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Abstract

Background: G-quadruplexes (G4s) are unique noncanonical nucleic acid secondary
structures, which have been proposed to physically interact with transcription fac-
tors and chromatin remodelers to regulate cell type-specific transcriptome and shape
chromatin landscapes.

Results: Based on the direct interaction between G4 and natural porphyrins, we
establish genome-wide approaches to profile where the iron-liganded porphyrin
hemin can bind in the chromatin. Hemin promotes genome-wide G4 formation,
impairs transcription initiation, and alters chromatin landscapes, including decreased
H3K27ac and H3K4me3 modifications at promoters. Interestingly, G4 status is not
involved in the canonical hemin-BACH1-NRF2-mediated enhancer activation process,
highlighting an unprecedented G4-dependent mechanism for metabolic regulation of
transcription. Furthermore, hemin treatment induces specific gene expression profiles
in hepatocytes, underscoring the in vivo potential for metabolic control of gene tran-
scription by porphyrins.

Conclusions: These studies demonstrate that G4 functions as a sensor for natural por-
phyrin metabolites in cells, revealing a G4-dependent mechanism for metabolic regula-
tion of gene transcription and chromatin landscapes, which will deepen our knowl-
edge of G4 biology and the contribution of cellular metabolites to gene regulation.

Keywords: G-quadruplex, Transcription initiation, Hemin, Porphyrins, G4-CUT&Tag,
Chromatin landscapes

Background

Eukaryotic messenger RNA expression is highly orchestrated by the concerted action
of RNA polymerase II (Pol II), transcription factors, and chromatin landscapes [1-3].
To achieve appropriate developmental decisions or maintain homeostasis, higher
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organisms have evolved sophisticated mechanisms for coordinating the expression of
their genomes to various intra- and extracellular cues [4]. Increasing evidence reveals
how small-molecule metabolites are key regulators of gene expression [5, 6]. These
metabolites can be used as substrates by chromatin-modifying enzymes to shape chro-
matin landscapes, or to directly regulate the activities of transcription factors and their
cofactors [7-9]. Therefore, Pol II and chromatin plasticity integrate intra- and extracel-
lular metabolic inputs for appropriate gene transcription, constituting a regulatory inter-
face between metabolites to fine-tune gene expression [10, 11].

G-quadruplexes (G4s) are four-stranded nucleic acid structures formed by Hoog-
steen hydrogen-bonded guanines and monovalent cations [12, 13]. G4s are typically
formed in guanine-rich repeats of nucleic acids and can be conserved across species
[14]. In mammalian cells, endogenous G4 structures have been detected and mapped
to specific genomic regions, such as telomeres, gene promoters, enhancers, and double-
strand break sites [15, 16]. The G4 distribution at these regions is consistent with the
demonstrated role of G4 in a variety of cellular processes, including gene transcription,
DNA replication and repair, and telomere function [17, 18]. Genome-wide profiling of
endogenous G4s in situ or in a chromatin context using next-generation sequencing
approaches, reveals cell type- and cell-state-specific G4 landscapes and their direct inter-
play with gene transcription [19-22]. G4 may upregulate or downregulate individual
genes via different mechanisms. G4 could promote or inhibit the recruitment of specific
transcription factors and cofactors [23—26], or act as a roadblock directly or indirectly
for transcription elongation [13, 27, 28]. In addition, non-template G-quadruplexes have
been proposed to facilitate transcription [29]. Despite the numerous studies linking G4
with various aspects of transcriptional control, a better understanding of these activities
and the detailed molecular mechanisms of G4 in transcriptional regulation remains a
challenge.

G4 status has emerged as a critical switch impacting both physiological and pathologi-
cal conditions [13]. Depending on the base composition, strand orientation, and loop
length, G4 can adopt diverse topologies and undergo flexible conformational changes
according to surrounding conditions [30, 31]. G4s can interact with a variety of endog-
enous proteins including transcription factors, general transcription factors, DNA heli-
cases, and epigenetic and chromatin remodelers to achieve specific biological readouts
[17, 32]. Additionally, the planar, hydrophobic structure of G4 is well-suited for small
molecules binding to increase or decrease G4 stability; thus, several G4-stabilizing
ligands have been developed for potential anticancer treatments [33—35]. For example,
G4 ligands have the potential to alter the dynamics of G4, which could inhibit enhancer
activation via competition with specific transcription factors for G4 binding [36], or
impair transcription initiation at gene promoters through modulation of chromatin
states [21].

Mammalian heme and its derivative hemin are ferrous ion- or ferric ion-liganded por-
phyrins, which are essential cofactors of multiple biological processes containing oxi-
dation, oxygen transportation, and electron transport. High levels of free heme/hemin
(referred as “hemin” throughout the text) are toxic to cells due to catalyzed oxidative
stress, and intracellular hemin levels are tightly controlled by a fine-tuned balance among
biosynthesis, transport, and degradation by heme oxygenases [37, 38]. Hemin levels can
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impact transcription by inducing the degradation of transcription repressor BTB and
CNC homology 1 (BACH1) at antioxidant response elements, and activate the redox-
sensitive transcription factor nuclear factor (erythroid-derived 2)-like 2 (NFE2L2, NRF2)
through inhibition of Kelch-like ECH-associated protein 1 (KEAP1) [39]. NRF2, in turn,
binds antioxidant response elements to activate the transcription of genes involved in
iron transport and hemin homeostasis including the heme oxygenase 1 (HMOXI) gene
[40-42]. Hemin can also enhance GATA-1 activity at some target genes and regulate
erythroid cell transcriptome via heme-regulated motifs using BACH1-dependent and
BACHI1-independent mechanisms [43, 44]. Together, these studies implicate hemin in
the regulation of gene transcription through the interaction of transcription factors and
DNA motifs.

Hemin is a ligand for G4 in vitro and hemin-G4 structures (G4 DNAzymes) have
been actively studied for their catalytic potential [45, 46]. Based on the evidence that
the G4 ligand PhenDC3 could displace G4-bound hemin in vitro and induce expression
of hemin-responsive genes in cells, G4 was proposed to sequester free hemin in cells
as protection from oxidation stress [47]. However, the specificity of hemin distribution
in the genome, and its regulatory effects on G4 and transcriptional regulation remain
unclear. In this study, we characterized natural porphyrins PpIX and hemin in cells with
mass spectrometry and confirmed their direct interactions with G4 by bio-layer inter-
ferometry (BLI). We synthesized biotin-PEG4-hemin and established an in situ capture
sequencing method using the Cleavage Under Targets and Tagmentation (CUT&Tag)
strategy [48, 49] to map the hemin binding sites across the human genome. To map the
genome-wide hemin binding sites in the context of chromatin, we combined a G4 self-
biotinylation reaction with CUT&Tag. We found that hemin colocalized with G4 peaks
and that hemin treatment promoted G4 formation on a genome-wide scale. Hemin treat-
ment inhibited transcription initiation and decreased histone H3K4me3 and H3K27ac
modifications at hemin-bound promoters, indicating a role of porphyrin metabolites in
the modulation of chromatin landscapes and gene transcription. Furthermore, we found
that G4 status was not directly involved in the hemin-BACH1-NRF2-mediated enhancer
activation process, suggesting that G4-hemin regulation of transcription is distinct from
the canonical transcription factor-mediated pathways [41, 42]. Our findings reveal the
essential roles of G4 in the recognition of porphyrins in cells and propose a G4-depend-
ent model for metabolic regulation of gene expression and chromatin landscapes.

Results

Characterization of natural porphyrins PpIX and hemin in cells as well as their physical
interactions with G4

Mammalian porphyrins are generated from §-aminolevulinic acid (ALA) through sev-
eral consecutive enzymatic reactions to protoporphyrin IX (PpIX), which is further
complexed with an iron cation to produce heme or its derivative hemin (Fig. 1A) [37,
50]. To investigate the relationship between G4 and natural porphyrins in cells, we first
characterized the intracellular PpIX and hemin content using liquid chromatography-
mass spectrometry (LC-MS/MS) (Fig. 1B—G) [51]. Free porphyrins and bound porphy-
rins were sequentially extracted from cells for quantitative determination (Fig. 1H) [52].
Six cell lines of different origins, including embryonic kidneys cells (HEK293T), cervical
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Fig. 1 Characterization of natural porphyrins PpIX and hemin in cells and their physical interaction with G4

structures. A Scheme of natural porphyrins synthesis from &-aminolevulinic acid (ALA). B,C LC-MS/MS analysis

of PpIX. Total ion chromatogram (TIC) of PpIX was generated with precursor m/z 564.2 (B) and the products
m/z were 432.28,490.22, and 505.19 (C). D Standard curve for PpIX LC-MS/MS quantification using peak
areas. E, F Mass spectrometry analysis of hemin standards. TIC of hemin was generated with precursor m/z
616 (E) and the products m/z were 483.18,498.14, and 557.21 (F). G Standard curve for hemin quantification

with peak areas using LC-MS/MS analysis. H Workflow for extraction and quantification of PplX and hemin.
Collected cells were disrupted and extracted with acetonitrile for free porphyrins. The pellets containing
chromatins and insoluble proteins were further hydrolyzed with acid and extracted with acetonitrile for

bound porphyrins. I Quantification of PpIX and hemin in HEK293T, Hel.a, HCT116, LM2, U937, and K562 cells.

J Characterization of G4-porphyrins interaction with Bio-layer interferometry assays. Biotinylated MYC-G4
was immobilized on streptavidin biosensors and incubated with a range of PpIX or hemin to measure the

response in a Gator instrument. K, L Bio-layer interferometry analysis of MYC-G4 with PpIX (K) and hemin (L).
The dissociation constant KD values for MYC-G4-PpIX and MYC-G4-hemin were 3.04+0.05 uM and 1.524+0.04

UM, respectively
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cancer cells (HeLa), colon cancer cells (HCT116), breast cancer cells (MBD-231-LM2),
myeloid leukemia cells (U937), and chronic myelogenous leukemia cells (K562), were
used for quantification of intracellular PpIX and hemin. PpIX and hemin are present
across cell lines but their levels are variable (PpIX: ~0.5-1.2 pM; hemin: ~1.5-12 puM)
(Fig. 1I). The majority of PpIX was detected in the supernatant fractions, suggesting that
PpIX exists predominately in the free form (Fig. 1I). Consistent with a recent study that
G4 could sequester free hemin to protect from oxidation stress [47], we found that the
majority of hemin was extracted from the pellets containing the chromatin fractions and
insoluble proteins (Fig. 1I).

To characterize the interaction between G4 and porphyrins, real-time binding of PpIX
and hemin to biotin-labeled parallel MYC-G4 was monitored by bio-layer interferometry
(BLI) (Fig. 1]), revealing a 3.04+0.05 uM dissociation constant (KD) for the complexes of
PpIX:MYC-G4 (Fig. 1K), and 1.5240.04 uM for hemin: MYC-G4 (Fig. 1L), respectively.
Hemin showed no significant binding with single-stranded DNA (Additional file 1: Fig.
S1A), double-stranded DNA (Fig. S1B), antiparallel SPB1-G4 (Fig. S1C), mixed parallel/
antiparallel hTELO-G#4 (Fig. S1D), or intermolecular hTELO-G4 (Fig. S1E) [15]. These
results evoke the possibility that the specific hemin-G4 interactions can regulate gene
transcription and chromatin landscapes.

Genome-wide profiling of hemin binding sites in the chromatin
To identify potential hemin binding sites in the human genome, we synthesized biotin-
PEG4-hemin through the condensation reaction of hemin and biotin-PEG4-hydrazide
(Fig. 2A). Following its validation by LC-MS/MS (Fig. 2A,B) and dot blot assay (Addi-
tional file 1: Fig. S2A; Additional file 2), biotin-PEG4-hemin was integrated into the
CUT&Tag approach [48, 49] for genome-wide profiling of hemin (Fig. 2C). In this
method, biotin-PEG4-hemin was used to capture DNA fragments in situ, followed by
tagmentation with assembled Tn5 transposome for library preparation and sequenc-
ing (Additional file 1: Fig. S2B). University of California Santa Cruz (UCSC) genome
browser snapshots demonstrate the enrichment of biotin-PEG4-hemin binding signals
at specific genomic regions, which overlapped with G4-CUT&Tag signals [21] to some
extent (Fig. 2D). TMPyP4, a well-established G4 ligand [53], was used to compete with
biotin-PEG4-hemin and it effectively reduced the biotin-PEG4-hemin binding signals
(Fig. 2D). Using the TMPyP4 competitor as a control, we identified 5013 biotin-PEG4-
hemin binding peaks in HEK293T cells (Fig. 2E), which overlapped with G4-CUT&Tag
signals and were sensitive to TMPyP4 treatment. We also identified in situ biotin-PEG4-
hemin binding sites in HeLa cells (Additional file 1: Fig. S2C-D). G4Hunter predicted
93,480 G4 motifs within the 21,395 hemin binding peaks, which is 7.5-fold greater than
those predicted from equivalent random sequences (Additional file 1: Fig. S2E). Approx-
imately 37.9% (18,218 in 48,069) G4-CUT&Tag peaks overlapped with hemin binding
peaks in HeLa cells (Additional file 1: Fig. S2F-G). Moreover, motif analysis of hemin
binding peaks in HeLa cells revealed the presence of G-rich motifs (Additional file 1: Fig.
S2H).

G4-hemin complexes have intrinsic peroxidase activity and treating G4-hemin com-
plexes with hydrogen peroxide and biotin tyramide can lead to efficient covalent bioti-
nylation of G4 in vitro and in vivo [54] in a highly specific and spatially restricted
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Fig. 2 Genome-wide profiling of hemin binding sites using biotin-PEG4-hemin and G4 self-biotinylation
reaction. A, B Synthesis and characterization of biotin-PEG4-hemin. With the coupling reagent dicyclohexy!
carbodiimide (DCC), biotin-PEG4-hydrazide reacts with hemin to produce biotin-PEG4-hemin (A). TIC of
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and 666.22 (B). C Schematic diagram of profiling of hemin binding sites in the genome using CUT&Tag
and biotin-PEG4-hemin. Isolated nuclei were conjugated to concanavalin A-coated magnetic beads,
biotin-PEG4-hemin was used to bind with chromatin in situ. Anti-biotin antibody and secondary antibody
were added sequentially to tether protein A-Tn5 transposase. After activation with magnesium, Tn5 cut
the chromatin close to biotin-PEG4-hemin binding sites and simultaneously integrated to adapters. Then
Tn5-tagmented genomic DNA was extracted and amplified for library preparation and second-generation
sequencing. For negative controls, IgG was used to replace anti-biotin antibody. D UCSC genome browser
snapshots of in situ biotin-PEG4-hemin binding signals and G4-CUT&Tag signals in HEK293T cells. Twenty
micromolars TMPyP4 was used as a competitor for biotin-PEG4-hemin. E Heatmap and metaplot analysis
of biotin-PEG4-hemin binding signals and G4-CUT&Tag signals. A total of 5013 biotin-PEG4-hemin binding
peaks were identified to be sensitive to TMPyP4 treatment and colocalized with G4. F Profiling of hemin
binding sites in cells using G4 self-biotinylation reaction and CUT&Tag. UCSC genome browser snapshots
of G4 self-biotinylation signals in HEK293T cells in the presence or absence of 80 uM TMPyP4 or PDS
competitors. G Heatmaps of G4 self-biotinylation in the HEK293T after treatment of vehicle or hemin. With
the TMPyP4 competitor, we characterized 8195 G4 self-biotinylation peaks that were sensitive to TMPyP4
treatment. H Genome-wide annotation of the 8195 G4 self-biotinylation peaks in HEK293T cells. The Venn
diagram shows the overlap of G4-CUT&Tag peaks with the 8195 hemin binding peaks. | Pearson’s correlation
of in vivo G4 self-biotinylation signals and in situ biotin-PEG4-hemin binding signals at the 8195 G4
self-biotinylation peaks
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manner [55]. Therefore, we developed an assay combining G4 self-biotinylation and the
CUT&Tag approach to map endogenous hemin binding sites in HEK293T cells (Fig. 2F).
UCSC genome browser tracks demonstrate the enrichment of G4 self-biotinylation sig-
nals at specific genomic regions (Fig. 2F), which overlap with biotin-PEG-hemin binding
sites and G4-CUT&Tag signals (Fig. 2D). These G4 self-biotinylation signals are sensi-
tive to TMPyP4 or Pyridostatin (PDS) treatments (Fig. 2F, G). Using the TMPyP4 com-
petitor as a control, we identified 8195 hemin binding sites in HEK293T cells (Fig. 2G).
Annotation of these peaks showed that nearly 80% of them were distributed at pro-
moter regions (N=>5,858), with most others occupying intronic and intergenic regions
(N=612) (Fig. 2H). About 72% (5,902 in 8,195) of hemin binding peaks overlapped with
G4-CUT&Tag peaks in HEK293T cells (Fig. 2H). Comparing the biotin-PEG-hemin
binding signals and G4 self-biotinylation signals revealed a positive correlation at the
8195 hemin binding peaks (r=0.72) (Fig. 2I). Together, these results demonstrate that
hemin can bind 12.26% (5765 in 47,008) G4 peaks in HEK293T cells (Fig. 2H), revealing
a potential role of hemin in G4 regulation.

Hemin treatment rapidly promotes genome-wide G4 formation

We next treated HeLa cells with PpIX and hemin for a short period of 2 h and deter-
mined their effects on G4 levels. Immunostaining of G4 with specific G4 antibody
(BG4-EGFP) (Additional file 1: Fig. S3A-B; Additional file 2) [21, 56] showed that PpIX
treatment rapidly resulted in increased nuclear G4 levels (Fig. 3A-B; Additional file 1: Fig.
S3C), and elevated intracellular PpIX, with a lesser increase of its downstream product
hemin as assessed by LC-MS/MS analysis (Fig. 3C,D). We also obtained dose-dependent
increases in G4 levels after 2-h hemin treatments (Fig. 3E,F; Additional file 1: Fig. S3C).
LC-MS/MS analysis confirmed an increase of intracellular hemin levels from ~2.1 to 6.8
UM after 80 pM hemin treatments, whereas PpIX levels were slightly decreased, which
is likely caused by negative feedback (Fig. 3G,H). Treatment with the precursor of por-
phyrins, ALA, led to increased G4 formation, which could in turn be blocked by succi-
nylacetone (SA), an inhibitor of the rate-limiting ALA dehydratase (ALAD) (Fig. 1A and
S3D-E).

To identify changes in G4 genome-wide in response to hemin treatment, we per-
formed G4-CUT&Tag assays [58] in HEK293T cells (Fig. 3I). Two-hour hemin treat-
ment promoted G4 formation at hemin-bound promoters as illustrated in the genome
browser views of the SRSF4 and NPM 1 loci (Fig. 3],K). Genome-wide analyses show that
hemin treatment increased G4-CUT&Tag signal at hemin binding promoters (N=5858)
(Fig. 3L,M) and at hemin binding enhancer regions (N=612) (Fig. 3N,P). Furthermore,
since G4 can be structurally compatible with and can colocalize with R-loops, nonca-
nonical triple-stranded nucleic acid structures composed of a DNA: RNA hybrid and a
displaced single-stranded DNA [59, 60], we performed R-loop CUT&Tag with the sen-
sor GST-His,-2xHBD [61] in HEK293T cells after 2-h hemin treatment to determine
if R-loops are affected by hemin (Additional file 1: Fig. S3F). Genome-wide analysis of
R-loop signals (Additional file 1: Fig. S3G-]) revealed that hemin treatment decreased
R-loop CUT&Tag signals at hemin binding promoters (N=5858) and enhancers
(N=612).
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formation at hemin binding promoters. Track examples at the SRSF4 (J) and NPM1 (K) loci, heatmap (L),
and metaplot (M) are shown. NP Hemin treatment induced an increase of G4 signals at hemin-bound
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Impairment of gene transcription initiation by hemin

To investigate whether hemin could regulate gene transcription through G4, we per-
formed Pol II ChIP with reference exogenous genome (ChIP-Rx) and quick Precision
Run-On sequencing (qPRO-seq) [62] in HEK293T cells after 2-h hemin treatment
(Fig. 4A). Genome browser snapshots at the NPMI promoter illustrate that hemin
decreases Pol II occupancy and qPRO-seq signal intensities, the latter of which repre-
sents elongating Pol II (Fig. 4A). Genome-wide analysis of Pol II ChIP-Rx confirmed that
hemin treatment led to reduced Pol II occupancy at the 5858 hemin-bound promoters
(Fig. 4B,C). Metaplots of strand-specific qPRO-seq signals showed that hemin treatment
led to reduced levels of elongating Pol II at these promoters as well (Fig. 4D). To deter-
mine whether hemin impairs transcription initiation through a similar mechanism as
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the G4 ligand TMPyP4, i.e., by impeding general transcription factor loading at promot-
ers [21], we performed ChIP-Rx with an antibody against the general transcription fac-
tor TFIIB (Fig. 4A). Genome-wide analysis shows that hemin treatment impaired TFIIB
recruitment to hemin-bound promoters (N=5858) (Fig. 4E,F), suggesting that hemin
could inhibit transcription initiation by impeding the loading of TFIIB and Pol II to
promoters.

We further tested the effects of hemin treatment using plasmid templates and reporter
gene assays. Recombinant firefly luciferase reporter plasmids were inserted with NPM1,
HSPAS8, H2AX, SERBPI, or SRSF4 promoters, which can interact with hemin and have
previously been shown to form G4s in HEK293T cells [21]. Luciferase activities were
measured after treatment with hemin, PpIX, or their precursor ALA, respectively. Con-
sistent with our previous findings with TMPyP4 [21], hemin, PpIX, or ALA treatments
attenuated promoter activities of NPM 1, HSPAS, H2AX, SERBP1, and SRSF4 (Fig. 4G-1),
supporting the notion that hemin impairs transcription initiation at these hemin binding
and G4 forming promoters.

Hemin reduces promoter-associated H3K4me3 and H3K27ac through decreased
recruitment of histone-modifying enzymes

Given the evidence that G4 marks transcriptional regulatory elements enriched with
H3K4mel, H3K4me2, H3K4me3, and H3K27ac modifications [21, 22], we further inves-
tigated hemin-induced changes of these modifications in HEK293T cells with or with-
out hemin treatment for 2 h. UCSC genome browser snapshots of ChIP-Rx illustrate
that hemin treatment dramatically reduced H3K4me3 and H3K27ac levels at NPM1
and TFRC promoters, while H3K4mel and H3K4me2 levels were slightly decreased
(Fig. 5A,B). In agreement with the distribution of G4s at the nucleosome-free regions
of promoters [21], metaplot analysis showed that hemin induced a global decrease of
H3K4me3 and H3K27ac, as well as a slight reduction of H3K4mel and H3K4me2 at the
5858 promoters with hemin binding (Fig. 5C). Scatterplots confirmed that hemin treat-
ment led to decreases in both H3K4me3 and H3K27ac at most hemin-bound promoters
(Fig. 5D,E).

To determine if the observed decrease of H3K4me3 and H3K27ac is caused by reduced
recruitment of histone-modifying enzymes, we performed ChIP-Rx with antibodies
against the RB Binding Protein 5 (RBBP5) and the E1A Binding Protein P300 (EP300,
P300). RBBP5 is a shared subunit for the COMPASS family of histone H3K4 methyl-
ases [63, 64] and P300 is a histone H3K27 acetyltransferase that regulates transcription
via chromatin remodeling [65, 66]. Heatmap and metaplot analyses demonstrate that
2-h hemin treatment impairs RBBP5 and P300 occupancy at hemin-bound promoters
(N=5858) (Fig. 5F), thus revealing a potential mechanism underlying the alteration of
chromatin landscapes by hemin.

G4 status is not involved in the hemin-BACH1-NRF2-mediated enhancer activation process
Since hemin treatment impairs transcription initiation and modulates chromatin
landscapes in HEK293T, to characterize the effects of hemin on gene expression
and identify specific genes sensitive to hemin, we measured the mRNA levels after a
relatively short period (6 h) of treatment in HEK293T cells, with or without hemin,
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using mRNA-seq with exogenous Drosophila S2 cell spike-in RNA. We found that
hemin-bound genes were generally associated with downregulation by hemin treat-
ment (Additional file 1: Fig. S4A). Statistical analysis revealed that 46 genes were
upregulated (fold change > 1.5 and adjusted p < 0.05), and 295 genes were down-
regulated (fold change > 1.5 and adjusted p < 0.05) significantly after a short period
of hemin treatment (Fig. 6A,B). The 46 hemin-upregulated genes include known
hemin-responsive genes related to the canonical hemin-BACH1-NRF2 pathway [41,
42]. These genes are enriched in ferroptosis, the NRF2 pathway, ion homeostasis,

and cellular response to stimuli (Fig. 6C). Interestingly, gene ontology analysis of the
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295 downregulated genes identified the TGF-beta signaling pathway, negative regu-
lation of BMP signaling, development, and signaling pathways regulating pluripo-
tency of stem cells, as significantly enriched categories, suggesting that hemin may
play important roles in the TGF-beta family signaling pathway and other aspects
of development as well. We further inspected these downregulated genes (Fig. 6D)
and found that these downregulated genes contained hemin binding sites at their
promoter regions and that hemin treatment could induce G4 formation, inhibit Pol
II occupancy, and reduce H3K4me3 and H3K27ac levels at their promoter regions
(Fig. 6E).

To determine if G4 is involved in the canonical hemin-BACH1-NRF2-mediated
gene-regulatory pathway [39-42], we examined two well-known hemin-induced
genes HMOXI and FTHI. We found that hemin treatment reduced BACH1 binding
and increased NRF2 occupancy at nearby enhancers and led to enhancer activation
(Fig. 6F,G). UCSC tracks of BACH1 and NRF2 at two well-known loci (NQO! and FTL)
confirmed the specificity of BACH1 and NRF2 ChIP-Rx signals (Additional File 1: Fig.
S4B). Motif analysis further confirmed the enrichment of antioxidant response elements
at BACH1 and NRF2 binding peaks (Fig. 6H). Surprisingly, G4s were absent from the
HMOX1 and FTHI enhancers, and hemin treatment did not change the G4-CUT&Tag
signals at these enhancers (Fig. 6F,G), indicating that G4 did not participate in the
enhancer activation of HMOXI and FTH1 genes. To investigate the generality of these
findings, we performed a genome-wide analysis of all NRF2 binding sites and showed
that BACHI1 occupancy decreased at the NRF2 binding sites after hemin treatment
(Fig. 61)). Consistent with the track examples (Fig. 6F,G), the G4-CUT&Tag signals at
the NRF2 binding sites were not globally changed by hemin treatment (Fig. 6]), demon-
strating that alternation of G4 status is not involved in hemin-BACH1-NRF2-mediated
enhancer activation.

To investigate the effects of hemin treatment on gene expression, we analyzed the
effect of hemin treatment on the set of hemin-bound enhancers (Additional file 1:
Fig. S4C). We found that hemin treatment decreased enhancer activity as revealed by
reduced qPRO-seq signals, as well as reduced Pol II and H3K27ac occupancy (Additional
file 1: Fig. S4C), which is similar to our findings at the hemin-bound promoters (Fig. 4
and Fig. 5), and distinct from NRF2-activated enhancers (Fig. 6F,G). Together, these
results show two distinct mechanisms underlying hemin-induced transcriptional regula-
tion: the canonical hemin-BACH1-NRF2 pathway [41, 42] that activates hemin-targeted
gene expression independent of G4, and a hemin-dependent G4 formation that impairs
Pol II transcription initiation and decreases enhancer activity for gene repression.

Hemin-induced gene expression profiling in mouse primary hepatocytes

To study the consequences of hemin dysregulation in vivo, we used adeno-associated
virus (AAV) to knockdown the hemin-degrading enzyme HmoxI in mouse liver, which
also has a central role in porphyrin metabolism [68]. We first confirmed the knockdown
efficiency of the shHmox1 AAV virus using MEF cells (Additional file 1: Fig. S5A-B;
Additional file 2) and injected the AAV virus into mice through tail veins (Fig. 7A). Three
weeks after injection, the mice showed elevated serum alanine aminotransferase (ALT)
activities (Fig. 7B), which is a typical sign of liver injury. Liver sections visualized using
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Fig. 7 Hemin-induced gene expression profiling in mouse primary hepatocytes. A Eight-week-old C57BL/6
mice were injected with the recombinant AAV8-shNC or AAV8-shHmox1 through tail vein injection. The
mice were monitored with the serum alanine aminotransferase (ALT), and the mice with increased ALT levels
were euthanized for further examinations. B Serum ALT levels of mice before they were euthanized for liver
dissection. Hmox1 knockdown induced serum ALT elevation, which indicated liver damage. C Hematoxylin
and eosin (H&E) staining of the dissected liver tissues showing pathological changes in Hmox1 knockdown
mice. D Workflow for isolation and culture of mouse primary hepatocytes [69, 70]. E MA plot showing gene
expression changes in mouse primary hepatocytes in response to hemin treatment for 6 h. F,G Network
enrichment analysis of upregulated (F) and downregulated (G) genes by hemin treatment. Each cluster is
represented by different colors and each enriched term is represented by a circle node. H Proposed model
depicting two ways for hemin to participate in gene transcription regulation. In the BACH1-NRF2-dependent
activation pathway, hemin induces degradation of BACH1 and binding of NRF2 to enhancer regions,

which activates the transcription of target genes, including HMOXT and FTH1. In this study, we present a
G4-dependent model for metabolic regulation of gene expression and chromatin landscapes by porphyrin
metabolites. G4 works as a hemin sensor and could be stabilized by hemin. Hemin-induced G4 stabilization
hampers the loading of Pol Il, TFIIB, COMPASS, and P300, leading to the impairment of transcription initiation
of target genes and the alteration of chromatin modifications

hematoxylin and eosin (H&E) staining showed hepatic damage with no obvious signs
of immune cell infiltration (Fig. 7C). Analysis of dissected liver tissues confirmed the
knockdown of HmoxI mRNA and an elevated concentration of hemin (Additional file 1:
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Fig. S5C-D). Additionally, we noticed that the hemin levels changed dynamically after
the shHmox1 AAV virus injection, which may be caused by a highly dynamic hemin
metabolism or the reciprocal regulation between Hmox1 and hemin in vivo [37, 38].

To minimize these potential mechanisms of interference in vivo, we isolated the
mouse primary hepatocytes and cultured them ex vivo for hemin treatment (Fig. 7D).
Treatment of mouse primary hepatocytes with hemin increased G4 formation (Addi-
tional file 1: Fig. S5E), which was consistent with our findings in HEK293T and HeLa
cells (Fig. 3). mRNA-seq analysis was performed with primary hepatocytes after hemin
treatment for 6 h (Fig. 7E; Additional file 1: Fig. S5F). Similar with the upregulated genes
by hemin treatment in HEK293T cells, hemin treatment in primary hepatocytes led to
upregulation of 258 genes which are enriched for processes related to transcriptional
activation by NRF2, oxidative stress and redox pathways, iron homeostasis, and fer-
roptosis (Fig. 7F; Additional file 1: Fig. S5G). Of note, gene ontology analysis of hemin-
downregulated genes revealed that the TGF-beta signaling pathway, regulation of
cellular response to TGF-beta, and development were highly enriched terms (Fig. 7G;
Additional file 1: Fig. S5G). These findings are very similar to our findings with human
HEK293T cells (Fig. 6A—C), highlighting a potential regulation of TGF-beta family sign-
aling pathways and potentially other aspects of development by hemin in mammals.

To explore the preference of hemin on TGF-beta family signaling pathways, we inves-
tigated whether the downregulated genes were related to the factors such as gene length,
G4 levels, hemin binding intensities, and RNA half-lives [71]. We found that the down-
regulated genes did not have apparent bias for gene length (Additional file 1: Fig. S5H);
however, they were related to higher G4 occupancy and hemin binding intensities at
promoters (Additional file 1: Fig. S5I-]). Interestingly, we noticed that the downregulated
genes in TGF-beta family signaling pathways, such as ID1, ID2, ID3, ID4, SMAD6, and
SMAD?7, were associated with shorter mRNA half-lives (Additional file 1: Fig. S5K), sug-
gesting that post-transcriptional regulation of these transcripts may contribute to the
observed preference of hemin treatment on TGF-beta family signaling pathways. Collec-
tively, these data suggest that G4-dependent transcriptional repression through hemin
is a well-conserved regulator of TGF-beta family signaling pathways and development.

Discussion

Our studies propose that hemin regulates gene expression through two distinct mech-
anisms depending on the involvement of G-quadruplexes (Fig. 7H). First, hemin can
induce BACH1 degradation and promote NRF2 binding at enhancers of antioxidant
response elements for the activation of target genes related to ferroptosis and iron
homeostasis (Fig. 7H). This enhancer activation process is mediated by the dynamic reg-
ulation of transcription factors at enhancers [39-42] and does not require the involve-
ment of G4s. Second, in this study, we present a novel G4-dependent mechanism for
metabolic regulation of gene expression and chromatin landscapes by natural porphy-
rin metabolites. We propose that G4 status can function as a sensor for hemin in the
genome (Fig. 2), with increased hemin levels promoting G4 formation (Fig. 3). Through
this mechanism, hemin could inhibit transcription initiation at promoters (Fig. 4)
and alter chromatin landscapes with reduced histone H3K4me3 and H3K27ac levels
(Fig. 5). Hemin treatment decreased the firefly luciferase reporter gene activities using
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recombinant plasmids inserted with NPM1, HSPAS8, H2AX, SERBPI, or SRSF4 promot-
ers (Fig. 4G-I). However, it should be noted that this reporter gene assay may not fully
recapitulate the normal transcriptional regulation mechanisms by G4 due to lacking of
the chromatin context and high copy numbers of templates in each cells. In summary,
these effects are distinct from the canonical hemin-BACH1-NRF2 pathway [41, 42] and,
instead, directly contribute to the repression of target genes associated with TGF-beta
family signaling pathways and development (Fig. 7H).

G4 can adopt different topologies including parallel, antiparallel, or hybrid (a mix
of both) [30, 31]. Based on the intracellular distribution of natural porphyrin metabo-
lites and their physical interaction with G4s (Fig. 1), we established an in situ capture
sequencing method combining biotin-PEG4-hemin and the CUT&Tag approach, and
mapped sites that can be bound by hemin in the context of chromatin (Fig. 2). Further-
more, we developed an assay to profile the hemin binding sites in the chromatin using
the G4-hemin self-biotinylation reaction in combination with the CUT&Tag method
(Fig. 2). We found that cellular hemin binding sites were distributed among promoter
and intergenic regions and overlapped with a proportion of G4 peaks (Fig. 2H), sug-
gesting that G4s act as sensors for hemin in cells, revealing a selectivity of hemin on
G4 binding. Hemin preferentially binds to parallel MYC-G4 rather than antiparallel,
mixed, and intermolecular G4s in vitro (Additional file 1: Fig. S1), which may be caused
by the more accessible ends of parallel G4s [72, 73]. It will be very interesting to study
the effects of hemin on RNA quadruplexes since they are typically parallel. However, it
is not currently possible to characterize the topologies of G4s in cells, a worthy area of
future investigation, with clear implications for the development of topological-specific
quadruplex-targeting drugs.

Interestingly, hemin-induced modulation of enhancer activity depends on the status
of BACH1 degradation, NRF2 binding, or G4 formation. Hemin activates the NRF2-
occupied enhancers containing antioxidant response elements independent of G4, while
hemin decreases the activities of G4-containing enhancers with decreased qPRO-seq
signals, as well as Pol II and H3K27ac occupancy (Additional file 1: Fig. S4C), which
were similar to the hemin-bound promoters (Figs. 4 and 5). Mechanistically, this could
be mediated through impaired loading of general or sequence-specific transcription fac-
tors by hemin binding at G4s as well as epigenetic and conformational changes at pro-
moters or enhancers [21]. Given the importance of enhancers in human diseases and
development [74], it is tempting to explore the roles and selectivity of porphyrins in
enhancer regulation.

Porphyrins are essential metabolites participating in a variety of biological processes
such as oxidation, oxygen transportation, and electron transport. Although mounting
evidence shows that cellular metabolites shape the structure of chromatin and directly
regulate the transcriptional processes, the proposed mechanisms mainly focus on the
binding of specialized histones, the key substrates of chromatin-modifying enzymes,
and the activity of transcription factors and corepressors [8, 10]. Here, we present an
additional mechanism of metabolic regulation of gene expression and chromatin modifi-
cation through regulation of the formation of G4 nucleic acid structures.

PpIX in cells exists mainly in its free form, and the amounts of iron-bound PpIX are
much lower than free PpIX (Fig. 1H,I). We found that treatment with PpIX increased G4
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formation, which may be caused by its direct interaction with G4 (Fig. 1K), or enhanced
conversion of PpIX to hemin (Fig. 3A-D). We found that treatment of cells with the pre-
cursor of porphyrins, ALA, resulted in increased G4 formation, which could be blocked
by the ALAD enzyme inhibitor succinylacetone (Additional file 1: Fig. S3D-E), suggest-
ing that porphyrin synthesis pathways have crucial roles in G4-dependent transcrip-
tional regulation. Through mRNA-seq analysis, we found that hemin can rapidly repress
the expression of specific genes in both HEK293T cells and mouse primary hepatocytes
(Figs. 6 and 7), highlighting a potential role of hemin in regulating signaling pathways
and development.

As a consequence of porphyrin dysregulation in vivo, reduction of the hemin-
degrading enzyme Hmox1 in mice liver resulted in hepatic damage (Fig. 7). Treatment
of primary hepatocytes with hemin promoted G4 formation and induced specific gene
expression profiles with downregulation of TGF-beta family signaling pathway genes
and development-related genes (Fig. 7). The downregulated TGF-beta family signaling
pathway genes are associated with higher G4 levels, higher hemin binding intensities,
and shorter mRNA half-lives (Additional file 1: Fig. S4H-K), indicating that post-tran-
scriptional regulation of these genes may contribute to the specificity of hemin-induced
gene expression profiling. Of note, the TGF-beta family signaling pathway is a crucial
pathway participating in all stages of liver disease progression, contributing to fibrosis,
and promoting liver disease [75, 76]. Our results suggest that porphyrin dynamics may
modulate liver function through regulation of the TGF-beta family signaling pathways.

Conclusions

Our findings highlight an essential role of G4 in the recognition of porphyrins in cells
and propose a model for metabolic regulation of gene expression and epigenetic land-
scapes through G4. Independent of the canonical hemin-BACH1-NRF2 activation of
gene expression [41, 42], hemin promotes G4 formation genome-wide, inhibits tran-
scription initiation, and decreases histone modifications at hemin-bound promoters,
revealing an unprecedented role of porphyrin metabolites in the modulation of chro-
matin landscapes and gene transcription. These findings deepen our knowledge of G4
biology by providing novel biochemical mechanisms of G4 regulation by cellular metab-
olites, while more generally providing further insight into the interface of metabolic reg-
ulation and chromatin landscapes.

Methods

Cell lines

HEK293T, HeLa, U937, and K562 cells were obtained from ATCC. HEK293T and HeLa
were cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS,
LONSERA). U937 and K562 cells were cultured in RPMI-1640 medium (Gibco) with
10% FBS. MDA-231-LM2 (LM2) cells were kindly provided by Dr. Yibin Kang and grown
in DMEM supplemented with 10% FBS. Drosophila S2 cells were obtained from Invit-
rogen (R690-07) and maintained in Schneider’s medium. Mouse embryonic fibroblast
(MEF) cells were grown in DMEM with 10% FBS. All mammalian cells were cultured
at 37°C with 5% CO,. Cells were confirmed to be mycoplasma negative using MycoBlue
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Mycoplasma Detector (Vazyme, D101-01). Live cells were quantified using a TC20 auto-
mated cell counter (Bio-Rad).

Chemicals and antibodies

O-Aminolevulinic acid hydrochloride (ALA; CAS: 5451-09-2), hemin (CAS: 16009-13-
5), protoporphyrin IX (PpIX; CAS: 553-12-8), biotinyl tyramide (CAS: 41994-02-9), and
succinylacetone (SA; CAS: 51568-18-4) were obtained from MedChemExpress (MCE)
and dissolved in H,O, 0.1 M NaOH, and dimethyl sulfoxide (DMSO; Sigma-Aldrich),
respectively, to make stock solution. Pyridostatin trihydrochloride (PDS; CAS: T4457)
was purchased from Topscience Co., Ltd. Pol I Rpbl (POLR2A) NTD (D8L4Y) rabbit
mADb, Acetyl-Histone H3 (Lys27) (D5E4) XP Rabbit mAb, and TFIIB (GTF2B, 2F6A3H4)
mouse mAb were purchased from Cell Signaling Technology. TBP mouse mAb (66166-
1-Ig), BACH1 polyclonal antibody (14018-1-AP), and NRF2/NFE2L2 polyclonal anti-
body (16396-1-AP) were purchased from Proteintech. FLAG-synthetic antibody (M2)
was obtained from Sigma-Aldrich. Biotin rabbit mAb (A20684), EP300 rabbit pAb
(A13016), RBBP5 rabbit pAb (A6965), and mouse anti-His tag antibodies (AE003) were
purchased from ABclonal. HMOX1 Rabbit pAb (380753) was obtained from Zen-biosci-
ence. Homemade histone H3 Lysine 4 methylation antibodies were generated as previ-
ously described [77]. The scFv antibodies BG4 and BG4-EGFP were purified using the
pSANGI0 expression vector according to the published protocols [21, 56]. The specific-
ity of purified BG4 and BG4-EGFP to G4 has been confirmed in a previous study [21].
Recombinant pA-Tn5 purification and pA-Tn5 transposome assembly were performed
as described previously [21].

Hemin and PplIX extraction from cells and analysis with LC-ESI-MS/MS
Hemin and PpIX were extracted from cells according to a previous study [52] with some
modifications. Briefly, twenty million cells were collected, resuspended with 300 pL of
TE buffer (10 mM Tris-HCIL, 1ImM EDTA at pH 7.2), and shaken for 1 h at room temper-
ature. Samples were pre-chilled on ice and cells were efficiently disrupted with ultrasoni-
cation. Nine hundred microliters of acetonitrile was added to the sample with a 5-min
incubation on a shaker at room temperature. After centrifugation at 2500¢ for 5 min,
the supernatant-containing free porphyrin fraction was collected and analyzed for the
amount of free PpIX and hemin with liquid chromatography with electrospray ioniza-
tion tandem mass spectrometry (LC-ESI-MS/MS). Next, 800 pL of acetonitrile: 1.7 M
HCI (8:2, v/v) was added to the pellet and shaken for 40 min at room temperature to
extract PpIX and heme from the protein and chromatin. Two hundred microliters of sat-
urated MgSO, and 0.1 g of NaCl were added, and shaken for another 5 min. After cen-
trifugation at 2500g for 5 min, the top organic layer was collected to analyze the content
of protein-bound and chromatin-bound PpIX and hemin with LC-ESI-MS/MS.
LC-ESI-MS/MS experiments were performed on a Thermo TSQ Quantis triple-stage
quadrupole mass spectrometer under the positive ion mode. Injections were automati-
cally performed using an UltiMate 3000 HPLC equipped with an autosampler. A Hyper-
sil GOLD C18 HPLC column was used for chromatographic separation at 40°C. The
electrospray ionization was set at 3.5 kV, and the vaporizer temperature was set at 275°C.
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Selected reaction monitoring (SRM) mode was used, and the cycle time is 0.3 s. The
mobile phase was composed of 0.1% formic acid H,O (A) and acetonitrile (B). The gradi-
ent condition was used: 0-0.5 min, 5% B; 0.5-5 min, 5-95% B; 5-7 min, 95% B; 7-8.1
min 95-5% B, 8.1-12 min 5% B. The flow rate was 0.2 mL/min. A volume of 5-10 pL of
each sample was loaded for each analysis. The precursor m/z for PpIX was 564.2 and the
product m/z were 432.28, 490.22, and 505.19 with collision energies of 50.7, 41.86, and
40.93 eV, respectively. Hemin has a precursor m/z of 616 and product m/z of 483.18,
498.14, and 557.21 with collision energies of 55, 52.05, and 38.82 eV.

Bio-layer interferometry assay

Bio-layer interferometry assays were performed using a GatorPrime with Small Mole-
cule, Antibody, and Protein (SMAP) Probes (Gator Bio, 160011), which are high-capac-
ity streptavidin biosensors. Biotin-labeled ssDNA oligonucleotide (5'-[Biotin] GGC
ATA GTG CGT GGG CG-3') and its reverse complement DNA oligo were synthesized
by Sangon Biotech and annealed to form biotin-labeled single-stranded and double-
stranded DNA. Biotin-labeled MYC-G4 oligonucleotide (5’-[Biotin] TGA GGG TGG
GTA GGG TGG GTA A-3'), SPB1-G4 oligonucleotide (5'-[Biotin] GGC GAG GGG
CGT GGC CGG C-3'), hTELO-G4 oligonucleotide (5'-[Biotin] GGT TAG GGT TAG
GGT TAG GGT TAG GGT TAG-3'), and intermolecular hTELO-G4 oligonucleotide
(5'-[Biotin] TTA GGG TTA GGG TTA GGG-3') were synthesized and annealed to form
biotin-labeled parallel, antiparallel, mixed parallel/antiparallel, and intermolecular G4
structures. Kinetic titration series were performed in the interaction buffer (PBS with
0.5% DMSO and 0.02% Tween-20). PpIX and hemin were serially diluted with the inter-
action buffer from 20 to 1.25 uM and 8 to 0.5 puM, respectively. The SMAP biosensors
were hydrated in the interaction buffer for 10 min at 25 °C. Following the initial 120-s
baseline, the SMAP biosensors were loaded with the biotin-labeled G4 for 300 s. Redun-
dant probes were removed by a 120-s baseline adjustment. To measure the interaction
between porphyrins and G4, the duration time of association and dissociation were set
to 120 s for PpIX and 300 s for hemin. One biosensor recorded the kinetic titration series
by sequentially interacting with increasing concentrations of porphyrins, with dissocia-
tion between each sample concentration. Meanwhile, one sensor recorded the buffer ref-
erence signal and two sensors were used as sensor reference. Sensorgrams and sensor
signals were analyzed by the Gator Part11 Software.

Synthesis and purification of Biotin-PEG4-hemin

Synthesis and purification of biotin-PEG4-hemin were performed as previously reported
[78] with minor modifications. Hemin and biotin-PEG4-hydrazide (CAS: 756525-97-0,
Aladdin) were dissolved in DMF and DMSO at 4.4 and 68 mg/mL, respectively. A vol-
ume of 250 pL of hemin was mixed with 5 pL of biotin-PEG4-hydrazide and 1.4 mg of
DCC (CAS: 538-75-0, Aladdin). Then the mixture was incubated on a shaker in the dark
for 3 h at room temperature. Next, 5% pyridine (CAS: 110-86-1, Aladdin) was added to
the sample and the mixture was applied to a CDS Empore C18 Extraction Disks. The
biotin-PEG4-hemin was eluted with a gradient of 40-90% acetonitrile in the presence of
0.1% TFA. After vacuum freeze-drying, the sample was dissolved in a small amount of
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DMSO and stored at —80°C. LC-ESI-MS/MS was used to assay the synthesis of biotin-
PEG4-hemin. The precursor m/z for biotin-PEG4-hemin was 1103.45, and the product
m/z were 616.25 and 666.22 with collision energies of 55 eV for both.

In situ profiling of hemin binding sites in the genome using biotin-PEG4-hemin-based
capture sequencing

Biotin-PEG4-hemin was combined with the Tn5-based CUT&Tag strategy to identify
hemin binding sites in the genome. Briefly, one million HEK293T or HeLa cells were
resuspended in NE1 buffer (20 mM HEPES at pH 7.9, 10 mM KCl, 0.5 mM spermi-
dine, 0.1% Triton X-100, 20% Glycerol, 1x protease inhibitors) and incubated on ice
for 10 min. After centrifugation at 1300g for 10 min, nuclei were isolated and col-
lected. These nuclei were washed once with PBS and resuspended with 100 uL wash
buffer (20 mM HEPES at pH 7.5, 150 mM KCl, 0.5 mM spermidine, 1x protease
inhibitors). Ten microliters pre-activated concanavalin A-coated magnetic beads
(Smart-Lifesciences) were added to these nuclei and incubated on a rotator for 10 min
at room temperature. The supernatant was removed, and bead-bound nuclei were
resuspended in 100 uL dig-wash buffer (0.05% digitonin, 20 mM HEPES at pH 7.5, 150
mM KCI, 0.5 mM spermidine, 1x protease inhibitors) containing 2 mM EDTA. Bio-
tin-PEG4-hemin was added to the sample to a final concentration of 3 uM and rotated
overnight at 4°C in the dark. To verify the signal specificity, Biotin-PEG4-hemin was
competed with 20 uM TMPyP4. These nuclei were washed three times in 200 pL dig-
wash buffer to remove unbound biotin-PEG4-hemin. Next, anti-biotin rabbit mAb
was diluted 100-fold in 100 pL dig-wash buffer with 2 mM EDTA and was added to
the nuclei with 1-h rotation at room temperature. For the control sample, IgG was
used to replace anti-biotin antibody. After washing once with dig-wash buffer, these
nuclei were resuspended with 100 pL dig-wash buffer with 2 mM EDTA and 1 pL of
mouse anti-rabbit IgG, incubated for another hour at room temperature, and further
washed three times with dig-wash buffer. A 1:250 dilution of pA-Tn5 adapter complex
(~0.2 uM) was prepared in 100 uL dig-300 buffer (0.05% digitonin, 20 mM HEPES at
pH 7.5, 300 mM KCI, 0.5 mM spermidine, 1x protease inhibitors) and added to the
nuclei followed by 1-h rotation at room temperature in the dark. After five washes
with dig-300 buffer, the bead-bound nuclei were resuspended with 40 pL of tagmenta-
tion buffer (10 mM TAPS-NaOH at pH 8.5, 10 mM MgCl,, 7.5% DMF) and incubated
at 37°C for 1 h. To terminate the tagmentation reaction, 1.5 pL of 0.5 M EDTA, 0.5 pL
of 10% SDS, and 1 pL of 20 mg/mL proteinase K were added and incubated at 55°C
for 1 h and then for 15 min at 75°C. The DNA was extracted with Sera-Mag carbox-
ylate-modified magnetic beads (GE Healthcare) for library preparation. Twenty-one
microliters DNA was mixed with a universal i5 and a uniquely barcoded i7 primer
and amplified with NEB Q5 high-fidelity 2x master mix. The libraries were purified
with 0.56—-0.85x volume of Sera-Mag carboxylate-modified magnetic beads and sub-
jected to Bioanalyzer DNA analysis and [llumina sequencing.

Reads were aligned to human (UCSC /g38) genome with Bowtie2 version 2.2.6 [79],
using parameters: --local --very-sensitive --no-mixed --no-discordant --phred33 -1 10
-X 700. The aligned reads were normalized with total reads aligned (reads per million,
r.p.m.). The track files were made with the bamCoverage command from deeptools
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3.3.1 [80]. Peaks were called using the IgG controls and MACS2 version 2.1.2 [81]
with default parameters and a p-value cutoff of 1E—7. The distribution of hemin bind-
ing peaks was annotated with ChIPpeakAnno. To perform the motif analysis, the
summits of the called hemin binding peaks were extended to 50 bp to fetch the DNA
sequences, and MEME-ChIP [82] was used. Heatmaps were made for the indicated
windows using the average coverage (r.p.m.).

Genome-wide mapping of endogenous G4-hemin complexes using a G4 self-biotinylation
reaction

Identification of endogenous G4-hemin binding sites in the genome was performed
using a previously reported self-biotinylation reaction [55] in combination with the Tn5-
based CUT&Tag strategy. Briefly, HEK293T cells were treated with or without 80 uM
Hemin for 2 h. To verify the signal specificity, hemin was displaced with 80 uM TMPyP4
or PDS [12] for another 2 h. The nuclei were isolated from one million cells and resus-
pended with 100 pL dig-wash buffer (0.05% digitonin, 20 mM HEPES at pH 7.5, 150 mM
KCl, 0.5 mM spermidine, 1x protease inhibitors) containing 1 pL of 1 mg/mL RNase
A and 3 mM biotin tyramide. Ten millimolars H,O, was added, and the reaction was
performed for 3 min on a shaker at room temperature [55]. The reaction was quenched
with PBS solution containing 5 mM Trolox and 10 mM sodium ascorbate and washed
with wash buffer (20 mM HEPES at pH 7.5, 150 mM KCI, 0.5 mM spermidine, 1x pro-
tease inhibitors). The nuclei were resuspended with 100 uL wash buffer and conjugated
to 10 pL pre-activated concanavalin A-coated magnetic beads (Smart-Lifesciences). The
bead-bound nuclei were washed three times with dig-wash buffer to remove redundant
biotin tyramide and incubated with 50 pL dig-wash buffer containing 2 mM EDTA and
0.5uL of anti-biotin rabbit mAb overnight at 4°C. After washing once, these nuclei were
resuspended with 100 pL dig-wash buffer with 2 mM EDTA and 1 pL of rabbit anti-
mouse IgG and incubated for another hour at room temperature. The nuclei were fur-
ther washed three times with dig-wash buffer and tagmented with the pA-Tn5 adapter
complexes. The tagmented DNA was used for library preparation and Illumina sequenc-
ing. The CUT&Tag sequencing reads were aligned to the human genome (UCSC /g38)
using Bowtie2 version 2.2.6 [68] with parameters: --local --very-sensitive --no-mixed
--no-discordant --phred33 -I 10 -X 700. The reads were further normalized with total
reads aligned (reads per million, r.p.m.). Peaks were called using the IgG controls and
MACS2 version 2.1.2 [81] with default parameters and a p-value cutoff of 1E—7. Heat-
maps were made for the indicated windows using the average coverage.

G4-CUT&Tag and R-loop CUT&Tag
G4-CUT&Tag and R-loop CUT&Tag were performed as previously described [21, 61].
Briefly, one million cells were resuspended with NE1 buffer by gentle pipetting and
incubated on ice for 10 min. The nuclei were isolated and conjugated to 10 pL pre-acti-
vated concanavalin A-coated magnetic beads (Smart-Lifesciences). The bead-bound
nuclei were resuspended in 50 pL of dig-wash buffer and incubated with 5 pL 0.1 mg/mL
BG4 primary antibody or 2 pg recombinant GST-His6-2xHBD protein. For the control
samples, IgG was used to replace the BG4 antibody or GST-His6-2xHBD. After over-
night incubation at 4°C, the liquid was removed and the bead-bound nuclei were washed
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once with dig-wash buffer. The Anti-Flag M2 or anti-HisTag antibody (1:100 dilution)
were used to bind with BG4 primary antibody or GST-His6-2xHBD. The nuclei were
washed with dig-wash buffer and the Rabbit anti-mouse IgG were used to bind with the
Anti-Flag M2 or anti-HisTag antibody. Bead-bound nuclei were briefly washed three
times with 200 pL of dig-wash buffer and tagmented with pA-Tn5 adapter complex for
library preparation [21, 58].

G4-CUT&Tag and R-loop CUT&Tag reads were aligned to the human genome (UCSC
hg38) and Escherichia coli genome with Bowtie2 version 2.2.6 [79], using parameters:
--local --very-sensitive --no-mixed --no-discordant --phred33 -I 10 -X 700. The aligned
reads were normalized with total reads aligned (reads per million, r.p.m.) and spiked-in
E. coli reads. The track files were made with the bamCoverage command from deeptools
3.3.0 [80]. Peaks were called using MACS2 version 2.1.2 with default parameters [81],
and a p-value cutoff of 1IE—5. Heatmaps were made for the indicated windows using the

average coverage.

Chromatin immunoprecipitation sequencing with reference exogenous genome (ChIP-Rx)
ChIP-Rx was performed with 1x10” human cells and 1x10°® MEF cells for spike-in nor-
malization as described in a previous study [21]. For immunoprecipitation, sonicated
chromatin was incubated with 10 pg of specific antibodies and 15 pL of pre-blocked
Protein A/G beads (Smart-Lifesciences). After extensive washes, the captured DNA was
eluted for library preparation using the NEBNext Ultra II DNA library prep kit for Illu-
mina before sequencing on a NovaSeq 6000. ChIP-Rx reads were aligned to the human
genome (UCSC /g38) and mouse genome (mmlI0) with Bowtie2 version 2.2.6 [79],
using parameters: --local --very-sensitive. The resulting reads were normalized with
the aligned mouse reads. The aligned human BAM files were normalized and converted
to bigwig files for visualization in the UCSC Genome Browser. Peaks were called using
MACS?2 version 2.1.2 with default parameters [81]. MEME-ChIP [82] was used to fur-
ther analyze peak region motifs. Heatmap and metaplots were made for the indicated
windows using the average coverage (r.p.m.).

Quick precision run-on sequencing (qQPRO-seq)

qPRO-seq was performed as previously reported [21, 62], and qPRO-seq libraries were
sequenced on the NovaSeq 6000 platform. qPRO-seq reads were aligned to the human
hg38 genome with Bowtie version 1.1.2 [83]. UMI-tools was used to extract UMIs and
remove duplications [84]. The resulting reads were normalized to total reads used for
alignment (reads per million, r.p.m.) and converted to bigwig files for visualization in the
UCSC Genome Browser. Heatmap and metaplots were made for the indicated windows
using the average coverage (r.p.m.).

mRNA sequencing (mMRNA-seq)

Following hemin treatment for 6 h, cells were collected and lysed with Trizol reagent.
Total RNA was extracted according to the manufacturer’s instructions. One microgram
total RNA was spike-in with 100 ng Drosophila S2 RNA and was further used for mRNA
isolation with VAHTS mRNA Capture Beads (Vazyme, N401) following the manu-
facturer’s instructions. Library preparation was performed with the NEBNext Ultra II
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Directional RNA Library Prep Kit, followed by sequencing on a NovaSeq 6000. RNA-
seq reads were aligned to the human genome (UCSC /hg38) or mouse genome (mm10).
Alignments were processed with HISAT2 [85], allowing only uniquely mapping reads
with up to three mismatches within the 150-bp reads. The read counts across each
gene were counted with featureCounts version 2.0.0, and DESeq2 was used to perform
the differential gene expression analysis [86]. To estimate the fold changes based on
the Drosophila spike-in RNA, size factors were calculated on the counts of the Dros-
ophila genes and applied to the human gene counts before fold change estimation with
DESeq2. Heatmaps were generated using R package 3.4.3 with normalized counts from
DESeq2. Gene ontology enrichment was analyzed with Metascape [67] for upregulated
and downregulated genes in response to hemin treatment.

Immunofluorescence microscopy and analysis

HeLa cells or mouse primary hepatocytes were seeded on a coverslip and cultured for
24 h before treatment. Cells were then fixed with pre-chilled methanol for 10 min. After
three washes with PBS, cells were permeabilized with 0.1% Triton X-100 in PBS buffer
for 15 min and blocked with 8% BSA in PBS for 1 h. Next, cells were incubated with 2
pg recombinant BG4-EGFP antibody in 2% BSA for 2 h and washed five times for 1 h
with 0.1% Tween 20 in PBS under gentle rocking. For nuclear staining, cells were incu-
bated with 2 pg/uL of DAPI (4,6-diamidino-2-phenylindole, dihydrochloride) (Thermo
Fisher Scientific, D1306) for 15 min. After mounting, slides were imaged with a Leica
SP8 microscope. EGFP was excited by the 488-nm laser line, and the fluorescence was
detected in the range of 498—545 nm. The 405-nm laser line was used to excite DAPI,
and the emission between 413 and 462 nm was collected. For each group, images of
about 6 fields of vision were taken for every sample without Z-stack under fixed laser
line intensity. For quantification of G4 intensities, the same number of nuclei in each
group were randomly selected to calculate the mean fluorescence intensities of nuclear
G4s by dividing the total intensities of BG4-EGFP with DAPI-marked nuclear area using
the Leica LASX software. The same set of samples was imaged and processed in one
batch to reduce experimental variation. The G4 staining profile of HeLa cells is available
for download from figshare repository (https://doi.org/10.6084/m9.figshare.21608112.v1
[87] and https://doi.org/10.6084/m9.figshare.21608100.v1 [57]).

Reporter gene assays

Putative G4-forming regions in the promoters of NPM1, SRSF4, HSPA8, H2AX, and
SERBPI, showing signal enrichments in G4-CUT&Tag, were inserted into the pGL3
basic luciferase reporter vector (Promega). HEK293T cells were seeded in 24-well plates
and transfected with or without these recombinant plasmids. Two hours post-transfec-
tion, ALA, PpIX, or hemin were added to the medium. Then the cells were cultured for
another 24 h before assaying for luciferase activity with the firefly luciferase assay kit (US
Everbright Inc.) following the manufacturer’s instructions.

Quantitative RT-PCR analysis
Cells were lysed with Trizol reagent, and total RNA was extracted according to the

manufacturer’s instructions. Reverse transcription was performed using the ReverTra
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Ace qPCR RT Master Mix from Toyobo life science (FSQ-301). Real-time PCR was per-
formed with ChamQ Universal SYBR qPCR Master Mix (Vazyme, Q711-02). Samples
were amplified with primers for murine Hmox1 gene (forward: 5'-AAG CCG AGA ATG
CTG AGT TCA-3/; reverse: 5'-GCC GTG TAG ATA TGG TAC AAG GA-3') and 18S
rRNA (forward: 5-TGT GCC GCT AGA GGT GAA ATT-3/; reverse: 5'-TGG CAA
ATG CTT TCG CTT T -3') as a reference gene. The cycle threshold Ct values were
normalized to the 185 rRNA curve. PCR experiments were performed in triplicate and
standard deviations were calculated and displayed as error bars.

Isolation and culture of mouse primary hepatocytes

Isolation and culture of mouse primary hepatocytes were performed using a two-step
perfusion method as previously published [69, 70] with some modifications. Eight-week-
old C57BL/6 mice were used in this experiment. The anesthetized mice were placed
on the dissection trap, and their limbs were secured using needles. A “U”-shaped inci-
sion was made through the skin, and both the portal vein and vena cava were exposed.
Then the inferior vena cava was cannulated, and the liver was perfused with 20 mL of
EGTA-containing buffer-I (2 mM glutamine, 0.5% glucose, 25 mM HEPES, 2 mM EGTA
diluted in PBS) to wash out the blood and circulating cells from the liver as well as to
eliminate calcium via EGTA. Next, 0.3 mg/mL collagenase type IV (Sigma-Aldrich) in
Ca*"-containing buffer-II (2 mM glutamine, 0.5% glucose, 25 mM HEPES, 3 mM CaCl,
diluted in Williams E medium) was perfused to the liver to digest collagen in the extra-
cellular matrix, thereby facilitating cell dispersion. The liver was gently dissected and
transferred to a 10-cm plate. Collagenase-containing Ca?*-containing buffer-II was
added to the plate, and the liver was ruptured by fine tip forceps and gentle pipetting.
The suspension was filtered through a 70-um cell strainer and ice-cold Ca®*-containing
buffer-II was used to rinse the plate and added to the cell strainer. After centrifugation
at 4°C, 50g for 3 min, the supernatant was removed and the hepatocyte-containing pel-
let was washed three times with ice-cold Ca*"-containing buffer-II. The isolated hepato-
cytes were resuspended with Williams E medium supplemented with 10% fetal bovine
serum, 50 U/mL penicillin, 50 pg/mL streptomycin, 5 pg/mL insulin, and 50 uM hydro-
cortisone hemisuccinate. After counting living cells, these hepatocytes were plated on
collagen-coated cell culture plates/wells. After being grown at 37°C with 5% CO,, the
cells were rinsed with PBS and cultured in fresh medium overnight. The next day, cells
were treated with hemin for immunofluorescence and RNA sequencing. The G4 stain-
ing profile used in our study is available for download from figshare (https://doi.org/10.
6084/m9.figshare.21608127.v1 [88]).

Adeno-associated viral (AAV) production and transduction

The shRNA targeting murine Hmoxl was constructed using the AAV-U6sgRNA (Sapl)-
hSyn-GFP-KASH-bGH vector (Addgene #60958). The sequence of shHmoxl was
5/-ACC GAG CCA CAC AGC ACT ATG TAA ATT CAA GAG ATT TAC ATA GTG
CTG TGT GGC TTT TTT TG-3'. For the production of recombinant AAV, HEK293T
cells were seeded in 150-mm plates and co-transfected with pAAV-shHmox1, pAAV2/8-
RC, and pHelper (1:1:1 molar ratio) using PEI MAX 40K (PolySciences). Seventy-two
hours post-transfection, the cell culture supernatants were harvested, filtered with a
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0.22-um filter, and were further concentrated with Amicon Ultra-15 centrifugal fil-
ters (Millipore). The titer of recombinant AAV was determined by quantitative PCR
as previously published [89]. To detect AAV knockdown efficiency, recombinant AAV
viruses were used to transduce to the MEF cells. MEF cells were seeded in a 6-well plate
and transduced by AAV with a multiplicity of infection (MOI) of 100,000 vgs per cell.
Twenty-four hours post-transduction, cells were washed three times with PBS and cul-
tured for another 48 h before collection. The cells were then analyzed by quantitative
RT-PCR and western blot with an anti-HMOX1 antibody.

Knockdown of Hmox1 by AAV in vivo

Eight-week-old C57BL/6 mice were injected with the recombinant AAV (5x10'! viral
genome AAV8-shNC and AAV8-shHmox1 diluted to 200 pL with PBS) through tail vein
injection. Serum alanine aminotransferase (ALT) was monitored with the ALT assay
kit (Nanjing Jiancheng Bioengineering Institute, C009) following the manufacturer’s
instructions. Mice exhibiting increased serum ALT levels were euthanized, and their
liver tissues were dissected for HmoxI RT-PCR analysis or hemin quantification. Col-
lected mouse liver tissues were fixed with 4% neutral buffered formalin and embedded
in paraffin. After deparaffinization, the sections were sequentially stained with the alum
hematoxylin and eosin. Following dehydration and clearing, the sections were mounted
in neutral balsam and imaged with Vectra 3 automated quantitative pathology imaging
system (Akoya Biosciences). All animal experiments were conducted according to the
guidelines of the ethics committee of the animal facility, Wuhan University. All mice
were specified as pathogen-free and were housed under controlled temperature and
light conditions following the animal care guidelines.

Quantification and statistical analysis

Data are presented as Mean & SD. The peak or gene size (N) in the heatmaps and scatter
plots indicates the number of peaks or genes included. The sample sizes () in the fig-
ure legends indicate the number of replicates in each experiment. Statistical analyses in
Fig. 3B-D, F-H, Figs. 4G-I, S3E, S5A, S5C, and S5D were performed by unpaired Stu-
dent’s ¢ test and the p values were denoted in each figure. The nested ¢-test was used for
statistical analysis in Fig. 7B. Kolmogorov-Smirnov test (K-S test) was used for statistical
test in Figures S3H and S3]J.
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