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The transcription factor hypoxia-inducible factor 1 (HIF1) is
an important driver of cancer and is therefore an attractive
drug target. Acriflavine (ACF) has been suggested to inhibit
HIF1, but its mechanism of action is unknown. Here we inves-
tigated the interaction of ACF with DNA and long non-coding
RNAs (lncRNAs) and its function in human endothelial cells.
ACF promoted apoptosis and reduced proliferation, network
formation, and angiogenic capacity. It also induced changes
in gene expression, as determined by RNA sequencing (RNA-
seq), which could not be attributed to specific inhibition of
HIF1. A similar response was observed in murine lung endo-
thelial cells. Although ACF increased and decreased a similar
number of protein-coding genes, lncRNAs were preferentially
upregulated under normoxic and hypoxic conditions. An assay
for transposase accessibility with subsequent DNA sequencing
(ATAC-seq) demonstrated that ACF induced strong changes in
chromatin accessibility at lncRNA promoters. Immunofluores-
cence showed displacement of DNA:RNA hybrids. Such effects
might be due to ACF-mediated topoisomerase inhibition,
which was indeed the case, as reflected by DNA unwinding as-
says. Comparison with other acridine derivatives and topo-
isomerase inhibitors suggested that the specific function of
ACF is an effect of acridinium-class compounds. This study
demonstrates that ACF inhibits topoisomerases rather than
HIF specifically and that it elicits a unique expression response
of lncRNAs.

INTRODUCTION
The DNA double helix exists predominantly in the B form and pos-
sesses alternating minor and major grooves. Major grooves are flex-
ible and accessible to DNA-interacting proteins and small molecules.
For the latter, this is referred to as intercalation.1,2 Intercalation is
commonly exploited for labeling of nucleic acids;3 it is associated
with DNA damage and inhibition of transcription, which provide
the basis for many drugs in cancer treatment.4 Intercalation sites
become accessible when there are structural fluctuations of the
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DNA. The shape of the intercalation cavity is determined physico-
chemically and by DNA-associated proteins like transcriptions fac-
tors, nuclear receptors, or topoisomerases (TOPs).5,6 Intercalation is
not random but induces local unwinding of DNA dependent on the
intercalation site.7 Many intercalators can form ternary complexes
of DNA, compound, and DNA-associated proteins, such as TOPs.
These can be divided into two classes: type I TOPs relax double-
stranded DNA (dsDNA) by cleaving a single strand of the DNA,
whereas type II TOPs cleave double strands.8–10 Both are attractive
targets in cancer treatment because they are crucial for transcription
initiation, DNA replication, and chromosome segregation.11–14

Acriflavine (ACF), an acridine dye, is a flat, aromatic, small molecule
with strong anticancer properties whose application against bacteria
was recommended in 1921.15 ACF intercalates into DNA and binds
to TOPI and II.1,16 Formation of such a DNA-drug-TOP complex
hinders re-ligation of DNA breaks, which causes a greater extent of
cleaved DNA. Ultimately, this leads to apoptosis. Small molecules
that deploy this mode of action are referred to as TOP poisons.6 Other
proteins are also direct targets of ACF, exemplified by hypoxia-induc-
ible factor (HIF) 1a and HIF2a. These subunits of the HIF1 dimer are
important for adaptation to hypoxia. By direct binding to either sub-
unit, ACF prevents dimerization with HIF1b and abolishes gene
expression of, e.g., vascular endothelial growth factor (VEGF) and en-
zymes for glucose metabolism, leading to tumor growth arrest and in-
hibition of vascularization.17,18

Because of the ability of ACF to intercalate into DNA and poison
TOPs, it can be inferred that ACF ultimately alters RNA expression.
In addition to mRNA, cells express numerous other classes of RNA,
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some of which have been implicated in stress responses, architectural
functions, or gene expression control.19–21 These functions are
frequently executed by long non-coding RNAs (lncRNAs), which
represent a large class of RNAs that are defined as being transcribed
but not translated and that are longer than 200 nt.22,23

Considering the broad range of functions of lncRNAs and the fact
that ACF is a potential supporting chemotherapeutic agent, it is
essential to elucidate the effects of ACF on cells other than tumor cells
to prevent potential side effects.

Here we investigated the physiological and molecular consequences
of ACF treatment on human endothelial cells. In vitro angiogenesis,
proliferation, and caspase assays paired with next-generation
sequencing, DNA TOP assays, and conservation analysis revealed
ACF as a potential tool to study lncRNA regulation. The resulting
chromatin changes and drug specificity data could be highly informa-
tive for development of future RNA-targeting therapeutic agents.

RESULTS
ACF alters the expression of specific human endothelial genes

independent of HIF

To investigate the molecular consequences of ACF treatment on hu-
man endothelial cells, gene expression studies were performed. RNA
sequencing (RNA-seq) of three different batches of human endothe-
lial cells (umbilical vein, pools of males and females, passage 4) with
and without ACF stimulation revealed that ACF alters the expression
of thousands of protein-coding genes across all chromosomes. These
effects were similar among the batches, suggesting that they are a
consequence of a specific function of ACF and not mediated by
random interactions between ACF and the DNA (Figures 1A–1D; Ta-
ble S1). To substantiate this concept, we hypothesized that the effect
of ACF should be species independent and determined its effects on
RNA expression of murine lung endothelial cells (mLECs) (Table S2).
Indeed, a strong correlation of the human and murine RNA expres-
sion sets was observed (Figure 1E).

ACF has been suggested to be a potent inhibitor of HIF1.17 Thus, it
could be expected that HIF1-dependent genes are among those regu-
lated by ACF. To test this assumption, we additionally performed
RNA-seq under hypoxic conditions (1% O2) with and without stim-
ulation (Table S3; Figures S1A and S1B) with ACF and overlapped the
ACF-responsive genes with previously published HIF-responsive
protein-coding genes.24 This analysis showed that less than 10% of
the ACF-responsive genes are also HIF dependent (Figure 1F). In
line with this, classifying and counting up- and downregulated genes
for certain Gene Ontology (GO) terms revealed that ACF did not pri-
marily affect hypoxia-associated genes but, according to KOBAS2.0,25

acted on genes belonging to the GO terms “positive regulation of
RNA polymerase II transcriptional activity,” “transcription factors,”
or “DNA or nucleic acid binding” (Figures 1G, 1H, and S2). Indeed,
overlaying the RNA-seq reads with the transcription start sites of all
genes using deeptools226 revealed that ACF increased gene transcrip-
tion in the sense direction (Figure 1I).
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These data demonstrate that the response of endothelial cells to ACF
is not restricted to HIF1 but still elicits a specific but cross-species
gene expression response.
TopI and TopIIA inhibition by ACF

In addition to inhibiting HIF1, TOP inhibition and DNA intercala-
tion have been suggested for ACF.1,16 To test this and to determine
the strength of the possible TOP inhibition, we compared the inhib-
itory effect of ACF on DNA unwinding against the well-known TOPI
and TOPIIA inhibitors camptothecin (CPT) and doxorubicin (DOX).
TOP assays were performed using plasmid DNA together with re-
combinantly purified TOPI or TOPIIA or native human endothelial
cell nuclear extracts. Application of ACF led to a strong shift of un-
wound DNA, and this effect was even stronger than that observed
in response to the positive controls CPT and DOX (Figures 2A–
2D). Thus, ACF is a potent TOPI and TOPIIA inhibitor.
ACF inhibits cell proliferation and spheroid outgrowth

To identify the physiological consequences of ACF treatment on hu-
man endothelial cells, we first determined its effect on endothelial
cell survival when applied at different concentrations. When applied
for 16 h, ACF dose-dependently decreased cell survival, with an IC50

of approximately 16 mM (Figures 3A and 3B). The decrease in cell
numbers was probably mediated by apoptosis because ACF also
increased caspase-3/7 activity (Figure 3C). ACF also inhibited func-
tional endothelial readouts. 10 mM ACF blocked endothelial migra-
tion in the scratch wound assay (Figure 3D) as well as angiogenic
tube formation and spheroid outgrowth (Figures 3E–3H). The latter
effects were observed under basal conditions as well as in VEGF-A-
stimulated spheroids (Figures 3F–3H). Thus, ACF decreases endo-
thelial angiogenic capacity and induces apoptosis.
ACF increases expression of low-abundance lncRNAs

Because of the strong effects of ACF on mRNA expression, we
wondered whether other groups of RNAs besides protein-coding
mRNAs are affected similarly by ACF treatment. Analysis of the
normoxic and hypoxic RNA-seq data for expression of lncRNAs re-
vealed that ACF strongly altered the expression of hundreds of
lncRNA genes (Figures 4A–4D and S3A). Surprisingly, lncRNA
expression was predominantly increased compared with pseudo-
genes or protein-coding genes (Figure 4E), even after removing
the lowly expressed genes (Figure S3B). Except for the sex chromo-
somes (and chromosome 15 under normoxic conditions), more
than 70% of all ACF-affected lncRNAs were upregulated (Figures
4F and S3C). Normalization to the total abundance of lncRNAs
demonstrated that the lowly expressed lncRNAs in particular were
induced the most, whereas ACF decreased the expression of the
highly abundant lncRNAs (Figures 4G and 4H). Thus, ACF has
an effect on the precision of gene expression control regardless of
normoxia or hypoxia. Because ACF increased gene expression of
low-abundance lncRNAs, inhibition of highly abundant lncRNAs
might be a consequence of displacement of permissive epigenetic
signatures.



Figure 1. ACF strongly changes gene expression

(A) Heatmap of RNA-seq after treatment of HUVECs with ACF (10 mM, 16 h) showing significantly (p-value adjusted (padj) < 0.05, log2 fold change (log2FC) >±0.3) altered

protein-coding genes. DMSO served as a negative control. 3 replicates are shown. The Z score represents upregulation (red, positive value) or downregulation (blue, negative

values) of genes. (B) Heatmap as in (A). The top 25 up- and downregulated protein-coding genes are shown. (C) Volcano plot of RNA-seq after treatment of HUVECswith ACF

(10 mM, 16 h), showing significantly altered protein-coding genes. Colored dots indicate significantly differentially expressed genes; padj (false discovery rate [FDR]) < 0.05,

log2FC>±0.3). Red, ACF downregulated genes; green, ACF upregulated genes; gray, non-regulated genes (log2FC <±0.3). (D) Chromosomal distribution and percentage of

protein-coding genes up- or downregulated with ACF. (E) Correlation analysis (linear regression) of protein-coding genes up- or downregulated with ACF (logFC > ±1.0) of

HUVECs and murine lung endothelial cells (mLECs). (F) Venn diagram showing overlap of protein-coding genes significantly downregulated with ACF under normoxic or

hypoxic (Hyp) conditions (this study) with genes significantly upregulated after HIF1a or HIF2a overexpression fromDownes et al.24 in HUVECs. (G) Number of protein-coding

genes up- or downregulated with ACF assigned to selected GO terms. (H) GO enrichment analysis with KOBAS2.0, indicating highly significant GO terms for protein-coding

genes up- and downregulated with ACF. (I) Overlay analysis with deeptools2 of the reads with the transcription start sites (TSSs) of all genes, including 0.3 kb up- or

downstream.
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Figure 2. ACF is a TOPI and TOPIIA inhibitor

(A–D) Agarose gels of the TOP assays with 500 ng pUC19 vector with human recombinant TOPI (A), TOPIIA (B), or 2.5 mg nuclear extract containing native TOPs (C and D).

Assays were performed in the presence of ACF or doxorubicin (DOX) and camptothecin (CPT) at a final concentration of 10 mM, and DNAwas stained with ethidium bromide.

H2O and DMSO served as positive controls showing TOP activity.
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Application of ACF alters chromatin accessibility and displaces

DNA:RNA hybrids

Analysis of the batch reproducibility of lncRNA expression revealed
that the three endothelial cell batches used in this study responded
uniformly to ACF, suggesting a specific mechanism on gene expres-
sion (Figures 5A and S3D). To study this aspect, the effect of ACF
on chromatin accessibility was analyzed using an assay for transpo-
sase accessibility with subsequent DNA sequencing (ATAC-seq)
with or without ACF treatment. As shown for a few selected lncRNA
candidates, ACF induced drastic changes in chromatin accessibility,
which resulted in corresponding changes in RNA expression (Figures
5B–5G). For example, the decrease in abundance of the lncRNAs
BOLA3-AS1 and MEG3 was paralleled by shifts and decreased
ATAC signals around the transcriptional start sites (Figures 5B and
5F). Accordingly, the increase in expression of the lncRNAs FENDRR,
HIF1a-AS1, and FLJ31356 were associated with increased chromatin
accessibility. In the case of FENDRR and HIF1a-AS1, this applied to
the promoter and the transcriptional start site, whereas for FLJ31356,
the ATAC signals in the first intron increased (Figures 5C, 5E, and
5G). Given the broad changes in cellular function, there were also ex-
ceptions. The expression of the lncRNA H19 was increased by ACF
despite a decrease in chromatin accessibility in the gene promoter
and gene body region (Figure 5D). This could potentially be mediated
by changes in H19 stability or effects of ACF on important H19 reg-
ulatory elements.

A study by Melé et al.27 showed that binding sites of the transcription
factors (TF) GATA, JUN, FOS, FOXA and IRF4 are enriched at
lincRNA promoters. Comparing the expression differences of these
TFs in our RNA-seq data, we identified that GATA4, FOXA1,
FOXA3, and IRF4 are indeed strongly upregulated under normoxia
and hypoxia upon ACF stimulation (Table 1). These TFs could poten-
tially play a role in ACF-mediated upregulation of many lncRNAs.

Many lncRNAs are tethered to chromatin and influence chromatin
accessibility through hybrid structures with DNA, such as triple heli-
ces (triplexes) or R-loops.28 Given that ACF intercalates with DNA, it
1026 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
is tempting to speculate that such interactions are disturbed by ACF.
Indeed, as observed by immunofluorescence with antibodies against
DNA:RNA hybrids, ACF decreased DNA:RNA hybrids in the nucleus
of human endothelial cells and resulted in displacement of the nuclear
signal (Figure S4). This observation could be a possible explanation
for the altered chromatin accessibility in response to ACF because
DNA:RNA hybrids can recruit silencing complexes to the DNA.29
ACF effects are specific and distinct from other TOP inhibitors

The data of the present study suggest that ACF, by binding DNA,
affects processes requiring direct DNA interaction, like hybrid for-
mation and TOP inhibition. To further dissect the mechanism, the
effect of ACF on expression of 6 lncRNAs was compared with that of
established TOP inhibitors as well as derivatives of ACF (Figure 6A).
None of the compounds studied fully mimicked the effect of ACF
(Figures 6B–6G). ACF belongs to the class of acridines, and the ac-
ridine derivatives acridine orange, acridine yellow G, and 9-amino-
acridine elicited a similar but weaker effect on the lncRNAs BOLA3-
AS1, FENDRR, and H19 than ACF (Figures 6B–6D). The lncRNAs
FLJ31356 and HIF1a-AS1, in contrast, were selectively increased
by ACF and 9-aminoacridine (Figures 6E and 6G). Interestingly,
in all cases, acridine-9-carboxaldehyde caused the opposite effect
or no effect whatsoever. The established TOP inhibitors CPT and
DOX induced a differential effect on lncRNA expression and also
differed in their effects on ACF. These data demonstrate that TOP
inhibitors do not elicit a uniform effect on lncRNA expression.
Moreover, compounds structurally similar to ACF act in a manner
similar to ACF.
DISCUSSION
The present study demonstrates that treatment of human umbilical
vein endothelial cells (HUVECs) with the TOP inhibitor ACF led
to a strong gene upregulation, particularly of lncRNAs, which was
often accompanied by changes in chromatin accessibility. Physiolog-
ically, ACF inhibited proliferation and angiogenesis and increased
caspase activity. Compared with acridine, acridine derivatives, and



Figure 3. ACF has anti-proliferative, pro-apoptotic, and anti-angiogenic effects on human endothelial cells

(A) Percentage of HUVECs surviving different concentrations of ACF (0.1–100 mM, 16 h) or CPT (10 mM, 16 h). DMSO served as a negative control (CTL). n = 4, one-way

ANOVAwith Dunnett post hoc test. (B) Calculation of IC50, indicated by the percentage of HUVECs surviving different concentrations of ACF (�7 to�4 logmol/L, 16 h). n = 7,

nonlinear regressionmodel. (C) Caspase-3/7 activity assay of HUVECs treated with or without ACF (10 mM, 16 h) or CPT (10 mM, 16 h). n = 6, one-way ANOVAwith Bonferroni

post hoc test. (D) Relative wound closure of HUVECs treated with or without ACF (16 h, 10 mM). DMSO served as a negative CTL. n = 24, two-way ANOVA with Bonferroni

post hoc test. (E) Matrigel assay of HUVECs treated with or without ACF (10 mM, 16 h). DMSO served as a negative CTL. n = 3, paired t test. (F–H) Spheroid outgrowth assay

(F) and quantification of sprout numbers (G) and cumulative sprout lengths (H) of HUVECs treated with or without ACF (10 mM, 16 h). Cells were studied under basal conditions

or after treatment with VEGF-A (30 ng/mL). The scale bar indicates 100 mm. n = 30. One-way ANOVA with Bonferroni post hoc test. Data are mean ± SEM. *p < 0.05.
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known TOP poisons and DNA intercalators, ACF elicits a unique
gene expression profile. In particular, ACF-responsive genes showed
little overlap with HIF-responsive genes, indicating that ACF-depen-
dent gene regulation is mostly independent to its postulated action on
HIF. ACF resulted in similar expression changes for human and
mouse genes, which is indicative of a cross-species sequence depen-
dency of DNA intercalation.5,6

Besides protein-coding genes, a great number of lncRNAs were differ-
entially expressed in response to ACF. Differentially expressed pro-
tein-coding genes were almost equally up- or downregulated, whereas
lncRNAs were more than 70% upregulated on most of the chromo-
somes in response to ACF and lowly expressed lncRNAs were upre-
gulated more than highly expressed lncRNAs. In contrast, there was
no such trend for protein-coding genes. As with mRNAs, most
lncRNAs are transcribed by RNA polymerase II (RNA Pol II), spliced,
capped, and polyadenylated. In contrast to mRNAs, lncRNAs are less
conserved, more frequently nuclearly localized, and relatively lowly
expressed.28 For this reason, we have chosen a low cutoff of the
base count in RNA-seq. Promoters of lncRNAs, especially their TF
binding sites, seem to be well conserved.27 Interestingly, Melé
et al.27 revealed that binding sites of some TFs were enriched at
lincRNA promoters. These included TFs of the GATA family, JUN,
FOS, FOXA, and IRF4. In our data, ACF increased RNA levels of
GATA4, FOXA1, FOXA3, and IRF4 under normoxia and hypoxia,
arguing that these TFs could potentially play a role in ACF-mediated
upregulation of many lncRNAs.
ACF acts as a TOP poison, which results in an increased number of
DNA strand breaks.6,16 TOP II alpha and beta are recruited to pro-
moter sites, where they transiently induce DNA strand breaks that
promote transcription.13 In contrast, an increased number of DNA
breaks provokes a DNA damage response (DDR). DNA strand breaks
are recognized by the meiotic recombination 11 homologue
(MRE11)-RAD50-Nijmegen breakage syndrome protein (NBS1)
complex.30 Via recruitment of a full pre-initiation complex, dam-
age-induced lncRNAs (dilncRNAs) are transcribed. They function
as guides but are also processed by DROSHA and DICER to produce
DNA damage RNAs to recruit other DNA damage factors.31–33 Our
findings suggest that ACF-induced DNA strand breaks potentially
invoke induction of DDR processes.

ATAC-seq revealed that the regulatory effects of ACF in many cases
paralleled changes in DNA accessibility. Intercalation leads to
stretching and opening of DNA,34,35 which might be the reason
for chromatin opening in response to ACF. DOX, a TOP II poison
as well as DNA intercalator, is further known to evict histones,
which leads to an impaired DDR,36 an aspect that has not yet
been studied for ACF. The lncRNA BOLA3-AS1 was downregulated
in response to ACF, and this was accompanied by a shift in open
chromatin. Thus, ACF may induce changes in DNA topology, lead-
ing to downregulation of this lncRNA. The lncRNA BOLA3-AS1 is
upregulated in endometrial cancer,37 which may justify an evalua-
tion of ACF-like compounds for cancer therapy. In the case of the
lncRNA FENDRR, ACF not only increased its expression but also
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 1027
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Figure 4. ACF increases expression of numerous lncRNAs

(A and B) Heatmap of RNA-seq after treatment of HUVECs with ACF (10 mM, 16 h) under normoxic (A) or hypoxic conditions (B), showing significantly (padj <0.05, log2FC

>±0.3) altered lncRNAs. DMSO served as a negative CTL. 3 replicates are shown. The Z score represents upregulation (red, positive value) or downregulation (blue, negative

values) of genes. (C) Volcano plot of RNA-seq, showing significantly altered lncRNAs under normoxia. Colored dots indicate genes significantly differentially expressed; padj

(FDR) < 0.05, log2FC >±0.3. Red, ACF downregulated genes; green, ACF upregulated genes; gray, non-regulated genes (log2FC <±0.3). (D) Numbers of genes from

different gene classes significantly altered with ACF under normoxic conditions. (E) Percentage of genes belonging to lncRNAs, pseudogenes, or protein-coding genes up- or

downregulated with ACF under normoxic (Norm) or hypoxic conditions. (F) Chromosomal distribution and percentage of lncRNAs up- or downregulated with ACF under

normoxic conditions. (G and H) Percentages of lncRNAs (G) and protein-coding genes (H) up- or downregulated by ACF under normoxic or hypoxic conditions, depending on

filtering the data for the mean number of reads. All indicates no filter; >5 to >1000 reads indicates that only lncRNAs with read numbers higher than 5–1,000 were used for the

analysis.
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chromatin accessibility upstream of its transcription start site. This
is an important function to restore drug sensitivity and to inhibit
proliferation of cancer cell lines.38 ACF also induced the well-stud-
ied lncRNA H19. The underlying mechanism, however, differs from
that of the aforementioned lncRNAs because of ACF-induced chro-
matin closure on the H19 promoter. In HUVECs, H19 promoted
angiogenesis when released by CD90+ cells,39 whereas its expression
in some tumor types suppressed angiogenesis.40 Knockdown of
MEG3 is associated with induction of DNA damage, elevated p53
1028 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
levels, and expression of p53 target genes.41 This is in line with
the cytotoxic effects observed for ACF in the present study; ACF
decreased MEG3 expression as well as accessibility of chromatin
at the MEG3 transcriptional start site. ACF also strongly upregu-
lated HIF1a-AS1, a lncRNA upstream of HIF1A. ATAC-seq re-
vealed a shift and an upcoming second peak of chromatin accessi-
bility in the promoter region, which is shared with HIF1A. This is
particularly interesting because HIF1a-AS1 is proapoptotic in
HUVECs.42



Figure 5. ACF alters chromatin accessibility on lncRNA loci

(A) Heatmap of RNA-seq of selected significantly altered lncRNAs after treatment of HUVECs with ACF (10 mM, 16 h) under normoxic conditions. DMSO served as a negative

CTL. 3 replicates are shown. The Z score represents upregulation (red, positive value) or downregulation (blue, negative values) of genes. (B–G) IGV original traces loaded of

RNA-seq and ATAC-seq in HUVECs treated with ACF. Loci for BOLA3-AS1 (B; chr2(hg38):74,146,447–74,152,132), FENDRR (C; chr16(hg38):86,472,458–86,514,791),

H19 (D; chr11(hg38):1,993,921–1,998,595), HIF1a-AS1 (E; chr14(hg38):61,679,952–61,697,350), MEG3 (F; chr14(hg38):100,822,031–100,862,947), and FLJ31356 (G;

chr2(hg38):28,382,410–28,396,672) are shown. DMSO served as a negative CTL. Numbers in square brackets indicate data range values.
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We observed that the IC50 of ACF in HUVECs is 16.37 mM, whereas
at 10 mM, cell numbers did not decrease significantly. This effect is
different from cancer cells, which have a lower IC50 and appear to
be more sensitive to ACF.16,43–45 This may suggest that HUVEC
are more resistant to ACF or that cancer cells exhibit a particularly
high sensitivity as a consequence of their decreased DNA stability,
accumulation of mutations, state of dedifferentiation, or high prolif-
eration rate. Additionally, we observed elevated levels of caspase-3/7
activity. It is interesting that caspase-3 in endothelial cells is not only
associated with apoptosis46 but also with enhanced endothelial barrier
function.47 Therefore, ACF might reduce the propensity of some can-
cers to metastasize. In line with previous studies,16,17 ACF impaired
the angiogenic capacity of endothelial cells, and it is therefore attrac-
tive to speculate that dysregulation of the abovementioned lncRNAs
may contribute to this effect. ACF might therefore be an interesting
tool to link lncRNA expression and anticancer therapy.

To better understand the molecular function of ACF, we compared
its effects with those of acridine and selected derivatives like acridine
orange base, 9-aminoacridine, and acridine-9-carboxaldehyde as
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 1029

http://www.moleculartherapy.org


Table 1. LogFC values of TFs previously published to be enriched in

lincRNA promoters

Gene logFC ACF/DMSO normoxia logFC ACF/DMSO hypoxia

GATA2 +0.39 +1.93

GATA3 +0.52 +1.16

GATA4 +4.83 +3.89

GATA6 �0.01a �0.52

FOXA1 +2.38 +4.41

FOXA2 not found +5.87

FOXA3 +1.89 +3.73

JUN �0.16 �0.38

JUNB �0.12a +1.40

JUND �0.44 �0.36

IRF4 +6.46 +9.17

FOS 0.00a +4.88

FOSB +0.10a +6.35

FOSL1 +0.56 +0.93

FOSL2 �0.38 �0.42

aNot significant.

Molecular Therapy: Nucleic Acids
well as with known TOP inhibitors like quercetin, DOX, flavone,
and CPT. In many cases, acridine and its derivatives caused similar
but weaker effects than ACF. An exception was acridine-9-carbox-
aldehyde, which was largely inactive. Because acridine-9-carboxal-
dehyde is the only acridine-based compound with an aldehyde sub-
stituent, this may highlight the importance of amino-group
substituents for the intercalator function of ACF with DNA.48 Inter-
estingly, the gene expression changes in response to ACF were
different from those elicited by other TOP inhibitors. Indeed, inter-
calation sites are compound specific because they are dependent on
the surrounding nucleotide sequence and the local biophysical
parameters.6,49

ACF is not only a useful tool to study lncRNA expression, it also has a
unique effect on lncRNAs, which have been specifically linked to ma-
lignant disease. Thus, ACF might act as a lead compound for future
anticancer drug development.

MATERIALS AND METHODS
Cell culture

Pooled HUVECs were purchased from PromoCell (C-12203, lot
numbers 405Z013, 408Z014, and 416Z042; Heidelberg, Germany)
and cultured at 37�C with 5% CO2 in a humidified incubator. The
different batches were commercial pools of cells obtained from umbil-
ical cords/umbilical veins (405Z013: 2 males, 1 female; 408Z014: 2
males, 1 female; 416Z042: 2 males, 2 females). Cell culture dishes
were coated with gelatin (Sigma-Aldrich, G1890-500G) prior to cell
seeding. Endothelial growth medium (EGM) was prepared by supple-
menting endothelial basal medium (EBM) with human recombinant
epidermal growth factor (EGF), EndoCGS-heparin (PeloBiotech,
1030 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
Germany), 8% fetal calf serum (FCS; S0113, Biochrom, Germany),
penicillin (50 U/mL) and streptomycin (50 mg/mL) (15140-122,
Gibco/Life Technologies, USA). Biological replicates comprised at
least three different batches from passage 4. mLECs were isolated as
described previously.50 Briefly, the tissue was minced and digested
with dispase at 37�C for 60 min. After washing and filtering, mLEC
separation was done with CD144-coated Dynabeads. mLECs were
cultured in DMEM/F12 supplemented with 20% FCS, penicillin
(50 U/mL), streptomycin (50 mg/mL), and ECGF bovine + heparin
(PeloBiotech) at 37�C with 5% CO2. For experiments with hypoxia,
cells were incubated for 16 h in a SciTive workstation (Baker Ruskinn,
Leeds, UK) at 1% O2 and 5% CO2

Materials

The following chemicals and concentrations were used for stimula-
tion: human recombinant VEGF-A 165 (R&D Systems, 293-VE,
30 ng/mL), ACF (A8126, Sigma-Aldrich), acridine (A23609, Sigma-
Aldrich), acridine orange base (235474, Sigma-Aldrich), acridine-9-
carboxaldehyde (775525, Sigma-Aldrich), 9-aminoacridine (A7295,
Sigma-Aldrich), (S)-(+)-CPT (C9911, Sigma-Aldrich), DOX
(15,007, Cayman), flavone (F2003, Sigma-Aldrich), quercetin
(PHR1488, Sigma-Aldrich), and acridine yellow G (199,508, Sigma-
Aldrich).

RNA isolation, reverse transcription, and qRT-PCR

Total RNA isolation was performed using the RNA Mini Kit (Bio&-
Sell), followed by reverse transcription with SuperScript III reverse
transcriptase (Thermo Fisher Scientific) and oligo(dT)23 together
with random hexamer primers (Sigma). Copy DNA amplification
was quantified by qRT-PCR using ITaq Universal SYBRGreen Super-
mix with ROX as reference dye (Bio-Rad, 1725125) in an AriaMX
cycler (Agilent Technologies). Human target genes were normalized
to b-actin. Relative expression was calculated using theDDCtmethod
with AriaMX qPCR software (Agilent). Oligonucleotides used for
amplification are listed in Table 2.

RNA-seq

For RNA-seq, total RNA isolation was performed using the RNA
Mini Kit (Bio&Sell). RNA and library preparation integrity were veri-
fied with LabChip Gx Touch 24 (PerkinElmer). 1 mg of total RNAwas
used as input for the SMARTer Stranded Total RNA Sample Prep Kit
– HI Mammalian (Clontech Laboratories). Sequencing was per-
formed on the NextSeq500 instrument (Illumina) using v2 chemistry,
resulting in an average of 90Mio reads (for HUVECs) or 47Mio reads
(for mLECs) per library with a 1� 75-bp single-end setup. The result-
ing raw reads were assessed for quality, adapter content, and duplica-
tion rates with FastQC.51 Trimmomatic was employed to trim reads
after a quality drop below a mean of Q20 in a window of 10 nt.52 Only
reads between 30 and 150 nt were cleared for further analyses.
Trimmed and filtered reads were aligned against the Ensembl human
genome version hg38 (ensemble release 101) using STAR 2.7.7a with
the parameter “–outFilterMismatchNoverLmax 0.1” to increase the
maximum ratio of mismatches to mapped length to 10%.53 For
mLECs, Ensembl mouse genome version mm10 (GRCm38.p5) and



Figure 6. Amino group substituents are a determining factor for the function of ACF

(A) Structural formulas of ACF and different derivatives of acridine and TOP inhibitors used. Images were taken from https://www.sigmaaldrich.com. (B–G) Relative lncRNA

expression levels of BOLA3-AS1 (B), FENDRR (C),H19 (D),HIF1a-AS1 (E),MEG3 (F), and FLJ31356 (G) after treatment with the indicated reagents (16 h, 10 mM) in HUVECs.

The CTL was set to 1. n = 3, paired t test. Error bars are defined as mean ± SEM. *p < 0.05.
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STAR 2.6.0c were used. The number of reads aligning to genes was
counted with the featureCounts tool from the Subread package.54

Only reads mapping at least partially inside exons were admitted
and aggregated per gene. Reads overlapping multiple genes or align-
ing to multiple regions were excluded. Differentially expressed
genes in HUVECs were identified using DESeq2 version 1.30.0 (for
mLECs, version 1.18.1 was used).55 For HUVECs, only genes with a
minimum fold change of ±1.23-fold (±0.3 on the log2 scale), a
maximum Benjamini-Hochberg-corrected p value of 0.05, were
deemed to be significantly differentially expressed. For Figure S3B,
gene filtering for the base mean was changed from 2 to at least 20.
The Ensembl annotation was enriched with Universal Protein
Resource (UniProt) data (release 06.06.2014) based on Ensembl
gene identifiers (activities at UniProt).56

For RNA-seq of HUVECs treated with hypoxia, 1 mg total RNA was
used with the SMARTer Stranded Total RNA Sample Prep Kit – HI
Mammalian (Takara). Sequencing was done on Nextseq2000 with
v3 chemistry, resulting in average of 53 Mio reads. Analysis was per-
formed as described elsewhere.57

ATAC-seq

50,000 HUVECs were used for ATAC library preparation using Tn5
Transposase from the Nextera DNA Sample Preparation Kit
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 1031
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Table 2. List of primers for qRT-PCR

Name Forward primer (50-30) Reverse primer (50-30)

b-actin
AAA GAC CTG TAC
GCC AAC AC

GTC ATA CTC CTG
CTT GCT GAT

FENDRR
GGC AAG AAG GAG
AAC ATC AC

GGC TGC CTG ATT
ACA AAG AC

MEG3
GAG TGT TTC CCT
CCC CAA GG

GCG TGC CTT TGG
TGA TTC AG

BOLA3-AS1
GGC CTG TTT CAT
GGA TAG GG

CCG AGA CCT TGG
AGT GTT TC

H19
TCA AGC CTG GGC
CTT TGA AT

GGC TGA TGA GGT
CTG GTT CC

HIF1a-AS1
CGG AGA AGA GAA
GGA AAG AC

TAG GCA GAG ACG
AGA TGA AC

FLJ31356
GGA AGA AAG CCA
ACC TAG AG

GGA AAG TCC AGG
GAG ATA AC

Molecular Therapy: Nucleic Acids
(Illumina). The cell pellet was resuspended in 50 mL PBS; mixed
with 25 mL TD buffer, 2.5 mL Tn5, 0.5 mL 10% NP-40, and 22 mL
H2O. It was incubated at 37�C for 30 min, followed by 30 min at
50�C together with 500 mM EDTA (pH 8.0). 100 mL of 50 mM
MgCl2 was added for neutralization. Purification of DNA fragments
was done with the MinElute PCR Purification Kit (QIAGEN).
Amplification of the library together with indexing was performed
as described elsewhere.58 Libraries were mixed at equimolar ratios
and sequenced on the NextSeq500 platform using v2 chemistry.
Reaper version 13-100 was employed to trim reads after a quality
drop below a mean of Q20 in a window of 5 nt.59 Only reads above
15 nt were cleared for further analyses. These were mapped versus
the hg19 version of the human genome with STAR 2.5.2 b using
only unique alignments to exclude reads with uncertain arrange-
ment. Reads were further deduplicated using Picard 2.6.060 to avoid
PCR artifacts leading to multiple copies of the same original frag-
ment. The MUSIC peak caller (version from December 2015)61

was employed in punctate mode to accommodate the range of
peak widths typically expected for ATAC-seq. The maximum q
value was set to 0.2, and the p value normalization window length
was changed to 1,500. To determine thresholds for significant peaks,
the data were inspected manually in IGV 2.3.52.62 Peaks overlap-
ping ENCODE blacklisted regions (known misassemblies, satellite
repeats) were excluded. Peaks were annotated with the promoter
(transcription start site [TSS] ± 5,000 nt) of the gene most closely
located to the center of the peak based on reference data from GEN-
CODE v19. To be able to compare peaks in different samples, the
resulting lists of significant peaks were overlapped and unified to
represent identical regions. The counts per unified peak per sample
were computed with BigWigAverageOverBed (UCSC Genome
Browser Utilities; http://hgdownload.cse.ucsc.edu/downloads.html).
Raw counts for unified peaks were submitted to DESeq2 (version
1.20.0) for normalization. Spearman correlations were produced to
identify the degree of reproducibility between samples using R. To
permit a normalized display of samples in IGV, the raw BAM files
were normalized for sequencing depth (number of mapped dedupli-
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cated reads per sample) and noise level (number of reads inside
peaks versus number of reads not inside peaks). Two factors were
computed and applied to the original BAM files using bedtools ge-
nomecov, resulting in normalized BigWig files for IGV. To convert
the data to the updated genome version hg38, bwtool was used.63

Spheroid outgrowth assay

Spheroid outgrowth assays in HUVECs were performed as described
previously.64 Spheroids were stimulated in EGM containing 50 ng/
mL VEGF-A 165 for 16 h. Images were generated with an Axio-
vert135 microscope (Zeiss, Germany), and quantitative analysis of
sprout number and cumulative length was performed with AxioVi-
sion software (Zeiss).

Matrigel assay (tube formation)

1 � 105 HUVECs were incubated in EBM and 1% FCS with Matrigel
Growth Factor Reduced (BD Biosciences) for 4 h as described previ-
ously.65 After stopping the reaction with 4% paraformaldehyde
(PFA), images were taken on an Axiovert135 microscope (Zeiss). Im-
age quantification was performed with AxioVision software.

Caspase-3/7 activity assay

The caspase-3/7 activity assays were carried out using 1 � 106

HUVECs stimulated with EGM supplemented with 10 mM ACF,
DOX, or CPT for 16 h. DMSO at a ratio of 1:1,000 was used as
negative control. The assay was performed using the SR-FLICA
Caspase-3/7 Assay Kit (ImmunoChemistry Technologies, 931)
following the manufacturer’s instructions. Briefly, cells were
washed, and a 1:5 dilution of FLICA was added at a dilution of
1:30 to the cell suspension. After an incubation of 1 h, cells
were washed three times with buffer provided by the kit, counted,
and diluted to 3,000 cells/mL before measuring emission at
595 nm in a Infinite M200 Pro plate reader (Tecan, Männedorf,
Switzerland). The percentage of apoptotic cells relative to the total
number of cells was calculated.

TOP-assay

Nuclear lysates of 2 � 106 HUVECs were prepared as described pre-
viously.66 Protein concentrations were determined with the Brad-
ford assay. 2.5 mg protein extract or 2 U TOP (human TOP IIa
[TG2000-H1] or human TOP I [TG2005-RC1], both from Topo-
GEN) was pre-incubated with 500 ng pUC19 vector for 20 min at
37�C. H2O or DMSO served as a negative control. ACF, DOX, or
CPT at a final concentration of 10 mM was added, and incubation
was continued for 30 min at 37�C. Samples were loaded on a 1%
agarose gel, stained with ethidium bromide, and visualized in a
UV transilluminator.

Scratch wound assay

30,000 HUVECs were cultured in EBM containing FCS (8%) in Im-
ageLock 96-well plates (Essen Bioscience). Cells were stimulated for
16 h with ACF (10 mM) or DMSO prior to generating homogeneous
scratch wounds in the Incucyte WoundMaker (Essen Bioscience).
Cell migration monitoring and the following analysis were carried

http://hgdownload.cse.ucsc.edu/downloads.html
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out with the Scratch Wound Cell Migration Module of the Incucyte
S3 Live Cell Analysis System (Essen Bioscience).
Immunofluorescence

HUVECs were seeded on 8-well immunofluorescence plates (Ibidi)
and treated with ACF (10 mM, 16 h) or DMSO. Then cells were
washed with PBS, fixed with 4% PFA, quenched with glycine (2%),
and washed again with PBS. Permeabilization was done with 0.05%
Triton X-100, followed by blocking with 3% BSA for 30 min. The cells
were incubated at 4�C overnight with a 1:200 dilution of the primary
antibody anti-DNA-RNA hybrid (S9.6) (Kerafast, ENH001). Cells
were washed with 0.3% Tween 20 in PBS and incubated with a
1:500 dilution of secondary antibody for 30 min. Then four washing
steps were performed: once with PBS (0.3% Tween, 0.1 mg/mL DAPI,
5 min), twice with PBS (0.3% Tween, 3 min), and once with pure PBS
for 3 min. Cells were then washed again with 0.3% Tween and
counterstained with DAPI. Images were captured with a laser
confocal microscope (LSM800, Zeiss) and analyzed with ZEN lite
software (Zeiss).
Statistics

Unless otherwise indicated, data are given as means ± SEM. Prism 8
or BiAS.10.12 was used for calculations. The latter was also used to
test for normal distribution and similarity of variance. Bonferroni
correction was applied in case of multiple testing. For multiple-group
comparisons, ANOVA followed by post hoc testing was performed.
For testing individual statistics of dependent samples, paired t test
was used; in the case of unpaired samples, unpaired t test. Samples
with non-normal distributions were probed by Mann-Whitney test.
A p value of less than 0.05 was considered significant. n indicates
the number of individual experiments.
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