brief

Shah et al. show that the SLNCR-E2F1 complex drives melanoma progression by binding to the 

E2F1 DNA-binding domain. Blocking SLNCR-E2F1 complex formation without changing the 

levels of either SLNCR or E2F1 reduces melanoma invasion and extravasation, suggesting this 

RNA-protein interaction is a potential target for melanoma therapy.

INTRODUCTION

The E2F family of transcription factors (TFs) are critical for cell cycle regulation.1 Of the 

eight family members, E2F1 is the most well studied2 and has also been implicated in 

apoptosis, selfrenewal, differentiation, DNA synthesis, DNA damage response, DNA repair, 

Shah et al. Page 2

Cell Rep. Author manuscript; available in PMC 2025 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



invasion, and senescence.2 E2F1 typically binds to DNA as a heterodimer with DP1 or 

DP2 at E2F1 DNA-binding elements 5′-TTTC[CG]CGC-3′.1 Although not necessary for 

DNA binding, DP proteins increase the affinity of and target gene transactivation by E2F1.1 

When overexpressed (e.g., in cancer), E2F1 acts independently of DP proteins to induce 

apoptosis.3 In fact, DP1 is dispensable in vitro and stabilizes E2F1 binding to promoters in 

cells.3,4

Other proteins that interact with E2F1 can alter its activity. For example, the retinoblastoma 

(Rb) protein maintains E2F1 in an inactive state. Upon Rb dissociation, E2F1 binds to 

DNA and transactivates genes.5 In some cases, E2F1 can bind to DNA in complex with 

Rb, acting as a transcriptional repressor.6 E2F1 also interacts with the androgen receptor,7 

with chromatin-modifying proteins such as p300/CBP,8 and with Tip60.9 These interactions 

directly or indirectly regulate E2F1 activity.

E2F1 is a known melanoma oncogene10 and has been shown to bind to the long non-coding 

RNA (lncRNA) SLNCR,11,12 which is also a melanoma oncogene.11,13,14 Most oncogenes 

are typically identified by genetic alterations such as point mutations, insertions or deletions 

(indels), copy-number variations, chromosomal translocations, and/or epigenetic changes. 

Here, we demonstrate that the oncogenic activities of E2F1 and SLNCR in melanoma 

require SLNCR-E2F1 complex formation.

TFs may bind RNA through arginine-rich motifs (ARMs) and not their DNA-binding 

domain (DBD).15 Using molecular dynamics (MD) simulations to model RNA and DNA 

binding to the DBD of E2F1 (E2F1DBD) and biochemistry, we demonstrate that the 

double-stranded RNA (dsRNA) binds to and makes more contacts with E2F1DBD compared 

to dsDNA. Finally, we explore the use of oligonucleotides blocking the SLNCR-E2F1 

interaction as a novel approach to melanoma therapy.

RESULTS

SLNCR and E2F1 co-regulate melanoma-relevant genes

lncRNAs often modulate TF activities, thereby re-wiring gene regulatory networks.16 To 

identify the network(s) controlled by SLNCR, we overexpressed SLNCR in A375 melanoma 

cells and performed bulk RNA sequencing (RNA-seq) and differential expression analysis 

between empty vector control (empty) and SLNCR-overexpressing (SLNCR) cells (Table 

S1, tab 1). We then searched for TF binding sites (TFBSs) among the promoters and 

promoter-proximal regions of differentially expressed genes using TF footprinting data 

from the Encyclopedia of DNA Elements (ENCODE) (Table S1, tab 2). The Fisher exact 

test identified BSs for the TFs SMARCA4, E2F1, and FOSL2 in 61%, 9.7%, and 2.7%, 

respectively, of the differentially expressed genes affected (Figure 1A; Table S1, tab 3). 

This analysis implies that genes containing the E2F1 DNA binding element are affected by 

SLNCR expression.

We also examined target gene expression levels as a function of SLNCR and TF levels using 

data from TCGA (accessed 2019). This analysis, named ‘‘disease-associated transcriptional 

network analysis’’ (DATNA; see STAR Methods), identifies TF-target gene correlations as 
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a function of SLNCR levels across large, patient-derived datasets, which maintains clinical 

significance compared to cell line data. We examined skin cutaneous melanoma (SKCM) 

samples and identified 161 SLNCR-E2F1, 32 SLNCR-TEAD1, 24 SLNCR-LTBP3, 19 

SLNCR-TCF3, and 25 SLNCR-SREBF2 gene dependency ‘‘triads’’ (Figure 1B).

Next, we used the cancer dependency map portal DepMAP (https://depmap.org/portal/) to 

functionally examine the interconnectivity between the TF-target gene triads in melanoma 

cell growth. Through DepMAP analysis, we identified 32 genes from the 161 SLNCR-E2F1 

triads as melanoma gene dependencies (Table S1, tab 4). By comparison, 7 genes were 

identified as SLNCR-LTBP3, 6 as SLNCR-SREBF2, and 4 each as SLNCR-TCF3 and 

SLNCR-TEAD1 melanoma dependencies.

Finally, we cross-validated the gene triads identified by DATNA and DepMAP with our 

RNA-seq data. Ten of the SLNCR-E2F1 triads were differentially expressed upon SLNCR 
overexpression in A375 cells and 2 each of the SLNCR-LTBP3, SLNCR-TCF3, and 

SLNCR-SREBF2 triads. No differentially expressed SLNCR-TEAD1 triads were identified. 

By combining multiple analyses of large clinical and experimental datasets, we identified 

E2F1, SREBF2, TEAD1, TCF3, and LTBP3 as potential oncogenic partners of SLNCR in 

melanoma.

SLNCR-E2F1 demonstrated the greatest number of coordinately regulated genes, functional 

dependencies, and melanoma dependencies. Moreover, we had previously demonstrated 

that E2F1 interacts with SLNCR using RNA-associated TF array (RATA),12 a result that 

we further validated by immunoprecipitation of endogenous E2F1 followed by qPCR 

quantification of SLNCR in HEK293T cells (Figures S1A and S1B). Thus, we decided 

to characterize the SLNCR-E2F1 interaction and its function in melanoma in detail.

To assess the combined effect of SLNCR and E2F1 on outcomes of patients with melanoma, 

we interrogated melanoma TCGA RNA-seq datasets for patient survival stratified by (1) 

high SLNCR and high E2F1, (2) high SLNCR and low E2F1, (3) low SLNCR and high 

E2F1, and (4) low SLNCR and low E2F1 levels (Figure 1C). Kaplan-Meier analysis 

revealed that patients with high SLNCR and high E2F1 levels had worse overall survival 

(OS) (median OSHS/HE = 431 days, p = 0.015) compared to the expected control (median 

OSCtrl-HS/LE = 777 days). Patients with high SLNCR and low E2F1 did not deviate 

significantly from the respective control (median OSHS/LE = 719 days and median OSCtrl-

HS/LE = 777 days, p = 0.83). The same was observed for patients with low SLNCR 
regardless of E2F1 levels (median OSLS/HE = 730 days and OSCtrl-LS/HE = 733 days, p 
= 0.91, for the high-E2F1 group and median OSLS/LE = 724 days and median OSCtrl-LS/LE = 

731 days, p = 0.096, for the low-E2F1 group). That is, high levels of either SLNCR or E2F1 

in isolation did not affect patient survival. When both are overexpressed, SLNCR and E2F1 

negatively affect patient outcomes. These analyses support the hypothesis that SLNCR and 

E2F1 coordinately regulate genes with functions in melanoma and that the adverse effects of 

SLNCR on patient survival depend on its cooperative activity with E2F1.

To explore this hypothesis, we overexpressed SLNCR in A375 melanoma cells with 

and without E2F1 depletion and measured proliferation and invasion. A375 cells express 
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relatively low levels of SLNCR as compared to patient-derived melanoma short-term 

cultures (MSTCs)11 and high endogenous levels of E2F1.10 SLNCR overexpression (Figure 

S1C) increased A375 cell invasion and proliferation compared to empty vector control by 

a minimum of ~1.5-fold (Figures 1D and 1E). Silencing E2F1 (Figures S1C-S1E) reduced 

cell invasion by ~13% compared to scramble control (Figure 1D) and proliferation by 

3.5-fold (Figure 1E). E2F1 knockdown in the SLNCR overexpression background (Figures 

S1C-S1E) reversed the effect of SLNCR overexpression on A375 cell invasion by ~30% 

(Figure 1D) and proliferation by ~10-fold (Figure 1E). We also performed E2F1 depletion in 

WM1575 and WM1976 (Figures S1C-S1E) and assessed the ability of E2F1-depleted cells 

to invade (Figure 1F) and proliferate (Figure 1G). Even with high SLNCR expression in the 

MSTCs, depletion of E2F1 was detrimental to melanoma progression. These experiments 

support the conclusion that SLNCR and E2F1 coordinately regulate melanoma-relevant 

pathways.

E2F1 binds to the RNA analog of the cognate E2F1 BS on DNA

To identify SLNCR-interacting proteins, we performed a proteome-wide yeast three-hybrid 

(Y3H) screen17,18 (Figure S2A). Four of the candidates predicted by DATNA (E2F1, 

TEAD1, TCF3, and SREBF2) were hits in this assay (Figure S2B). Notably, E2F1 was 

previously reported to interact with SLNCR.11,12,14 To identify the RNA sequences within 

SLNCR that bind to E2F1, we performed pairwise Y3H screens of nine partially overlapping 

300-nt-long segments of SLNCR against E2F1 (Figure 2A). Yeast expressing SLNCR 
segments 2 and 3 grew on selective media, suggesting complex formation (Figure S2C). 

By analyzing the sequence of SLNCR, we identified 5 regions within segments 2 and 3, with 

analogy to the cognate E2F1 DNA-binding motif (5′-TTTC[CG]CGC-3′; Figures 2A and 

2B). We named those sequences binding sites 1–5 (BS1–5).

To assess E2F1 binding to each one of the BSs, we performed RNA electrophoretic mobility 

shift assays (REMSAs) using purified, full-length E2F1 and 3′-biotin-labeled SLNCR RNA 

oligos. Secondary structure predictions of each BS in isolation19,20 indicated that they could 

adopt single-strand (loop), double-strand (stem), or mixed (hybrid) secondary structures. We 

tested probes containing each putative BS in loop, stem, or hybrid contexts by REMSA. We 

detected E2F1 binding to loops and stems but not to hybrid probes (Figure 2C). Notably, 

probing of SLNCR by dimethyl sulfate and mutational profiling (DMS-MaP)21 in A375 

cells (Figures 2B, S2D, and S2E) showed that BS1–5 of intracellular, full-length SLNCR 
had low DMS reactivities, consistent with double-strand structures, suggesting that all BSs 

could interact with E2F1 in cells.

We next incubated 0.5 μM of purified E2F1 with increasing concentrations of double-strand 

BS1–5 and quantified the signal of E2F1-bound over unbound RNA (Figure S2F). By 

comparing the concentrations of RNA required for electromobility shift, we assessed the 

relative affinity of E2F1 for either of the BSs on SLNCR. BS3 bound to E2F1 with higher 

affinity than the other BSs because a shifted band could be detected with as little as 12.5 nM 

of RNA. The other BSs required at least 50 nM for a shifted band to appear (Figure S2F).

BS1–2-3 and BS4–5 are contained in two relatively short sequence segments of SLNCR 
(nucleotides 186–251 and 608–659, respectively) (Figure S2D). We hypothesized that two 
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of the BSs within full-length, intracellular SLNCR may mediate E2F1 binding together. 

We assessed relative E2F1 binding affinity for SLNCR fragments containing two proximal 

BSs using 60-mer RNA oligonucleotides containing BS1+2, BS2+3, and BS4+5 (Figures 

2D and S2F). Electrophoretic mobility shift was detected with as little as 12.5 nM of 

either of the combination BSs. Moreover, the shifted bands at 12.5 nM of labeled RNA 

were more intense for the BS1+2 and BS2+3 oligonucleotides compared to BS4+5 or BS3 

alone, suggesting that BS1+BS2 and BS2+BS3 can act cooperatively to bind E2F1 with 

higher affinity compared to other oligonucleotides. Because BS2+3 gave the best apparent 

affinity for E2F1, we incubated increasing amounts of recombinant E2F1 to saturating 

concentrations of labeled BS2+3 (Figure S2F). We observed that 100 nM of BS2 +3 bound 

to 0.085 μM of E2F1, confirming a higher affinity of E2F1 for BS2+3 (Figure S2F).

We hypothesized that the secondary structures of the oligonucleotides used for REMSA 

influenced the electrophoretic mobility properties of their complexes with E2F1. We, 

therefore, performed secondary structure predictions of the oligonucleotides used for 

REMSA. BS1+2 and BS2+3 were predicted to form mostly double-strand structures (data 

not shown; Figure S2G). BS3 is almost perfectly complementary to BS2 (Figure 2B), and 

thus, the BS2+3 oligonucleotide formed a perfect double-strand structure (Figure S2G). 

Double-stranded oligonucleotides bound with higher relative affinities to E2F1, suggesting 

that these RNAs might mimic DNA binding to E2F1.

SLNCR-E2F1 complex formation promotes melanoma invasion and proliferation

We previously showed that SLNCR overexpression increased A375 melanoma invasion 

by 1.6-fold and proliferation by ~1.5-fold compared to controls (Figures 1D and 1E). To 

test whether E2F1 mediates these SLNCR-dependent effects, we transfected inhibitory 

oligonucleotides corresponding to E2F1 BS2+3 of SLNCR (RNA mimic 2+3) into 

SLNCR-overexpressing A375 cells and MSTCs. Consistent with SLNCR-E2F1 complexes 

coordinately regulating melanoma processes, RNA mimic 2+3 reduced invasion and 

proliferation by a minimum of 2-fold each, as compared to respective controls (Figures 

3A and 3B).

To assess the roles of the SLNCR-E2F1 complex in melanoma in vivo, we generated 

a mouse model of metastatic melanoma by injecting NSG mice with A375-Luc2 cells 

overexpressing SLNCR that had been incubated with either RNA mimic 2+3 or a control 

oligonucleotide (Figures 3C and 3D). A375-Luc2 cells express luciferase, which produces 

bioluminescence upon the breakdown of its substrate. In this model, bioluminescence is a 

proxy for melanoma proliferation and migration of melanoma cells from the bloodstream 

into the lungs (extravasation), a common site of melanoma metastasis.22 We observed a 

significant reduction in luminescence in the lungs of the mice injected with cells treated with 

RNA mimic 2+3 compared to control (Figures 3C, 3D, and S3D). Importantly, RNA mimic 

2+3 blocked the SLNCR-E2F1 interaction (Figure S3A) and reduced melanoma invasion 

and proliferation in vitro and extravasation in vivo without affecting the levels of the E2F1 

protein or SLNCR transcript (Figures S3B and S3C).

These data demonstrate that the SLNCR-E2F1 complex mediates melanoma proliferation 

and invasion and that blocking their interaction can slow melanoma pathogenesis. Because 
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E2F1 regulates numerous fundamental biological processes,2 selectively blocking the 

SLNCR-E2F1 interaction could provide a novel therapeutic modality without the global 

effects of inhibiting all E2F1 activities.

E2F1 binds RNA via its DNA binding domain

We hypothesized that RNA and DNA compete for the same BS on E2F1 because the E2F1 

BSs within SLNCR are analogous to the cognate E2F1 DNA-binding motif (Figure 2B) 

and because BS2+3 can form dsRNA (Figure S2G). To test this hypothesis, we performed 

RNA/DNA competition assays for E2F1 binding.23 EMSA with full-length E2F1, biotin-

labeled DNA, and increasing amounts of unlabeled RNA showed that as little as 50 nM 

RNA competed with 100 nM DNA (Figure 4A), showing that RNA binding and DNA 

binding were mutually exclusive. Conversely, 30 μM of unlabeled DNA was unable to 

completely compete with 50 nM biotin-labeled RNA (Figure 4A).

To test whether RNA can bind to E2F1DBD, we repeated these experiments using purified 

recombinant E2F1DBD (residues 110–194) (Figure S3E). We found that 250 nM of RNA 

almost completely displaced bound DNA (~15% of E2F1-bound DNA left) compared to 

the 40 μM of DNA required to displace 50 nM of RNA (~19% of E2F1-bound RNA left) 

(Figure 4B). Hence, RNA and DNA compete for binding to E2F1DBD. Because of the 

reverse complementarity of BS2 and BS3, the RNA oligo BS2+3 forms a hairpin structure 

involving the E2F1 BSs. We performed all experiments at 37°C and pH 7.3, which, in 

theory, should maintain the folded conformation. Likewise, all dsDNA used in competition 

assays had been pre-annealed, ensuring that no single-stranded DNA was present in the 

reaction mixes. We performed competition assays with labeled RNA or DNA. We did not 

see a reduction in signal upon the addition of increasing amounts of DNA to labeled RNA. 

However, very low concentrations of unlabeled RNA reduced the signal corresponding to 

labeled DNA. If E2F1 bound RNA-DNA hybrids, we would see similar signal intensities for 

both competition assays irrespective of which nucleic acid was labeled. Thus, it is not likely 

that E2F1 bound to RNA-DNA hybrids in competition assays.

We next used MD simulations to define the contacts between nucleic acids and E2F1. 

Because Å-resolution structures of nucleic-acid-bound E2F1 are not available, we generated 

an in silico model using AlphaFold224 and homology modeling. This model was highly 

similar to the crystal structure of the closely related E2F4DBD,25 with a root-mean-square 

deviation (RMSD) of 0.73 Å. Furthermore, using a 15-mer reference dsDNA containing 

the consensus E2F1-binding element, we showed that the solvated E2F1DBD had low-level 

RMSDs and root-mean-square fluctuations (RMSFs) at the DNA-binding residues in the 

absence of DNA, which were further reduced in the presence of DNA (Figures S4A-S4D). 

We observed a high degree of stability throughout E2F1DBD except for the 10 C-terminal 

residues, which were not involved in nucleotide binding. Together, these observations 

suggested that our model was suitable for studying the structural and dynamic properties 

of E2F1DBD bound to DNA (Table 1 and Table 2).

We modeled DNA binding either using the reference 15-mer dsDNA containing the 

consensus motif26 (Videos S1 and S5; Figures S4A-S4D) or the previously described 42-mer 

dsDNA (Videos S2, S6A, and S6B) shown to bind to recombinant E2F1 by EMSA (Figures 
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S4E-S4H). RNA binding was modeled using the 60-mer SLNCR fragment containing 

BS2+3 (60-mer BS2+3 RNA; Videos S3 and S7) that bound to E2F1 in REMSA (Figures 

S4I and S4J). Initial MD simulations showed that the binding of both the 42-mer dsDNA 

and the 60-mer BS2+3 RNA reduced the observed RMSD or RMSF of free E2F1DBD 

(Figures S4E-S4J) without affecting its structural features (Videos S6A, S6B, and S7). 

These results suggested the formation of stable, biologically relevant complexes. The 60-mer 

BS2+3 RNA folded into a straight double-helical segment resembling dsDNA but showing 

a higher degree of mobility (backbone RMSD = 15.7 A; Figure 4C; Videos S3 and S7). 

The 15- and 42-mer dsDNA formed straight double helices within the E2F1DBD interacting 

region and did not show a high degree of mobility (backbone RMSDs = 2.5 and 5.2 A, 

respectively; Figure 4D; Videos S5, S6A, and S6B).

Repeating the simulations with a 60-mer SLNCR fragment containing BS1+2 (60-mer 

BS1+2 RNA) showed that this fragment formed a “curved” structure, suggesting that this 

conformation limited E2F1 binding (Video S4). This observation was consistent with the 

lower apparent affinity of the BS1+2 oligo in REMSA (Figures 2D and S2F). We conclude 

that the more “linear” structure of the 60-mer BS2+3 RNA was important for binding to 

E2F1DBD, as it likely mimics linear DNA.

Next, we compared the MD models of E2F1DBD+60-mer BS2+3 RNA and E2F1DBD+15-

mer dsDNA. We calculated the relative interaction strengths for each E2F1DBD residue 

forming contacts with nucleotides (Figure 4E). To do this, we averaged the predicted 

interaction energy of each amino acid-nucleotide pair in the complexes between E2F1DBD 

and the 15-mer reference dsDNA, the 42-mer dsDNA, or the 60-mer BS2+3 RNA over the 

total number of MD runs for each complex. We then defined a threshold (−9.8 kcal/mol) 

to segregate strong from weak interactions. The −9.8 kcal/mol threshold was empirically 

determined based on the overall interaction energy average observed across all residues of 

the E2F1DBD+15-mer reference dsDNA model. Residues with average predicted interaction 

energies lower than −9.8 kcal/mol were defined as strong interactors, and those higher than 

−9.8 kcal/mol were considered weak interactors.

We identified three key regions that contact RNA and DNA nucleotides alike: Lys120, 

Lys125, and Arg127 in region 1; Arg165, Arg166, and Tyr168 in region 2; and Lys182 

and Lys185 in region 3 (Figure 4E). Although most contacts contributed similarly to DNA 

and RNA binding, we note that Lys125 and Arg127 contributed more to DNA as compared 

to RNA binding (−12.5 compared to −5.2 kcal/mol and −31.2 compared to −13 kcal/mol, 

respectively; Figure 4E) because they made strong salt bridge contacts with the phosphate 

backbone of DNA. In contrast, other amino acids of E2F1DBD contributed exclusively to 

RNA binding: Pro122, Gly123, and Glu124 in region 1; Lys161 and Val162 in region 2; 

and Lys183 and Ser184 in region 3. Adding all interaction strengths together suggested that 

E2F1 binds to DNA with ~25 kcal/mol higher affinity than to RNA (Figure 4F) and that 

E2F1-DNA complex formation is thermodynamically more stable than E2F1-RNA complex 

formation. This result contrasts with the competition experiments, which showed that E2F1 

bound to RNA with higher relative affinity than to DNA (Figures 4A and 4B).
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Most E2F1DBD residues that contribute to DNA binding also contribute to RNA binding

Having compared relative DNA and RNA binding affinities, we assessed relative E2F1 

binding specificities. TFs recognize specific DNA sequence motifs, and their sequence 

specificity is determined by amino acid-nucleobase contacts. We classified all residue 

contacts from our MD models with base, phosphate, or sugar moieties (Figures 5 and S5).

1. The reference 15-mer dsDNA had 66 base contacts, 46 phosphate contacts, and 

47 sugar contacts (Figures 5A and 5D). E2F1 formed base contacts, mainly 

with nucleotide segments C5–G8 and T14-T15 in one strand and A30–A27 and 

C21–A19 in the complementary strand. The E2F1 consensus spans nucleotides 

T2–C9 and their complementary pairs A30–G22. The greatest numbers of base 

contacts were with nucleotides G6 (9 contacts), G20 (14 contacts), and A29 

(13 contacts), suggesting that these three nucleotides play a major role in E2F1 

sequence-specific DNA binding. Nucleotides T4, G8, T15, A19, C21, and A28 

had fewer base contacts (between 1 and 5), suggesting minor roles in sequence 

specificity.

2. There are two copies of the E2F1 consensus binding motif on the 42-mer 

dsDNA (Figures 5B and 5D). The 5′ motif spans nucleotides T6–G13 and the 3′ 
motif spans nucleotides C56–T49 in the antisense direction. We found 59 base 

contacts, 48 phosphate contacts, and 47 sugar contacts with the 5′ motif and 60 

base contacts, 48 phosphate contacts, and 50 sugar contacts with the 3′ motif. 

All contacts with the 5′ motif were within nucleotide segments T8–T20 in the 

first strand and A80–T68 in the complementary strand. All contacts with the 

3′ motif were within the nucleotide segments A26–T39 in the first strand and 

T63–T50 in the complementary strand.

3. The 60-mer SLNCR RNA had 47 base contacts, 38, phosphate contacts, and 

46 sugar contacts (Figures 5C and 5D). BS2 spans nucleotides U8–G14 in a 5′ 
to 3′ orientation, and BS3 runs in the 3′ to 5′ direction and spans nucleotides 

G45–A52. Unlike the MD models containing DNA, which only formed protein-

nucleic acid contacts locally at and immediately surrounding the E2F1 binding 

motif (Figures 5A and 5B), the interactions with RNA appeared to spread across 

the double-strand length of the 60-mer BS2+3 RNA (Figure 5C). Based on this 

observation we hypothesized that RNA “bends” to contact E2F1 at residues 

beyond the nucleic acid binding pocket (Figure 4C).

To test this hypothesis, we plotted the base, phosphate, and sugar interactions per amino 

acid across E2F1DBD (Figures S5A-S5C). This analysis revealed that the same amino acids 

were involved in nucleic acid interactions with DNA and RNA. However, several additional 

residues that did not contact DNA did form contacts with RNA. Specifically, E175, G176, 

and Q178 mostly contacted the nucleobase, and K183-S184 made a similar number of 

contacts with base, sugar, and phosphates. These data indicate that many of the contacts that 

mediate specific DNA also mediate RNA binding. However, there are additional nucleobase 

contacts that contribute to RNA binding.

Shah et al. Page 9

Cell Rep. Author manuscript; available in PMC 2025 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



These data demonstrate several key points: the overall length of the nucleic acids did 

not contribute to specificity or affinity, as binding was mostly confined to the E2F1 

binding motif. Binding to phosphates increased complex stability, as these contacts created 

strong salt bridges, which explains the higher relative thermodynamic stability of the 

E2F1DBD+DNA complexes as compared to the E2F1DBD+RNA complex. The greater 

number of base contacts within and immediately surrounding the E2F1 consensus sequence 

in the E2F1DBD+RNA model (22 vs. 15 in the E2F1DBD+dsDNA 42-mer model) suggests 

that multiple RNA conformations might contribute to E2F1 binding specificity. Taken 

together, these observations suggest that the extended contacts observed for RNA in the 

E2F1DBD+60-mer BS2+3 RNA MD model are likely transient. We speculate that the 60-mer 

BS2+3 RNA assumes multiple conformations within E2F1DBD and can, thus, displace the 

42-mer dsDNA in our competition assays despite having a lower apparent relative affinity.

A disease-associated mutation in the E2F1 DNA binding domain maintains RNA binding

Two reported E2F1DBD mutations (R166H27 and L132E28) disrupt DNA binding. R166H 

is a naturally occurring somatic mutation found in patients with mesothelioma that reduces 

E2F1 gene promoter occupancy, as shown by chromatin immunoprecipitation (ChIP).27 

L132E is an engineered mutation that reduces E2F1 occupancy at E2F1 and CDC6 

promoters.28,29 However, the effects of these mutations on E2F1 binding to DNA were 

not tested directly in vitro. For the R166H mutation, we only considered the neutral form of 

His166.

We performed EMSA and MD simulations to assess the effect of these mutations on nucleic 

acid binding (Figures 6 and S6). Surprisingly, neither mutant affected 42-mer dsDNA or 

60-mer BS2+3 RNA binding in our EMSA experiments (Figure 6A). Similarly, we did 

not detect differences in the stabilities of L132E or R166H mutant E2F1DBD alone or in 

complex with 15-mer reference dsDNA, as shown by low RMSDs and RMSFs that would 

affect DNA binding in MD simulations (Figure S6). Finally, calculating the average residue 

interaction energies of E2F1 mutants using molecular mechanics/generalized Born surface 

area (MMGBSA) showed that neither mutation compromised nucleic acid binding (Figures 

4F, 6B, and 6C). Notably, the L132E mutation did not significantly contribute to binding 

energies (Figure 4E), and thus, it is not surprising that this mutation did not affect nucleic 

acid binding. Even though Arg166 is one of the major contributors to thermodynamic energy 

in all MD models, it is only 1 of 20 (in 42-mer dsDNA) and 1 of 19 (in 60-mer BS2+3 RNA) 

residues that contact the nucleic acid, possibly explaining why this mutation did not affect 

binding to either nucleic acids (Figures S5A-S5C).

E2F1 binding to RNA precludes DP1 binding

DP1 binds to the same DNA sequence as E2F1.25 Unlike with DNA binding, DP1 did not 

enhance E2F1 binding to the 60-mer BS2+3 RNA in REMSA experiments (Figure 7A). 

In our E2F1DBD-DP1DBD+15-mer dsDNA model (Figure 7B; Video S8), E2F1 maintained 

minimum contacts with DP1. Most DP1-E2F1 interactions were hydrophobic, and there 

was only one salt bridge between Glu175 of E2F1 and Arg117 of DP1 at the E2F1-DP1 

interface. The RMSDs and RMSFs of E2F1DBD remained minimal in this model (Figures 

S7A and S7B). However, DP1 exhibited a high degree of RMSFs at a flexible loop not in 
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contact with E2F1 or the DNA (residues Glu145–Ile165; Figure S7C). In addition, the DNA 

was rigid when E2F1 bound (RMSD = 3.2 A). These observations suggested that E2F1DBD 

and DP1DBD do not associate in the absence of DNA. In contrast, the 60-mer BS2+3 RNA 

could not simultaneously bind to E2F1 and DP1 due to steric clashes from the 60-mer RNA 

in the region where DP1 interacts with E2F1 in the E2F1-DP1 complex (simulation was not 

possible), corroborating the result of our REMSA (Figure 7A).

To model the interaction of E2F1DBD-DP1DBD with RNA, we generated a 15-mer, B-form 

dsRNA by directly converting the 15-mer dsDNA into 15-mer dsRNA (Figure S7D; Video 

S9) and ran MD simulations. Like the E2F1DBD-DP1DBD+15-mer dsDNA model, the 

RMSDs and RMSFs of E2F1DBD remained minimal in the model with 15-mer dsRNA 

(Figures S7E and S7F), and DP1 exhibited a high degree of RMSFs at the flexible 

loop (Figure S7G). The 15-mer dsRNA was very flexible (RMSD ≅ 13 Å; Figure S7D), 

suggesting that the E2F1DBD-DP1DBD+15-mer dsRNA is less stable than the E2F1DBD-

DP1DBD+15-mer dsDNA complex.

E2F1DBD and DP1DBD both carry net positive charges (+4 and +6, respectively), which play 

key roles in interactions with the negatively charged phosphate backbones of nucleic acids. 

The 15-mer dsDNA has a net negative charge (−30) that counterbalances the net positive 

charges of the proteins. E2F1DBD made contacts with the 15-mer dsDNA on the E2F1 BS 

or on the nucleotides directly surrounding it. DP1DBD formed extensive contacts across the 

15-mer dsDNA (Figure 7E). Plotting the base, phosphate, and sugar interactions per amino 

acid across E2F1DBD revealed that adding DP1DBD to the system did not alter the contact 

pattern compared to E2F1DBD alone (Figure S5D). Taking these results together, this model 

supports that E2F1 guides target specificity and DP1 secures the complex by increasing its 

affinity for DNA. Similarly, the 15-mer dsRNA bound to both E2F1 and DP1 and stabilized 

a ternary complex (Figure 7F). All oligonucleotides used in the study have been listed in 

Table 2 in STAR Methods.

DISCUSSION

TFs recognize specific DNA sequences to activate or repress target gene transcription. 

Increasing numbers of TFs are found to bind RNA, establishing dual nucleotide binding 

activities.30-41 To the best of our knowledge, this is the first example of a TF with RNA-

rather than DNA-dependent oncogenic activity.

Oncogenic roles have been previously ascribed to proteins and lncRNAs that can form 

complexes (e.g., polycomb repressive complex 2 [PRC2] and the lncRNAs HOTAIR and 

XIST).42-50 In these examples, both PRC2 and the lncRNAs are oncogenic independently of 

the lncRNA-PRC2 interaction. By association, the oncogenic effects of these lncRNAs have 

been ascribed to the PRC2-lncRNA interaction. Here, we show that the oncogenic activity 

requires SLNCR-E2F1 complex formation and that overexpression of either molecule 

without complex formation had no effect.

Recently, Oksuz et al. showed that half of the TFs expressed in K562 cells, including E2F3, 

E2F4, and E2F6, can bind RNA51 mostly through ARM domains. The ARM domain in 
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these TFs is adjacent to their DBD, and RNA binding does not preclude DNA binding. E2F1 

does not contain an ARM domain, but it has a di-RG repeat, which is predicted to mediate 

RNA binding15 adjacent to its DBD. Here, we showed that E2F1DBD alone bound RNA, as 

our E2F1DBD construct did not include the di-RG motif.

We showed that RNA outcompeted DNA for binding to limiting amounts of E2F1. MD 

simulations demonstrated that dsDNA was rigid and bound tightly to E2F1DBD at Lys125 

and Arg127. However, BS2+3 RNA was more flexible and made more amino acid contacts 

with E2F1DBD than DNA. Thus, E2F1-DNA binding may be more thermodynamically 

favorable, akin to a “lock and key” interaction, while E2F1-RNA binding may be more 

kinetically favorable, akin to an “induced fit” interaction.

We speculate that RNA competes with DNA and DP1 for binding to E2F1. In cases of 

pre-existing E2F1-DP1 dimers, DNA binding might be favored (Figure 7). Once E2F1 and 

DP1 dissociate from DNA and each other, E2F1-RNA binding might be favored, as the 

RNA binds E2F1 faster and more extensively than DNA. This effect may be enhanced by 

the presence of multiple E2F1 BSs within SLNCR, such that one SLNCR molecule might 

interact with multiple E2F1 molecules. Thus, one SLNCR transcript might recruit multiple 

E2F1 molecules to a given promoter independently of DP1.3 These observations set the 

stage for broadening the regulatory network of TFs by interactions with lncRNAs.

R166H and L132E mutants were previously reported to reduce the DNA binding activity of 

E2F1. MD simulations predicted that these mutations only slightly reduced E2F1 binding 

energy to nucleic acids. Consistent with these simulations, we did not detect an apparent 

reduction in E2F1DBD binding affinity to RNA or DNA by REMSA (Figure 6A). These 

mutations reside in the helix-loop-helix region of E2F1, which is not essential for DNA 

binding, whereas residues 117–128 reside in the basic region which is essential for DNA 

binding in vitro.52

Our data are consistent with a model in which SLNCR binds to E2F1 to drive melanoma 

progression, independent of E2F1 DNA binding. More invasive melanomas are less 

proliferative, and vice versa, more proliferative melanomas are less invasive.53 E2F1 

regulates both processes.2 It is, therefore, possible that SLNCR toggles E2F1 activities 

between proliferation and invasion. It is easy to envision that SLNCR-E2F1 complexes 

activate the transcription of certain melanoma-relevant genes while preventing E2F1 binding 

to and recruitment of DP1-E2F1 to other melanoma-relevant promoters, thereby shifting 

melanomas between proliferative and invasive stages of oncogenesis.

Concordant with our results, a randomized library screen of synthetic RNA oligos for 

competition with DNA for E2F1 binding54 showed that RNA could prevent E2F1 from 

binding to DNA in vitro and that a short RNA oligonucleotide efficiently inhibited cell 

proliferation. Administering oligonucleotides that block SLNCR-E2F1 complex formation 

significantly reduced lung extravasation, suggesting that this complex is a promising 

therapeutic target.
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Limitations of the study

We demonstrate that the SLNCR-E2F1 interaction drives melanoma progression and that 

inhibiting this interaction without reducing the levels of either molecule prevents melanoma 

extravasation into the lungs. We did not model other stages of melanoma progression. 

Using E2F1DBD allowed us to better control the MD simulation parameters; however, we 

acknowledge that the overall conformation of E2F1 and its binding interactions may change 

in the context of the whole protein. Additionally, we showed that RNA bound to E2F1DBD 

better than the corresponding DNA element. E2F1 typically binds to DNA as a heterodimer 

with DP1. We could not assess the role of the E2F1-DP1 interaction on relative RNA or 

DNA binding. Protein binding can affect the lncRNA secondary structure. Thus, the binding 

of other proteins to SLNCR might affect the local structure at the E2F1 BS to modulate its 

ability to phenocopy the E2F1 DNA binding element. Finally, as more samples of patients 

with melanoma become available, we may gain greater insights into how the SLNCR-E2F1 

interaction affects melanoma progression and patient survival.

STAR★METHODS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Four-week-old female NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, The Jackson 

Laboratory, #005557) were used in the animal experiments. Ethical approval was obtained 

from Dana-Farber Institutional Animal Care and Use Committee (IACUC) approved 

protocol #23-001. A375-Luc2 cell lines used for the lung extravasation mouse model was 

obtained from ATCC (ATCC, CRL-1619-LUC2) and was validated by ATCC using STR 

profiling and tested negative for mycoplasma contamination at DFCI Animal Resources 

Facility.

Sex differences do exist in melanoma outcomes with females having better prognosis than 

males.70 However, the reasons for the female-favoring bias are poorly understood. A375 

is derived from a female-derived melanoma and these cells were transferred into female 

NSG mice. These mouse experiments directly assessed melanoma extravasation from the 

bloodstream to the lungs over 7 days. This process is not known to be affected by sex 

differences. Moreover, SLNCR and E2F1 protein levels are not known to be different 

between the sexes. If anything, any processes affected in female models of melanoma would 

be expected to be worse in male mice and/or using male-derived melanomas. Thus, the 

results described here can be extrapolated to male mice.

METHOD DETAILS

Cell culture: A375 (ATCC, CRL-1619) and HEK293T cells were a gift from Ronny 

Drapkin. A375 and HEK293T cells were cultured as adherent cells in Dulbecco’s modified 

eagle medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (FBS). 

WM1575 and WM1976 are patient derived melanoma short-term cultures (MSTCs) from 

collections of the Wistar Institute.

Stable A375 cells overexpressing SLNCR were generated by transfecting cells with 

pcDNA3.1 plasmid consisting of puromycin resistant gene and CAG promoter. After 48 h of 
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growth in complete DMEM media containing 2 μg/mL puromycin, single cells were sorted 

into a 96-well plate. Individual clones were picked and used for all downstream experiments.

For proliferation assays, stable cells or MSTCs were seeded at 0.01x10 cells/well in a 

24-well plate 48 h after infection with lentiviral particles containing E2F1 shRNAs or 48hrs 

after transfection with 1 μM RNA Mimic 2 + 3 oligo and proliferation was measured every 

48 h by manual cell counting using hemocytometer and trypan blue dye.

For migration and invasion assays stable A375 cells or MSTCs were infected with lentiviral 

particles containing E2F1-knock down shRNA or transfected with the RNA Mimic 2 + 3 

oligo 48 h post-seeding. 2.5x10 A375 cells or 0.1x10 WM1976 or 7.5x10 WM1575 cells 

in serum-free media were plated in either BD BioCoat matrigel inserts or uncoated control 

inserts (Corning), placed into DMEM with 30% FBS, and incubated for 16 h. Cells that did 

not migrate or invade were removed using a cotton tipped swab, chambers were rinsed twice 

with PBS, and stained using Fisher HealthCare PROTOCOL Hema 3 Fixative and Solutions. 

Cells were imaged on 20x magnification in 3 fields of view for 3 technical replicates for 

each of the 3 independent biological replicate experiments.

% Invading cells = Mean number of cell invading tℎrougℎ Matrigel insert
Mean number of cells invading tℎrougℎ control insert × 100

Lipofectamine 2000 (Life Technologies, 11668027) was used for all plasmid transfections 

following the manufacturer’s protocol.

Plasmid construction: SLNCR fragment was synthesized by Biomatik Corporation. 

Cloning for E2F1 shRNA into plko plasmids was done as previously described in Addgene 

Plasmid 10878 Protocol Version 1.0. December 2006.

Protein production plasmids were created by introducing synthetic gene fragments 

containing wildtype, L132E and R166H mutant E2F1DBD (residues 110–194) with an N-

terminal His6-tag followed by a TEV protease cleavage site into pET28a 

SpyCatcherSnoopCatcher (gifted from Mark Howarth, Addgene plasmid #72324) by Gibson 

assembly. Gene fragments were synthesized by IDT. Fragments were extended by PCR with 

primers E2F1-DBD-f and E2F1-DBD-r (See Table 2) to introduce overlapping handles for 

Gibson Assembly and to introduce a C-terminal stop codon. After transformation in 

chemocompetent 5-α cells (NEB, C2987H), plasmids were isolated and verified by Sanger 

sequencing. For protein production verified plasmids were transformed into 

chemocompetent BL21(DE3) pLysS cells (Invitrogen, C606010). E2F1DBD(110–194): 

MGSSHHHHHHSSGENLYFQGRGRHPG 

KGVKSPGEKSRYETSLNLTTKRFLELLSHSADGVVDLNWAAEVLKVQKRRIYDITN

VLEGIQLIAKKSKNHIQWLGSH. His-tag is bolded, TEV cleavage site is italicized and 

E2F1DBD residues immediately follow TEV cleavage site, and residues Leu132 and Arg166 

are bolded.

For yeast-three-hybrid, full length SLNCR or SLNCR fragments were ordered as gblocks 

from IDT and digested with SphI-HF (NEB, R3182S) and SmaI (NEB, R0141S) restriction 
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enzymes in CutSmart buffer (NEB, B6004S). SLNCR fragment 1 was digested using 

SphI-HF only. Digestion was then purified using PCR purification kit (Qiagen). Purified 

DNA was then ligated into SphI/SmaI digested pIIIA-MS2–1 (gift from Marvin Wickens, 

Addgene plasmid #220631) plasmid using T4 DNA ligase (NEB, M0202S) and transformed 

into chemocompetent 5-α cells (NEB, C2987H).

Yeast three hybrid (Y3H): These experiments were conducted according to established 

protocols55 with the following modifications for ORFeome-wide screening. SLNCR full 

length and SLNCR fragments-expressing plasmids (harboring Uracil auxotrophic marker), 

using standard protocols. Transformed yeast were selected by spotting on SC plates 

depleted of uracil (SC-U). Protein-expressing (pools of 100 strains) plasmid collection 

(DFCI-hORF8.1 collection gifted by Marc Vidal, Center for Cancer Systems Biology at 

Dana-Farber Cancer Institute) harboring Tryptophan auxotrophic marker, was contained 

into the yeast strain Y8800 and grown in SC-plates depleted of tryptophan (SC-W). Yeast 

strains YLW3α containing the examined SLNCR fragment plasmids were mated with the 

Y8800 yeast strains containing the protein plasmids. Mating was performed in YPD media 

overnight, and diploids carrying both plasmids were selected in liquid SC media depleted 

of tryptophan and uracil (SC-WU) for 1 day. Double selected yeast was then plated on 

solid agar in the absence of HIS (SC-WUH) and different concentrations 3AT, a competitive 

inhibitor of the HIS3 gene product, to increase the stringency of the selection. Colony 

growth was assessed after 5 days of growth and identity of the interacting pairs was 

confirmed by Sanger sequencing. For pairwise screen, same approach was used, but only 

selected proteins plasmids from the DFCI-hORF8.1 collection were transformed into yeast 

to test the specific binding of that protein with full length SLNCR or E2F1 with SLNCR 
fragments. The 3 pairs of RNA-protein used for positive controls are LET7 vs. LIN28a, 

IRE vs. IRP1, HCV3′UTR vs. RPL22. We want to thank David E. Hill and Marc Vidal for 

helping set up the Y3H screens and for the DFCI-hORF8.1 collection.

RNA-immunoprecipitation: For RNA immunoprecipitation (RNA-IP), HEK293T E2F1-

HiBiT cells were generated by knock-in of a HiBiT tag at the endogenous E2F1 

locus to express E2F1 with a C-terminal HiBiT tag linked via Val-Ser. HiBiT-tag knock-

in was performed by electroporation with Cas9-gRNA ribonucleotide complex and a 

single-stranded HDR template with 80-nucleotide homology arms using the Lonza 4D 

Nucleofector and the SF Cell Line 4D-Nucleofector X Kit S (Lonza, V4XC-2032). 

Nucleofection protocol was adapted from71 and all Alt-R reagents were purchased from 

IDT (See Table 2). Briefly, 120 pmol Alt-R CRISPR-Cas9 crRNA (E2F1-g2) was annealed 

to 120 pmol Alt-R CRISPR-Cas9 tracrRNA and subsequently mixed with 10 μL SF 

nucleofection solution. The gRNA solution was added to 100 pmol Alt-R S.p. Cas9 

Nuclease V3 and 100 pmol Alt-R HDR Donor Oligo (ssODN2_E2F1-Cterm_5arm-Val-Ser-

HiBiT-3arm) with a final concentration of 3.2% (v/v) glycerol and incubated at RT for 15 

min 100,000 cells in 10 μL SF nucleofection solution were added to the RNP mix and 

electroporated. Immediately after electroporation, 80 μL DMEM containing 10% FBS was 

added to the cells and after 10 min incubation at RT, cells were plated in 2 mL DMEM 

containing 10% FBS. To isolate single clones, single cells were sorted into 96-well plates. 

Single clones with HiBiT integration were identified by screening for luminescence using 

Shah et al. Page 15

Cell Rep. Author manuscript; available in PMC 2025 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the Nano-Glo HiBiT Lytic Detection System (Promega, N3030) according to the provided 

protocol. Clones were further characterized by isolating gDNA, PCR amplification of the 

integration site (amplicon primer: E2F1-HiBiT-amplf and E2F1-HiBiT-amplr) and Sanger 

sequencing (sequencing primer: E2F1ampl-seqr, Azenta). The single clone used for RNA-IP 

is partially HiBiT-tagged.

RNA-IP and qPCR (RIP-qPCR) was performed as described in72 with slight modifications. 

Briefly, 5 x10 HEK293T-E2F1-HiBiT cells were seeded in 15 cm dishes in DMEM 

media completed with 10% FBS. After 12h the cells were transfected with 10 ng of 

SLNCR overexpression vector using lipofectamine 2000 transfection reagent and following 

manufacturer’s protocol. The cells were harvested 48h post transfection, washed in ice-cold 

PBS and lysed in lysis buffer (20 mM Tris-HCl pH 7.5, 100 mM KCl, 5 mM MgCl2, 0.5% 

NP-40) freshly supplemented with (cOmplete Protease Inhibitor Cocktail and 40 U/mL of 

RNaseOUT). The lysate was cleared by centrifugation and quantified by BCA assay. The 

lysate was normalized to 1 mg/mL protein content and applied onto pre-antibody coated 

magnetic protein-G Dynabeads, using 2 μg of antibody per IP sample. The IP mix was 

brought to 3 mL final volume in NT2 buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, 1 mM 

MgCl2, 0.05% NP-40) and supplemented with 1 μM of DTT and 16.5 μM EDTA pH 8.0. 

Immunoprecipitation was conducted with either anti HiBiT antibody or normal mouse IgG 

as a control. Immunoprecipitation reactions were allowed to run for 4 h at 4° with rotation. 

The samples were then washed 5 times in NT2 buffer. The samples were treated with Turbo 

DNAse to digest out any DNA contaminants for 1h at 37°C and washed again once with 

NT2 buffer. Finally, the co-precipitated RNA was extracted from the beads by incubating 

the sample with 5 μg of proteinase K in 100 μL of NT2 buffer (without protease inhibitors) 

supplemented with 40 U/mL of RNaseOUT and 0.1% SDS. The remaining RNA was 

purified from the bead supernatant containing proteinase K by phenol:chloroform:isoamyl 

alcohol extraction and subsequently reverse transcribed and used for qPCR as described 

below.

RNA extraction and cDNA library preparation and qPCR: RNA was isolated 

using RNeasy plus Mini Kit (Qiagen, 74134) following manufacturer’s protocol and sent 

to Azenta (Genewiz) for library preparation (Illumina, rRNA depletion) and sequencing 

(Illumina HiSeq 2x 150bp configuration, single index per lane). cDNA was generated 

using SuperScript III (Invitrogen, 18080093) reverse transcriptase following manufacturer’s 

protocol. The indicated transcripts were quantified using SsoAdvanced Universal SYBR 

Green SuperMix (BioRad, 1725271) on a CFX384 Touch RealTime PCR Detection System.

RNA-seq, TF enrichment analysis, survival plots, and disease Associated 
Transcriptional network analysis (DATNA): Raw sequencing reads were quality-

checked using FastQC (v0.11.5) (https://www.bioinformatics.babraham.ac.uk/projects/

fastqc/) and data were pre-processed with Cutadapt (v2.5)73 for adapter removal following 

best practices.64 Gene expression quantification was performed by aligning against 

the GRCm38 genome using STAR (v2.7.3a)65 and quantifying reads against Ensembl 

v9874 annotated transcript loci with featureCounts (Subread 1.6.2).69 Differential gene 
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expression analysis was performed using DESeq2 (v1.24.0).66 The raw data is deposited 

to GSE270372.

TF analysis: The DIANA-mirExTra v2.067 suite supports differentially expression 

analysis from bulk RNA-Seq and small RNA-Seq data, giving users several options for 

statistical analysis. Differential expression analysis was performed using the R package 

DESeq2 (v.1.24.07)66 within the online suite, comparing the Full-length and Empty SLNCR 

genotypes. Differentially expressed regulators and potential targets, that had an adjusted 

p-value below 0.05, were handpicked for the second step of the analysis, annotation and 

analysis of the TFBS by DIANA-mirExTra.

DIANA-mirExTra gathers TFBS data from in-house analyzed DNAse-Seq datasets and 

community curated entries from the ORegAnno v3.0 database (http://www.oreganno.org/).75 

Binding coordinates and annotation were derived from the miRGen v3.0 database.76 For 

the purposes of this analysis, our lab took possible differentially expressed targets within 

and around these curated TFBS regions. After annotating TFBS and combining them 

with nearby targets, we utilized the DIANA-mirExTra R scripts (R 3.6.0) to perform an 

overrepresentation analysis (Fisher exact test) based on the hypergeometric distribution. TFs 

with a statistically significant number of targets in proximity of its binding site, were kept 

and highlighted in the results. Differentially expressed targets were annotated using the 

ensembl 80 database, from the GRCh38 version of the human genome.

Survival plots: The survival analysis was performed using the TCGA 

Pan-Cancer Clinical Data Resource (TCGA-CDR)77 as well as the publicly 

available RNA-seq expression data from the Genomic Data Commons (GDC) 

TCGA Skin Cutaneous Melanoma patient cohort [https://docs.gdc.cancer.gov/Data/

Bioinformatics_Pipelines/Expression_mRNA_Pipeline/] to assess the effect of SLNCR and 

E2F1 expression on overall patient survival. The FPKM normalized expression values 

were used to stratify patients based on the expression of SLNCR and E2F1. The analysis 

was performed in R [R Core Team. R: A language and environment for statistical 

computing. Vienna, Austria: R Foundation for Statistical Computing; 2023. Available: 

https://www.R-project.org/] using the ggsurvfit [Sjoberg DD, Baillie M, Fruechtenicht 

C, Haesendonckx S, Treis T. Ggsurvfit: Flexible time-to-event figures. 2023. Available: 

https://CRAN.R-project.org/package=ggsurvfit] and survminer [Kassambara A, Kosinski M, 

Biecek P. Survminer: Drawing survival curves using ‘ggplot2’. 2021. Available: https://

CRAN.R-project.org/package=survminer] packages. Following the recommendations of,77 

the survival analysis focused on the primary tumor samples and overall survival (OS) as 

the endpoint. Furthermore, the follow-up time was adjusted by considering the sample 

acquisition date. Hence, only samples with a valid sample acquisition date and without 

‘Metastasis’ in the tumor tissue site description were included (n = 76).

The DATNA algorithm was run on Melanoma (SKCM version available as of 2019) TCGA 

transcriptomic database with SLNCR as the lncRNA, the Y3H orfeome-wide identified 

SLNCR binders as the considered partners, and the differentially expressed genes between 

full-length SLNCR and Empty plasmid control (FDR <0.005, see Table S1) as the potential 

target genes; with the following parameters: (i) Top and bottom 20th percentiles of SLNCR 
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expression for patient samples group selection (pct = 0.2); and (ii) minimum difference 

of 0.3 in target and TF spearman correlations between patient sample groups (d > 0.3). 

Disease relevant target genes (expressed and with some variation) were filtered in by having 

a minimum combined expression of at least 50 TPM (sum >50) and a minimum standard 

deviation of 10 (sd > 10). The code to run the algorithm in R is deposited at Zenodo. Please 

see Resource availability section.

E2F1 DNA binding domain protein purification: Expression and purification of 

E2F1 DNA-binding domain was carried out as previously described78 with the following 

modifications. After elution, protein was concentrated using Amicon Ultracentrifugation 

filter 10 kDa by spinning at 4000 g for 15 min.

RNA/DNA electrophoretic mobility shift assays (R/EMSA): For the 42-mer dsDNA 

oligo, the complimentary strands were annealed to equimolar ratios of corresponding 

unlabeled oligonucleotides in NEB Buffer 2 (NEB, B7002S) for 5 min at 95°C, 10 min 

at 70°C and cooled down to 4 °C at the rate of 1 °C/min. REMSA was performed 

using Thermo Fisher Scientific LightShift Chemiluminescent RNA EMSA (REMSA) Kit 

(Thermo Fisher Scientific, 20158) following manufacturer’s protocol. Briefly, 20 μL binding 

reactions were assembled in low-adhesion tubes (Costar, 3207) in 1X binding buffer (10 

mM HEPES pH 7.3, 20 mM KCl, 1 mM MgCl2, 1 mM DTT), with 2 μg of yeast tRNA, 

the indicated amount of recombinant full length E2F1 (Abcam, ab82207) or E2F1 DNA 

binding domain (see E2F1DBD purification), various final concentrations of the biotinylated 

SLNCR or 42-mer dsDNA oligos as indicated, and/or 5–10 μM of unlabeled SLNCR oligos 

or 42-mer dsDNA where indicated. Reactions were incubated at room temperature for 30 

min, then mixed with 5 μL of 5X Novex TBE (Invitrogen, LC6678) loading dye, and 20 

μL of this mix were electrophoresed on 5% Mini-PROTEAN TBE Gel, 12 well, 20 μL 

(Bio-Rad 4565015). R/DNA and protein/R/DNA complexes were transferred to Amersham 

Hybond –N + Membrane (to GE Healthcare, 45–000) in 0.5X TBE at 400 mA for 30 min 

using the Bio-Rad Wet Transfer System. Detection was performed according to LightShift 

REMSA kit, using ChemiDoc XRS+ System (Bio-Rad). In the case of E2F1DBD binding 

to DNA fragment, reactions were assembled as above and electrophoresed as above but 

the DNA fragment used was 5′-labeled with γ− P-ATP instead of 3′-biotin labeled. After 

electrophoresis, the gel was dried for 40 min at 65°C. The dried gel was exposed to a film 

overnight and imaged the next day using Amersham Typhoon Imager. The 3′-biotin labeled 

RNA and DNA oligos and unlabeled oligos were ordered from IDT. The RNA Mimic 2 + 3 

oligos were synthesized by AUM BioTech, LLC (Philadelphia, PA).

RESOURCE AVAILABILITY
Lead contact
Requests for further information and resources should be directed to and will be fulfilled by the lead contact, Carl D. Novina 
(carl_novina@dfci.harvard.edu).
Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed materials transfer agreement.
Data and code availability

• RNA-seq data have been deposited at GEO: GSE270372 and are publicly available as of the date of publication.

• All original code has been deposited at Zenodo at https://doi.org/10.5281/zenodo.15008289 and is publicly available as 
of the date of publication.
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REMSA to assess relative binding affinity of E2F1 to SLCNR fragments was performed 

with 12.5, 25, 50, 100, 200 nM of 3′-biotin labeled RNA oligonucleotides, incubated with 

0.5 μg (0.5 μM) or recombinant E2F1. Additionally, labeled BS2+3 oligonucleotide was 

incubated with increasing amounts of E2F1 from 0.085 to 0.5 μM,

REMSA to detect E2F1 binding to single binding sites was performed with 200 nM of 

3′-biotin labeled RNA oligonucleotides resembling single SLNCR E2F1 binding sites (BS) 

as single stranded, double stranded or hybrid fragments, incubated with 0.5 μg (0.5 μM) of 

recombinant E2F1.

REMSA to detect E2F1 binding to double binding sites was performed using 200 nM 

3′-biotin labeled single sites or 50 nM biotinylated double sites or 10 μM unlabeled versions 

of above RNA oligonucleotides containing specified single or double SLNCR E2F1 binding 

sites were incubated with 0.5 μg E2F1.

REMSA for competition assays with full-length E2F1 was performed using 100 nM of 

3′-biotin labeled 42-mer dsDNA oligonucleotides and 50 nM to 30 μM of unlabeled RNA 

oligonucleotides (SLNCR BS2+3) incubated with 0.5 μg E2F1 or vice versa with 50 nM 

of 3′-biotin labeled SLNCR BS2+3 and 500 nM to 500 μM unlabeled DNA oligo. 10 μM 

unlabeled oligonucleotide of the same species as the labeled nucleotide was used to show 

specific binding. REMSA for competition assays with E2F1DBD was performed using 1 μM 

of 3′-biotin labeled 42-mer dsDNA and 250 nM to 2.5 μM of unlabeled SLNCR BS2+3 

incubated with purified 0.5 μg (0.5 μM) E2F1DBD or vice versa incubated with 2.25 μM–

36.6 μM unlabeled 42-mer dsDNA. 18 μM unlabeled 42-mer dsDNA oligonucleotide or 5 

μM of unlabeled BS2+3 RNA was used to show specific binding.

REMSA to detect mutant E2F1DBD binding to SLNCR were performed using 50 nM of γ− 

P-labelled 42-mer DNA or 3′-biotin labeled BS2+3 RNA oligonucleotides incubated with 

purified 0.5 μg (0.5 μM) wild type or mutant (R166H or L132E) E2F1DBD.

REMSA to detect E2F1+DP1 binding to SLNCR were performed using 50 nM of 3′-biotin 

labeled BS2+3 RNA incubated with 0.5 μg E2F1 or 2 μg DP1 or both with increasing 

amounts of DP1 (0.2–2 μg).

REMSA to detect E2F1 binding to RNA Mimic 2 + 3 was performed using 50 nM SCR or 

E2F1-mimic oligo and 0.5 μg E2F1.

Mouse studies: The mouse experiment was performed under Dana-Farber Institutional 

Animal Care and Use Committee (IACUC) approved protocol #23-001. 0.2x10 SLNCR 
over-expressing A375 cells transfected with 1 μM Scr or RNA Mimic 2 + 3 (an oligo 

that blocks E2F1-SLNCR interactions) for 48 h. Treated cells were then washed twice 

with 1X PBS before resuspending in 100 μL 1X PBS. Cells were then injected into mice 

tail vein. Injections and bioluminescence imaging (BLI) was performed at DFCI Animal 

Resources Facility. Tumor growth was monitored weekly or twice a week by BLI using 

the IVIS Spectrum In Vivo Imaging System (PerkinElmer). Briefly, mice were injected 

subcutaneously with 75 mg/kg D-luciferin potassium salt (Promega E1605) in sterile 

PBS and anesthetized with 2% isoflurane in medical air. Serial bioluminescence images 
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were acquired using the automated exposure set-up. The peak bioluminescence signal 

intensity within selected regions of interest (ROIs) was quantified using the Living Image 

Software (PerkinElmer) and expressed as photon flux (p/sec/cm2/sr). Representative planar 

bioluminescence images were displayed with indicated adjusted minimal and maximal 

thresholds.

Molecular dynamics simulation: The starting configurations for the molecular 

dynamics trajectories were based on the E2F4/DP2/DNA (PDB ID 1CF7)25 system and 

the DNA binding domains (DBD) of E2F1 (residues 120–205) and DP1 (residues 103–204) 

modeled using the model in AlphaFold2DB. The DBDs of E2F1 and DP1 aligned on 

the corresponding peptides E2F4 and DP2 in the DNA bound complex resulted in 0.73 

Aand 1.03 Å root mean squared deviations (RMSD) for the backbone atoms. There were 

multiple systems prepared: Various systems used in the study are given in Table 1 with the 

number of Na+ and Cl− ions used to provide the 100 mM effective ionic concentration, 

plus the charge neutralization. Also, the total number of water molecules in each system 

was given in this table. When each system was solvated in a box of TIP3P water, the box 

boundary was selected to extend 20 A from the nearest peptide atom. All Lys, Arg, Glu 

and Asp residues are in their charged states. Histidine residues were deemed ε-protonated 

(according to Molprobity check).79 15-mer reference double stranded DNA is the DNA 

found in the X-ray structure in 1CF7.The 42-mer dsDNA is the 42 nucleotide double 

stranded DNA (total 84 nucleotides) used in the experiments. The 60-mer SLNCR RNA 

in the table is the DNA in the X-crystal structure (1CF7) converted to RNA by adding 

2′ hydroxyl groups to the sugars. 60-mer RNA is the RNA designated as “binding site 

2 + 3” in the experiments. Prior to equilibration, each solvated system was sequentially 

subjected to 1) 500 ps belly dynamics with fixed peptide, 2) minimization (5,000 steps), 

3) constant temperature (200 K) - constant pressure (1 atm) dynamics (~1 ns) at fixed 

protein to assure a reasonable starting density around 1 g/cc, 4) minimization (5,000 steps), 

5) stepwise heating MD at constant volume (to bring the temperature up to 300 K in 3 

ns), and 6) constant volume simulation for 10ns with a constraint force constant of 10 

kcal/mol applied only on backbone heavy atoms. After releasing all constraining forces 

within the next 20ns of the equilibration period, sampling was increased by performing 3 

independent, constant-temperature (Langevin thermostat) constant-volume (NVT) molecular 

dynamics simulations for 1 μs each. However, for systems with RNA only, simulations were 

not triplicated. All trajectories were calculated using the PMEMD module of Amber.20 with 

2 fs time step. Long range coulombic interactions were handled using the PME method with 

a 10 A cut-off for the direct interactions. The amino acid parameters were selected from 

the FF14SB force field of Amber.20, the DNA forcefield was selected from the Parmbsc1 

parameters and RNA forcefield was from the RNA.OL3 parameters in Amber.20. At the 

salt concentration of 100 mM, the MMGBSA module with the standard parameters was 

used to estimate binding energies from 1,000 samples selected from molecular dynamics 

simulations at each nanosecond interval and combining all the sample runs for each system.

DMS-probing of SLNCR: DMS-probing was performed as described in21 with small 

modifications. Briefly, 0.5x10 A375 cells, stably overexpressing SLNCR were seeded in 

15 cm dishes. At 80–90% confluency, the media was removed and replaced with fresh 
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media supplemented with 2% fresh DMS (Sigma, D2650) probing media. Probing media 

was then removed, and the cells were rinsed twice in PBS supplemented with 30% v/v 

β-mercaptoethanol and then once with PBS. Cells were harvested by light scraping and 

collected by centrifugation at 1,500 rpm for 5 min at 4°C. RNA was extracted following 

the TRIzol (Invitrogen, 15596026) method and resuspended in 50 μL of nuclease-free 

water. 5 μg of RNA were digested with TURBO DNase (Invitrogen, AM2238) following 

manufacturer’s protocol and then the RNA was re-extracted by ethanol precipitation. The 

pure, DNA-free RNA was quantified by nanodrop, and the concentration was adjusted 

to 150 ng/μL 750 ng of RNA were reverse transcribed with Induro reverse transcriptase 

(NEB, M0681) with specific primers (see Table 2) following manufacturer’s protocol 

and with extension time for 3 h. Induro RT is the commercially available equivalent of 

the marathon RT recommended by the published protocol. Samples were cleaned up by 

Zymogen DNA Clean & Concentrator-5 columns following the alkaline hydrolysis method 

for RNA removal. Samples were then amplified by PCR covering the majority of SLNCR in 

overlapping fragments. The PCR amplicons were purified from a 6% DNA retardation TBE-

acrylamide gel and extracted by the crush-soak method. The purified DNA fragments were 

quality controlled by Tapestation D1000 electrophoresis (Agilent, 5067–5582 and 5067–

5583). Library preparation and Next-generation sequencing were performed by Azenta. Raw 

fastq files were analyzed and DMS reactivities calculated by ShapeMapper 2.62 Correlation 

analysis of the per nucleotide DMS reactivities across biological replicates were calculated 

by Spearman’s correlation ranking test using GraphPad Prism 10 (version 10.1.1).

In silico RNA folding for full length and fragments of SLNCR: Secondary structure 

predictions were performed using the RNAFold version 6.419,20 accessed via the Matthews 

lab webserver. The sequences of full length SLNCR or SLNCR fragment s were uploaded 

as fasta files. Parameters used for the fold algorithm were as follows: Maximum % Energy 

Difference 10, Maximum Loop Size 30, window size 3, temperature 310.15 K. For full 

length SLNCR DMS-probing reactivities as calculated by ShapeMapper 2 were input as the 

SHAPE constraints file. The most thermodynamically stable structure maps of full length 

SLNCR or its fragments were saved as.ct files and visualised using VARNA.63 Graphic 

representations were created using Adobe Illustrator 2024.

Immunoblotting and antibodies: A375 cells were boiled in 2X Laemmli buffer 

(BioRad, 1610737) with 2-BME for 10 min. Samples were separated on 12% Mini-

PROTEAN TGX Precast Protein Gels (BioRad, 4561045EDU) and transferred to 

Nitrocellulose 0.2 μm membrane (BioRad, 1620146) using manufacturer’s protocol for 

wet transfer in Mini-Protean Tetra Cell tank (BioRad, 1658029). The following antibodies 

were used: Cyclophilin B (Cell Signaling, Technologies D1V5J) at 1:500 and E2F1 (Cell 

Signaling Technologies, 3472) at 1:500.

QUANTIFICATION AND STATISTICAL ANALYSIS

Significance was calculated by T tests, ANOVA (for multiple comparisons) and correlation 

analysis (for the DMS-probing data) were performed using GraphPad Prism (version 9.00). 

In proliferation and invasion assays error bars represent the mean ± SD of 3 independent 
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replicates. RT-qPCR data is represented as the fold change compared to scramble control, 

normalized to B-ACT. Error bars represent standard deviations calculated from 3 reactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The formation of the SLNCR-E2F1 complex is crucial for melanoma 

metastasis

• Disrupting this complex without altering the levels of either inhibits 

melanoma

• E2F1 binds to RNA with faster kinetics and more nucleic acid contacts than 

to DNA
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Figure 1. SLNCR and E2F1 co-regulate melanoma-relevant genes
(A) Unbiased TF target enrichment analysis of RNA-seq data from A375 cells 

overexpressing SLNCR.

(B) DATNA of TCGA RNA-seq samples of patients with melanoma.

(C) Kaplan-Meier plots for patients with high levels of SLNCR and high levels of E2F1 

(top left), high SLNCR and low E2F1 (bottom left), low SLNCR and high E2F1 (top right), 

and low SLNCR and low E2F1 (bottom right) identified using the TCGA SKCM STAR 

normalized dataset. Log rank p values (p) are indicated.

(D) Matrigel invasion assays of A375 cells transfected with SLNCR overexpression or 

empty control plasmid and infected with scramble or E2F1-knockdown (KD) short hairpin 

RNA (shRNA).

(E) Proliferation assay of A375 transfected as in (D).
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(F) Matrigel invasion assays of WM1575 (left) and WM1976 (right) infected with scramble 

or E2F1-KD shRNA.

(G) Proliferation assay of WM1575 (left) and WM1976 (right) infected as in (F).

In (A)–(G), ****p < 0.0001. For (D)–(G), data are represented as mean ± SD. Scale bar 

represents 100 μm. See also Figure S1 and Table S1.
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Figure 2. E2F1 binds to an RNA sequence analogous of the cognate E2F1-binding site on DNA
(A) Schematic presentation of SLNCR fragments assayed for E2F1 binding by pairwise 

Y3H. Predicted E2F1 BSs are marked with red triangles.

(B) Predicted E2F1 BSs mapped onto SLNCR secondary structure.

(C) REMSA with biotin-labeled BS1–5 RNA oligonucleotides as single-strand, double-

strand, or hybrid fragments, incubated with purified E2F1.

(D) REMSA using biotin-labeled BS1–5 (double-strand), BS1+2, BS2+3, and BS4+5 RNA 

oligonucleotides with E2F1 with and without competition by unlabeled versions of the same 

RNA oligonucleotides.

For (C) and (D), gray lines indicate separate gels, and black lines were added for better 

visualization. See also Figure S2.
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Figure 3. RNA mimic 2+3 oligonucleotide blocks extravasation of melanoma cells in a mouse 
model of lung extravasation
(A) Matrigel invasion assays of A375 (left), WM1576 (middle), and WM1976 (right) cells 

transfected with scramble (Scr) or mimic 2+3. Scale bar represents 100 μm.

(B) Proliferation assay of A375 (left), WM1576 (middle), and WM1976 (right) treated with 

Scr or mimic 2+3. ****p < 0.0001.

(C) Bioluminescence images of mice treated with Scr or mimic 2+3-incubated cells.

(D) Tumor growth curve of the mice treated with Scr (gray), and RNA mimic 2+3 

oligonucleotide-incubated cells (red).

All data with error bars are presented as mean ± SD. p values are defined by unpaired 

two-tailed t tests. *p < 0.05. See also Figure S3.
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Figure 4. RNA binds to the E2F1 DNA-binding domain (E2F1DBD)
(A) REMSA of recombinant E2F1 incubated with biotin-labeled 42-mer dsDNA (left) or 

60-mer BS2+3 RNA (right) probes. The labeled 42-mer dsDNA was competed by titrating 

increasing amounts of unlabeled 60-mer BS2+3 RNA, and vice versa, the labeled 60-mer 

BS2+3 RNA was competed by titrating increasing amounts of unlabeled 42-mer dsDNA. In 

each experiment, the third lane from the left has 10 μM unlabeled oligonucleotide of the 

same species as the labeled nucleotide to show specific binding.

(B) REMSA of recombinant E2F1DBD incubated with biotin-labeled 42-mer dsDNA (left) or 

60-mer BS2+3 SLNCR RNA (right) probes. The labeled 42-mer dsDNA was competed by 

titrating increasing amounts of unlabeled BS2+3 RNA, and vice versa, the labeled 60-mer 

BS2+3 RNA was competed by titrating increasing amounts of unlabeled 42-mer dsDNA. In 

each experiment, the third lane from left has 18μM unlabeled DNA binding site and 5 μM of 

unlabeled 60-mer BS2+3 RNA to show specific binding.
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(C) Representative structure models of E2F1DBD+60-mer RNA from 5 MD runs.

(D) Representative structure models of E2F1DBD+42-mer dsDNA from 3 MD runs.

(E) Averaged residue interaction energies of E2F1DBD with the 15-mer reference dsDNA 

(gray), the 42-mer DNA 5′ motif (light blue), the 42-mer dsDNA 3′ motif (dark blue), 

and 60-mer RNA (red) calculated by MMGBSA. Gray dashed line indicates −9.8 kcal/mol 

threshold for strong interactions.

(F) Number of wild-type (WT) and mutant E2F1DBD interactions at the base, phosphate, 

and sugar moieties of 15-mer dsDNA, 42-mer dsDNA 5′ and 3′ motifs, and 60-mer BS2+3 

RNA.

See also Figure S4 and Videos S1, S2, S3, S4, S5, S6A, S6B, and S7.
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Figure 5. Molecular dynamics simulations of the interaction between E2F1 and nucleic acids
(A–C) Amount of protein contacts per nucleotide calculated by MMGBSA at base, 

phosphate, or sugar moieties.

(A) Calculated protein contacts for the E2F1DBD+15-mer dsDNA model. The top graph 

shows contacts with the sense strand (5′ to 3′), and the bottom graph shows protein contacts 

with the antisense strand (3′ to 5′). The E2F1 BS is shaded.

(B) Calculated protein contacts for the E2F1DBD+42-mer dsDNA model. The top graph 

shows contacts with the sense strand (5′ to 3′), and the bottom graph shows protein contacts 

with the antisense strand (3′ to 5′). The 5′ and 3′ motifs are shaded.

(C) Calculated protein contacts for the E2F1DBD+60-mer BS2+3 RNA model. Base-pairing 

interactions as predicted by RNAFold are shown as dot-and-bracket annotations below the 

sequence. BS2 and BS3 are shaded.

(D) Table summarizing the protein contacts with base, phosphate, and sugar moieties in each 

MD model.

See also Figure S5.
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Figure 6. R166H and L132E mutations did not affect the overall binding affinity of E2F1
(A) REMSA of γ-P-labeled 42-mer dsDNA (left) or biotin-labeled 60-mer BS2+3 RNA, 

(right) incubated with WT or mutant (R166H or L132E) E2F1DBD or full-length E2F1 and 

DP1.

(B and C) Averaged residue interaction energies calculated by MMGBSA of WT and mutant 

E2F1DBD with 15-mer reference dsDNA (B) or 60-mer BS2+3 RNA (C). Gray dashed line 

indicates −9.8 kcal/mol threshold for strong interactions. WT systems are first presented in 

Figure 4E and are re-plotted here for comparison with the mutants.

See also Figure S6.
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Figure 7. Molecular dynamics simulations indicate that DP1 and RNA binding to E2F1 are 
mutually exclusive
(A) REMSA using biotin-labeled 60-mer BS2+3 RNA incubated with recombinant E2F1 or 

DP1 or both with increasing amounts of DP1.

(B) Representative structure from 3 independent simulations of E2F1DBD+DP1DBD+15-mer 

dsDNA showing the arrangement of the ternary system. E2F1 (salmon), DP1 (gray), and 

15-mer reference dsDNA (blue).

(C) Model structure of the E2F1DBD+60-mer SLNCR RNA with DP1 docked to fit the 

interaction interface of E2F1 (salmon), DP1 (gray), and RNA (orange).

(D) Averaged residue interaction energies of DP1DBD calculated using MMGBSA of the 

E2F1DBD +DP1DBD +15-mer dsDNA and E2F1DBD+DP1DBD+15-mer dsRNA models. The 

RNA in the latter system was created by directly converting 15-mer dsDNA (by adding O2′) 

to get a 15-mer dsRNA backbone. Gray dashed line indicates −9.8 kcal/mol threshold for 

strong interactions.
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(E) Amount of protein contacts per nucleotide calculated by MMGBSA of the 

E2F1DBD+DP1DBD+15-mer dsDNA model at base, phosphate, or sugar moieties contributed 

by E2F1DBD (left) and those contributed by DP1DBD (right). The top graphs show contacts 

with the sense strand (5′ to 3′), and the bottom graphs show protein contacts with the 

anti-sense strand (3′ to 5′). The E2F1 BS is shaded.

(F) Amount of protein contacts per nucleotide calculated by MMGBSA of the 

E2F1DBD+DP1DBD+15-mer dsRNA model as described in (E).

See also Figure S7 and Videos S8 and S9.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-E2F1 Cell Signaling Technology Cat# 3742; RRID:AB_2096936

Anti-Cyclophilin B (D1V5J) Cell Signaling Technology Cat # 43603; RRID:AB_2799247

Monoclonal Anti HiBiT antibody Promega Cat# N7200; RRID: AB_3665694

Normal mouse IgG antibody Millipore Sigma Cat# CS200621

Bacterial and virus strains

Chemocompetent 5-α cells New England Biolabs Cat# C2987H

Chemocompetent BL21(DE3) pLysS cells Life Technologies Cat# C606010

Chemicals, peptides, and recombinant proteins

5% Mini-PROTEAN® TBE Gel, 12 well, 20 
μL

BioRad Cat# 4565015

6% DNA retardation TBE Gel, 10 well, 30 μL Life Technologies Cat# EC6365BOX

12% Mini-PROTEAN® TGX Precast Protein 
Gels

BioRad Cat# 4561045EDU

Amersham Hybond-N+ GE Healthcare Lifesciences Cat# RPN203B

GIBCO FBS Thermo Fisher Scientific Cat# 26140079

GIBCO Trypsin-EDTA (0.05%), phenol red Thermo Fisher Scientific Cat# 25300054

Nitrocellulose 0.2 μm membrane BioRad Cat# 1620146

GIBCO DMEM, high glucose, pyruvate Thermo Fisher Scientific Cat# 11995073

Recombinant Human E2F1 protein Abcam Cat# ab82207-5ug

E2F1DBD This Paper N/A

3-Amino-1,2,4-triazole (3AT) Millipore Sigma Cat# A8056-100G

Fisher HealthCare PROTOCOL Hema 3 
Fixative and Solutions

Thermo Fisher Scientific Cat# 23123869

Amicon Ultracentrifugation filter 10 kDa Millipore Sigma Cat# UFC9010

5X Novex TBE loading dye Life Technologies Cat# LC6678

NovexÂ® TBE Running Buffer (5X) Life Technologies Cat# LC6675

Dimethyl sulfoxide Millipore Sigma Cat# D2650

Dimethyl Sulfate Millipore Sigma Cat# D186309

TRIzol Life Technologies Cat# 15596026

TURBO™ DNase Life Technologies Cat# AM2238

Proteinase K, recombinant ThermoFisher Scientific Cat#EO0492

Induro reverse transcriptase New England Biolabs Cat# M0681

ATP, [gamma-32P], 3000 Ci/mmol 10 
mCi/mL, 250 μCi

Perkin Elmer Cat# BLU002A250UC

GIBCO β-mercaptoethanol Thermo Fisher Scientific Cat# 21985023

PBS 1X W/O CA MG 500 ML Thermo Fisher Scientific Cat# MT21040CV

NONFAT DRY MILK/500G Thermo Fisher Scientific Cat# NC9121673

TBS with Tween™ (TBST), 20X Solution, 
Molecular Biology Grade, Ultrapure, Thermo 
Scientific Chemicals

Thermo Fisher Scientific Cat# J77500.K2

10x Tris/Glycine/SDS Electrophoresis Buffer BioRad Cat# 1610772EDU
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10x Tris/Glycine BioRad Cat# 1610734EDU

2x Laemmli Sample Buffer BioRad Cat# 1610737

Lipofectamine® 2000 Life Technologies Cat# 11668027

Puromycin Thermo Fisher Scientific Cat# A1113803

Gibco Trypsin-EDTA (0.05%), phenol red Thermo Fisher Scientific Cat# 25300054

SphI-HF New England Biolabs Cat# R3182S

SmaI New England Biolabs Cat# R0141S

T4 DNA Ligase New England Biolabs Cat# M0202S

cOmplete™, Mini, EDTA-free Protease 
Inhibitor Cocktail, Roche

Millipore Sigma Cat# 11836170001

Dynabeads Invitrogen Cat#10003D

Critical commercial assays

LightShift Chemiluminescent RNA EMSA 
(REMSA) Kit

Thermo Fisher Scientific Cat# 20148

RNeasy® plus Mini Kit Qiagen Cat# 74134

SuperScript™ III Reverse Transcriptase Invitrogen Cat# 18080085

SsoAdvanced Universal SYBR® Green 
SuperMix

BioRad Cat# 1725271

Zymogen DNA Clean & Concentrator®-5 Kit Zymo Research Cat# D4013

Gibson Assembly® Master Mix New England Biolabs Cat# E2611S

Corning BioCoat™ Matrigel Invasion 
Chambers with 8.0 μm PET Membrane

Westnet Inc. Cat# 354480

Corning BioCoat™ Control Inserts with 8.0 
μm PET Membrane

Westnet Inc. Cat# 354578

Deposited data

A375 RNA-seq This study. NCBI’s Gene 
Expression Omnibus

GEO: GSE270372

cBioPortal Cerami et al., 2012; Gao et al., 
2013

https://www.cbioportal.org/

The Cancer Genome Atlas https://xenabrowser.net/datapages/

Protein DataBank PDB: 1CF7 https://www.wwpdb.org/

Code for Disease Associated Transcriptional 
Network Analysis (DATNA)

This study, Github https://github.com/kushanishah/slncr-e2f1-melanoma

Human reference genome NCBI build 38, 
GRCh38

Genome Reference Consortium http://www.ncbi.nlm.nih.gov/projects/genome/
assembly/grc/human/

Experimental models: Cell lines

A375 American Type Culture Collection Cat# ATCC® CRL-1619; RRID: CVCL_0132

A375-Luc2 American Type Culture Collection Cat# ATCC® CRL-1619-LUC2; RRID: CVCL_UR32

HEK293T Gift Ronny Drapkin

WM1575 Gift Wistar Institute

WM1976 Gift Wistar Institute

Experimental models: Organisms/strains

Mice: NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ 
(Females)

The Jackson Laboratory Cat# 005557; RRID: IMSR_JAX:005557

Saccharomyces cerevisiae strain YLW3/
YBZ1 (MATalpha trp1-1 leu2-3,112 ura3-52 

Hook et al.55
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his3-200 ade2 LYS2::(LexAop)-HIS3, URA3::
(lexAop)-lacZ, LexA-MCP (N55K) (TRP1) 
gal4D::KANMX cyh2r)

Saccharomyces cerevisiae strain Y8800 
(MATa trp1-901 leu2-3,112 ura3-52 his3-200 
ade2-101 gal4D gal80D cyh2r GAL2::ADE2 
GAL1::HIS3@LYS2 GAL7::LacZ@met2)

James et al.56

Oligonucleotides

All oligonucleotides See Table 2 N/A

Recombinant DNA

SLNCR overexpression plasmid in pcDNA3.1/
Puro-CAG

This study N/A

pcDNA3.1/Puro-CAG-VSFP-CR Lam et al.57 Addgene Cat# 40257; RRID: Addgene_40257

pET28a SpyCatcher-SnoopCatcher Veggiani et al.58 Addgene Cat# 72324; RRID: Addgene_72324

pIIIA-MS2-1 Bernstein et al.59 Addgene Cat #220631; RRID: Addgene_220631

pCMVHA E2F1 Lukas et al.60 Addgene Cat #24225; RRID: Addgene_24225

Software and algorithms

DATNA R code This study Zenodo at https://doi.org/10.5281/zenodo.15008289

GraphPad Prism version 10.00 for MAC GraphPad Software https://www.graphpad.com/; RRID: SCR_002798

AlphaFold DB Varadi et al.61 https://alphafold.ebi.ac.uk

Amber20 https://ambermd.org/; RRID: SCR_018497

ShapeMapper 2 Busan & Weeks62 https://webshare.oasis.unc.edu/weeksgroup/
shapemapper-2.1.3.tar.gz

RNAFold (v6.4) Mathews19; Reuters and 
Mathews20

http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/
RNAfold.cgi; RRID: SCR_024427

VARNA Darty et al.63 http://varna.lri.fr; RRID: SCR_024373

FastQC (v0.11.5) https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/; RRID: SCR_014583

Cutadapt (v2.5) Martin 
<https://journal.embnet.org/
index.php/embnetjournal/article/
view/200/479>; Conesa et al.64

https://cutadapt.readthedocs.io/en/v2.5/
installation.html; RRID: SCR_011841

STAR (v2.7.3a) Dobin et al.65 http://code.google.com/p/rna-star/; RRID: 
SCR_004463

DESeq2 (v1.24.0) Love et al.66 https://bioconductor.org/packages/release/bioc/html/
DESeq2.html; RRID: SCR_015687

DIANA-mirExTra (v2.0) Vlachos et al.67 http://carolina.imis.athena-innovation.gr/mirextra/; 
RRID: SCR_017498

Bioconductor Reimers and Carey68 http://www.bioconductor.org/; RRID: SCR_006442

featureCounts (Subread 1.6.2) Liao et al.69 http://bioinf.wehi.edu.au/featureCounts/; RRID: 
SCR_012919

Xena GDC https://xenabrowser.net/datapages/; RRID: 
SCR_018938

R (R 3.6.0) http://www.r-project.org/; RRID: SCR_001905

survival (v3.5-7) https://CRAN.R-project.org/package=survival; RRID: 
SCR_021137

survminer (v0.4.9) https://rdocumentation.org/packages/survminer/
versions/0.4.9; RRID: SCR_021094

ggsurvfit (v0.2.0) https://CRAN.R-project.org/package=ggsurvfit; RRID: 
SCR_025045
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