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ABSTRACT

Double-stranded DNAs are usually present in the
form of linear B-form double-helix with the base pairs
of adenine (A) and thymine (T) or cytosine (C) and
guanine (G), but G-rich DNA can form four-stranded
G-quadruplex (G4) structures, which plays impor-
tant roles in transcription, replication, translation and
protection of telomeres. In this study, a RNA recog-
nition motif (RRM)-containing protein, BmLARK, was
identified and demonstrated to bind G4 structures in
the promoters of a transcription factor BmPOUM2
and other three unidentified genes of Bombyx mori,
as well as three well-defined G4 structures in the hu-
man genes. Homologous LARKs from Bombyx mori,
Drosophila melanogaster, Mus musculus and Homo
sapiens bound G4 structures in BmPOUM2 and other
genes in B. moriand H. sapiens. Upon binding, LARK
facilitated the formation and stability of the G4 struc-
ture, enhancing the transcription of target genes.
The G4 structure was visualized in vivo in cells and
testis from invertebrate B. mori and vertebrate Chi-
nese hamster ovary (CHO) cells. The results of this
study strongly suggest that LARK is a novel and
conserved G4-binding protein and that the G4 struc-
ture may have developed into an elaborate epigenetic
mechanism of gene transcription regulation during
evolution.

INTRODUCTION

The genetic DNA molecule is usually present in a double-
helix structure with strict base pairings between adenine
(A) and thymine (T) and between cytosine (C) and gua-
nine (G) (1). However, when multiple Gs or Cs continuously
and tandemly exist in double-stranded DNA (dsDNA) or
single-stranded DNA (ssDNA), the DNA molecule has
been shown to form G-quadruplex (G4) or i-motif sec-
ondary structures, respectively (2,3). The G4 structure is
formed by stacked G-tetrads, which are square co-planar
arrays of four G bases stabilized by a monovalent cation,
such as K* (4). Correspondingly, the complementary strand
of the G4 structure can form an i-motif structure, which is
formed by intercalated hemi-protonated C-C (C-C™) base
pairs under acidic conditions (5), at a neutral pH by molecu-
lar crowding of the cosolutes (6) or under high pressure (7).
These non-linear and non-B-form double-helix secondary
structures have been found in promoter regions, replication
initiation sites, telomeres and mRNA molecules (8-11) and
play important roles in the regulation of gene transcrip-
tion (12), DNA replication (9), protein translation (11) and
telomere protection (10). Recent studies in vertebrates and
invertebrates suggest that changes in G4 or i-motif struc-
tures could lead to changes in gene transcription (13,14).
Thus, the existence and function of secondary structures in
DNA and RNA molecules provide a novel epigenetic mech-
anism of genetic activity regulation.

G4 structures have been identified and well character-
ized in vitro in chromosome telomeres and promoter regions
of human genes, including ¢-M YC, VEGF, c-kit and bcl-2
(12,15-17). Recently, G4s have also been identified in inver-
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tebrates, including Drosophila and silkworm (14,18). Bioin-
formatic analyses predict the presence of numerous G4
structures in various genomes. The human genome might
have over 700 000 distinct G4 motifs (19). In silkworm, 3174
G4 motifs have been predicted (14). However, most G4 mo-
tifs are predicted based on sequence analyses and have not
been visually demonstrated in vivo.

In humans, over 40% of genes have one or more G4 struc-
tures in their promoter regions (20). By using G4-ChIP-seq
with an engineered G4 antibody (BG4), ~10 000 G4 struc-
tures mainly located in regulatory and nucleosome-depleted
regions were marked in human chromatin (21). The stabi-
lization or destruction of G4 structures affects the in vivo
gene transcription of some oncogenes, such as the human
genes c-M YC (12), KRAS (22) and c-kit (23) and the ze-
brafish genes col2al, fdz5, and nog3 (24).

To elucidate the possible functional mechanism of G4
structures in diverse biological processes, substantial efforts
have been made to identify G4 structures and their binding
proteins. hPARP-1, which was the first G4-binding protein
identified, mediates transcriptional regulation and telomere
end protection in humans (25). Nucleolin (26), Rifl (27),
Subl1 (28), CNBP (29) and SLIRP (30) have also been found
to bind G4 structures in different genes, while hnRNP Al
and hnRNP A2 specifically bind unfolded G4 sequences
(31,32). These findings suggest that G4 structures are reg-
ulated by different proteins. However, in vivo experimental
data are still needed.

In our previous study, we found that there is a G4 struc-
ture in the reverse strand of the BmPOUM?2 promoter (14).
Here, we report that the RNA recognition motif (RRM)-
and CCHC-type zinc finger-containing protein BmLARK
and its homologues specifically bind G4 structures in the
promoter of the BmPOUM?2 transcription factor and that
different forms of G4s in genes of Bombyx mori and other
species regulate the transcription of target genes. The ex vivo
existence of G4 structures was visualized in invertebrate and
vertebrate cells.

MATERIALS AND METHODS
Insect and cell lines

Silkworm B. mori strain Dazao was provided by the Re-
search and Development Center of the Sericultural Re-
search Institute of the Academy of Agricultural Sciences
of Guangdong Province, China. Larvae were raised on
fresh mulberry leaves at 26°C under a 14/10 h light/dark
photoperiod. The B. mori cell line DZNU-Bm-12 (Bm12),
which was originally developed from ovarian tissues (33),
was maintained at 28°C in Grace medium (Gibco, New
York, USA) supplemented with 10% FBS. The CHO (Chi-
nese hamster ovary) cell line was maintained at 37°C in F-
12K Nutrient Mixture medium (Gibco, New York, USA)
supplemented with 10% FBS.

Protein pull-down and liquid chromatography—tandem mass
spectrometry (LC-MS/MS) analyses

The protein pull-down assay was conducted as described in
a previous study (14). Nuclear proteins from larval wing
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disc cells were extracted using NE-PER Nuclear and Cy-
toplasmic Extraction Reagents according to the manufac-
turer’s instructions (Thermo Scientific, MA, USA). The
protein concentration was determined using a BCA Protein
Assay Reagent Kit (Thermo Scientific, MA, USA). DNA
oligonucleotide sequences containing G4 structures were
heated at 95°C for 10 min in 50 mM Tris buffer at pH 7.5
with 100 mM KCI and then slowly cooled to room temper-
ature over 4 h. Single-stranded biotinylated DNA oligonu-
cleotides (20 wg) were incubated with 100 g streptavidin-
coated Dynabeads (Life Technologies, California, USA) in
400 w1 binding buffer (10 mM Tris, pH 7.5, 1 mM EDTA, 1
M NacCl, and 0.003% NP40) for 30 min at room temperature
under constant and slow rotation. After twice washed with
binding buffer, the immobilized DNA was incubated for 30
min in 400 wl blocking buffer (2.5 mg/ml BSA, 10 mM
HEPES, pH 7.6, 100 mM potassium glutamate, 2.5 mM
DTT, 10 mM magnesium acetate, 5 mM EGTA and 3.5%
glycerol with 0.003% NP40 and 5 mg/ml polyvinyl pyrroli-
done). Then, 100 pg of nuclear proteins was incubated with
the immobilized DNA for 4 h at 4°C in 400 p.l protein bind-
ing buffer (10 mM HEPES, pH 7.6, 100 mM potassium glu-
tamate, 80 mM KCIl, 2.5 mM DTT, 10 mM magnesium ac-
etate, 5 mM EGTA and 3.5% glycerol with 0.001% NP40
and 1 pg non-specific DNA) under constant and slow ro-
tation. After 4 h, the DNA /protein complexes were washed
three times with 400 pl washing buffer (10 mM HEPES, pH
7.6, 100 mM potassium glutamate, 2.5 mM DTT, 10 mM
magnesium acetate, 5 mM EGTA, 3.5% glycerol, 0.5 mg/ml
BSA and 0.05% NP40). The proteins bound to the DNA
were eluted with 20 wl SDS-PAGE sample buffer (50 mM
Tris, 100 mM DTT, 2% SDS, 0.1% bromophenol blue, and
10% glycerol). The eluted proteins were subjected to 12%
SDS-PAGE. The gels were stained with Coomassie Brilliant
Blue R-250 for more than 4 h and destained with destaining
solution (10% acetic acid, 5% ethanol and 85% water). The
different protein bands were excised and analysed for pro-
tein identification by Huijun Biotechnology (Guangzhou,
China) using liquid chromatography—tandem mass spec-
trometry (LC-MS/MYS). A full report of LC-MS/MS data
is provided as supplementary data.

Expression and purification of recombinant BmLARK pro-
tein

Total RNA extraction from the Bml2 cells and reverse
transcription were conducted using a previously described
method (34). The BmLark open reading frame (ORF)
fragment was amplified using cDNA cloned from Bml2
cells with the 5-GAATTCATGCCGGGCACCGGTACT-
3’ forward primer and 5-GCGGCCGCTTAATAAGGC
GCATATCTTCTTGAC-3' reverse primer (the restriction
enzyme sites are underlined). The obtained DNA fragment
was then sub-cloned into the pGEX-6P-1 vector between
the EcoR I and Not I restriction enzyme sites to generate
the BmLARK-pGEX-6P-1 recombinant expression vector.

The recombinant BmLARK protein was expressed in
Escherichia coli cells (BL21) that were grown in Luria-
Bertani (LB) medium containing 100 pg/ml ampicillin at
18°C with a 12 h induction by 0.1 mM isopropyl-B-D-
thiogalactoside (IPTG). The cells were collected by centrifu-
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gation and re-suspended in phosphate-buffered saline (PBS)
(136 mM NaCl, 1.1 mM K,;HPOy4, 2.7 mM KCI and 8.0
mM Na,HPOy,, pH 7.4). The suspension was centrifuged
at 10 000 g at 4°C for 5 min after being lysed by soni-
cation. The GST-LARK proteins were purified from the
supernatant using BeyoGold™ GST-tag Purification Resin
(Beyotime, Beijing, China) according to the manufacturer’s
recommended procedures. The other recombinant proteins
(DmLARK, MmLARK, HsSLARK, RRM1-2, RRM2 and
ZnF regions of BmLARK) were expressed and purified us-
ing the same method. The ORF of RRM1 domain was sub-
cloned into the pET32a vector and purified using a His-
Bind Kit according to the manufacturer’s instructions (No-
vagen, Darmstadt, Germany). To remove the glutathione
and imidazole, the purified proteins were dialysed (25 kDa
molar weight cut-off membrane) against 20 mM Tris—HCI
buffer (pH 7.5) at 4 °C overnight. The protein concentra-
tion was determined using a BCA Protein Assay Reagent
Kit (Thermo Scientific, MA, USA). The purified proteins
were examined by using SDS-PAGE (Supplementary Fig-
ure S1).

Antibody preparation of BmLARK and western blot

Anti-LARK antibodies were prepared by Biogot Technol-
ogy (Nanjing, China). In short, the soluble GST-BmLARK
was purified using GST-tag purification resin. The purified
recombinant GST-BmLARK was mixed with Freund’s ad-
juvant and injected into New Zealand White rabbits. An-
tisera were collected and purified after five booster injec-
tions. For Western blot, protein extracts were separated in
12% SDS-PAGE and transferred to a nitrocellulose mem-
brane. The membrane was blocked with 3% bovine serum
albumin (BSA) in Tris-buffered saline Tween (TBST) (10
mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.05% Tween 20)
for 2 h at room temperature, and then incubated with
the anti-BmLARK antibody in a dilution of 1:2000 at
4°C overnight, and then incubated 1 h at room tempera-
ture with the second antibody of horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG in a dilution of
1:5000 (Dingguo Biotechnology, Guangzhou, China). Im-
munoreactivity was detected by Enhanced Chemilumines-
cence (ECL) (Invitrogen, CA, USA). The membranes were
washed with TBST three times, each for 5 min before color
development.

Electrophoretic mobility shift assay (EMSA) of protein—
DNA binding

An EMSA was conducted using a Light Shift Chemilumi-
nescent EMSA Kit (Thermo Scientific, MA, USA). The
wild-type and mutant oligonucleotides were labelled with
biotin at the 5'-end, heated at 95°C for 10 min in 50 mM Tris
buffer at pH 7.5 with or without KCI and slowly cooled to
room temperature over 4 h. The oligonucleotides labelled
with biotin at the 5-end were synthesized by Invitrogen
(CA, USA).

The binding reactions were performed according to the
EMSA Kit instructions. Briefly, the reactions were con-
ducted in a 20 pl mix [1 x binding buffer (10 mM Tris,
50 mM KCI, 1 mM DTT, pH 7.5), 2.5% glycerol, 0.05% NP-

40, 5 mM MgCl,, 4 mM EDTA, 780 nM (1 pg) purified re-
combinant LARK protein, and 20 fmol of an end-labeled
biotinylated probe] at room temperature for 20 min. For
the competition assay, cold probes (same DNA sequences
but not biotinylated) were added to the binding reaction.
For the pyridostatin (PDS) treatment, different concentra-
tions (0.25, 0.5 and 1 M) of PDS were incubated with 20
fmol end-labelled biotinylated probe for 30 min before the
binding reaction. Then, the samples were separated on a 4%
polyacrylamide gel on ice at 100 volts for 1.5 h. After elec-
trophoresis, the gel was blotted onto a positively charged
Nylon membrane (Amersham Biosciences, Boston, USA).
Then, the membranes were developed using a Light Shift
Chemiluminescent EMSA Kit according to the manufac-
turer’s protocol. The oligonucleotide probes used in this
study are shown in Supplementary Table S1.

Microscale thermophoresis (MST)

The DNA oligonucleotides were labelled with Cy5 and
heated at 95°C for 10 min in 50 mM Tris buffer at pH 7.5
with 100 mM KCI and slowly cooled to room temperature
over 4 h. The purified BmLARK with varying concentra-
tions (from 2.93 to 6000 nM) was incubated with 25 nM of
the labeled G4 structures at room temperature for 20 min in
buffer containing 20 mM Tris (pH 7.5), 100 mM NaCl and
0.05% Tween-20. MST analysis was performed using stan-
dard Capillaries from Nanotemper and with LED 60% and
40% MST power, on the Monolith NT.115 (NanoTemper
Technologies GmbH, Munich, Germany) at 24°C. All ex-
periments were repeated three times for each measurement.
Data analyses were carried out using NanoTemper analysis
software.

Polymerase stop assay

The polymerase stop assay template was designed accord-
ing to the POUM2 G4 sequence 5-GTGCGGGGCGCG
AGGGGGCCGAGGGGCGGGGCAA-3. The template
DNA was annealed in annealing buffer (50 mM Tris—-HCI,
pH 7.4 and 100 mM KCI) by heating at 95°C for 10 min,
followed by slow cooling to room temperature. The 5'-TC
GTTACTCGATTGCCCCG-3 primer was 5'-labelled with
FAM, and a PCR reaction was performed with different
amounts of PDS. The PCR reaction contained (25 pl to-
tal volume) 2.5 wl PCR buffer, 0.25 pl of each primer (100
M final concentration), 0.5 wl of the template DNA sam-
ples (5 wM), 2 ul ANTPs (2.5 mM), 2 U Taq polymerase,
and different amounts of PDS. The mixtures were incubated
at 95°C for 3 min, followed by 30 cycles at 95°C for 30 s,
60°C for 30 s and 72°C for 30 s. The products were detected
by electrophoresis using a 20% denaturing polyacrylamide
gel. The small molecule compound PDS (MCE, NJ, USA)
used in the polymerase stop assay was dissolved in water
and stored at —20°C.

Chromatin immunoprecipitation (ChIP) assay

The Bml12 cells were crosslinked with 1% formaldehyde
for 10 min at room temperature after transfection with
BmLARK-3x FLAG-EGFP (a terminator codon was



added before the EGFP coding sequence) or EGFP (con-
trol) plasmids for 48 h. Glycine was added to terminate
the fixation, and the cells were washed twice with one
media volume of ice-cold PBS. Cells in 1 ml of ice-cold
PBS and 10 wl Halt Cocktail were collected by scraping.
The cells were centrifuged at 3000 g for 5 min, and the
cell pellet was broken up with extraction buffer contain-
ing protease/phosphatase inhibitors. The nuclei were col-
lected by centrifugation at 9000 g for 3 min and digested
by MNase. Digested chromatin was obtained by sonicat-
ing on ice with several pulses to break up the nuclear mem-
brane with 20 s incubations on ice between the pulses and
then centrifuged at 9000 g for 5 min. An immunoprecipi-
tation experiment was performed with a Pierce™ Magnetic
ChIP Kit (Thermo Scientific, Massachusetts, USA) accord-
ing to the manufacturer’s instruction. Ten micrograms of
either rabbit anti-FLAG antibody (#14793, Cell Signaling
Technology, MA, USA) or normal rabbit IgG (as a control)
(Thermo Fisher Scientific, Massachusetts, USA) was used
for the IP reactions that were incubated overnight at 4°C
with constant mixing. The DNA /protein/antibody com-
plexes were purified by incubation with ChIP Grade Protein
A/G Magnetic Beads for 2 h at 4°C with mixing. The im-
munoprecipitated genomic DNA fragments were amplified
using quantitative real-time PCR (qQRT-PCR) with primers
(Supplementary Table S3). The specificity of the primers
was examined using Primer-BLAST (http://www.ncbi.nlm.
nih.gov/tools/primer-blast/). For the qRT-PCR, the SYBR
Green Kit was used according to the manufacturer’s in-
structions (TaKaRa, Dalian, China). The qRT-PCR reac-
tion contained 10 wl of 2x SYBR Premix Ex Taq, 0.4 pl
of each primer at a final concentration of 10 uM, and 2 .l
of the immunoprecipitated DNA samples in a 20 pl reac-
tion volume. The mixtures were incubated at 95°C for 10
s, followed by 40 cycles at 95°C for 5 s and 60°C for 31 s
using an ABI7300 fluorescence quantitative PCR system.
The enrichment of the promoter sequence in the immuno-
precipitated DNA samples was normalized to the DNA
present in the 10% input material analysed using the 2=44¢t
method (35). The PCR products of the enriched promoters
were confirmed by sequencing at Tsing Ke Biotechnology
(Guangzhou, China). The enriched DNA fragments were
inserted in pUCI118 vector using Blunting Kination Liga-
tion (BKL) Kit (TaKaRa, Dalian, China). The recombinant
vectors were used to transform Escherichia coli (DH5w).
Ten colonies of transformed bacterial were randomly se-
lected for sequencing to check the G4-sequence enrichment.

Circular dichroism (CD) analysis

The CD analyses were performed with a J-815 CD spec-
trometer (Jasco International, Tokyo, Japan). All spectra
were collected at wavelengths ranging from 220 to 350 nm
with a 1 nm step width and a 1 s response time. The
CD spectra represent three averaged scans from the same
sample obtained at room temperature and are baseline-
corrected for the signal contributions due to buffer. The
DNA oligonucleotide sequences were diluted to 5 wM in
50 mM Tris—HCI, pH 7.5. The unannealed ssDNA samples
were incubated with either Tris—HCI, pH 7.5 buffer, protein
dialysis buffer or specified amounts of recombinant Bm-
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LARK protein at room temperature for 30 min to reach
equilibrium prior to the CD spectroscopy. To fold the ss-
DNAs into the G4 conformation, the oligonucleotide was
heated at 95°C for 10 min in 50 mM Tris buffer (pH 7.5) with
100 mM KCI and then slowly cooled to room temperature
over 4 h. The formed G4 structure was incubated with ei-
ther protein dialysis buffer or recombinant protein at room
temperature for 30 min prior to the CD spectroscopy.

RNA interference (RNAi) and overexpression of BmLARK
and PDS treatment

For the BmLARK RNAI in the Bm12 cell line, a 458-bp
unique fragment from nts 198-655 in the BmLARK ORF
was used as a template for synthesizing the gene-specific
dsRNA. The BmLARK dsRNA was synthesized from a
linearized template using the T7 RiboMAXTM Express
RNAI System (Promega, Madison, USA). DsRNA (4 ng)
was transfected into Bml12 cells in Grace Medium with
6 pl Fugene HD transfection reagent in Opti-MEM Re-
duced Serum Medium. For the BmLARK overexpression
in the Bm12 cell line, the BnLARK-3x Flag-EGFP recom-
binant plasmid was constructed, and a terminator codon
was added before the EGFP coding sequence. Thus, the re-
combinant protein is BmLARK-3 x Flag. The BmLARK-
3x Flag-EGFP plasmid (1 pg) was transfected into Bml12
cells in Grace Medium with 4 wl Fugene HD transfection
reagent in Opti-MEM Reduced Serum Medium. The cells
were collected 48 h after transfection. Total RNA extrac-
tion and reverse transcription were conducted as mentioned
above (34). Western blot and qRT-PCR were performed
to detect the overexpression and knock-down efficiencies.
RP49 was used as internal control in qRT-PCR assays. The
Y-axis represents the relative expression levels of the genes
after normalized with the RP49 expression.

Bm12 cells were inoculated into culture media in 12-well
culture plates (Corning, NY, USA) and cultured for 48 h
with or without PDS. Then, the total RNA extraction and
reverse transcription were conducted as mentioned above
(34). qRT-PCR was performed to detect the mRNA lev-
els of BGIBMGAO007142-TA, BGIBMGAO008159-TA and
BGIBMGAO006558-TA, which were predicted to have G4
structures in their promoters. The qRT-PCR reactions con-
tained 10 pl of 2x SYBR Premix Ex Taq, 0.4 pl of each
primer (10 wM final concentration) and 2 pl of the cDNA
samples in a 20 pl reaction volume. The mixtures were in-
cubated at 95°C for 10 s, followed by 40 cycles at 95°C for 5
s and 60°C for 31 s using an ABI7300 fluorescence quanti-
tative PCR system.

Immunostaining G4 structures in cell nuclei and chromatin

Cells grown on glass coverslips were fixed in 4%
paraformaldehyde for 10 min, permeabilized with 0.5%
Triton-X100 at room temperature, and then blocked in
blocking solution (2% bovine serum and 5% goat serum in
PBS) for 1 h at room temperature. After blocking, the cells
were incubated with BmLARK-3x FLAG (10 wg/ml) in a
1:10 diluted blocking solution for 2 h at room temperature.
The primary anti-FLAG antibody (#2368, Cell Signalling
Technology, MA, USA) was incubated at a 1:100 dilution
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in 1:10 diluted blocking solution overnight at 4°C. On the
following day, the cells were incubated with anti-rabbit
Alexa 594-conjugated (A11037, Invitrogen, CA, USA)
secondary antibodies at a 1:50 dilution in a 1:10 diluted
blocking solution for 1 h. The cells were washed with PBS
three times before each procedure. Then, the coverslips
were mounted with Prolong Gold/DAPI (4',6-diamidino-
2-phenylindole) (P36941, Invitrogen, California, USA),
and confocal images were obtained under an Olympus
Fluoview FV1000 confocal microscope.

The whole testis was isolated from the fourth instar lar-
vae, and the fat body, weasand and other associated tis-
sues were dissected in sodium citrate saline. The testis was
fixed for 2 h with Carnot-type fixed solution after three
hypotonic treatments of 0.075 mol//1 KCI for 45 min at
37°C and historrhexis. Then, the testis was transferred to
a poly-lysine-coated slide and dried before washing three
times with 0.4% PBST for 10 min. The tissues were incu-
bated with purified BmLARK protein for 3 h after the slides
were blocked in 1% goat serum for 1 h. After the slides
were washed three times with 0.4% PBST, the primary anti-
BmLARK antibody was incubated at a 1:2000 dilution in
1% goat serum overnight at 4°C. Then, the anti-rabbit Alexa
594-conjugated (A11037, Invitrogen, California, USA) sec-
ondary antibody was added after washing three times with
0.4% PBST, followed by a 1 h incubation at room tempera-
ture. After washing three times with 0.4% PBST and stain-
ing with DAPI for 1 h, the slides were washed once with
PBS and sealed with 50% glycerol before imaging under an
Olympus Fluoview FV1000 confocal microscope.

RESULTS

Identification of a nuclear protein that binds the BmPOUM?2
G4 structure

To identify nuclear proteins that bind the BmPOUM?2 G4
structure, a DNA-protein pull-down assay was performed
with a DNA probe containing the G4 structure and nu-
clear proteins isolated from larval wing disc cells (Figure
1Aa). Six proteins (Supplementary Table S2) were identi-
fied by LC-MS/MS based on: (i) their molecular mass, be-
ing ~38.2 kDa, (i1) DNA binding domain and (iii) nuclear
transcription factor. While the other five were found to not
bind with G4 structure in subsequent binding assays, a 38.2
kDa protein bound to the G4 probe, but not the mutant
ssDNA probe, was finally identified to be a homologue of
LARK (GenBank accession no: NM_001043828). This pro-
tein has two RRM domains that are also present in the
reported mammalian G4-binding proteins, such as nucle-
olin (26), SLIRP (30) and hnRNP A1l (31) (Supplemen-
tary Figure S2). LARK has one CCHC-type zinc finger do-
main, which is also present in the G4-binding protein CNBP
(29). The sequence alignment shows that the CCHC-type
zinc finger domains are similar in LARK and CNBP. These
CCHC-type zinc finger domains have a low similarity with
other three types of zinc finger domains, C2H2, A20-like
and C2C2 (Supplementary Figure S3). The pre- and post-
pull down and pull-down samples were tested by Western
blot (Figure 1Ab). The result showed that the G4 pull-down
product could be recognized by the anti-LARK antibody
and the lysate of post-pull down and mutant G4 sequence

(cannot form G4) pull-down products could not be recog-
nized by the antibody.

To determine whether this protein can bind the G4 struc-
ture in the BmPOUM?2 promoter, B. mori LARK cDNA
was cloned and expressed as a recombinant protein for
EMSA. BmLARK could bind the G4 sequence in the pres-
ence of 100 mM K™ after a stable G4 structure was formed
(Figure 1B). This binding was enhanced by increasing the
protein concentration (Figure 1C) and reduced by the ad-
dition of unlabelled cold probe (Figure 1B). BmLARK did
not bind the mutated G4 sequence that did not form the G4
structure (Figure 1B).

If BmLARK is truly a G4-binding protein, its binding
should be affected by pyridostatin (PDS), a well-known G4
structure stabilizer (36,37). The polymerase stop assay (Fig-
ure 1D) showed that the intensity of the target PCR product
band decreased as the PDS concentrations increased, and
the PDS effect disappeared when the mutated PCR tem-
plate, which cannot form a G4 structure, was used (Figure
1E). Furthermore, the EMSA results showed that the bind-
ing of BmLARK to the G4 structure was blocked by the
increased PDS concentration (Figure 1F). These results in-
dicate that PDS can interact with the BmPOUM?2 promoter
G4 structure to inhibit the binding of BmLARK to the G4
structure.

BmLARK binds G4 structures in different genes

After demonstrating the binding of BmLARK to Bm-
POUM?2 G4 structures, to further determine whether Bm-
LARK binds other G4 structures, three G4 sequences in the
BGIBMGAO007142-TA (142), BGIBMGAO008159-TA (159)
and BGIBMGAO006558-TA (558) gene promoters were ran-
domly selected from 147 predicted G4 sequences in the up-
stream regions of 322 genes in B. mori (14). The G4 se-
quences were first confirmed by performing CD analyses
(Figure 2A-C), then the in vitro binding of BmLARK to
these G4 structures was examined by EMSA. BmLARK
bound all G4 structures, and this binding could be en-
hanced by 100 mM K* and competed off by unlabelled cold
probes (Figure 2D-F). The protein could not bind the mu-
tant probes, which cannot form G4 structures.
Furthermore, the binding of BmLARK to the well-
defined G4 structures in the human genes ¢-MYC (38),
HIF-1a (39) and c-kit (23) was examined by EMSA. Bm-
LARK bound to the different types of reported G4 struc-
tures in these human genes (Figure 2G-I). This binding
was enhanced by 100 mM K* and could be competed off
by unlabelled cold probes. Furthermore, the concentration-
dependent EMSASs (Figure 2D-I) showed that the binding
was enhanced with the increase in the protein concentra-
tion. In addition, there were shifted bands in the absence
of potassium. This may due to the BmLARK-induction of
the G4 formation from ssDNA. The CD results further con-
firmed this speculation that in the presence of BmLARK,
ssDNA of these G4 sequences could form G4 structures to
some extent as shown by the increase in the feature absorp-
tion peak at 265 nm (Supplementary Figure S4). These re-
sults suggest that BmLARK binds G4 structures not only
in B. mori genes but also human genes, suggesting that Bm-
LARK is a broad-spectrum G4-binding protein. To deter-
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mine and compare the binding affinity of BmLARK to dif-
ferent G4 structures, MST analysis, which is a powerful
method to quantify protein-DNA interactions (40,41), was
conducted. As shown in Figure 3, the Ky values of Bm-
LARK binding to the G4s in the promoters of BmPOUM?2,
142,159, 558, c-kit, HIF-1a and ¢-M YC were calculated as
110.84, 107.35, 113.64, 120.32, 126.48, 130.84 and 269.23
nM, respectively.

BmLARK binds B. mori G4 structures ex vivo

After demonstrating the binding of BmLARK to Bm-
POUM?2, 142, 159 and 558 G4 structures in vitro, whether
BmLARK binds the G4 structure ex vivo was examined
using a ChIP assay with a 3x FLAG tag fused to Bm-
LARK and an anti-FLAG tag antibody. The cells were
transfected with the recombinant plasmid BmLARK-3x
FLAG or a control vector and then collected for a ChIP
assay 48 h after transfection. BmLARK-3x FLAG expres-
sion was confirmed by Western blot (Figure 4A). The anti-
FLAG antibodies, but not control IgG, precipitated and
enriched the G4 fragment from BmPOUM?2, 142, 159 and
558 promoters in the cells transfected with the BmLARK-
3x FLAG-expressing plasmid (Figure 4B-E). The enriched
G4 sequences amplified by PCR were confirmed by DNA
sequencing (Figure 4F-I). These experiments demonstrate

that BmLARK can bind not only the BmPOUM?2 promoter
G4 structure ex vivo but also G4s in the promoters of other
B. mori genes. Additionally, the non-G4 containing DNA
fragments were also examined and the percentages of the
non-G4 sequences were 0.4% over the input (Supplemen-
tary Figure S5). The percentages of these non-G4 DNA are
much lower than those of the G4 sequences immunoprecip-
itated by LARK in Figure 4. These results further demon-
strated that LARK is a specific G4 binding protein.

Function of BmLARK-G4 binding in transcriptional regula-
tion

Subsequently, whether the binding of BmLARK to the
G4 structures affects gene transcription was determined.
To address this question, BmLARK overexpression and
RNA interference (RNA1) were conducted in cell lines. The
gRT-PCR and Western blot results showed that when Bm-
LARK was up-regulated by overexpression (Figure 5A),
the transcription levels of BmPOUM?2 and genes 142, 159
and 558 were also up-regulated (Figure SB-E). In contrast,
when BmLARK was down-regulated by RNAI (Figure 5F),
the transcription levels of BmPOUM?2 and genes 142, 159
and 558 were consequently down-regulated (Figure 5G-J).
When the cells were treated with the inhibitor PDS, a de-
crease in the transcription levels of BmPOUM?2 and genes



7312 Nucleic Acids Research, 2019, Vol. 47, No. 14
A B Cs.
Gis 142 G4 sequence 5 159 G4 sequence 558 G4 sequence
20l — omMKCI o] — 0 mMKCl 41 —O0mMKcl
1.5 — 100 mM KCl ——100 mM KClI 3] ——100 mM KClI
_15] 3 ~
) = T 2]
E1.0] E 2] 5 )
s 0.54 \ 5 1 s 1 \
4 P J N
500 g0 A\ 450
05 1] V 14
1.0 5] 2]
"200 220 240 260 280 300 320 340 360 200 220 240 260 280 300 320 340 360 200 220 240 260 280 300 320 340 360

Wavelength (nm)

D 142G4+0mM k" +

+ o+

142 G4 + 100 mM k*
BmLark (780 nM)

Cold probe + 100 mM k*

Mutant probe + 100 mM k*

+ o+

10x 100x

Wavelength (nm)

E

159 G4 + 0 mM k*

+ 0+ o+ o+ o+ 4

ST

- 97.5195 390 780 1560

159 G4 + 100 mM k*
BmLark (780 nM)

Cold probe + 100 mM k*

Mutant probe + 100 mM k*

+

Wavelength (nm)

+ 0+ o+ 4+ o+ o+

+ + + - 975 195 390 780 1560

10x 100x

Lark+G4->|: " ‘ ; ‘ .. Lark+G4->|: ' ﬁ *
\ - " 2] o “ -
N EEYY I I YR
64‘[ fA o . » . : he-
sSDNA » ssONA- @D @ ’.“ ooeem

558 G4 + 0 mM k*

558 G4 + 100 mM k*
BmLark (780 nM)

G

+ o+ o+ +

c-kit G4 + 100 mM k*

o cesssue R
97.5 195 390 780 1560 BmLark (780 nM)

c-kitG4 + 0 mM k* +

+ o+ o+ o+ o+ o+

—
- 97.5 195 390 780 1560

Cold probe + 100 mM k* - - - - 10x 100x - Cold probe + 100 mM k* - - - - 10x 100x -
Mutant probe + 100 MM k* - - - - - - + Mutant probe + 100 MM k* - - - - - - +
Lark+G4->|: n I 2: u ‘ Lark + G4»[ . “ “ '
4= ’ - eee Gi»[ M B AA AARER ==

ssoNA-> OO

H

HIF-1a G4 + 0 mM k*
HIF-1a G4 + 100 mM k*

POOOOO®

¢-MYC G4 + 0 mM k*

-+ o+ o+ 4+ 4+ 4+

c-MYC G4 + 100 mM k*
PN it |
- 97.5 195 390 780 1560

ssDNA > (D @ @ ® Q)

yvRTe

+ o+ o+ o+ o+ o+

BmLark (780nM) - - + + + + + BmLark (780nM) - - + + + + + _ 975195 390 780 1560
Cold probe + 100 mMk* - - - - 10x 100x - Cold probe + 100 mM k* - - - - 10x100x -
Mutant probe + 100 MM k* - - - - - - + Mutant probe + 100 MM k* - - - - - - +
Lark + G4=»[ MmN 'y . Lark + G4=[ H L
Gi> = A e - G4 . - l A k ‘ A l l l
: 4 - .- _
sona- S 88080008888 ssDNA.“0066t LBOOLY
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142, 159 and 558 was detected (Figure SK-N). These results
indicate that changes in the BmLARK levels affect the tran-
scription of target genes through its binding the G4 struc-
tures in the promoters of these genes.

BmLARK homologues bind G4 structures

To detect whether BmLARK homologues from other or-
ganisms also bind G4 structures, homologous LARK cD-
NAs from D. melanogaster (GenBank accession number:
NM_079233.6), M. musculus (GenBank accession num-
ber: NM_001290122.1) and H. sapiens (GenBank accession
number: NM_002896.3) were cloned, and recombinant pro-
teins (DmLARK, MmLARK and HsLARK) were gener-
ated. The EMSA results showed that DmLARK (Figure
6A), MmLARK (Figure 6B) and HsSLARK (Figure 6C)
bound the G4 structure in the BmPOM U2 promoter. Addi-
tionally, MmLARK (Figure 6D and F) and HsSLARK (Fig-
ure 6E and G) bound to the well-studied mammalian G4
structures in c-kit (23) and ¢-MYC (38). These results re-
veal that LARK is a structurally and functionally conserved
G4-binding protein from arthropods to vertebrates.

BmLARK binding domains that involved in the interaction
with G4 structure

BmLARK has three main domains: two RRM motifs and
a Zn finger structure. To examine which domain or region
of the BmLARK protein is involved in the binding with the
G4 structure of the BmPOUM?2 promoter, EMSA was con-
ducted with the truncated RRM1, RRM2, RRM1-2 and
ZnF proteins (Figure 7A) and the G4 structure of the Bm-
POUM?2 promoter. The results revealed that when both
RRM motifs were present, the interaction between Bm-
LARK and the G4 structure occurred, which could be com-
peted off by the unlabeled cold probe (Figure 7B). While
RRMI1, RRM2 or zinc finger region alone could not bind
with the G4 structure (Figure 7C-E). These results suggest
that the simultaneous presence of RRM1 and RRM2 is re-
quired for the binding with the G4 structure.

Effect of BmLARK on the formation of the G4 structure

To investigate whether or not BmLARK changes the G4
structure of the BmPOMU2 promoter when it binds the
structure, CD experiment was conducted with BmLARK
incubated with the G4 or ssDNA (non-heat treated G4
DNA) sequence. The results showed that incubation of Bm-
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Figure 4. Chromatin immunoprecipitation (ChIP) analysis of the BnLARK binding with G4 structures in Bm12 cells. (A) Western blot analysis confirming
BmLARK-3 x FLAG expression in Bm12 cells. OE LARK: BmLARK overexpression. (B-E) qRT-PCR detecting the enrichment of the G4 sequences
from the BmPOUM?2 and gene 142, 159 and 558 promoters. Data represent the mean+SEM (n = 3). **P < 0.01 (Student’s z-test). (F-I) G4 sequences
and the sequencing atlas of the enriched reverse transcription PCR products of the BmPOUM?2 and genes 142, 159 and 558 promoters. Data are the mean
+ SEM (n = 3). * indicates that the differences are significant at P < 0.05, and ** indicates that the differences are significant at P < 0.01 (Student’s ¢-test).

LARK with the folded G4 did not result in any change in
the CD spectra of the G4 structures, suggesting that Bm-
LARK could bind to, but did not destruct or destabilize
the structure (Figure 7F). However, the absorption peak at
265 nm was significantly changed when BmLARK was in-
cubated with ssDNA G4 (non-heat treated G4 DNA) se-
quence (Figure 7G), but not with the mutant G4 sequence
(Figure 7H), implying that BmLARK could enhance the
formation of G4 structure from ssDNA, instead unfold the
structure.

Visualization of G4 structures in vivo

Many computational analyses and in vitro experimental
data have predicted that G4 structures widely exist in eu-
karyote (42), plant (43) and mammalian (44) genomes. To
visualize the G4 structures in Bm12 and Chinese hamster
ovary (CHO) cells, BmLARK-3x FLAG protein and an
anti-FLAG antibody were used in an immunohistochem-
istry assay. The binding of BmLARK to the G4 structures in
the cell nuclei was visualized by fluorescence signals gener-
ated using a fluorescence-labelled secondary antibody (Fig-
ure 8A). Punctate nuclear staining was detected in Bm12
(Figure 8B and C) and CHO cells (Figure 8D and E) in
the presence, but not the absence, of BmLARK. The mam-
malian CHO cells appeared to show more G4 structures
than the invertebrate Bm12 cells. When the cells were treated
with PDS, which blocks protein binding to G4 structures, an
obvious decrease in nuclear staining was observed (Figure
8B,vii—ix). The in vivo presence of G4 structures was also de-
tected in the chromosomes of testis cells from B. mori (Fig-

ure 8F). These results suggest that G4 structures can form
in vivo in the nuclei and chromosomes of cells and tissues.

DISCUSSION

Many computational analyses and in vitro experimental
data indicate that G4 structures widely exist in the genomes
of many organisms (19,42-45), but direct and in vivo evi-
dence is generally lacking. Furthermore, the identification
and characterization of the nuclear proteins that interact
with G4 structures is extremely helpful for better under-
standing the biological functions of G4 structures in gene
regulation, DNA replication and mRNA translation. In this
study, several important findings are germane. First, Bm-
LARK was identified to be a novel G4-binding protein ca-
pable of binding multiple gene G4 structures; similarly, the
LARK protein in several species ranging from invertebrates
to humans was able to bind G4s from B. mori and H. sapi-
ens. Second, the G4 structures and LARK binding were vi-
sualized in invertebrate and vertebrate cells and/or organ.
In an effort to identify G4-binding proteins, BnLARK
was found to be able to bind G4s in the promoters of Bm-
POUM? and other genes in B. mori and H. sapiens (Figures
1-4). Additionally, LARK proteins from different species,
including B. mori, D. melanogaster, M. musculus and H.
sapiens, could also bind G4 structures in different genes
from B. moriand H. sapiens (Figure 6). These results suggest
that LARK is a novel and conserved G4-binding protein
with a broad spectrum. Investigating how LARK binds dif-
ferent forms of G4 structures and which amino acid residues
in the protein and basic G4 structures or groups are required
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Figure 5. Function of BmLARK binding to G4 structures in the transcriptional regulation of genes. (A) Confirming BmLARK overexpression by qRT-
PCR (top panel) and Western blot (bottom panel) in Bm12 cells. (B-E) mRNA expression of BmPOUM?2 and genes 142, 159 and 558 after BmLARK
overexpression in Bm12 cells. (F) Confirming the efficiency of BmLARK RNAi by qRT-PCR (top panel) and Western blot (bottom panel) in Bm12 cells. (G-
J) mRNA expression of BmPOUM?2 and genes 142, 159 and 558 after applying BmLARK dsRNA in Bm12 cells. (K-N) mRNA expression of BmPOUM?2
and genes 742, 159 and 558 after treatment with PDS in Bm12 cells. Data are the mean+SEM (n = 3). * indicates that the differences are significant at P
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for the binding could be interesting. LARK contains two
RRM domains (locations: 8-73 and 87-152) and a CCHC-
type zinc finger (location: 169-185). Our results indicate
that the two RRM domains were required for the binding
(Figure 7A-E). The number of G-tetrads and the length
of loops that link the G-tetrads are various in different G4
structures, however, the G-tetrad is unique in different G4s.
LARK probably can recognize the common G-tetrad in dif-
ferent G4 structures through its RRM domains. This seems
reflected by the Ky values, which almost are in the same
order of magnitude, although they are somehow different
(Figure 3). This hypothesis needs to be further investigated.

LARK is an RRM and CCHC-type zinc finger-containing
protein that is evolutionarily conserved from fruit fly to hu-
mans (46) (Supplementary Figure S6). LARK is a compo-
nent of the circadian pacemaker output pathway (47) and
was initially found to be involved in rhythmic behaviours in
Drosophila (48) by regulating the circadian eclosion rhythm
via interactions with distinct RNA targets, such as E74.
Mutated LARK causes rhythm-specific circadian defects
(49). The Drosophila DBT, which is required for circadian
clock function, is directly regulated by LARK (50). LARK
also interacts with dFMRP to regulate eye development
and circadian behaviours (51). In addition, LARK is criti-
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Figure 6. Analyses of the binding of various LARK proteins to G4 structures by EMSA. (A-C) Binding of D. melanogaster DmLARK, M. musculus
MmLARK and H. sapiens HSLARK to the BmPOUM?2 G4 structure. (D and F) Binding of MmLARK to the G4 structures of human genes c-kit and
¢-MYC. (E and G) Binding of HSLARK to the G4 structures of human genes c-kif and ¢-M YC.

cal for neuronal development and physiology (52). Reports
regarding the function of LARK in B. mori are lacking. Bm-
LARK exhibits a ubiquitous and constitutive expression
pattern throughout the developmental stages in many dif-
ferent tissues in B. mori (53), which is similar to the expres-
sion pattern of LARK in Drosophila and humans (46,49).
The constitutive expression of LARK suggests that it plays
an important role in developmental regulation in diverse or-
ganisms. In consideration of the highly conservation of Bm-
LARK with DmLARK (Supplementary Figure S6), Bm-

LARK may have similar biological function in B. mori. Nu-
cleolin is a reported G4-binding protein (26) and is involved
in ribosome biogenesis (54), chromatin remodeling (55,56),
transcription (57-61) and apoptosis (62). BmLARK is a
novel G4-binding protein and contains two RRM domains
similar with nucleolin (Supplementary Figure S2). Thus,
like nucleolin, BmLARK may participate in similar biolog-
ical process. This study suggests a novel function of LARK
targeting at G4 structure. The RNA G4 binding activity
of BmLARK was also tested in this study and BmLARK
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Figure 7. Binding regions identification and effect of BmLARK on the G4 structure of BmPOUM?2 promoter. (A) Sequences of BmLARK with three
different domains and the constructs containing RRM 1, RRM2, RRM -2 and ZnF. (B-E) The binding of the RRM 1-2, RRM 1, RRM2 and ZnF fragments
with the BmPOUM?2 G4 structure. (F) CD analysis of the effect of BnLARK on BmPOUM?2 G4 structure unwinding. (G) CD analysis of the effect of
BmLARK on BmPOUM?2 G4 structure formation. (H) CD analysis of the effect of BmnLARK on mutated BmPOUM?2 G4 sequence.

bound two well-defined RNA G4s, BCL2 RNA G4 (63)
and ERSI! RNA G4 (64) (Supplementary Figure S7). This
result implies that LARK may not only participate in the
gene expression regulation at the transcription level but also
in translational regulation or RNA alternative splicing post
transcription. This should be further studied.

What is the function of BmLARK binding to gene G4
structures? The overexpression and RNAI experiments in-
dicated that the binding of BmLARK to G4 structures en-
hanced the transcription of target genes (Figure 5). Our
findings suggest that the interaction of LARK and G4
structure may have developed into an elaborate epigenetic

mechanism of gene transcription regulation during evolu-
tion. In our previous study, we found that BmILF bound
the i-motif at the same position as the G4 structure on the
reverse strand of the BmPOUM?2 promoter and enhanced
gene transcription (14). Knowing how these two proteins,
i.e.,, BmLARK and BmILF, synergistically and coopera-
tively interact with G4 and i-motif structures, respectively,
to regulate BmPOUM? expression could be interesting.
There has been a long-standing debate regarding whether
i-motif and G4 DNA structures exist inside cells. To date,
researchers have observed G4 structures in human cells us-
ing engineered antibodies against G4 structures (65). The
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Figure 8. Visualization of G4 structures in cell nuclei and chromatin. (A) Diagram of G4 structure visualization method. Fixed cells were incubated with
BmLARK-3 x FLAG protein, followed by incubation with an anti-FLAG primary antibody. The cells were then incubated with an anti-rabbit Alexa
594-conjugated secondary antibody, which shows red fluorescence signal. (B and D) Immunofluorescence showing G4 structures (red stains) in Bm12 and
CHO cell nuclei, respectively. (C and E) Graph showing the quantification of the number of G4 structures per nucleus in Bm12 and CHO cells, respectively.
Sixty nuclei from a set of 3 replicates were counted in each of conditions. (F) Immunofluorescence showing G4 structures (red stains) in chromatin from

B. mori testis cells. All scale bars, 1 pm.

i-motif structure has also been recently visualized ex vivo us-
ing an engineered antibody against i-motif structures (66).
Here, we demonstrate the existence of G4 structures ex vivo
and in vivo by visualizing LARK-G4 interactions in both
invertebrate and vertebrate cells and/or tissues (Figure 8).
This observation demonstrates the presence of G4 struc-
tures in the nuclei and chromosomes of cells in invertebrates
(B. mori cells and testis) for the first time and confirms the
presence of G4 structures in vertebrate cells (CHO cells).
These results provide solid evidence that G4 and i-motif
DNA secondary structures form in the genomes of living
cells, thus guaranteeing their possible in vivo functions.

In summary, this study strongly indicates that LARK is
a novel and conserved G4-binding protein in B. mori and
other organisms and is involved in the regulation of gene
transcription. Using LARK, G4 structures were ex vivo and
in vivo detected in invertebrate and vertebrate living cells
or organs. LARK proteins and their interactions with G4
structures may provide novel targets and approaches for
regulating gene expression, controlling cell function and
pests, and applying gene therapy for disease prevention and
control without transgenic manipulation.
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