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Abstract

Limitations of Systematic Evolution of Ligands by Exponential Enrichment (SELEX)
and related methods that depend upon combinatorial oligonucleotide libraries have hindered
progress in this area. Our laboratory has introduced a new approach to aptamer discovery that
uses oligonucleotides with sequences drawn from the human genome to capture proteins from
biological samples. Specifically, we have focused on capture of proteins in nuclear extracts from
human cell lines using G-quadruplex (G4) forming genomic sequences. Previous studies
identified capture of several proteins both in vitro and in live cells by the Pu28-mer sequence
from the ERBB2 promoter region. Here we provide a more comprehensive study of protein
capture from BT474 and MCF7 human breast cancer cells using G4-forming sequences from the
CMYC, RB, VEGF and ERBB2 human oncogene promoter regions. Mass spectrometric analysis
and Western blot analysis of protein capture at oligonucleotide-modified surfaces revealed
capture of nucleolin by all three of the oligonucleotides in BT474 and MCF7 cells, and also of
ribosomal protein L19 (RPL19) in BT474 cells. Chromatin immunoprecipitation (ChlIP) analysis
confirmed the interaction of nucleolin with all three promoter sequences in MCF7 cells and with
RB in BT474 cells. ChIP also revealed interactions of RPL19 with CMYC in BT474 cells and of

both RPL19 and ribosomal protein L14 (RPL14) with ERBB2 in BT474 cells. These results



offer the basis for development of new aptamers based on the G4 sequences from the CMYC, RB,
VEGF, and ERBB2 promoters toward proteins including nucleolin, RPL19 and RPL14. These

interactions also may have biological and therapeutic significance.
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Introduction

Since their introduction in 1990 [1,2], aptamers have become an increasingly mainstream
alternative to antibodies as affinity reagents for targets ranging from small molecules to large
proteins and even whole cells. They offer important, well described advantages over antibodies
that make them attractive candidates for wide-ranging analytical and medical applications [3-7].
Typically, the process of aptamer discovery to a particular target begins with construction of a
randomly generated library of 10**-10" oligonucleotides. The library is then reduced through an
iterative selection process to a handful of sequences that exhibit high affinity to the target
through a process known as Systematic Evolution of Ligands by Exponential Enrichment
(SELEX) [1].

There is no question that aptamers, once discovered, can live up to their promise as
powerful alternatives to antibodies for highly selective, affinity binding reagents. The limiting
factor in achieving their full potential, however, is the relatively small number of targets to
which aptamers have been selected despite intensive effort and substantial investments of time
and money [8]. This limited success has been attributed to a number of factors. Most often cited
is the SELEX process itself, which is laborious, non-standardized and difficult to fully automate
[8]. Yet even if these problems are solved, there will remain fundamental drawbacks inherent in

combinatorial approaches related to sequence bias of combinatorial libraries and PCR



amplification, leading to under-representation of certain structural motifs in the selection process
[9,10].

Here we describe progress toward a new, genome-inspired selection process for aptamer
discovery that reverses the selection process in order to overcome practical and fundamental
limitations of combinatorial selection approaches. Rather than selecting an aptamer from a
combinatorial library of oligonucleotides for high affinity binding to a specific target protein, the
genome-inspired approach uses specific DNA sequences from the human genome to capture
proteins from natural pools such as nuclear protein extracts. By using naturally occurring DNA
sequences to capture target proteins from natural protein pools, the new approach takes
advantage of eons of biological evolution of DNA sequences that interact selectively with
particular proteins to perform biological functions. Linking aptamer discovery to nature increases
the chances of uncovering protein-DNA affinity binding interactions that have biological
significance as well as analytical utility.

The specific focus of the present work is on genomic G-rich sequences related to cancer
that can form G-quadruplex (G4) structures. Although G4 is a highly successful motif for
aptamers, it is underrepresented in combinatorial libraries; those that are present are generally
limited to two-tier G4 structures [9,10]. Additionally, G4-forming sequences are prone to
inefficient PCR amplification, further biasing SELEX away from these structures. In contrast to
combinatorial libraries, nature provides a large diversity of sequences capable of forming multi-
tiered G4 structures throughout the human genome that are promising candidates for aptamers
[11-17]. In particular, possible G4-forming sequences are prevalent in gene promoter regions
[15,16], particularly in oncogene promoters [16]. Since gene promoters are characterized by

protein binding interactions, these regions represent a rich source of potential aptamers.



Our earlier discovery of high affinity binding between a G4-forming sequence from the
insulin-linked polymorphic region of the insulin gene promoter and the proteins insulin and
insulin-like growth factor 2 (IGF2) [18] resulted in identification of aptamers to these proteins
[19,20]. This discovery led us to pursue a more general, reverse selection, genome-inspired
pathway to aptamer discovery [19,21], in which a genomic sequence is used to capture potential
targets from natural protein pools such as cell lysates or nuclear extracts, and to apply it to G4-
forming sequences from human oncogene promoter regions [21]. Studies of binding between
individual, G4-forming sequences from oncogene promoter regions and the oncogene protein
products with the goal of aptamer discovery have since been reported [22].

Libraries of genomic sequences previously have been used in place of randomly
generated oligonucleotide libraries in SELEX [11,12]. In contrast, the present approach
eliminates the need not only for oligonucleotide libraries, but also for PCR amplification, and
purified, immobilized target protein. Additionally, unlike the SELEX process, which doesn’t
reveal success or failure until the conclusion of a generally lengthy process, the genome-inspired
approach provides rapid feedback about potential affinity binding interactions. Finally, by
reversing the selection process, the present approach offers the ability to discover previously
unknown DNA-protein binding interactions.

The G4-forming sequences used in the present work are from the promoter regions of the
CMYC, retinoblastoma (RB), vascular endothelial growth factor (VEGF) and ERBB2 Receptor
Tyrosine Kinase 2 (ERBB2) human oncogenes. These genes are either overexpressed in cancer or
express proteins that exhibit a loss of activity in cancer [23-29]. The sequences are shown in
Figure 1, along with the proposed structures of CMYC, RB and VEGF [30-39]. The structure of

ERRB2 is not yet available, but is thought to form tetrad:heptad:heptad:tetrad (T:H:H:T) similar



to that reported for an analogous sequence from CMYB [38]. The oligonucleotides were attached
to magnetic beads and incubated with nuclear protein extracts from cultured BT474 and MCF7
breast cancer cells. The captured proteins were analyzed using MALDI MS to screen for
differential capture by the G4 oligonucleotides compared to a non-G4-forming control, and then
separated using gel electrophoresis. Bands appearing only, or to a much greater extent, for the
G4 oligonucleotides compared to a non-G4-forming control were extracted from the gels and
analyzed using LC-MS/MS. Protein candidates were then selected for Western blot interrogation.
Proteins confirmed by Western blot were then used in chromatin precipitation (ChIP) analysis to

determine if the proteins bind to the G4-forming sequences in the live cells.

Materials and methods
Materials

Custom sequence oligonucleotides were obtained from Integrated DNA Technologies
(IDT) with a 5'-thiol modification for attachment to fused silica surfaces or a 5'-biotin
modification for attachment to streptavidinated magnetic beads. Sequences of the G4
oligonucleotides are shown in Figure 1. The control oligonucleotide is G-rich sequence 5'-GGT
GGT GGT TGT GGT-3' that does not form an intramolecular G4 structure. Reagent-grade solid
chemicals were obtained from Sigma unless otherwise noted. BT474 and MCF7 adherent breast
cancer cell lines were obtained from the American Type Culture Collection (ATCC) as vials of

frozen cells.

Circular Dichroism Spectroscopy
Prior to analysis, stock DNA oligonucleotide solutions were heated at 95°C for 5 min and

cooled slowly in the presence of potassium ions. All oligonucleotides were diluted in 100 mM



KClI to a final concentration of 1.25 pM unless otherwise noted. Samples were measured in a 1-
cm pathlength quartz cuvette on a Jasco 715 spectropolarimeter equipped with a Peltier
temperature controller. A blank spectrum was taken for the 100 mM KCI solution and subtracted
from all sample spectra. CD scans were run in triplicate at 25°C over a range of 200-350 nm and
reported as the average. Instrument parameters were set to a 1 nm step size, 4 s response time,

and 100 nm/min scan speed.

Cell Culture and Nuclear Extract Collection

BT474 and MCF7 adherent breast cancer cell lines were obtained from the American
Type Culture Collection (ATCC) as vials of frozen cells. BT474 cells were grown in ATCC’s
Hybri-Care medium dissolved in cell culture grade water containing 1.5 g/L sodium bicarbonate
(Sigma), 10% fetal bovine serum (ATCC), and 5% penicillin/streptomycin (Fisher). MCF7 cells
were grown in ATCC-formulated Eagle’s Minimum Essential Medium (EMEM) containing 0.01
mg/mL human recombinant insulin (Life Technologies), 10% fetal bovine serum, and 5%
penicillin/streptomycin. Both cell types were grown in 75-cm? vented cap tissue culture treated
flasks (CELLTREAT) and maintained at 37°C with 5% CO,.

After reaching 70-80% confluence, cells were rinsed with ice-cold Dulbecco’s phosphate
buffered saline (ATCC), lifted from the surface using cell scrapers with a 20-mm lifter blade
(CELLTREAT), and collected in microcentrifuge tubes (Eppendorf). All succeeding protein
extraction steps were performed in a cold room at 4°C, with all materials and equipment having
been precooled at least overnight. Each cell pellet was centrifuged at 3000 RPM for 2 min and
the supernatant discarded. Hypotonic solution A (10 mM HEPES (pH 7.9), 1.5 mM MgCl,, 10

mM KCI, 1 mM EGTA, 1 mM EDTA, 0.1% NP-40, 1 mM DTT, 1% protease inhibitor cocktail)



was added to each pellet at a volume equal to the packed cell volume (1:1 ratio). Samples were
centrifuged at 3000 RPM for 2 min and the supernatant was removed. Solution A was added to
each pellet a second time at a 1.5:1 ratio. After a brief vortex mixing, the cell suspensions were
swelled on ice for 10 min and centrifuged at 6000 RPM for 30 s. The supernatant, containing the
cytoplasmic extract, was collected and stored at -20°C. Solution B (20 mM HEPES (pH 7.9), 1.5
mM MgCl,, 20 mM KCI, 1 mM EGTA, 1 mM EDTA, 0.1% NP-40, 1 mM DTT, 1% protease
inhibitor cocktail) was added to each remaining cell pellet at a 1:1 ratio and gently mixed.
Samples were centrifuged at 12000 RPM for 10 min and the supernatant was discarded. The
addition of solution B, centrifugation, and removal of supernatant was repeated a second time.
Solution B was then added to each pellet a third time using a 0.5:1 ratio. Samples were
transferred to a Mikura Ltd. Orbis microplate shaker and an equal volume of solution C (50 mM
HEPES (pH 7.9), 1.5 mM MgCl,, 1 mM EGTA, 1 mM EDTA, 0.1% NP-40, 1 mM DTT, 1%
protease inhibitor cocktail) was added dropwise, slowly, while shaking. Following 30 min of
mixing, samples were centrifuged at 12000 RPM for 30 min. The supernatant, containing the

nuclear extract, was then collected and stored at -80°C until use.

Affinity Protein Capture on Streptavidinated Magnetic Beads

Dynabeads MyOne C1 streptavidinated magnetic beads (Life Technologies) were
vortexed in their original container for approximately 30 s until homogeneously resuspended in
solution. Following transfer of an appropriate volume to a microcentrifuge tube, beads were
washed three times with 1X binding and washing (B&W) buffer (5 mM Tris-HCI, pH 7.5; 0.5
mM EDTA; 1 M KCI) to remove preservatives. Beads were then resuspended in 2X B&W

buffer (10 mM Tris-HCI, pH 7.5; 1 mM EDTA,; 2 M KCI) at a volume equal to twice the initial



volume of beads used. An equal volume of 1X B&W buffer containing 200 pmol of the
appropriate DNA oligonucleotide was then added to each tube and incubated for 10 min at room
temperature with shaking. Custom sequence oligonucleotides were obtained from Integrated
DNA Technologies with a 5'-biotin attachment. After oligonucleotide attachment, the beads
were washed three times with 1X B&W buffer to remove unbound DNA.

For protein capture, the appropriate nuclear protein extract was added to each tube and
incubated overnight at ambient temperature with shaking. The following morning, beads were
washed three times with PBS (150 mM KCI, 5 mM KH3PO,, 8 mM K;HPO4, pH 7.3). Captured
proteins were eluted into either deionized water at 60°C for 15 min or 5% formic acid at room
temperature with shaking for 10 min. Beads were then separated from solution using a bar
magnet. The supernatant, containing the captured proteins released from the beads, was
collected. Each magnetic bead capture was performed in triplicate, and the three eluted protein
mixtures were pooled together. These pooled samples were dried and concentrated using a
Labconco CentriVap Complete Vacuum Concentrator at the Center for Functional Genomics at
the State University of New York at Albany. Samples were then reconstituted in deionized water
and aliquoted. Aliquots of captured protein were either used immediately or stored at -20°C for

later use.

MALDI MS Analysis

Captured proteins from the magnetic beads experiments were mixed 1:1 with sinapinic
acid MALDI matrix (10 mg sinapinic acid/mL 50% ACN + 0.3% TFA) and spotted directly onto
the MALDI target. Bruker protein calibration standard 1l was used to externally calibrate the

mass spectrometer. All MALDI-TOF MS data was collected in linear positive mode using a



Bruker Autoflex Speed MALDI MS at the Stewart’s Advanced Instrumentation and Technology
(SAINT) Center at Siena College. Laser frequency was set to 1000 Hz with a pulsed ion
extraction of 6000 ns and suppression up to 4000 Da. Ten spectra were summed together for

each measurement, for a total of 20,000 laser shots.

SDS-PAGE Separation

Captured proteins were mixed with 5X Laemmli buffer (10% SDS, 0.25 M DTT, 50%
glycerol, 0.01% bromophenol blue in 0.3125 M Tris) in a 1:5 ratio and denatured at 95°C for 5
min. Following protein denaturation, 5 pL of sample was loaded into each well of a Bio-Rad
precast 4-15% TGX polyacrylamide protein gel. SDS-PAGE separation was performed at 120
V, 30 mA for 45 min using a Bio-Rad Mini-PROTEAN Tetra Cell electrophoresis system
containing 1X SDS-PAGE running buffer (25 mM Tris, pH 8.3; 190 mM glycine; 0.1% sodium
dodecyl sulfate). A pre-stained protein ladder was also loaded on the gel to monitor
electrophoretic separation and serve as a marker for approximate protein masses. Gels were
rinsed three times with deionized water for 5 min each and stained with Bio-Safe G-250
Coomassie stain (Bio-Rad) for 1 h with shaking. De-staining was carried out in deionized water
for at least 30 min, with shaking, until protein bands were visible and the blue background was

minimized. Gels images were obtained using a Bio-Rad ChemiDoc XRS+ imaging system.

Trypsin Digest and LC-MS/MS Analysis
Gel bands of interest were excised using sterile surgical blades and transferred to
individual microcentrifuge tubes. In-gel trypsin digestion and LC-MS/MS analysis were then

performed at the Center for Functional Genomics at the State University of New York at Albany.



Gel bands were first washed with deionized water, smashed into smaller pieces using a
homogenizer, and de-stained with 100 mM ammonium bicarbonate. The samples were
centrifuged to collect the gel pieces at the bottom of the tube. The supernatant was removed and
the gel pieces were shrunk with acetonitrile. Following centrifugation and discarding of the
supernatant, the gel pieces were incubated with 20 mM tris(2-carboxyethyl)phosphine (TCEP) at
37°C for 1 h to reduce disulfide bonds. The pieces were dehydrated once again with acetonitrile
and then alkylated with 40 mM iminodiacetic acid (IDA) for 45 min at 37°C to prevent
reforming of disulfide bonds. Gel pieces were then dehydrated, dried on a speed vac, and
incubated with trypsin at 37°C overnight. The next day, peptides were extracted from the gel
pieces using acetonitrile, trifluoroacetic acid, and formic acid. LC-MS/MS data was obtained
using a CapLC HPLC (Waters Co.) coupled with an ABSCIEX Applied Biosystems QSTAR XL
mass spectrometer. The HPLC was equipped with a Jupiter C1g column (3 um, 100 um ID x 150
mm) from Phenomenex (Torrance, CA). A linear gradient flow was used at a flow rate of 250
nL/min. MASCOT 2.5 software from Matrix Science was used to search the NCBInr human sub
database with the following paramters: a peptide mass tolerance of 0.3 Da, up to one missed
cleavage, and possible variable modifications of methionine oxidation, cysteine
carboxyamidomethylation, and deamination. Potential protein matches were selected for further
analysis based on a score above the threshold, approximate mass consistent with that seen for the

corresponding gel band, known G4 interactions, and potential role in cancer.

Western Blotting
Captured protein samples were first separated on a precast 4-15% gradient SDS-PAGE

gel, as described previously, along with MagicMark XP Western protein standard (Thermo



Fisher Scientific). After three deionized water rinses of the gel, the separated proteins were
transferred from the gel to a 0.2-uM pore polyvinylidene difluoride (PVDF) membrane that had
been pre-wetted with methanol. Following a 15-min equilibration of the gel, membrane, filter
paper, and foam pads in ice-cold transfer buffer (25 mM Tris, 190 mM glycine, 20% methanol);
the transfer stack was assembled, placed into the electrode assembly in a Bio-Rad Mini Trans-
Blot cell, and covered with ice-cold transfer buffer. Transfer was allowed to proceed at 70 V,
350 mA for 70 min with an ice pack and constant stirring of a magnetic stir bar to aid in heat
dissipation. Successful transfer to the membrane was monitored using a pre-stained protein
ladder.

Following protein transfer, the membrane was incubated for 1% h with blocking buffer
(5% Carnation dry milk in PBS containing 0.2% Tween-20 (PBS-T)) with shaking at room
temperature. After washing the membrane three times with transfer buffer for 10 min each with
shaking, the appropriate primary antibody, diluted according to manufacturer specifications in
blocking buffer, was added to the membrane and incubated overnight at 4°C with shaking.
Rabbit anti-nucleolin was purchased from Thermo Fisher and rabbit anti-RPL14 and mouse anti-
RPL19 were from Novus Biologicals.

The following morning, the membrane was washed with blocking buffer three times for
10 min each with shaking. The membrane was then incubated at room temperature for 1 h with
shaking with an appropriate secondary antibody, diluted in PBS-T according to manufacturer
guidelines. The secondary antibodies used were goat anti-rabbit IgG (H+L) HRP-conjugated
antibody (Life Technologies) and donkey anti-mouse IgG HRP-conjugated antibody (R&D
Systems). After secondary antibody incubation, the membrane was rinsed three times with PBS-

T for 10 min each on the shaker. SuperSignal West Femto Maximum Sensitivity Substrate (Life



Technologies), comprising equal parts peroxide solution and luminol enhancer, was added to the
membrane and incubated for 5 min with shaking. After draining excess liquid, the membrane
was imaged on the ChemiDoc XRS+ imaging system according to the settings for

chemiluminescent detection.

Chromatin Immunoprecipitation and PCR

A ChIP-IT Express kit (Active Motif) was used to collect chromatin from each cell line
and to perform chromatin immunoprecipitation (ChIP) experiments. Confluent cells were fixed
with 1% formaldehyde, scraped into ice-cold PBS supplemented with 0.005% 100 mM
phenylmethylsulfonyl fluoride (PMSF), and collected. Fixed cells were lysed with a dounce
homogenizer and the released chromatin was sheared using a Vibra-Cell VCX500 ultrasonic
processor (Sonics). Ten 1-min pulses were performed for each sample with 10 s of sonication at
30% power and 50 s of rest, with samples being kept on ice for the duration of the 10-min
process. Following sonication, samples were centrifuged at 13000 RPM for 10 min at 4°C and
the supernatant, containing sheared chromatin, was collected.

The DNA component of chromatin was isolated through DNA-protein cross-link
reversal, RNA and protein degradation, and ammonium acetate-ethanol precipitation. Following
removal of residual salt, the concentration of DNA was measured using a Nanodrop ND-1000
spectrophotometer. Approximate concentrations were on an average scale of 1200 ng/ul for
BT474 and 400 ng/uL for MCF7. These values were used to calculate the volume of sheared
chromatin necessary for ChIP experiments. ChIP reactions were set up in siliconized
microcentrifuge tubes according to the ChIP-IT Express Kit protocol. Rabbit anti-nucleolin

verified for use in ChIP was purchased from Novus Biologicals. ChIP-verified antibodies were



not commercially available for RPL14 and RPL19, so the antibodies from Western blotting were
used. Reaction tubes were incubated at 4°C for 4 h on an end-to-end rotator and centrifuged
briefly to collect liquid from the caps. After using a bar magnet to separate the beads from the
liquid, the supernatant was discarded. The beads were then washed once with ChIP Buffer 1 and
twice with ChIP Buffer 2. Beads were resuspended in Elution Buffer AM2, incubated for 15 min
at room temperature with shaking, and briefly centrifuged. DNA-protein crosslinks were then
reversed with the addition of Reverse Cross-linking Buffer and heating of the collected
chromatin at 95°C for 15 min. Proteinase K (2 puL of 0.5 pg/ul) was added to each sample and
mixed well followed by a 30-min incubation at 37°C. Samples were returned to room
temperature and 2 uL of Proteinase K Stop Solution was added to each. The collected DNA was
then purified using Active Motif’s Chromatin Immunoprecipitation DNA Purification Kit. DNA
was either used immediately or stored at -20°C until further use.

PCR primers were designed based on the human genomic sequence of each promoter and
tested for primer efficiency using Oligo 6 software (Molecular Biology Insights, Inc., DBA
Oligo, Inc., Colorado Springs, CO). Sequences of the anticipated PCR product for each promoter
sequence including forward and reverse primers are shown in Supplementary Material Figure S1.
The forward and reverse primers were custom ordered from IDT. AccuPrime GC-rich DNA
polymerase was purchased from Life Technologies. PCR reactions were set up in 0.2-mL thin-
wall PCR tubes and mixed thoroughly. Filtered pipette tips from Fisher were used for all
mixture components. PCR was performed using a Bio-Rad T100 Thermal Cycler according to
the following protocol: 2-min denaturing step at 94°C; 48 cycles of 94°C for 20 s, 66°C for 20 s,
68°C for 1 min; 2-min final extension at 68°C; hold step at 4°C. PCR products were purified

using Active Motif’s Chromatin [P DNA Purification Kit.



PCR products were mixed with 6X DNA loading buffer (30% glycerol (v/v), 0.25%
bromophenol blue (w/v) in deionized water) and separated on a 2% agarose gel at 120V, 100 mA
for 120 min using an Owl B2 horizontal electrophoresis system (Thermo Fisher). Gels were
immediately stained with 1X SYBR gold in 1X TBE for 15 min with shaking. Gels were imaged
on a Bio-Rad Chemi-Doc XRS+ imaging system using the appropriate settings for visualizing
SYBR gold. After confirming the presence of a single band for each sample, the PCR products
and appropriate primers were then sent overnight to Eurofins MWG Operon LLC (Louisville,

KY) for DNA sequencing.

Results
Circular Dichroism Spectra of the G4 Oligonucleotides

The CD spectra of the G4-forming oligonucleotides and the non-G4-forming control are
shown in Figure 2. The spectra of CMYC and VEGF indicate parallel, intramolecular G4
structures, which is consistent with previous reports for these oligonucleotides [30-33,36,37].
The spectrum of RB, which has previously been reported to have an antiparallel G4 structure
[34,35], also indicates a parallel structure. This inconsistency may be explained by the presence
of potassium ion, which can promote transitions between antiparallel and parallel structures [40].
The CD spectrum of ERRB2 (not shown) was consistent with reports for the homologous
sequence from CMYB that is thought to form a parallel, tetrad:heptad:heptad:tetrad (T:H:H:T)

G4 structure [38].

MALDI MS Analysis of Proteins Captured on Oligonucleotide-Modified Beads
Protein capture from nuclear protein extracts of BT474 cultured cells at the surfaces of

the oligonucleotide-modified beads was performed, followed by elution of the captured proteins



for analysis by MALDI MS. The use of MALDI MS provides rapid screening of protein capture
that allows us to determine not only that capture has occurred, but also about the diversity of the
captured proteins and the differences between capture at the various G4 and control surfaces.
The peaks may correspond to individual proteins or protein fragments, as well as to different
charge states of the same protein or fragment, and therefore was used only to compare capture
profiles rather than to determine the number and identities of captured proteins. Furthermore,
detectability in MALDI MS decreases with increasing m/z, biasing the spectra toward singly
charged, lower mass proteins and multiply charged, higher mass proteins.

The MALDI mass spectral results are shown in Supplementary Materials Figures S2a and
S2b. Comparison of the total nuclear extract with proteins captured by each of the
oligonucleotides (Supplementary Materials Figures S2a) shows the ability to selectively capture
high affinity binders in the presence of higher abundance, non-binding proteins. More detailed
comparison of protein capture by the non-G4 control oligonucleotide and each of the G4-forming
oligonucleotides (Supplementary Materials Figures S2b) shows that the G4 oligonucleotides
capture proteins that are not captured by the control, and that the capture profiles vary among the
different G4 oligonucleotides, indicating significant differences in selectivity.

The protein capture results are summarized in Table 1, which shows the approximate m/z
values of peaks that were detected for the G4-forming oligonucleotides but not detected, or
detected to a much lesser extent, for the control oligonucleotide. VEGF exhibited the greatest
number of unique peaks, and CMYC the least. Each oligonucleotide has at least two unique peaks

not observed for the others. None of the peaks were observed for all three oligonucleotides.

SDS-PAGE Separation and LC-MS/MS Analysis



SDS-PAGE was performed on proteins captured from BT474 and MCF7 cell nuclear
extracts by the G4 oligonucleotides and the non-G4 control. Results for BT474 are shown in
Supplementary Figure S3. Bands that appeared only for the G4 oligonucleotide or that had a
much greater intensity relative to the control oligonucleotide were selected for analysis by LC-
MS/MS. These included bands at approximately 110 kDa and 25 kDa, which are indicated in
Supplementary Figure S3. Similar results were obtained for MCF7 (not shown).

Following in-gel trypsin digestion of the protein bands of interest, LC-MS/MS analysis
with MASCOT scoring yielded lists of potential protein candidates. These lists were scrutinized
to select protein candidates for further experimentation based on several criteria. First, proteins
below the MASCOT score threshold of 40 were eliminated. Protein mass was then considered to
select matches best corresponding with the sample protein bands extracted from the gels. These
proteins were then researched for known interactions with G4 structures and/or a significant role
in cancer. Finally, we searched for commercially available antibodies to the selected proteins, as
these would be necessary for the subsequent steps of Western blotting and ChlP. After taking all
of these factors into account, we chose three promising protein candidates for further analysis:
nucleolin (NCL), which had MASCOT scores > 100 and has a predicted mass of 77 kDa and
apparent mass of 100-110kDa [41]; ribosomal protein L19 (RPL19), which had a score of 63 and
has a predicted mass of 23.4 kDa; ribosomal protein L14 (RPL14) which had a score of 57 and

has a predicted mass of 23.8 kDa.

Western Blot Interrogation of Potential Protein Candidates

Western blotting with primary antibodies specific for the protein candidates selected from
the LC-MS/MS results was used to determine if these proteins could be detected among the

proteins captured from the nuclear extracts by the G4 oligonucleotides. The results, shown in



Supplementary Figure S4 and summarized in Table 2, For all three oligonucleotides, NCL and
RPL19 were detected in the proteins captured from BT474 cells but only NCL was detected in
the proteins captured from MCF7 cells. RPL-14 capture was not detected for any of the

oligonucleotides in either cell line (not shown).

Chromatin Immunoprecipitation (ChIP) and DNA Sequencing

Following Western blotting, ChIP experiments were performed to determine whether the
proteins identified as binders to the G4-forming oligonucleotides in vitro bind to the same G-rich
sequences in the chromatin of live BT474 cells. The sequencing results for the ChlIP experiments
are shown in Supplementary Figure S5 and the ChIP results are summarized in Table 3. Results
for BT474 cells indicate binding of CMYC to RPL-19, of RB to NCL, and of ERBB2 to all three
proteins; binding was not detected for VEGF to any of the proteins. For MCF7 cells, binding was
detected for NCL with all four sequences but no binding was observed for RPL19 or RPL14 to
any of the sequences. The two cell lines used in these studies differ in their expression of the
protein ERBB2 — BT474 is known to overexpress ERBB2 while MCF7 cells do not [42-44]. It is
also know that high RPL19 expression levels are coincident with ERBB2 overexpression [45].
Our results confirming capture of RPL19 from BT474 cells but not from MCF7 therefore, are

consistent with reported gene expression levels.

Discussion

These studies demonstrate the potential of our genome-inspired, reverse-selection method
for aptamer discovery. The ability to selectively capture a few protein candidates from the
complex protein mixtures in cell nuclear extracts is illustrated by the MALDI MS results and by

gel electrophoresis. LC-MS/MS analysis of specific bands in the gels, followed by Western blots,



identified NCL, RPL19, and RPL14 as protein targets for potential aptamers based on G4-
forming sequences from CMYC, RB, VEGF, and ERBB2 gene promoter regions.

Previous work on ERBB2 indicated in vitro capture of NCL, Ku70, Ku80, PURA, and
hnRNPK from BT474 nuclear extracts [21]. Of those proteins, only NCL was also detected in
the present studies of in vitro capture from BT474 nuclear extracts, while capture of RPL19 and
RPL14 was detected in the present work but not in the previous studies. Possible explanations
are differences in the cycles of the cultured cells, or indeterminate differences in growth
conditions or experimental conditions in the capture experiments.

The next step toward aptamer discovery will be refinement of the sequences to tune their
selectivity and affinity. All of the sequences are candidates for development of aptamers to NCL
and RPL19, while ERBB2 appears to be the best starting sequence for an aptamer to RPL14.
Association of NCL with multiple oligonucleotides including those in the present work is not
surprising, given that NCL is an RNA binding protein that associates with a number of RNA and
DNA sequences, including RNA G4 oligonucleotides [46]. Deselection toward NCL may
therefore be necessary for development of G4-forming aptamers to other proteins.

In addition to providing the basis for development of aptamers to NCL, RPL19, and
RPL14, this work suggests the participation of these proteins in regulation of gene expression in
breast cancer through their association with G4-forming sequences in gene promoter regions.
The ChIP experiments indicate such interactions in live breast cancer cells between NCL and
CMYC, RB, VEGF, and ERBB2, between RPL19 and CMYC and ERBB2, and between RPL14
and ERBB2. While NCL has previously been reported to bind to the CMYC promoter in HelLa
cervical cancer cells [47] and to the VEGF promoter in A498 kidney carcinoma cells [37], there

do not appear to be previous reports of this interaction in breast cancer cells. Interaction of NCL



with the RB promoter region has not to our knowledge been previously reported. Interactions of
RPL19 and RPL14 with gene promoters do not yet appear to have been studied, although RPL19
has been found to interact with certain RNA G-quadruplexes in HEK embryonic kidney cells and
HeLa cells [46]. Further studies of the protein interactions with G4-forming regions of oncogene
promoters reported here could lead to new insights into the role of these interactions in breast
cancer and other diseases, and more generally of genomic G4 structures in gene regulation. Thus,
the genomic, reverse selection approach offers the dual advantages of aptamer discovery and

fundamental, biological discovery.
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ACCEPTED MANUSCRIPT

CMYC VEGF RB

CMYC  5'-TGG GGA GGG TGG GGA GGG TGG GGA AGG-3'

VEGF 5'-GGG CGG GCC GGG GGC GGG-3'
RB 5'-CGG GGG GTIT TTG GGC GGC-3'

ERBB2  5'-AGGAGAAGGAGGAGGTGGAGGAGGAGGG-3'

cCMYCc 5-GGG T GGG GA GGG T GGG-3'
VEGF 5'-GGG C GGG CCGG GGG C GGG-3'

RB 5G GGG G G TTTITG G GC G G-3

Figure 1. Proposed structures and sequences of G4-forming oligonucleotides (adapted from
[39]). Sequences on bottom show nucleotides that form the guanine tetraplexes
grouped together.
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Figure 2. CD spectra of G4-forming oligonucleotides and control oligonucleotide.
Table 1. Summary of MALDI MS peaks of proteins captured from BT474 cultured cells on G4-

forming oligonucleotide-modified beads but not on the control oligonucleotide-modified beads.

m(kDa)/z CMYC VEGF RB

8.3 v
10.1 v v
11.6 v
13.4-135 v
14.2 v
144
15.2
16.8
19.7
27.2 v
36
43.9
47.8
51.1
535

AR
AR NENE NN RN

AN N N NN

Table 2. Summary of Western blot results. “v™* indicates the protein was detected.

CMYC VEGF RB ERBB2
Protein BT474 MCF7 BT474 MCF7 BT474 MCF7 BT474 MCF7




NCL v v v v v v VA v
RPL19 v v v
RPL14 b b

2 From reference 21.

b Experiment not performed.

Table 3. Summary of ChIP results. “v™" indicates that association of the protein with the region of
the gene promoter containing the G4-forming sequence was detected.

CMYC VEGF RB ERBB2
Protein BT474 MCF7 BT474 MCF7 BT474 MCF7 BT474  MCF7
NCL v v v v v v
RPL19 v v

RPL14

v
® From reference 21.

Highlights

A new, genome-inspired, reverse selection approach to aptamer discovery is described.

G-quadruplex forming sequences from oncogene promoter regions will provide a basis for
aptamers to proteins associated with breast cancer.

In some cases, the proteins were also found to bind to the G4-forming promoter regions in live
cells.

e The results have both analytical and biological significance.





