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Background: Telomere is protected by its G-quadruplex, T-loop structure, telomerase, and binding protein com-
plex. Protein POT1 (protection of telomeres 1) is one subunit of telomere binding protein complex Shelterin.
POTT1 acts as a regulator of telomerase-dependent telomere length, and it can help telomere to form D-loop struc-
ture to stabilize telomere. POT1 protects telomere ends from ATR-dependent DNA damage response as well.
Methods: Extensive methods were used, including CD, EMSA, ITC, PCR stop assay, luciferase reporter assay, quan-
Keywords: titative real-time PCR, Western blot, chromatin immunoprecipitation (Ch-IP), cloning, expression and purifica-
POT1 tion of proteins.

Results: We found a new G-rich 30-base-pair long sequence (P-pot1 G18) located from — 165 to — 136 base pairs

Shelterin

Telomere upstream of the translation starting site of protein POT1. This sequence in the promoter region of pot1 gene
G-quadruplex formed G-quadruplex resulting in down-regulation of pot1 gene transcription. This G-rich sequence is close to
hnRNP K a binding site “TCCC” for transcription factor hnRNP K (heterogeneous nuclear ribonucleoprotein K), and its con-
Cancer

version to G-quadruplex prevented the access of hnRNP K to this binding site. The binding of hnRNP K could up-
regulate pot1 gene transcription. TMPyP4 (meso-tetra(N-methyl-4-pyridyl)porphine) has been widely used as
G-quadruplex binding ligand, which stabilized the G-quadruplex in vitro and in cellulo, resulting in down-

regulation of pot1 gene transcription.

Conclusions: This G-quadruplex might become a potentially new drug target for antitumor agents.

General significance: Our results first demonstrated that G-quadruplex formation can affect the binding of tran-
scription factor to its nearby binding site, and thus making additional influence to gene transcription.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Telomeres are protein-DNA structures, which are present at the
ends of all eukaryotic linear chromosomes [1,2]. Loss of telomeres
would lead to unwanted end to end chromosomal fusions, nucleolytic
degradation, recombination with chromosome-internal DNA, cell pro-
liferative arrest, senescence and apoptosis [3,4]. In human, telomere
DNA consists of a simple tandem array of the sequence (TTAGGG)n
which is highly conserved throughout evolution [5]. Telomere length
is mediated by its DNA structure, its associated proteins, and telomerase
acting as a reverse transcriptase to produce telomeric repeats with a
template [6]. The double-stranded telomeric DNA ends in a 3’ single
stranded overhang of 150 to 300 base pairs (bp) which is believed
to be required for a higher order structure such as T-loop structure
or G-quadruplex [7]. Telomeres are protected by a multi-protein
complex called Shelterin, which has six subunits including the
double-stranded telomeric repeat binding factors TRF1 and TRF2,
and their interacting proteins RAP1 (repressor activator protein 1)
and TIN2 (TRF1-interacting nuclear protein 2), and the G-strand
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overhang binding protein POT1 (protection of telomeres 1) and its
binding partner protein TPP1 (formerly known as TINT1, PTOP, or
PIP1) [8]. TIN2 is the central component of Shelterin, which tethers
TRF1 and TRF2 to POT1/TPP1 [9]. TRF1 is a negative regulation factor
of telomere length [10]. TRF2 is a second negative regulator of telo-
mere length, since overexpression of TRF2 can lead to progressive
shortening of telomere length [11]. TPP1 is also known as the miss-
ing pB-subunit of POT1, which can increase affinity of POT1 with
telomeric single stranded DNA and then increase process activity of
telomerase [12].

Human POT1 is located on chromosome 7 with NCBI reference
sequence number of NG_029232, and is linked to Shelterin com-
plex by TPP1 protein through its C-terminus. POT1 has two OB
folds (oligonucleotide/oligosaccharide binding) in its N-terminus, and
binds to the 3’-single strand TTAGGG tandem repeat sequence by its
OB folds. The first OB fold of POT1 combines with 5'-TTAGGG while
the second fold associates with downstream TTAG-3’ [13]. The binding
direction of POT1 is from 3’ to 5’ of DNA overhang substrate. POT1-TPP1
complex can move forth and back on the telomeric overhang, in order to
promote telomere G-quadruplex folding and unfolding to have an influ-
ence on telomerase [14]. POT1 acts as a regulator of telomerase-
dependent telomere length, and it can help telomere to form D-loop
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structure to stabilize telomere. POT1 protects telomere ends from ATR-
dependent DNA damage response as well [ 15]. Mutation of POT1 causes
dysfunction of telomere such as SCFs (sister chromatid-type end-to-end
fusions), chromosomal breaks, and fusion in chronic lymphocytic leuke-
mia [16].

G-quadruplex formed by guanine-rich DNA sequence is a kind of
non-B-form DNA structure that exists in human genome, especially in
sub-telomere, gene bodies and gene regulatory regions [17]. It has
been shown that G-quadruplex structure indeed exists in genomic
DNA isolated from human cancer cells by using structure-specific anti-
body [18]. G-quadruplex plays a key role in biological processes such
as transcriptional regulation, DNA replication, and genome stability,
which makes G-quadruplex to be a potentially important therapeutic
target [19]. More and more G-quadruplexes have been found in gene
promoter region, which can affect the expression of essential genes, in-
cluding c-myc, c-kit, bcl-2, kras and VEGF. It has been shown that G-
quadruplex formed in nuclease hypersensitivity element IlI1, upstream
of c-myc P1 promoter has biological relevance with c-MYC protein
expression [20].

In the present study, we found a 30-base-pair G-rich sequence lo-
cated from — 165 to — 136 base pairs upstream of the translation
starting site of POT1 by using the UCSC Genome Browser Home
website. This sequence in the promoter region of the potl gene
could form G-quadruplex, resulting in down-regulation of potl
gene transcription. This G-rich sequence is close to a binding site
“TCCC” for transcription factor hnRNP K (heterogeneous nuclear ri-
bonucleoprotein K), and its formation of G-quadruplex prevented
the access of hnRNP K to this binding site. The binding of hnRNP K
could up-regulate pot1 gene transcription. TMPyP4 (meso-tetra(N-
methyl-4-pyridyl)porphine) has been widely used as a G-quadruplex
binding ligand [21], which could stabilize the G-quadruplex in vitro
and in cellulo, resulting in down-regulation of pot1 gene transcription.
Our experimental studies showed that this G-quadruplex might be-
come a potentially new drug target for antitumor agents. Our present
results first demonstrated that G-quadruplex formation can affect the
binding of transcription factor to its nearby binding site, and thus mak-
ing additional influence to gene transcription.

2. Materials and methods
2.1. DNA sample

DNA oligonucleotides were purchased from Invitrogen and HPLC
purified, which were stored at — 20 °C. DNA concentration was mea-
sured by using nanodrop ND-1000 ultramicro UV-Vis spectropho-
tometer (Thermo Fisher Scientific Inc., Waltham, MA).

2.2. Circular dichroism

Circular dichroism (CD) spectra were normally recorded at 25 °C
on a JASCO-815 spectropolarimeter by using a 1 cm path length
quartz cuvette with a reaction volume of 700 L. The DNA oligonucleo-
tides were typically prepared in 5 pM solution in 10 mM Tris-HCl,
pH 7.5, containing 100 mM KCl or 100 mM NaCl. The DNA samples
were heat-denatured at 95 °C for 5 min, and then gradually cooled to
room temperature for various studies. Each sample was scanned
twice, and the average was taken as the depicted data. The DNA sample
was scanned from 220 nm to 320 nm with 2 s collection time per data
point, and then the sample buffer was subtracted. For CD melting exper-
iment, except for setting the detection temperature from 20 °Cto 90 °C,
all other parameters remained unchanged.

2.3. Gel electrophoresis

The structure formed by DNA oligonucleotides can be detected by
nondenaturing polyacrylamide gel electrophoresis (PAGE) because

their difference in gel migration properties, which can be caused by
molecular size, shape and charge of DNA oligonucleotides. The 10 pM
DNA samples were prepared in a 10 mM Tris-HCI (pH 7.5) buffer
supplemented with 100 mM KCI or 100 mM NaCl. The DNA samples
were heat-denatured at 95 °C for 5 min and subsequently cooled to
room temperature. The DNA samples were loaded on a 16% poly-
acrylamide gel and run at 120 V, with 10% sucrose added just before
loading. After staining with 1x Gel-Red, the gels were imaged by
using UV-shadowing.

24. Isothermal titration calorimetry (ITC)

ITC experiment was carried out in a VP-ITC titration calorimeter
(MicroCal, Northampton, MA). All samples were thoroughly degassed,
and the reference cell was filled with the degassed buffer before loading.
P-pot1 G18 G-quadruplex DNA (5 pM) was transferred into a sample
cell of 2 mL, and TMPyP4 (300 uM) in the same buffer was kept in sy-
ringe with volume of 300 pL. A total of 30 injections were carried out,
with 300 s spacing time, 10 pL injection volume, and 20 pL duration
for each titration at 25 °C. The blank control sample was measured
in parallel experiments by injecting TMPyP4 solution of the same
concentration to solution buffer. The blank control sample was
subtracted from the corresponding binding experiments prior to
curve fitting. The thermograms obtained in ITC experiments were
fit with proper model in Origin 8.0.

2.5. PCR stop assay

Sequences of the tested DNA oligonucleotides (P-pot1 G18 or Mut P-
pot1 G18) and the corresponding complementary sequence (P-pot1
G18 rev) used are listed in Table 1. The reaction was performed in 1x
PCR buffer, containing 2 uM of each pair of oligonucleotides, 0.16 mM
dNTP, 2.5 U Taq polymerase, and compound at a certain concentration.
Reaction mixtures were incubated in a thermocycler with the following
cycling conditions: a denaturing cycle of 94 °C for 3 min, followed by
10 cycles of 94 °C for 30 s, 59 °C for 30 s and 72 °C for 30 s. Amplified
products were resolved on 16% nondenaturing polyacrylamide gels in

Table 1
Oligonucleotide sequences used in the present study.

Name

P-pot1 G18

Mut P-pot1 G18
P-pot1 G18 rev
P-pot1 G18 Mut1
P-pot1 G18 Mut2
P-pot1 G18 Mut3
P-pot1 G18 Mut4
P-pot1 G18 Mut5
P-pot1 G18 tccc

Sequence (5'—>3")

AGGGGAAGCGGGCGGGTCCGCTGGGCGGGA
AGGGGAAGCAAACAAATCCGCTAAACGGGA
GCTTCCCCTAAGCTTGCCTCCCGCC
AAAAGAAGCGGGCGGGTCCGCTGGGCGGGA
AGAAAAAGCGGGCGGGTCCGCTGGGCGGGA
AGGGGAAGCAAACGGGTCCGCTGGGCGGGA
AGGGGAAGCGGGCGGGTCCGCTAAACGGGA
AGGGGAAGCGGGCGGGTCCGCTGGGCAAAA
AGGGGAAGCGGGCGGGTCCGCTGGGCGGGATTTGAGCTTCCCTTT

POT1S CGACGCGCTAGCTCTTTGGTTCCAGCAACAAATTATATAT
POT1 A CTGCAGCTCGAGTTAGATTACATCTTCTGCAACTGTGG
[-Actin S GCATCCTGTCGGCAATGC

{>-Actin A GTTGCTATCCAGGCTGTGC

gp-Actin A GTTGCTATCCAGGCTGTGC

gp-Actin S CCAGACGCAGGATGGCATG

qPOT1 A TCACCAGCTCTGGCTTTGC

qPOT1 S GATGCCCAAACACGTAAGGC

hnRNP K A CTAGCTAGCGAAACTGAACAGCCAGAAGAAA

hnRNP K 'S CCGCTCGAGTTAGAAAAACTTTCCAGAATACTG
Ch-IPP-pot1 A GTAAAGACTGCAGTAGGTGCC

Ch-IP P-pot1 S GGAATTGTCGCAGCTCCCCT

PEGFP-hnRNP KA  CTAGCTAGCATGGAAACTGAACAGCCAGAAG
PEGFP-hnRNPK'S  CCGCTCGAGGAAAAACTTTCCAGAATACTGCTTt
siRNA-hnRNP KA AAUUCCUCCUGCUAGACUCtt
siRNA-hnRNPK'S ~ GAGUCUAGCAGGAGGAAUULtt
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0.5x TBE and 1 x Gel-Red stained. ICsq values were calculated using op-
tical density read from image ] software.

2.6. Cell culture and treatment with TMPyP4

Hela cell culture was maintained on DMEM medium supplemented
with 10% fetal bovine serum, 100 U/mL penicillin and 100 pg/mL
streptomycin in 25 cm? culture flasks at 37 °C humidified atmo-
sphere with 5% CO,. For the compound treatment experiment, Hela
cells were harvested from the culture during exponential growth
phase, seeded into multi-well culture plates at 5 x 10* cells/mL in
fresh medium, and then treated with TMPyP4 at certain concentrations
for 48 h.

2.7. Plasmid construction

DNA fragment from — 1000 bp to — 1 bp of human pot1 gene pro-
moter region, containing wild type P-pot1 G18 sequence (from
— 165 to —136), was amplified from A549 cell total DNA by using
PCR. This fragment was then inserted into pMetLuc-Reporter vector
(Clontech) to give a recombinant plasmid, named as P-pot1 G18 con-
struct. As for Mut P-pot1 G18, site-directed mutations were made to
P-pot1 G18 region of the construct as shown in Fig. 5.

2.8. Transfection and luciferase assays

After each well of 2 x 10° Hela cells were taken board, 0.18 ug P-pot1
G18 plasmid DNA or Mut P-pot1 G18 plasmid DNA and 0.02 pg pRL-TK
(Promega) were co-transfected into Hela cells using Amaxa Cell Line
Nucleofector Kit V (Lonza). Then transfected medium was removed
and different concentrations of TMPyP4 were added into the medium
after 6 h of transfection. After another 48 h of drug treatment, luciferase
activity was evaluated by using Ready-To-Glow Secreted Luciferase
Reporter System (Clontech) and Renilla Luciferase Assay System
(Promega).

2.9. Real-time PCR

Total RNA was used as a template for reverse transcription using
the following protocol: each 20 pL reaction contained 1x M-MLV
buffer, 125 uM dNTP, 100 pmol oligo dT18 primer, 100 units of
M-MLV reverse transcriptase, DEPC treated water, and 2 pg of
total RNA. Briefly, RNA and oligomer dT18 primer were incubated
at 70 °C for 10 min, and then immediately placed on ice, after which
the other components were added and incubated at 42 °C for 1 h, and
then at 70 °C for 15 min. Finally, the reacted solution was stored at
— 20 °C. The total volume of 20 pL of real-time RT-PCR reaction mix-
tures contained 2 pL 10x PCR buffer, 500 pumol/L dNTPs, 0.15 uM each
primer shown in Table 1 (POT1 S/POT A; B-actin S/B-actin A), 1 pL
cDNA template, 1 U Dream Taq DNA polymerase, and nuclease-free
water. The protocol used for real-time RT-PCR includes a denaturing
cycle of 5 min at 95 °C, 30 cycles of PCR (94 °C for 1 min, 58 °C for
50 s, 72 °C for 2.5 min), and then holding at 10 °C. The PCR products
were mixed with loading buffer, and then loaded in 1.2% agarose gel.
After electrophoresis, the gel was imaged by using UV-shadowing.

2.10. Quantitative real-time RT-PCR

c¢DNA samples of Hela cells were from the real-time RT-PCR. The
total volume of 25 pL of quantitative reaction mixtures contained
12.5 pL of SYBR Premix ExTaq (Takara), 0.4 uM each of forward and
reverse primers as shown in Table 1 (gR-actin A, gB-actin S, qPOT1
A, qPOT1 S), 1 pL cDNA, and nuclease-free water. The program used
for all genes consisted of a denaturing cycle of 7 min at 95 °C, 45 cy-
cles of PCR (95 °Cfor 10 s, 60 °C for 30 s), a melting cycle consisting
of 95 °Cfor 155,60 °Cfor 15 s, and a step cycle starting at 60 °C with

a 0.2 °C/s transition rate to 95 °C. The specificity of real-time RT-PCR
product was confirmed by melting curve analysis. Three replications
were performed, and then pot1 gene mRNA level was normalized to
3-actin mRNA level of each sample. Results of real-time PCR were ana-
lyzed using the 2~ 2T method to compare the transcriptional levels of
pot1 gene in each sample relative to non-compound-treated control.

2.11. Western blot

After Hela cells were taken board for each well of 2 x 10° and
then treated with different concentrations of TMPyP4 for 48 h, the
cells harvested from each well of culture plates were lysed in 50 L
of protein extraction buffer consisting of 1 mM PMSF for 30 min.
The suspension was centrifuged at 10,000 rpm at 4 °C for 5 min,
and the protein content of supernatant was measured by using
BCA assay. The same amount of protein for each sample was loaded
onto 12% polyacrylamide gel, and then transferred to a microporous
polyvinylidene difluoride (PVDF) membrane. Western blotting was
performed by using anti-POT1 (ab21382, abcam), anti-hnRNP K
(ab39975, abcam) and anti-B-actin (cell signaling technology) anti-
bodies, as well as horseradish peroxidase-conjugated anti-rabbit
secondary antibody and anti-mouse secondary antibody. Protein
bands were visualized by using chemiluminescence substrate.

2.12. pET-28a-hnRNP K plasmid construction and hnRNP K protein
expression and purification

The vector used in the plasmid construct was pET-28a(+ ), which
was restriction digested with Nhel and Xhol. The full length hnRNP K
protein DNA sequence was cloned by using the following two
primers: hnRNP K A (5’-CTAGCTAGCGAAACTGAACAGCCAGAAG
AAA-3’) and hnRNP K S (5’-CCGCTCGAGTTAGAAAAACTTTCCAGAA
TACTG-3’). The PCR protocol was as follows: a denaturing cycle of
5 min at 94 °C, 30 cycles of PCR (94 °C for 1 min, 56 °C for 1 min
155,72 °Cfor 2.5 min). The pET-28a-hnRNP K recombinant plasmid
was transformed into DH5q, spread on medium containing 0.1 mg/mL
Kanamycin, and then single colony was picked to enlarge cultivation.
After confirmation by sequencing, the recombinant pET-28a-hnRNP
K plasmid was transformed into BL21::DE3, and then the cells were
grown to an optical density of 0.5 at 595 nm. Isopropyl-f3-p-
thiogalactopyranoside was added to a concentration of 0.2 mM,
and bacteria were induced for 5 h. The recombinant protein was
then purified with HiTrap column following manufacture's protocol.
The pure protein was used for EMSA and CD experiments.

2.13. Chromatin immunoprecipitation

Ch-IP experiment was performed with EZ-Magna Ch-IP™ A one-
day Chromatin Immunoprecipitation kit (Millipore) following
manufacturer's protocol. After 2 days of collection of about 1 x 107
Hela cells in a 25 cm? culture dish, the cells were fixed with 1% form-
aldehyde for 15 min and then lysed. The cells were sonicated to shear
the chromatin to a manageable size of 200 — 1000 bp of DNA frag-
ments by using a SCIENTZ-II D sonicator (SCIENTZ). Ch-IP class
hnRNP K mouse monoclonal antibody (ab39975, abcam) was
used to immunoprecipitate chromatin in Hela cells. Anti-rabbit
IgG was used for mock immunoprecipitation. Ch-IP was kept
swinging overnight at 4 °C, and immune complexes were
collected by using protein A magnetic beads provided in the kit.
Immunoprecipitated DNA was obtained after protein was put
away from immunoprecipitated chromatin with proteinase K.
Immunoprecipitated DNA samples were amplified by using PCR to
show hnRNP K occupancy of POT1 protein promoter and negative
control in cellulo. The PCR protocol was as follows: a denaturing
cycle of 3 min at 94 °C, 32 cycles of PCR (94 °C for 20 s, 60 °C for
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30s,and 72 °Cfor 30 s). The primers (Ch-IP P-pot1 A/Ch-IP P-pot1 S)
used for PCR were shown in Table 1.

2.14. Co-transfection and luciferase assays

The vector used in the plasmid construction was pEGFP-N3, and
the hnRNP K gene was obtained from pET-28a-hnRNP K plasmid
by using PCR. After each well of 2 x 10° Hela cells were taken
board, pEGFP-N3 and pEGFP-hnRNP K or NC and siRNA hnRNP K
primers were transfected into Hela cells, respectively. After 4 h of in-
cubation, the medium was removed, and 0.18 ug P-pot1 G18 plasmid
DNA and 0.02 pg pRL-TK (Promega) were co-transfected into the
Hela cells. After 36 h of over-expression or RNA interference, lucifer-
ase activity was measured by using Ready-To-Glow Secreted Lucifer-
ase Reporter System (Clontech) and Renilla Luciferase Assay System
(Promega).

2.15. Transfection and Western blot

After each well of 2 x 10° Hela cells were taken board, pEGFP-N3 and
PEGFP-hnRNP K or NC and siRNA hnRNP K primers were transfected
into Hela cells, respectively. Transfection medium was replaced by the
fresh medium after 6 h of transfection. After the 36 h over-expression
or RNA interference, the cells were harvested, and the POT1 protein
translation levels were measured through Western blot, as introduced
in Section 2.11.

3. Results
3.1. P-pot1 G18 oligonucleotide formed G-quadruplex in vitro

Guanine-rich sequences have a tendency to fold into G-quadruplex,
and parallel and anti-parallel G-quadruplexes display different char-
acteristic CD spectra. The parallel G-quadruplex normally shows a
positive band at 260 nm and a negative band around 240 nm, while
anti-parallel G-quadruplex usually generates a large positive band
at 290 nm, a small positive band at 245 nm, and a negative band at
260 nm [22]. In the present study, we found a 30-base-pair G-rich se-
quence (named as P-pot1 G18) located from — 165 to — 136 base
pairs upstream of the translation starting site of POT1 through the
UCSC Genome Browser Home website (Fig. 1). In order to know
whether P-pot1 G18 could fold into G-quadruplex, CD experiment
was carried out, and its spectrum has a characteristic positive peak

potl
+1

TSS

-165 -136
5°-TCCCGCCCAGCGGACCCGCCCGCTTCCCCT-3?
3’-AGGGCGGGTCGCCTGGGCGGGCGAAGGGGA-5’

123 456 7 8910 11121314 15161718
%& | Transcription
T h Translation

(\ CCCT
3)

Fig. 1. G-rich strand in the pot1 promoter and its possible biological function upon its con-
version into G-quadruplex.

G-quadruplex

around 260 nm, a valley at 240 nm, and a small peak at 285 nm in
buffer solution containing NaCl (Fig. 2A), indicating a mixed type
G-quadruplex. Its absorption at 260 nm was not changed with
increasing concentration of NaCl. In comparison, its absorption spec-
trum is quite different in a solution containing KCl (Fig. 2B). P-pot1
G18 displays a peak at 260 nm and a valley at 240 nm, which is a typical
characteristic of parallel G-quadruplex. The absorption of 260 nm in-
creases obviously with increasing concentration of KCl. These results
showed that P-pot1 G18 folded into G-quadruplex in vitro, while the
types of G-quadruplexes formed in different monovalent-containing
buffers are different.

Then, the secondary structure of P-pot1 G18 was studied with EMSA
(electrophoretic mobility shift assay) to better understand its property.
P-pot1 G18 with a length of 30 bp was found to fold into a secondary
structure with a length of less than 20 bp in the presence of monovalent
cation after heating to 95 °C followed with natural annealing to room
temperature. This indicated that the folded G-quadruplex is likely
to be an intra-molecular G-quadruplex. Our EMSA result in NaCl-
containing buffer is a little different from that in KCl-containing buffer,
and more higher order structures may exist in KCl-containing buffer
rather than NaCl-containing buffer (Fig. 2C).

P-pot1 G18 has five guanine-rich sections, therefore, it may have
some varying types of G-quadruplex topologies. We further studied
these guanine-rich sections through mutagenesis, with our mutation
sequences (Mut1-5) shown in Table 1. Based on their CD spectra, all
mutated oligonucleotides were folded into parallel G-quadruplex
structures in KCl-containing buffer as shown in Fig. 3A, which are
similar to that of the wild-type P-pot1 G18. However, our further
EMSA experimental results indicated that their secondary structures
have some difference based on the retention time, as shown in
Fig. 3B. The secondary structures of Mut4 and Mut5 look similar to
that of the wild-type P-pot1 G18, while those of Mut1, Mut2, and
Mut3 look quite different. In comparison, all oligonucleotides look
somehow different in NaCl-containing buffer, based on their CD
spectra. They all produced a positive peak at 260 nm and a negative
peak around 240 nm, but with some differences at other wave-
lengths and peak intensities (Fig. 3C). Our further EMSA experimen-
tal results indicated that their secondary structures have some
difference in NaCl-containing buffer based on the retention time as
shown in Fig. 3D. The secondary structures of Mut4 and Mut5 look
similar to that of the wild-type P-pot1 G18, while those of Mut1,
Mut2, and Mut3 seem quite different. Our above results show that
all wild-type and mutated P-pot1 G18 oligonucleotides can fold
into G-quadruplex, while their G-quadruplex secondary structures
can be different depending on mutating position and monovalent
cation in the buffer.

3.2. TMPyP4 enhanced thermostability of the P-pot1 G18 G-quadruplex

TMPyP4 is a widely used G-quadruplex binding ligand, which can
stabilize the G-quadruplex structure in the P1 promoter of c-myc
resulting in suppression of c-myc transcription [23]. In the present
study, we investigated whether TMPyP4 could also stabilize P-pot1
G18 G-quadruplex by using CD melting experiment through analyz-
ing its CD absorption change at 260 nm in the presence or absence of
TMPyP4 at temperature range from 20 °C to 90 °C in buffer contain-
ing NaCl or KCI. We obtained its CD spectra reading at 260 nm at
varying temperatures, and then making curve fitting of these data
to obtain Tm values (Supporting Information Figure S1). The Tm
value of P-pot1 G18 in NaCl-containing buffer was determined to
be 46.5 + 0.7 °C (Table 2), while the addition of TMPyP4 increased
its Tm value to 51.1 4 1.1 °C. TMPyP4 could also increase the ther-
mostability of P-pot1 G18 in KCl-containing buffer. The Tm value of
P-pot1 G18 was determined to be 70.6 + 0.5 °C in KCl-containing
buffer, while the addition of TMPyP4 increased its Tm value to 83.9 +
2.9 °C. Our results indicated that P-pot1 G18 was more stable in KCI-
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Fig. 2. G-quadruplex formed by P-pot1 G18 sequence in vitro. A. Circular dichroism spectrum for P-pot1 G18 in 10 mM Tris-HCl (pH 7.5) buffer containing varying concentrations of NaCl
at0, 1, 10, 50, and 100 mM. B. Circular dichroism spectrum for P-pot1 G18 in 10 mM Tris-HCl (pH 7.5) buffer containing varying concentrations of KCl at 0, 1, 10, 50 and 100 mM. C. EMSA

for P-pot1 G18 oligonucleotide, in buffer containing NaCl or KCL.

containing buffer rather than NaCl-containing buffer, which is consis-
tent with a previous report for other G-quadruplexes [24]. Our results
also indicated that TMPyP4 enhanced the thermostability of P-pot1
G18 G-quadruplex significantly in KCl-containing buffer, however
much less significantly in NaCl-containing buffer, which may be related
with binding mode of TMPyP4 with the G-quadruplex influenced by
different monovalent cations. It has been reported that TMPyP4 has
different binding modes to G-quadruplex in the presence of different
monovalent cations [25], and the nature of metal ion within the
complex has an influence on the stacking interaction of TMPyP4
with G-quadruplex [26].

3.3. Thermodynamic study for the binding of TMPyP4 to the P-pot1 G18
G-quadruplex

In order to gain further understanding for the binding interactions
between TMPyP4 and P-pot1 G18 G-quadruplex, we carried out ITC
experiment to study their binding affinity. ITC is a valuable method
to learn the binding affinity between molecules [27]. Here we titrat-
ed the P-pot1 G18 G-quadruplex with TMPyP4 in buffer containing
NaCl or KCl, and the thermograms of these experiments are shown
in Fig. 4. The reactions under both conditions exhibited just one
binding process, and the thermodynamic parameters were deter-
mined as shown in Table 3. The primary binding constant K values
were determined to be 4.62 x 10° in buffer containing 100 mM
NaCl, and 1.91 x 107 in buffer containing 100 mM KCI, indicating
that TMPyP4 binds tightly with P-pot1 G18 G-quadruplex under
both experimental conditions. The binding stoichiometry between
P-pot1 G18 G-quadruplex and TMPyP4 was determined to be 1:1
under both experimental conditions. The binding processes are
both exothermic and enthalpy driven, because of small positive
TAS values compared with large negative AH values. This result

also supported that TMPyP4 bound tightly with P-pot1 G18 G-
quadruplex.

3.4. The P-pot1 G18 G-quadruplex formation down-regulated pot1 gene
transcription studied through luciferase assay with recombinant reporter
plasmid

In order to know the role of P-pot1 G18 in the transcription of pot1
gene, we constructed a recombinant reporter plasmid with pot1 pro-
moter region from — 1000 bp to — 1 bp inserted into the MCS region
of Met-Luc Reporter plasmid (Fig. 5), and consequently expression of
luciferase can be regulated by this pot1 promoter. Then, we had P-
potl G18 sequence from — 165 bp to —136 bp of potl promoter
removed from this plasmid to give a deletion plasmid named as Del P-
pot1 G18. We compared luciferase expression levels of these two plas-
mids, and Del P-pot1 G18 was found to have 59.1% +14.6% reduced
luciferase activity compared with the wild-type, as shown in
Fig. 6A. This result indicated that P-pot1 G18 sequence should play
an important role in the regulation of potl gene transcription.
Many transcription factors play important roles in gene expression.
It is possible that the removal of this G-rich sequence prevents the
binding of transcription factors such as SP1 and NM23-H2, resulting
in down-regulation of pot1 transcription.

Since P-pot1 G18 could form G-quadruplex in vitro, in order to
know whether the formation of the G-quadruplex could affect pot1
gene transcription, we mutated P-potl G18 to disrupt its G-
quadruplex formation and then studied the effect of this mutation
on potl gene transcription. We made several G to A mutations in
the middle region of P-pot1 G18 sequence, which was named as
Mut P-pot1 G18 (Table 1). The CD spectrum of Mut P-pot1 G18 dis-
plays a positive peak around 275 nm and a negative peak around
250 nm (Fig. 6B), and the CD spectra of Mut P-pot1 G18 in buffer
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Fig. 3. P-pot1 G18 mutants could fold into G-quadruplex in vitro. A. Circular dichroism spectra for P-pot1 G18 and Mut1 to Mut5 oligonucleotides in 10 mM Tris-HCl buffer (pH 7.5), con-
taining 100 mM KCl. The final DNA sample concentration was 5 uM. B. EMSA for P-pot1 G18 and Mut1 to Mut5 oligonucleotides in buffer containing KCl, and the final DNA sample con-
centration was 10 uM. Lane WT is for P-pot1 G18, and lanes 1 to 5 are for Mut1, Mut2, Mut3, Mut4, and Mut5, respectively. C. Circular dichroism spectra for P-pot1 G18 and Mut1 to Mut5
oligonucleotides in 10 mM Tris-HCl buffer (pH 7.5), containing 100 mM NaCl. D. EMSA for P-pot1 G18 and Mut1 to Mut5 oligonucleotides in buffer containing NaCl. Except monovalent

cation difference in the buffer, other experimental conditions are the same as those of B.

containing NaCl or KCl are the same. This CD result indicated that
Mut P-pot1 G18 could not form G-quadruplex in buffer with differ-
ent monovalent cations in vitro. EMSA result also showed that the
secondary structure of Mut P-pot1 G18 is significantly different
from that of the wild type (Fig. 6C). Therefore, Mut P-pot1 G18
could not fold into G-quadruplex in vitro.

Then, we analyzed and compared the effect of TMPyP4 on P-pot1
G18 and Mut P-pot1 G18 in vitro. PCR stop assay can be used to analyze
molecular extension on a template, which normally stops if the tem-
plate folds into a stable secondary structure. Here, TMPyP4 was incubat-
ed with the wild type or mutant template, which was then subjected to
PCR stop assay analysis (Fig. 6D). The ICsq value for the effect of TMPyP4
on P-pot1 G18 was determined to be 1.24 4 0.27 pM by using Origin8.0,
while the ICsq value for its effect on Mut P-pot1 G18 was determined to
be 3.94 4 0.21 pM. This result showed that the stabilization effect of
TMPyP4 on P-pot1 G18 was higher than that on Mut P-pot1 G18 in vitro.

Table 2
Tm values for circular dichroism variable temperature experiment in NaCl and KCI-
containing buffer.

P-pot1 G18 P-pot1 G18 : TMPyP4
(5uM) (°C) (5uM :5uM) (°C)
100 mM Nacl 465 + 0.7 511 + 1.1
100 mM Kdl 706 + 05 839 + 29

Next, we studied the effect of the secondary structure formed by
P-pot1 G18 or Mut P-pot1 G18 on pot1 gene transcription through
luciferase assay with recombinant reporter plasmids. As shown in
Fig. 6E, after treatment with increasing concentration of TMPyP4
for 48 h, the luciferase activity of the wild-type plasmid with P-
pot1 G18 decreased significantly in a dose-dependent manner. In
comparison, for variant plasmid with Mut P-pot1 G18, its luciferase
activity decreased only slightly after incubation with increasing concen-
tration of TMPyP4. This result showed that the G-quadruplex formed by
P-pot1 G18 could down-regulate the pot1 gene transcription.

3.5. The P-pot1 G18 G-quadruplex formation down-regulated pot1 gene
transcription in cancer cells

After above luciferase assay experiments with recombinant reporter
plasmids, we would like to know whether the G-quadruplex formed by
P-pot1 G18 could down-regulate pot1 gene transcription in cancer cells.
Here, we used both normal RT-PCR and quantitative RT-PCR to study
the mRNA expression level of gene. RT-PCR is a semi-quantitative meth-
od, while quantitative RT-PCR can monitor real-time PCR process. After
Hela cells were incubated with an increasing concentration of TMPyP4
for 48 h, decreasing pot1 mRNA levels were detected through RT-PCR
experiment, as shown in Fig. 7A. Then, quantitative RT-PCR was carried
out to accurately study and compare the mRNA levels for the sample
treated with 6.25 uM TMPyP4 and control, and it was found that
6.25 uM TMPyP4 could down-regulate about 50% potl mRNA
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Fig. 4. TMPyP4 could bind to G-quadruplex folded by P-pot1 G18 with different monovalent cations in vitro. A. ITC experiment for titration of 5 uM P-pot1 G18 oligonucleotide with 300 uM
TMPyP4 in NaCl-containing buffer. B. ITC experiment for titration of 5 pM P-pot1 G18 oligonucleotide with 100 M TMPyP4 in KCl-containing buffer.

expression level, as shown in Fig. 7B. We further studied POT1 protein
expression levels through Western blot, and it was found that decreas-
ing levels of POT1 protein expression were detected for samples treated
with increasing concentration of TMPyP4, as shown in Fig. 7C. In the
mean time, we found that the expression level of a transcription factor
hnRNP K was not changed upon treatment with up to 10 uM TMPyP4.
These results indicated that TMPyP4 could stabilize the G-quadruplex
formed by P-pot1 G18 resulting in down-regulations of pot1 mRNA
transcription and consequently POT1 protein translation in cancer cells.

3.6. The P-pot1 G18 G-quadruplex formation affected the binding of
transcription factor hnRNP K to a nearby C-rich binding site possibly
making influence to potl transcription

It has been reported that transcription factors play essential roles
in gene transcriptional regulation [28], therefore, it is important to
know its relationship with DNA secondary structures in regulating
gene transcriptions. We analyzed the sequence around P-pot1 G18
and found a binding site for transcription factor protein hnRNP K.
hnRNP K belongs to a family of heterogeneous nuclear ribonucleo-
protein (hnRNP) complexes associated with RNA polymerase II tran-
scripts in regulating gene transcription process [29]. hnRNP K plays
an important role in gene expression processes such as gene tran-
scription, translation, and RNA biosynthesis [30]. hnRNP K closely
binds to poly(C) single strand DNA especially in the promoter region,

Table 3

and its minimum binding sequence unit is TCCC [31]. In the present
study, we found an hnRNP K protein binding unit TCCC located 8
base pairs away from P-pot1 G18 in the pot1 promoter, and an ex-
tended P-pot1 G18 oligonucleotide including this TCCC binding
unit was synthesized and named as P-pot1 G18 tccc, as shown in
Table 1. In our Ch-IP experiment, we found that hnRNP K could
bind to pot1 gene promoter containing P-pot1 G18 tccc sequence
in vivo, as shown in Fig. 8A. It should be noted that we used single
strand DNA with its major form as G-quadruplex for our in vitro
EMSA experiment. In contrast, for our Ch-IP experiment, the double
strand DNA was present in cells, with the anti-sense DNA of P-pot1
G18 tcce (TCCCGCCCAGCGGACCCGCCCGCTTCCCCT, named as P-potl
C18) possibly binding strongly to hnRNP K. It is also possible that G-
quadruplex is no longer a predominant form when its anti-sense DNA
was present in cells.

Then, we would like to know whether the G-quadruplex formation
by P-pot1 G18 could affect this binding process. Therefore, we cloned
hnRNP K gene and constructed pET-28(a)-hnRNP K protein expression
plasmid. hnRNP K was overexpressed in Escherichia coli, and purified to
apparent homogeneity as shown in Fig. 8B. The increasing amount of
purified protein hnRNP K was then incubated with P-pot1 G18 tccc,
and the result was shown in Fig. 8C. We found that our pre-annealed
P-pot1 G18 tccc oligonucleotide existed in two forms with a major
form of G-quadruplex and a minor form of single strand DNA. With in-
creasing concentration of protein hnRNP K, the single strand DNA

Thermodynamic parameters for the binding between P-pot1 G18 and TMPyP4 in reaction buffers containing NaCl or KCI.

n Kb (M) AH (kcal mol™1) -TAS (kcal mol~1) AG (kcal mol™1)
100 mM Nacl 1.08 + 0.03 462 x 10° + 1.50 x 10° —7395 + 265 —28 —7367 + 265
100 mM KCl 1.04 + 0.02 191 x 10° £ 031 x 10° —6531 + 183 —56.5 —6475 + 183
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Fig. 5. Constructed plasmid sequences for luciferase assay.

molecule was gradually diminished while the quantity of intra-
molecular G-quadruplex was not changed, which indicated that
hnRNP K bound with single strand DNA only to form protein-DNA com-
plexes shown on the top of the gel. Two protein-DNA complex bands
were observed on the gel, indicating two possible binding modes. This
result indicated that G-quadruplex formation repressed the binding of
hnRNP K with P-pot1 G18 tccc. Further CD experiment was carried
out, and the result was shown in Fig. 8D. P-pot1 G18 tccc gave a CD spec-
trum with a valley at 245 nm and two peaks at 260 nm and 285 nm in
buffer containing KCl, indicating a mixed-type G-quadruplex structure.
After addition of protein hnRNP K, the CD signal peaks and their inten-
sities were not changed, which also indicated no binding between

protein hnRNP K and the G-quadruplex structure. The above results
showed that the G-quadruplex formation by P-pot1 G18 affected the
binding of transcription factor hnRNP K to a nearby C-rich binding site
possibly adding influence to pot1 transcription.

3.7. Transcription factor hnRNP K could up-regulate the translation of POT1
protein in vivo

In order to further study the role of hnRNP K on pot1 transcription
and translation, we constructed pEGFP-hnRNP K plasmid, a eukary-
otic fusion expression system, which could express hnRNP K and
green fluorescent fusion protein. Through laser scanning confocal
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microscopy technology, we found green fluorescent protein expressed
by pEGFP-hnRNP K plasmid in Hela cells 36 h after transfection
(Supporting Information Figure S2). As shown in Fig. 9A and B, signifi-
cantly increased POT1 protein level was observed when hnRNP K pro-
tein over-expressed 36 h in Hela cells. We also studied the influence
of hnRNP K protein on pot1 transcription and translation through in-
terfering hnRNP K expression, and the siRNA-hnRNP K primers are
shown in Table 1. As shown in Fig. 9C and D, significantly decreased
POT1 level was observed after hnRNP K was interfered followed with
the incubation of the Hela cells for 36 h for protein expression. These
results showed that transcription factor hnRNP K could have a strong
influence on the transcription and translation of pot1 gene in cellulo.
Our results also showed that interfering hnRNP K protein expression
and G-quadruplex formation by P-pot1 G18 had the same influence
both down-regulating pot1 gene expression in cellulo. Our results
might indicate that the G-quadruplex formation affected the binding
of transcription factor hnRNP K to a nearby region in pot1 gene promoter
consequently making additional influence for down-regulation of pot1
gene transcription.

4. Discussion and conclusion

The GC-rich regions, possibly forming quadruplex in living cells, play
an important role in human genome [32]. Recently, G-quadruplex
structures have been detected in human genomic DNA with hf2 anti-
body [18]. G-quadruplexes have been studied from physical, chemi-
cal, and biological points of view because of their unique structure
and stability under physiological conditions [33]. Over the years,
more and more researches about promoter G-quadruplex have
been published, such as c-MYC, Bcl-2, KRAS, and VEGF [34]. POT1 is
a telomere binding protein in a telomere binding complex Shelterin,

and is required for both chromosomal end protection and telomere
length regulation. It has been reported that deficiency of POT1
would initiate DNA damage checkpoint activation and aberrant ho-
mologous recombination at telomeres [35]. Human POT1 is unable
to lengthen the telomeres of telomerase-negative cells unless telome-
rase activity is induced, which indicates that a normal function of
POT1 is to facilitate telomere elongation by telomerase [36]. The full
length human POT1 has a molecular weight of 70 kDa, but recently at
least three consistently occurring forms with molecular weight of 90,
70 and 45 kDa have been reported because of post-translational modi-
fications, which also affect its intracellular localization and function
[37]. However, transcriptional regulation of POT1 expression, especially
the role of its promoter sequence, has not been studied. In the present
research, we found a parallel G-quadruplex formed by a 30-base se-
quence (named P-pot1 G18) located from — 165 to — 136 base pairs
upstream of the translation starting site of pot1 gene. Since TMPyP4
has been widely used in research of promoter G-quadruplex [38], here
we used this compound as a probe to study the role of G-quadruplex
in the promoter of pot1 gene.

Our CD results showed that P-pot1 G18 could fold into parallel
G-quadruplex in buffer containing 100 mM KCl, and the amount of
G-quadruplex increased with increasing concentration of KCI. In
comparison, in buffer containing NaCl, P-pot1 G18 could fold into a
mixed type G-quadruplex composed of mainly parallel G-quadruplex,
and the amount of G-quadruplex was not changed with increasing
concentration of NaCl. Our EMSA result showed that at least three
types of P-pot1 G18 structures could exist, including intra-molecular
G-quadruplex, single-strand DNA, and inter-molecular G-quadruplex.
Because P-pot1 G18 has five guanine-rich sections, it may have several
types of G-quadruplex topologies. Our mutation experiment of P-pot1
G18 indicated that its first three guanine-rich sections play more
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important roles for the formation of G-quadruplex, since Mut1, Mut2
and Mut3 behaved quite differently from the wild-type in CD and
EMSA. Our CD melting experiment showed that TMPyP4 could stabilize
the G-quadruplex formed by P-pot1 G18 in buffer containing either
NaCl or KCl, but its stability is a little different. The G-quadruplex is
more stable in buffer containing KCl, and its stability was also more
enhanced by TMPyP4. Our ITC experiment showed that TMPyP4
and the G-quadruplex formed an interaction complex with a stoichiom-
etry of 1:1, and this process was exothermic and enthalpy driven.
TMPyP4 could bind to the G-quadruplex in buffer containing either
NaCl or KCl, and their binding affinity in NaCl-containing buffer was
higher than that in KCl-containing buffer. The above results showed
that although TMPyP4 could bind to the G-quadruplex more strongly
in NaCl-containing buffer rather than in KCl-containing buffer at
low temperature, the thermostability of the binding complex in
KCl-containing buffer is higher rather than in NaCl-containing buffer,
which may be explained by their different binding mode properties
with different monovalent cations, similar to that reported previously
[25].

After above characterization of the G-quadruplex in vitro, we
studied its biological significance in regulation of gene transcription.
Our deletion experiment indicated that P-pot1 G18 could play an im-
portant role in pot1 gene transcription. Our mutation experiment
with recombinant plasmid followed by treatment with TMPyP4
showed that the G-quadruplex formation could repress pot1 gene
transcription, as measured with the luciferase activity. Our PCR
stop assay showed that the G-quadruplex formation could down-
regulate both pot1 gene transcription and protein expression in can-
cer cells. It has been reported that transcription factors play an im-
portant role in the transcription process [39], therefore, we studied
whether the G-quadruplex formation could affect the binding of
transcription factor. A binding site for transcription factor hnRNP K
was found close to the G-quadruplex, which was investigated in
the present study. hnRNP K is a well-known transcription factor
which specifically binds to TCCC sequence [40]. The expression
level of hnRNP K was not affected by up to 10 uM TMPyP4 in cancer
cells. Our Ch-IP experiment showed that hnRNP K could bind to
potl gene promoter region including P-pot1 G18 tccc sequence
in vivo. Our EMSA and CD experimental results indicated that P-
pot1 G18 tccc could fold into intra-molecular G-quadruplex as a
major form with single-strand DNA as a minor form in vitro, and
hnRNP K could bind to the single-strand P-pot1 G18 tccc only. Our
co-transfection luciferase assay and Western blot result showed
that when hnRNP K protein over-expressed in Hela cells, POT1 protein
expression level was significantly increased. On the contrary, POT1
protein expression level was significantly decreased when hnRNP K
protein expression was interfered. The interference of hnRNP K pro-
tein expression and G-quadruplex formation by P-pot1 G18 on pot1
gene promoter had the same effect both down-regulating pot1 gene
expression in cellulo. These results indicated that the formation of G-
quadruplex by P-pot1 G18 could prevent hnRNP K from binding to
the promoter region, consequently making an additional effect in
down-regulating pot1 gene transcription.

In summary, our extensive experimental studies indicated that
P-pot1 G18 G-quadruplex might become a potentially new drug target
for antitumor agents. Our results indicated that transcription factor
hnRNP K could up-regulate pot1 gene transcription upon its binding
with pot1 promoter. P-pot1 G18 G-quadruplex formation could affect
the binding of transcription factor hnRNP K to its nearby region, and
thus making additional influence to gene transcription.
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