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It is important to develop G-quadruplex binding agents that can discriminate between different quad-
ruplexes. Recently we reported the first example that a chiral supramolecular complex can selectively
stabilize human telomeric G-quadruplex among different G-quadruplex and duplex DNA, and the two
enantiomers showdifferent inhibition effect on telomerase activity.Here,we report thatDNAloop sequence
can be determinant for this chiral complex G-quadruplex selectivity. Adenine in the diagonal loop plays an
important role in G-quadruplex hybrid structural transition, thus, it strongly influences the chiral complex
induced DNA structural transition. The complex’s preference for human telomeric DNA and its chiral
selectivity prompted us to investigate whether the two enantiomers, M and P, can show different effects on
cancer cells. The P enantiomer’s chiral selectivity has been demonstrated in cancer cells by telomere
shortening, β-galactosidase activity, and up-regulation of cyclin-dependent kinase inhibitors p16 and p21.

Introduction

Chiral molecular recognition of DNA is important for
rational drug design and for developing structural probes of
DNA conformation.1-3 Human telomeric G-quadruplex is
polymorphic and has been a promising drug target for cancer
chemotherapy.4-6 Chiral recognition of G-quadruplexes can
provide a novel strategy for a generation of G-quadruplex
selective chiral binders. Recently, we reported7 the first
example that a chiral supramolecular complex can distinguish
different G-quadruplexes and selectively stabilize human
telomeric G-quadruplex with chiral selectivity and show
different activity against cancer cells. The chiral compound
used, [Ni2L3]

4þ, has a bimetallo triple helicate structure. Each
enantiomer (M or P) has a hydrophobic surface and a
compatible sizewithG-quartet, and thepositive charged triple
helical structure has the potential to interact with the loops
and grooves of G-quadruplex.7 Our results indicate that the P
enantiomer can stabilize G-quadruplex DNA and convert
G-quadruplex in sodium fromantiparallel tohybrid structure,
while the M enantiomer can not.7 These chiral nonplanar
ligands are different from conventional G-quadruplex bind-
ing agents because most G-quadruplex binding agents are
composed of a planar and aromatic core,6-10 which is
designed for targeting the commonG-tetrad inG-quadruplex
DNA and therefore not capable of distinguishing different
G-quadruplexes. Because the G-quadruplex sequence motifs
are widespread in the human genome8,9 and particularly
enriched in gene promotors that can modulate transcription,
10,11 it is important to develop ligands that can distinguish
differentG-quadruplexes, specifically target human telomeric
G-quadruplex, and understand their interaction mechanism.
Here we are reporting that the DNA loop sequence can be

determinant for chiral ligandG-quadruplex selectivity and the
compound’s chiral selectivityhas beendemonstrated in cancer
cells by telomere shortening, β-galactosidase activity, and
up-regulation of cyclin-dependent kinase (CDKa) inhibitors
p16 and p21. The results will provide new insights into the
mechanism of chiral ligands G-quadruplex selectivity and
their effects on cancer cells.

Results and Discussion

All DNA we used in this study (Figure 1) can form a
quadruplex structure in sodium or in potassium, which is
confirmed by ultraviolet (UV) melting, circular dichroism
(CD), and gel electrophoresis (Figure S1-S3). The chiral
metallo-supramolecular compound we used,7 [Ni2L3]

4þ

(Figure 1C), is a tetracationic triple helical cylinder structure
with four positive charges, a hydrophobic surface, and a size
(length ∼18 Å, diameter ∼8 Å) compatible with G-quartet
(length ∼14 Å, width ∼11 Å).12 It is well-known that
G-quadruplex DNA is polymorphic. Both G-quadruplex
topology and stability are influenced by several factors,
such as cations, base modification, loop length, and compo-
sition.13-18 These factors would further affect molecular recog-
nition of G-quadruplexes.19-22We find that the variation of the
DNA loop can change chiral ligand G-quadruplex selectivity.

The P enantiomer can distinguish different telomeric
G-quadruplex DNA.7 For P enantiomer binding to human
telomeric G-quadruplex DNA,7 its binding affinity is
about 2.6 � 107 M-1, and the stoichiometry is 1:1. A nota-
ble difference between human and tetrahymena or oxytri-
cha telomeric G-quadruplex is the adenine base in their
loop.7,23-26 We substituted thymines for the three adenines
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in loops (hTel-1, Figure 1) to examine the role of adenine.
Neither the M nor the P enantiomer can stabilize hTel-1 in
sodium (Table 1) at 1:1 binding ratio.7 For wild-type human
telomeric G-quadruplex (hTel22), a delayed new band
appeared in P enantiomer binding.7 However, for sample
hTel-1, no new band was observed for either M or P enantio-
mer binding (Figure 2, lanes 1-3). The replacements of loop
TTA with TTT diminish the chiral selectivity, indicating that
the TTA loop is important for chiral ligand recognition and
consistent with previous results ofMor P enantiomer binding
to tetrahymena or oxytricha telomeric DNA.7

Next, we further study the role of adenine in TTA loop by
changing loop sequence. The interaction of the M or P
enantiomer with hTel-2 or hTel-3 was similar as with hTel-1
(Figure 1B and Table 1). Neither theM nor the P enantiomer
can stabilize DNA in sodium and no delayed new band was
observed in gel (Figure 2, lanes 4-9). CD spectra of hTel-1,
hTel-2, and hTel-3 all show a positive band at 295 nm and a
negative band at 265 nm indicating that they form antiparallel
structure in sodium (Figures S4-S6). M and P enantiomer
binding only altered DNA CD intensity without hybrid
conversion showing that nonspecific electrostatic interaction

Figure 1. (A) Schematic representation of loop effect on chiral
compound G-quadruplex selectivity; (B) DNA sequences used in this
work. (C) Structure of the M-enantiomer (left) and P-enantiomer
(right) of [Ni2L3]4þ cation.Nickel, gray; nitrogen, yellow; carbon, red,
green, and blue, which represent three ligand strands respectively.

Table 1. Stabilization Effect of M (1 μM) and P Enantiomer (1 μM) on
Different DNAa

Naþ Kþ

DNA

sequence Tm (�C)
ΔTm,

b

M (�C)
ΔTm,

P (�C) Tm (�C)
ΔTm,

M (�C)
ΔTm,

P (�C)

hTel22 59.6 0 10.6 69.6 11.7 19.8

hTel-1 61.2 -2.4 0 79.7 0.8 1.9

hTel-2 47.7 0 0 69.1 4.6 7.7

hTel-3 55.3 0 0 75.6 3.2 4.1

hTel-4 56.2 0 8.0 74.6 4.1 9.5

hTel-5 64.8 -0.5 2.9 76.1 3 5.8

hTel-6 69.8 -0.3 -0.8 69.9 2.5 3.3
a In 10 mM Tris, 100 mM NaCl (or 10 mM KCl), pH 7.2 buffer.

[DNA] = 1 μM/strand. Tm was determined by DNA UV melting
studies. bΔTm = Tm(Compound-DNA) - Tm.

Figure 2. (A) Native gel electrophoretic analysis (20% PAGE) of
DNA in the presence of P or M enantiomer. The gels were run in
1� TB buffer with 10 mM NaCl; (B) Native gel electrophoretic
analysis (20% PAGE) of DNA in the presence of the P or M
enantiomer. The gels were run in 1� TB buffer with 10 mM KCl.
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happened, similar to previous reports.7,27 Therefore, TTA
loops are essential for the chiral selectivity of the G-quad-
ruplex.

Previous studies have shown that the P enantiomer prefere-
ntially binds to the end of the G-quartet by external stacking
and contact with the two lateral loops7 (loops 1 and 3).
However, unexpectedly, the TTA sequence in the diagonal
loop (loop 2, Figure 1A) is more important for the chiral
selectivity. When changing loop 1 and loop 3 to TTT and
keeping loop 2 TTA unchanged (hTel-4, Figure 1B), the P
enantiomer can still stabilize hTel-4 (the increase of melting
temperature, ΔTm = 8.0 �C at 1:1 ratio of [complex]/[DNA],
Table 1), but M cannot. Both M and P enantiomers were
stable under UV melting experimental conditions.7 These
results indicate that the P enantiomer remains chiral selecti-
vity. When just changing loop 2 to TTT (hTel-5, Figure 1B),
the P enantiomer can slightly stabilize hTel-5 (ΔTm = 2.9 �C
at 1:1 binding ratio). As for hTel-6, with an additional
thymine in loop 2 (TTTT), the P enantiomer does not stabilize
hTel-6 at all. Thiswas further confirmedbygel electrophoresis
(Figure 2). A delayed new bandwas only observedwhen the P
enantiomer binds to hTel-4 (Figure 2, lane 11). Our next CD
studies indicate that loop 2 is responsible for hybrid transition
induced by P enantiomer binding.

CD spectrum of hTel-4 (Figure S7A) has a positive band at
292 nm and a small negative band near 270 nm in Naþ, which
may indicate that hTel-4 predominantly form an antiparallel
structure in Naþ.7 Upon P enantiomer binding, the positive
band shifted from 292 to 289 nm, which shows a hybrid-like
feature formed in Kþ (Figure S7B), and the negative band
turned positive simultaneously and shifted from 270 to
265 nm. The same trend has been observed when the P
enantiomer binds to the wild-type human telomeric G-quad-
ruplex.7 This indicates that the P enantiomer prefers hybrid
structure and can convert hTel-4 from antiparallel to hybrid
structure in Naþ, just like P enantiomer binding to hTel22.7

For the M enantiomer, it can not induce hTel22 or hTel-4 to
have structural transition. In the case of hTel-5 and hTel-6
DNA, both of them adopt a typical antiparallel structure
(Figures S8 and S9). M and P enantiomer binding to hTel-5
just decreased the negative band intensity at 265 nm without
obvious band shift, although the decrease upon P enantiomer
binding was stronger thanM enantiomer. As for hTel-6, both
M and P enantiomers show almost no influence on the DNA
secondary structure. It is in accordance with UV melting and
gel electrophoresis results that the P enantiomer shows chiral
selectivity just for hTel-4 and hTel22.

We also studied chiral ligand G-quadruplex selectivity in
Kþ. CDspectra show that allDNAweused can formahybrid
structure in Kþ (Figure S3). Both M and P enantiomers can
stabilize all the quadruplexes, including hTel-1, however, the
stabilization effect of the P enantiomer is much stronger than
M (Table 1), showing that the P enantiomer has stronger
chiral selectivity7 even in Kþ. DNA CD spectra in Kþ buffer
change little in the presence ofMorP enantiomers,whichmay
suggest that both enantiomers favor the hybrid form, how-
ever, in Naþ buffer, the energetic cost of hybrid conversion
favors P enantiomer binding. A delayed new band was also
observed in Kþ for all DNA except hTel-1 (Figure 2B),
although gel electrophoresis is not as sensitive as DNA
melting data, which can show slightly different ligand binding
affinity to this series of DNA sequences. As shown in Table 1,
from hTel-1 to hTel-6, the effect of the P enantiomer on
melting temperature is not identical. Besides hTel-22, the P

enantiomer shows the strongest effect on hTel-4 and the least
effect on hTel-1, consistent with the results in Naþ. This
further supports that TTA in loop 2 is essential for P
enantiomer chiral selectivity.

NMR studies23 have shown that the base A13 in loop 2 of
human telomeric G-quadruplex DNA in sodium is abnormal
for its glycosidic torsion angle. 2-Ap fluorescence studies28

also indicate that A13 is more stacked than the other two
adenines in loops 1 and 3 both inNaþ and inKþ. These results
demonstrate thatA13 in loop2 is important forG-quadruplex
topology. In combination with our CD studies, it can be seen
that A13 in the diagonal loop is critical for hybrid structural
transition. For wild-type (hTel22) and hTel-4, they have the
same diagonal loop sequence TTA. This can be the reason
why the P enantiomer can only induce hTel-4 and wild-type
(hTel22) from antiparallel to hybrid structural transition and
shows chiral selectivity (Table 1). At physiological tempera-
ture, 37 �C, the free energy difference estimated from DNA
melting studies,5 ΔΔG37�C= ΔGDNA-P- ΔGDNA-M, is about
-4.6 kJ/mol (Table 2) for bothwild-type (hTel22) and hTel-4,
showing more favorable for P binding. Detailed structural
studies are clearly needed to clarify the unique role of A13 for
G-quadruplex topology and for structural transition.

Recently, a number of G-quadruplex forming regions have
been identified in the gene promoters andmanyof themcanbe
potential targets for therapeutic intervention.10,11 This re-
quires G-quadruplex binding agents to have the capability
to discriminate different quadruplexes.7,29 Our previous stu-
dies have shown that this complex can distinguish different
telomeric G-quadruplexes.7 Here we studied two other im-
portant G-quadruplexes that have been widely used in ligand
binding, c-myc Pu27(50-TGGGGAGGGTGGGGAGGG-
TGGGGAAGG-30) and c-kit (50-AGGGAGGGCGCTGG-
GAGGAGGG-30).10,11 C-myc Pu27 exists in the NHE ele-
ment of the c-myc gene promoter10 and forms a parallel G-
quadruplex structure. BothM and P enantiomers can slightly
increase c-mycquadruplexmelting temperature (ΔTm=2∼3 �C,
Table 3) and do not showchiral preference. This indicates that
the P enantiomer has a more than 6-fold selectivity7 (Table 3)
for human telomeric G-quadruplex over the promoter c-myc,
because P enantiomer can increase hTel22 Tm about 20 �C
under the same conditions. For another proto-oncogene
promotor c-kit,11 bothM and P enantiomers can significantly
decrease c-kit quadruplex stability (ΔTm = -9 �C, Table 3)
and do not show chiral selectivity.

These encouraging results prompted us to investigate
whether the two enantiomers, M and P, can show chiral

Table 2. Thermodynamic Parameters ofDNAAlone and uponBinding
of [Ni2L3]

4þ-M (M) and [Ni2L3]
4þ-P (P) a

DNA ΔH (kJ/mol) ΔS (J/mol 3K) ΔG37 �C (kJ/mol)

hTel22 -172.4 ( 1.1 -518.8 ( 3.1 -11.5 ( 2.0

hTel22þM -146.1 ( 0.8 -438.1 ( 2.3 -10.2 ( 1.5

hTel22þP -165.1 ( 1.3 -484.6 ( 3.8 -14.8 ( 1.5

hTel-1 -175.6 ( 0.3 -525.6 ( 1.0 -12.6 ( 0.6

hTel-1þM -146.0 ( 0.9 -441.4 ( 2.8 -9.1 ( 1.8

hTel-1þP -159.0 ( 0.8 -476.4 ( 2.3 -11.2 ( 1.5

hTel-4 -163.9 ( 1.0 -498.9 ( 3.1 -9.2 ( 2.0

hTel-4þM -141.8 ( 0.7 -431.9 ( 2.2 -7.9 ( 1.4

hTel-4þP -160.3 ( 1.3 -476.8 ( 3.8 -12.4 ( 1.5
a In 10mMTris, 100mMNaCl, pH 7.2 buffer. For hTel22,ΔΔG37 �C=

ΔGP - ΔGM = -4.6 kJ/mol; for hTel-4, ΔΔG37 �C = -4.5 kJ/mol;
Thermodynamic parameters were calculated according to ref 5.
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selectivity in cancer cells. We have reported that the P
enantiomer has a much stronger inhibition effect on telomer-
ase activity than theMenantiomer.7Here the quantitative real
time PCR(RTQ-PCR) results indicate that the P enantiomer
can causemore rapidly telomere shortening inK562 cells than
theM enantiomer (Figure 3A), showing chiral selectivity. The
RTQ-PCR method has been widely used to detect telomere
length30-36 and can avoid overestimation of the telomere
length, which can occur when using the terminal restriction
fragment analysis (TRF) method.37 Therefore, we used the
RTQ-PCR method to avoid overestimation in this study.
Based on the results of the short-term cell viability and the
value of IC50 (Table S1), which was determined by MTT
method, the long-term treatment concentrations of 1 μMPor
M enantiomer used are far below the IC50 values and have no
effect on short-term cell viability (Figure 3A). After treatment
with the P enantiomer for 35 days, the telomere length of the
K562 cell decreased 55% compared with the untreated group,
whereas for the M enantiomer group, it decreased only 18%.
The initial TRF length of K562 measured by Southern blot-
ting was 7.3 kb;38 despite the existence of a subtelomeric
region in the TRF fragment, we could approximately assess
that the telomere lost about 4 kb in the P enantiomer group
and 1.3kb in the M enantiomer group. Ultimately, the telo-
mere length decreased 68% or 5 kb at 55-60 days for P
enantiomer treated groups and did not decrease any more.
Thus, the telomere length may have decreased to the critical
mean length necessary to maintain cell division in the K562
cell. The population doubling plateau occurred at 55-60
days39 (Figure 3B). In the M enantiomer treated group, the
cells still can proliferate after 60 days, but population dou-
bling time was obviously increased (Figure 3B). Morphologic
examination of the cells at the plateau phase indicates the
increased proportion of flat and giant cells with phenotypic
characteristics of senescence and overexpression of β-galacto-
sidase activity39 in the P enantiomer treated group is more
obvious than in the M treated group (Figure 4). The positive
staining for senescence-associated β-galactosidase (SA-β-gal)
demonstrates that the P enantiomer can induce K562 cells
senescence after continuous treatment. Further analysis in-
dicates that the percentage of senescent cells is about 7, 25, and
50% for mock, M enantiomer, and P enantiomer treated
groups, respectively. Besides, P enantiomer ismore efficient to
up-regulate expression40,41 of CDK inhibitors p16 and p21 in
K562 cells than M enantiomer (Figure 3C). Quantitative
analysis was performed using Lab works 4.5 software
(Ultraviolet Products, Upland, CA) and showed that the M
enantiomer can up-regulate p16 and p21 expression about
5-fold, while the P enantiomer can increase p16 expression
about 31-fold and p21 expression about 24-fold. CDK in-
hibitors p16 and p21 have been considered key effectors of
cellular senescence.42-44 Up-regulations of p16 and p21 sug-
gest that these chiral complexes can induce cell-growth arrest
and senescence mediated by overexpression of p16 and p21.

Table 3. Stabilization Temperature (ΔTm) of Different G-Quadru-
plexes by P (1 μM) and M Enantiomer (1 μM) in 10 mM Tris Buffer
Containing 10 mM KCl at pH 7.2a

ΔTm
b (�C)

chiral complex hTel22 c-myc c-kit

P enantiomer 19.8 2.7 -8.2

M enantiomer 11.7 2.4 -9.8
aThe DNA concentration was 1 μM/strand. Tm was determined by

DNA UV melting studies. bΔTm = Tm(Compound-DNA) - Tm(DNA).

Figure 3. (A) Effects ofM and P enantiomers on telomere length of
K562 cells after treatment for 35 or 60 days. [M] or [P] concentration
was 1 μM; (B) Senescence induced byMandP enantiomers onK562
cells. Cells were exposed to 1μMMenantiomer (green data), 1μMP
enantiomer (red data), or no complexes as control (black data),
respectively. The errors were within 10%. (C) Western blotting
analysis of the p16 and p21 proteins after treatment with M and P
enantiomers. After K562 cells were treated with one of the four
complexes for 60 days, cells were lysed and separated on 12%
SDS-PAGE. p16 and p21 protein levels were detected by Western
blotting with antibodies against p16 and p21. Lane 1, control; lane
2, M enantiomer (1 μM); lane 3, P enantiomer (1 μM). Each
experiment presented in A-C has been done three times. Experi-
mental details were described in the Experimental Section.
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We are aware that cell senescence response can be induced by
telomere erosion or by a number of stressful stimuli, for
example, agents causing intracellular oxidative stress or per-
sistent mitogenic stimulation. These stimuli induce an acute
form of senescence, which occurs without the need for exten-
sive cell proliferation.45 Unlike these agents, the chiral com-
plex did not induce cytotoxicity immediately after adminis-
tration because complete inhibition of K562 cell proliferation
requires continued cell division until the telomeres reach a
critically short length. These observations indicate that K562
cell senescence is induced by disruption of telomere

Conclusion

Our studies demonstrate that the DNA loop sequence can
be the determinant for chiral ligand G-quadruplex selectivity.
Adenine in the diagonal loop plays an important role in
G-quadruplex hybrid structural transition, thus it strongly
influences chiral ligand induced DNA structural transition.
Changing diagonal loop TTA to TTT can eliminate P
enantiomer chiral selectivity. The complex human telomeric
G-quadruplex selectivity prompts us to study and compare
the effects of the two enantiomers on cancer cells. We have
demonstrated the compound’s chiral selectivity in cancer cells
by telomerase inhibition, telomere shortening,β-galactosidase
activity, and up-regulation of CDK inhibitors p16 and p21.
Our work will provide new insights into understanding chiral
ligand G-quadruplex selectivity and their different effects on
cancer cells.

Experimental Section

50-AGGGTTAGGGTTAGGGTTAGGG-30 (human telo-
meric G-quadruplex) and its analogues with modifications in
loops, c-mycPu27 (50-TGGGGAGGGTGGGGAGGGTGGG-
GAAGG-30) and c-kit (50-AGGGAGGGCGCTGGGAGGA-
GGG-30), and other DNA oligomers were purchased from
Sangon (Shanghai, China) and usedwithout further purification.
Concentrations of these oligomerswere determinedbymeasuring
the absorbance at 260nmaftermelting.5-7Extinction coefficients

were estimated by the nearest-neighbor method by using mono-
nucleotide and dinucleotide values.5-7 All the experiments were
carried out in 10 mM Tris buffer with 100 mMNaCl or 100 mM
KCl, pH 7.2, unless stated otherwise.

The metallo-supramolecular cylinder [Ni2L3]Cl4 was synthe-
sized and purified as previously reported.7 The enantiomerically
pure [Ni2L3]Cl4 was obtained by using a cellulose (∼20 μm,
Aldrich) column and elutingwith 20mMNaCl aqueous solution.
The purity is more than 95%, which was determined by ESI-MS
and elemental analysis.7 UV-vis spectroscopy was used to
determine the enantiomer concentration. The samples of purified
M and P enantiomer were collected and freeze-dried for future
use.7

Absorbance measurements and melting experiments were
carried out on a Cary 300 UV/vis spectrophotometer equipped
with a Peltier temperature control accessory.5-7 All UV/vis
spectra were measured in 1.0-cm-path-length cell with the same
concentration of corresponding metal complex aqueous solution
as the reference solution. Absorbance changes at 295 nm versus
temperature were collected at a heating rate of 1 �C 3min-1.
Thermodynamic parameters of DNA oligomers in the absence
or presence of a chiral compound were estimated by using their
melting profiles, according to a well-established method.5 The
enthalpy change, 4H, was determined from the temperature
dependence of equilibrium association constant, where 4H
was the slope of ln Ka versus 1/T plot according to the equation
ln(Ka) =-(4H/RT)þ 4S/R, where 4S was the entropy change
that was obtained according to the y-axis intercept. The free
energy change (4G) at 37 �C was calculated from the standard
Gibbs’s equation, 4G= 4H - T4S.

CD spectra were measured on a JASCO J-810 spectropolari-
meter equippedwith a temperature controlledwater bath.5-7 The
optical chamber of CD spectrometer was deoxygenated with dry
purified nitrogen (99.99%) for 45 min before use and kept the
nitrogen atmosphere during experiments. Three scans were accu-
mulated and automatically averaged. The various concentrations
ofMor P cylinder were scanned as a control and subtracted from
the spectra of metal cylinder/DNA mixture to eliminate its
influence on DNA CD signal between 340 and 220 nm.

Native gel electrophoresis5-7was carried out onacrylamide gel
(20%) and run at 4 �C, 12.5 V/cm in 1� TB buffer containing
10 mM NaCl or 10 mM KCl, and was stained by stains-all.

Figure 4. Expression of senescence-associated β-galactosidase (SA-β-gal) inK562 cells after continuousMand P enantiomer treatment. K562
cells were treated with (a) no complex; (b) 1 μMM enantiomer; and (c) 1 μMP enantiomer continuously for 60 days. Flat and giant cells with
phenotypic characteristics of senescence and overexpression of β-galactosidase activity were detected in the P enantiomer treated group and
partly in M treated groups. This assay was performed in triplicate. The senescent cells were counted under an inverted microscope in five
random fields.
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Cell Line. The leukemia cell line K56240,41 was cultured in
Iscove0sModifiedDulbecco0sMedium (IMDM) and supplemen-
tedwith 10% fetal bovine serum at 37 �C in a 5%CO2 humidified
incubator. The medium was exchanged once per two days.

Short-Term Cell Viability Assay by MTT. Cell viability was
measured by the MTT method as we described before.41,46

Briefly, K562 cells in the logarithmic growth-phase were
collected, and 2 � 104 cells/well were dispensed within 96-well
culture plates in 100 μL volumes. M and P enantiomers with
different concentrations were added inside the 96-well plates.
Three parallel wells were set for each of the treated or control
groups. Culture plates were incubated for 72 h at 37 �C in a
humidified atmosphere of 5% CO2, and then 10 μL of MTT
reagents (5 mg/mL) was added to each well. The cells were
incubated for another 4 h at 37 �C, and then the liquid in the
wells was evaporated. Solubilization solution (10% SDS in
0.01 M HCI; 100 μL) was added, and the absorbance (570 nm)
was measured to estimate cell viability.

Long-Term Exposure Studies. Cells were grown in T25 tissue
culture flasks at 2.0 � 105/flask. To avoid short-term apoptosis
and other nonspecific effects on cells that could render the
detection of telomeric events difficult, nonacute cytotoxic con-
centration (90% survival) were applied on K562 cells for long-
term exposure every 3 days. The cells in control and drug-
exposed flasks were collected and counted using a hematocyto-
meter and flasks reseeded with 2.0 � 105 cells. Remaining cells
were collected and used for measurements as described below.
This weekly process, with twice-weekly complex addition, was
continued until such time that there were fewer than 2.0 � 105

cells for reseeding.
Telomere Length Measurement by Quantitative Real-Time

Polymerase Chain Reaction (PCR). Genomic DNA was extra-
cted from each cell sample, and relative telomere length was
measured using a real-time quantitative PCRmethod described
by Cawthon,30 with minor modifications. The technique mea-
sured the factor by which the sample differed from a reference
DNA sample in its ratio of telomere repeat copy number to
single copy gene copy number. This ratio was proportional
to the average telomere length. A revised primer set47 (Tel1
and Tel2) was used for telomere amplification and acidic
ribosomal phosphoprotein P0 (RPLP0) gene primers (36B4)
used as a single-copy gene reference. Each 20 μL PCR reaction
included 10 μL 2� Syber Green PCR Master Mix (TaKaRa
Biotech Ltd.), 20-100 ng genomic DNA, and primers at final
concentrations: 200 nM for each telomere primer or 300 nM for
each of the 36B4 primers. The amplification was performed in a
ROCHE Light cycler system using the following conditions:
95 �C for 1 min, followed by 40 cycles of 95 �C for 15 s, 58 �C for
15 s, and 72 �C for 40 s for the 36B4 reaction, or 35 cycles of 95 �C
for 15 s, 56 �C for 15 s, and 72 �C for 60 s for the telomere
reaction. To determine the cycle threshold (Ct) value, two
separate PCR runs were performed for each sample and primer
pair. To serve as a reference for standard curve calculation, the
genomic DNA extracted from untreated cell sample was serially
diluted from 3.125 to 100 ng per well. The LightCycler software
was used for the construction of the standard curve and calcula-
tion of theCt values. The relative telomere/single copy gene ratio
(T/S value) was calculated using the formulaT/S≈ 2ΔΔCt, where
ΔΔCt = ΔCt(sample) - ΔCt(control), and ΔCt = Ct(36B4) - Ct(Tel).

Senescence-Associated β-Galactosidase (SA-β-gal) Assay.
The senescent status was verified by staining for SA-β-gal as
described.48 Cells treated with each of the four complexes were
washed twice in PBS, fixed in 2% formaldehyde/0.2% glutar-
aldehyde for 5 min at room temperature, washed again in PBS,
and incubated for 16 h with β-Gal stain solution containing 1
mg/mL 5-bromo-4-chloro-3-indolyl-β-D-galactoside, 40 mM
citric acid/sodium phosphate, pH 6, 5 mM potassium ferro-
cynide, 5mMpotassium ferricyanide, 150mMNaCl, and 2mM
MgCl2. Cells were viewed with use of a light microscope and
photographed at �400 magnification.

Western Blotting.
40,41 After treatment, the cells were washed

with PBS, and lysed in 100 mL of lysis buffer (10 mMTris-HCl,
pH 7.4, 5mMMgCl2, 1mMEDTA, 25mMNaF, fresh 100mM
Na3VO4, and l mMdithiothreitol). Cell lysates were centrifuged
for 10 min at 14000 g. Concentrations of protein in the super-
natant were determined by BCA protein assay. Equal amounts
of protein (40 μg) were resolved on 15% SDS-PAGE and
transferred electrophoretically to PVDF membrane. The mem-
branes were blocked with blocking buffer (6% casein, 1%
polyvinylpyrrolidone, 10 mM EDTA) in TBST (10 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 0.1% Tween-20), and then
incubated with mouse monoclonal anti-p21WAF1 and anti-
p16INK4a (Thermo Fisher Scientific, Fremont, CA) for 2 h at
room temperature, washed three times with TBST for 30 min,
and then incubated with alkaline phosphatase conjugated
secondary antibody (ZSGB-BIO Inc., Beijing, China) for 2 h
at room temperature.Afterwashing the secondary antibody, the
bound antibody complex was incubated in BCIP/NBT reagents
and then photographed.
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