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Dynamics and Visualization of MCF7 Adenocarcinoma
Cell Death by Aptamer-C1q-Mediated Membrane Attack
John R. Stecker,1 Alissa A. Savage,2 John G. Bruno,2 Dana M. Garcı́a,1 and Joseph R. Koke1

This study was designed to characterize binding of a DNA aptamer to breast cancer cells and to test whether that
aptamer could be used to kill target cells in vitro as part of an aptamer-C1q protein conjugate by coupling to the
classic complement cascade. A biotinylated DNA aptamer designated MUC1-5TR-1 was shown to decorate the
plasma membranes of human breast adenocarcinoma (MCF7) cells via fluorescence confocal microscopy. Biotinylated aptamer binding successfully initiated the classical complement pathway leading to complement fixation
on the target cells via a streptavidin-C1q conjugate as previously reported. Förster Resonance Energy Transfer
(FRET) measurements demonstrated membrane depolarization upon aptamer binding, providing indirect evidence of membrane attack complex (MAC) formation as a result of aptamer binding. Transmission electron
microscopy (TEM) and immunogold labeling confirmed that aptamer-mediated complement fixation results in
MAC formation on the plasma membrane, leading to osmotic swelling and cell death. This approach may provide
a much less toxic and more precisely targeted ‘‘antibody-like’’ treatment for cancers by coupling to the patient’s
innate immune system in much the same way as more expensive humanized monoclonal antibodies.

Introduction

A

ptamers are short (typically less than 100 bases in
length) DNA or RNA oligonucleotides, which fold to
bind specifically to diverse targets against which they are
selected from random libraries based on affinity for a given
target. Aptamers can be used as surrogates for antibodies
in vitro ( Jayasena, 1999). In vivo, aptamers appear to be significantly less immunogenic than allogeneic or humanized
antibodies (Pendergast et al., 2005; Bouchard et al., 2010),
making them preferable to traditional chemotherapeutic or
monoclonal antibody-based therapeutics, which can still exhibit residual immunogenicity and toxicity in the grafted
complementarity determining regions sections of fully ‘‘humanized’’ antibodies (Harding et al., 2010). Aptamers can
linger for significant periods in vivo to enhance their pharmacokinetics, if stabilized for use in serum to resist nucleases
( Jayasena, 1999; Dougan et al., 2000; Pendergast et al., 2005).
Adding weight to aptamers in the form of polyethylene glycol
or protein conjugation also enhances aptamer half-life in
serum by slowing clearance through the kidneys and other
organs (Dougan et al., 2000).
The potential advantages of using aptamers in place of
antibodies have been reviewed extensively ( Jayasena, 1999;
Pendergast et al., 2005; Bouchard et al., 2010). Aptamers have

been used effectively for detection of specific tumor markers
(Ferreira et al., 2006; Ferreira et al., 2008; Li et al., 2009). Aptamers have also been used for targeted delivery of various
chemotherapeutic agents to cancer cells, which can, in some
cases, take up aptamers carrying toxic payloads via endocytosis (Chu et al., 2006; Ferreira et al., 2009; Meng et al., 2012).
Most relevant to the present report is recent success involving aptamer-complement protein (C1q) bioconjugates to
activate the classical complement pathway and lyse Gram
negative bacteria (Bruno et al., 2008) and human breast adenocarcinoma (MCF7) cells (Bruno, 2010). The classical pathway of complement activation results in the formation of
membrane attack complexes (MAC) composed of the C5b,
C6-C8, and a varying number of pore forming C9 proteins.
The resultant pores in the plasma membrane allow passage of
water, resulting in osmotic lysis of the target cell (Halulinen
and Meri, 1998; Wang and Weiner, 2008).
The present study verifies and advances the seminal work
of Bruno in aptamer-mediated complement activation targeted to MCF7 cells (Bruno, 2010) by providing additional
evidence of complement protein C9 deposition on target cells.
In the present study, the aptamer-biotin-streptavidin-C1q
conjugate mechanism of complement activation and ultimate
cell lysis is validated by transmission electron microscopic
(TEM) analysis of the effects of aptamer-complement
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treatment on target cell size as well as images of putative
MAC-induced pores. The TEM evidence also correlates well
with immunofluorescence microscopic evidence of MAC
formation on the surface of MCF7 cells and Förster resonance
energy transfer (FRET) evidence of membrane depolarization
indicative of cell permeation and the kinetics thereof.
Materials and Methods
Aptamer-complement bioconjugate formation
The MUC1-5TR-1 aptamer, developed by the Ferreira et al.
(2008), was chosen for this study due to its low dissociation
constant of 47.3 nM and its previously reported ability to bind
and kill MCF7 cells when coupled to the complement cascade
(Bruno, 2010). Aptamers were synthesized with 5¢-biotin or 5¢Alexa Fluor 546 (AF546) modifications by Integrated DNA
Technologies (IDT) using the MUC1-5TR-1 aptamer sequence:
5¢-GGGAGACAAGAATAAACGCTCAAGAAGTGAAAAT
GACAGAACACAACATTCGACAGGAGGCTCACAACAG
GC-3¢.
Cell culture and experimental treatments
MCF7 cells, derived from a human breast adenocarcinoma,
were purchased from and authenticated by American Type
Culture Collection. Cells were used within 6 months of initial
thawing and seeding of frozen cells. MCF7 cells were cultured
in RPMI-1640 supplemented with 10% heat-inactivated fetal
bovine serum (FBS) and 0.1% bovine insulin (Sigma Aldrich),
100 U/mL of penicillin and streptomycin and were incubated
at 37C in a 95% air, 5% CO2 humid atmosphere.
MCF7 cells were grown on square glass coverslips in culture dishes to an 80%–90% confluent layer. Cells were washed
twice in 1· binding buffer (1· BB; 0.5 M NaCl, 10 mM TrisHCl, and 1 mM MgCl2, in nuclease-free water, pH 7.5–7.6) to
remove shed MUC1 (Chan et al., 1999; Bruno, 2010), then
exposed to 2.4 mL of fresh filter-sterilized culture media and
200 mL of MUC1-5TR-1 5¢ biotinylated aptamer (1.5 mg/mL)
for 5 minutes. This step was followed in the full test group by
addition of 200 mL of streptavidin-C1q (* 0.58 mg/mL) for 10
minutes, followed by 200 mL of human serum complement
proteins (HSCP; Sigma Chemical Co., 30 U/mL) for 3 hours.
The complement control group received only 200 mL of HSCP
and equal volumes of 1· BB to compensate for the biotinylated
aptamer and streptavidin-C1q conjugate volumes, while the
negative control group received only equal volumes of 1· BB.
All treatment groups thusly had a total volume of 3 mL and
were incubated at 37C with 95% air, 5% CO2 humid atmosphere.
Immunofluorescence laser scanning confocal
microscopy and immunogold TEM
Following various aptamer and complement treatments,
the cells were washed twice in 1· BB for 5 minutes each and
then fixed in methanol at - 20C for 1 minute. After drying,
cells were washed 3 times in 1· BB for 10 minutes per wash,
then blocked with 20% nonfat dry milk for 2 hours at room
temperature. After 3 more washes in 1· BB at 10 minutes per
wash, cells were incubated in 1:20 monoclonal mouse antihuman C9 antibody (United States Biological, Inc.) overnight
at 4C. After 3 more 10-minute washes with 1· BB, cells were
blocked with 20% nonfat dry milk for 2 hours at room tem-
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perature, followed by another three 10-minute washes with
1· BB. The cells were then incubated with a 1:300 anti-mouse
secondary antibody tagged with Cy5 (Invitrogen) for 2 hours
at room temperature. Cells were again washed 3 times in
1· BB for 10 minutes per wash, incubated for 20 minutes with
a 1:2,000 Hoechst nuclear stain, washed again, and imaged as
described below.
For TEM, suitable ultrathin sections were processed for
immunogold labeling by floating grids with their section sides
facing down on drops of 20% nonfat powdered milk in 1· BB
for 2 hours. The sections were washed 3 times for 15 minutes
per wash with 1· BB and floated on a drop of solution containing anti-complement C9 monoclonal antibody (U.S. Biological, Inc.) at a 1:100 dilution overnight at 4C in a moist
chamber to prevent drying. The grids were then washed and
floated for 2 hours on drops of 1 · BB containing a 1:20 dilution of anti-mouse immunoglobulin G conjugated to 10 nm
colloidal gold (Sigma Chemical Co.). After washing and allowing the grids to dry, the sections were re-imaged and
suitable areas were photographed using a Gatan SC1000
ORIUS CCD TEM digital camera and edited using Gatan’s
Digital Micrograph  and Adobe Photoshop 12.0.
FRET analysis
The voltage sensitive probes dimyristoylphosphatidylethanolamine (CC2-DMPE) as donor and bis-(1,3-diethylthiobarbituric acid)trimethine oxonol (DiSBAC2(3)) as
acceptor were used to signal membrane depolarization. When
the membrane depolarizes, the acceptor molecule moves
across the cell membrane placing it too far from the donor
molecule for FRET to occur, resulting in a decrease in acceptor
signal. Both probes were from Invitrogen Corp. The CC2DMPE donor was loaded at a concentration of *10 mM for 30
minutes in the dark at *25C, and after a brief wash in culture
medium, the DiSBAC2(3) acceptor was loaded at 10 mM, along
with 250 mL of biotinylated aptamer (1.5 mg/mL) and 200 mL
streptavidin-C1q conjugate. The dish containing the loaded
MCF7 cells was placed on a 37C stage of the FV1000 Laser
Scanning Confocal Microscope (LSCM) and was excited only
at the wavelength (405 nm) appropriate for the donor (CC2DMPE). Images were acquired by collection of emitted light at
465 nm, characteristic emission of CC2-DMPE when uncoupled from DiSBAC2(3) and 580 nm, the characteristic
emission of FRET-coupled CC2-DMPE - DiSBAC2(3).
Imaging was performed using a 256 · 256 pixel scan at a
single 500-nm-thick focal plane that included the nucleus of
most cells within the field of view. The dwell time was
20 mseconds/pixel, and laser intensity was 3% of maximum
(17 mW) to minimize cell damage from photo-oxidation.
Images were collected once per minute for 16 minutes and
HSCP was added at the 7-minute mark. FRET results were
determined by measuring pixel intensities from the MCF7 cell
membranes simultaneously at both the donor and acceptor
characteristic emission wavelengths. This measurement was
accomplished and automated using ImageJ (National Institutes of Health; rsbweb.nih.gov/ij) by writing a macro that
selected only the cell membranes as the region of interest and
then reported pixel intensity per unit area at each of the respective wavelengths (as described in Weigum et al., 2010).
Images were imported into ImageJ and fluorescence from the
periphery of every cell in the field of view was measured at
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each time point. The experiment was repeated three times.
Statistical analysis of the acceptor FRET response was done by
comparing the pixel intensities/mm2 before and after addition
of HSCP by single factor analysis of variance followed by the
post-hoc Tukey honestly significant difference test for differences between means.
LSCM image preparation
Acquisition and primary processing of LSCM images were
performed using the Olympus FV1000 system and software.
Imaging was accomplished using an Olympus 20· water
immersion lens, NA = 0.95. For live cells, imaging was accomplished as described above for FRET analyses. Cells on
coverslips were mounted in glycerol, cell side down, on slides
and imaged with the same lens immersed in water. Image
collection parameters were calibrated on the experimental
treatment group of each experiment and then held constant
for variations and control observations (e.g., Figs. 1 and 2).
Formatting and labeling for publication was done using
Adobe Photoshop CS5.1. Brightness and contrast were enhanced globally in illustrations showing fluorescence to make
it more obvious in print media. Presentation of these images
conforms to accepted guidelines for the ethical use of digital
technology (Cromey, 2010).
Transmission Electron Microscopy
Transmission electron microscopy (TEM) was used to
search for MAC pores, and images obtained were evaluated to
analyze differences in cell swelling and MAC formation between treatment and control groups. Cells were detached
from their dishes using trypsin-EDTA, pelleted by centrifu-
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gation at 14,000 rpm in a microfuge for 1 minute, and then
resuspended in 3 mL of filter-sterilized complete culture medium containing FBS. All experimental treatments and controls were conducted as described previously.
Cells were then pelleted in 3% glutaraldehyde fixative in
0.05 M cacodylate buffer, pH 7.5, and fixed overnight at 4C.
Cells were washed 3 times for 15 minutes each in 0.05 M cacodylate buffer by centrifugal pelleting again without resuspension. Cells were then fixed with 1% OsO4 in 0.1 M
cacodylate buffer, pH 7.5 for 3 hours and washed twice in
1· BB for 15 minutes each and once more overnight. Cells
were dehydrated with two 30-minute washes of 70% ethanol.
Cell pellets were embedded in London Resin White (LR
White; Electron Microscopy Sciences) and 70% ethanol for 1
hour, followed by three 30-minute washes in 100% LR White
followed by polymerization for 48 hours at 60C.
Samples were cut into 70-nm sections using a Leica Reichert
Ultracut S ultramicrotome with a Diatome diamond knife,
and collected on 200 mesh, hexagonal nickel grids. Imaging
was performed using a JEOL JEM-1200EX II TEM system.
Images were captured by a Gatan SC1000 ORIUS CCD TEM
digital camera. Image editing was done using Gatans’ Digital
Micrograph and Adobe Photoshop 12.0.
To avoid bias in image acquisition and statistical analysis, a
double-blind experiment was set up by re-labeling groups for
image acquisition, and re-labeling again for analysis of the
data. Care was taken to avoid counting any cell twice. A
standard area was designated to use for cell counting across
all grids, and only cells with a single visible nucleus were
counted. To determine if the cell was swollen, low magnification images (7.5K, 10K, or 12K) were used. Swollen cells
were recognized by criteria described by Bittar et al. (1975),

FIG. 1. Live human breast adenocarcinoma (MCF7) cells treated with the
AF546-labeled aptamer or 5¢-biotinylated
aptamer plus streptavidin-AF546. (A)
merged fluorescence and differential interference contrast (DIC) microscopy; (B)
shows only fluorescence microscopy of
AF546-labeled aptamer cell membrane
decoration within 5 minutes of aptamer
addition. (C) and (D) live MCF7 cells
treated with biotinylated aptamer followed by AF546-labeled streptavidin and
demonstrating aptamer-dependent labeling of MCF7 cell membranes (C merged
fluorescence and DIC; D, fluorescence
only). Each image is a z-stack projection
of ten 500-nm-thick optical sections.
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FIG. 2. Live MCF7 cells
exposed to biotinylated aptamers, streptavidin-C1q conjugate, and human serum
complement proteins (HSCP).
After fixation, cells were labeled with an anti-human
C9 antibody and a Cy5conjugated secondary (magenta) then counterstained
with Hoechst nuclear stain
(blue).
Aptamer-biotinstreptavidin-C1q plus HSCPtreated cells were strongly
decorated (A), while the
complement control group, in
which cells were not exposed
to streptavidin-C1q conjugate
but did experience HSCP exposure, was only moderately
decorated (B). The negative
control group, in which cells
were not exposed to either
streptavidin-C1q or HSCP,
appeared devoid of anti-C9
binding (C). Each of the A, B,
and, C image panels is a
z-stack projection of ten 500nm-thick optical sections. Panel D shows a transmission
electron microscopy image
of an immunogold anti-C9
stained ultrathin section of an
MCF7 cell treated as described for panel A. The red
arrows indicate gold particles
on or near the cell surface.
The black arrow labeled ‘‘TV’’
indicates a heavily anti-C9
labeled structure in the cytoplasm, possibly a transport
vesicle (TV). The black arrow
labeled ‘‘Mx’’ indicates a
mucin exocytotic structure,
characteristic of MCF7 cells.
In panel E, the edge portion
of an MCF7 cell, treated and
stained as in panel D, containing a possible MAC complex is shown. The red arrow
points to immunogold antiC9 labeling in close proximity
to the putative membrane attack complex pore as would
be expected for authentic
MAC pores.

Koke et al. (1976), and Folts et al. (1978) and were easily discernible by the low density of the cytoplasm and overall
rounded morphology resulting in the typical low surface to
volume ratio characteristic of swollen cells. Ambiguous cells
were counted as not swollen. A single 200,000· image was
taken of the membrane at 0, 90, 180, and 270 angles from
the nucleus to check for membrane breaks. Twenty cells from
each experimental group were analyzed.

Results
LSCM visualization of aptamer-AF546
and aptamer-biotin-streptavidin-AF546 binding
To assess the characteristics of individual components of
our experimental system, LSCM was used to detect AF546labeled MUC1-5TR-1 aptamer and biotinylated aptamer plus
AF546-streptavidin conjugate binding to MCF7 cells. First,
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live MCF7 cells were treated with the AF546-labeled aptamer,
which decorated the membranes of cells within 5 minutes of
addition (Fig. 1A, B). Live MCF7 cells were also treated with
5¢-biotinylated aptamer followed by AF546-labeled streptavidin, which similarly decorated MCF7 cell membranes (Fig.
1C, D). Observations were made with and without the aid of
differential interference contrast (DIC) microscopy (Fig. 1A,
C). No AF546-streptavidin decoration was seen on MCF7 cells
that were not first treated with biotinylated aptamer (image
not shown).
Immunofluorescence and immunogold analysis
of C9 deposition
Once the assembly of the aptamer-biotin-streptavidin
complex on cell surfaces had been confirmed in culture, we
next tested the system’s ability to initiate the classical complement pathway using a streptavidin-C1q conjugate in place
of the streptavidin-AF546 conjugate. Live MCF7 cells were
exposed to biotinylated MUC1 aptamer, streptavidin-C1q
conjugate, and HSCP. After fixation, cells were labeled with
an anti-human C9 antibody and a Cy5-conjugated secondary antibody. Aptamer-biotin-streptavidin-C1q plus HSCPtreated cells were strongly decorated (Fig. 2A) while the
complement control group, in which cells were not exposed to
streptavidin-C1q conjugate, but did experience HSCP exposure, was only moderately decorated (Fig. 2B). The negative
control group, in which cells were not exposed to either
streptavidin-C1q or HSCP, was minimally decorated (Fig.
2C). TEM imaging of immunogold anti-C9 stained ultrathin
sections of MCF7 cells treated experimentally confirmed antiC9 labeling consistent with membrane localization of C9 (Fig.
2D) and may have revealed MAC profiles (Fig. 2E). These
results were consistent with the hypothesis that aptamerbiotin-streptavidin-C1q recruited C9 to the cell surface and
greatly enhanced MAC formation over the levels of MAC
formation due to nonspecific binding of C9 from HSCP
treatment.
Förster resonance energy transfer analysis
Addition of HSCP to cells treated with biotinylated aptamer and streptavidin-conjugated C1q caused an immediate
(< 1 minute) FRET response. There was an initial increase in
both donor and acceptor fluorescence, but after 1 minute,
FRET radiation from the acceptor declined dramatically and
continued to decline for 6 minutes, becoming stable for the
remaining 3 minutes of observation. Comparison of acceptor
fluorescence before and after addition of HSCP showed a
substantial and significant decrease (P = 0.00013; Fig. 3).
Morphological analysis of MAC formation
and cell swelling by TEM
MCF7 cells fixed after treatment with or without HSCP
were imaged using TEM. Two categorical variables were
collected for each cell. Each cell was classified as either
swollen (representative of potential osmotic lysis) or not
swollen and additionally classified as having small breaks in
the plasma membrane (potential MACs) or no breaks in the
plasma membrane. The first analysis was to determine if there
was an association between these 2 variables within each
group: full treatment, HSCP only control, and an untreated

FIG. 3. Graph showing the effects on Förster resonance
energy transfer (FRET) due to addition of HSCP to cells
treated with biotinylated aptamer and streptavidin-conjugated C1q. The cells were preloaded with donor and acceptor molecules that FRET-pair across a polarized cell
membrane as described in Methods. HSCP was added at
minute 7 as indicated by the arrow. There was an initial
increase in both donor and acceptor fluorescence intensity (%
of initial pixel intensity on the y-axis), but 1 minute after
HSCP addition, FRET radiation from the acceptor declined
dramatically and continued to decline for 6 minutes, becoming stable for the remaining 3 minutes of observation.
Comparison of acceptor fluorescence before and after addition of HSCP showed a substantial and significant decrease
(P = 0.00013).

negative control. A Fisher’s Exact Test was also used to analyze the significance of the association between swollen cells
and membrane breaks, and only the full treatment group was
found to have significantly associated variables ( p < 0.005).
An overall comparison of all the cells from each group using a
Fisher’s Exact Test was also used and the degree of association
between swollen cells and membrane breaks was also found
to be significant ( p < 0.0001). Representative images and results are shown in Fig. 4.
Discussion
We have demonstrated the ability of an aptamer-streptavidin-C1q bioconjugate to initiate the classical complement
pathway, resulting in the formation of putative membrane
attack complexes (MAC) on the surfaces of MCF7 cancer cells.
That fact makes this work one of the few extant demonstrations of non-antibody (i.e., DNA aptamer-biotin-streptavidinC1q complex) triggering of the classical complement cascade
(Bruno et al., 2008; Bruno, 2010). The interaction between
MUC1-5TR-1 aptamer and the mucin 1 protein has demonstrated very high affinity (Kd = 47.3 nM; Ferreira et al., 2008).
In addition, mucin 1 is a dramatically overexpressed proteoglycan in breast cancers (Ferreira et al., 2006), making it a
somewhat attractive target for aptamer or antibody binding
and complement-mediated lysis in vivo, if non-target cells
could remain relatively unaffected.
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FIG. 4. (A) Graph showing
portion of swollen MCF7 cells
as a function of no treatment
(control), full aptamer treatment in the absence ( - ) and
presence ( + ) of HSCP. Statistics were performed as
described in Methods. (B)
Graph showing the frequency
of membrane breaks in the
same categories as A. Error
bars represent standard error
of the mean. N = 12 for each
category. (C) MCF7 cell, HSCP, categorized as not
swollen. ‘‘N’’ indicates the
nucleus, and ‘‘m’’ mitochondria. The scale bar indicates
25 mm. (D) Swollen MCF7 cell
( + HSCP). ‘‘N’’ indicates the
nucleus and ‘‘m?’’ indicates
what may have been mitochondria. The arrows in D
indicate membrane breaks.
The scale bar in D indicates
25 mm, and in the inset, a 20nm scale bar.

It is noteworthy that Ferreira et al. (2009) also discovered
MUC1-5TR-1 aptamer internalization in MCF7 cells, which
should work against complement-mediated lysis by removing at least some of the aptamer-C1q complexes from the cell
surface. In another aptamer-target cell culture system which
our group has studied (TLS11a aptamer and MEAR murine
hepatoma cells, Meng et al., 2012), aptamer endocytosis appeared to be sufficient to essentially defeat complement activation in vitro, presumably because insufficient amounts of
the aptamer-biotin-streptavidin-C1q remained on the cell
surface long enough to significantly activate the complement
pathway. However, the presently reported work and Bruno’s
original work (Bruno, 2010) suggest that enough aptamerbiotin-streptavidin-C1q is present on the abundant mucin
layer of MCF7 cells to induce cell lysis in the MCF7 system.
Shedding of mucin into the culture medium or in vivo (Chan
et al., 1999) as well as membrane complement regulatory
proteins (mCRPs, e.g., CD59; Farkas et al., 2002; Donin et al.,
2003; Yan et al., 2008) are also mechanisms by which complement-mediated lysis is limited by cancer cells and normal
cells. Shedding is easily overcome in vitro by washing cells
immediately prior to the addition of aptamer conjugate and
HSCP to prevent aptamer blockade in solution.
The family of mCRPs normally keep complement fixation
in check. Because the aptamer-C1q complex specifically activates and amplifies the classical pathway in a dose-dependent
fashion (Bruno, 2010), we expected it to largely overcome any
regulatory protein’s influence. Strong C9 recruitment to the
MCF7 target cell membrane as evidenced by anti-C9 immunofluorescence labeling in our experimental group (Fig. 2A)
supports the hypothesis that mCRPs can be overwhelmed.
Other investigations aimed at specifically binding and in-

hibiting mCRPs (Hakulinen and Meri, 1998; Jurianz et al.,
1999) demonstrated augmentation of antibody-activated
complement-mediated cell killing rates. We are currently
planning to overcome the effects of major mCRPs such as
CD59 with Fab or F(ab¢)2 antibody fragments (i.e., removal of
the Fc tail to prevent complement activation due to surfacefixed antibodies on mCRPs) or new aptamers directed against
these mCRPs in conjunction with anti-MUC 1 aptamers. The
combined anti-mCRP and MUC 1 aptamer cocktail strategy
should knock out most of the cancer cell’s surface defenses
and enable greater than 50% cell death, which was the functional limit that Bruno (2010) first reported for in vitro killing
of MCF7 cells even with high doses of the aptamer-C1q plus
HSCP when mCRPs were presumably active.
While we have found TEM evidence of putative MAC pore
formation of the correct dimensions (*15 nm deep and 10 nm
wide) on the surface of aptamer-C1q complex plus HSCPtreated cells in close proximity to some anti-C9-colloidal gold
particles (red arrow in Fig. 2E) as would be expected for real
MAC pores, these lesions were not as abundant as might have
been expected, but rather rare and relatively difficult to find.
Part of the explanation for observing few MAC lesions might
be related to the low probability of catching tiny pores amidst
ultrathin sections by TEM. The paucity of MAC pores may
also be partly due to the competing effect of aptamer internalization by endocytosis (Ferriera et al., 2009) as mucin is
cycled into the target cells and takes bound aptamer complexes along with it.
Complement fixation on the target cell membrane positively feeds back on the pathway, causing more complement
fixation on the cell surface. Thus, low levels of nonspecific
HSCP binding to cells even in the absence of the aptamer-
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biotin-streptavidin-C1q bioconjugate, leads to some baseline
level of cell mortality. Therefore, we expected the small
amount of C9 immunolabeling with concomitant low mortality observed in our complement control group. The minimal baseline complement activation due only to HSCP
treatment is also why we expected to see a response in our
control group when using FRET to detect membrane depolarization. As the treatment group contained the aptamer
bioconjugate for classical complement pathway activation,
the stronger FRET response which we observed in the full
treatment group met our expectations as well.
We found similar dead to live cell ratios as previously reported by Bruno (2010), but the results presented here suggest
a somewhat higher dead to live cell ratio of approximately
60%. Further increases in the dead to live ratio might be
achieved by a cocktail of aptamer-C1q complexes targeting
different surface bound tumor markers individually or in
concert with the MUC1-5TR-1 aptamer, along with inhibition
of some mCRPs present on MCF7 cells. The mCRP CD59
seems to be a likely target, as it directly interferes with the
formation of membrane attack complexes by blocking C9 recruitment when it binds to the C5b-8 complex (Farkas et al.,
2002).
The broader implications of utilizing a nonimmunogenic
nucleic acid aptamer conjugate to emulate antibodies as a
means of activating the classical complement immune response and providing a targeted cancer treatment, should not
be understated. Humanized monoclonal antibodies such as
Herceptin are quite effective, but they are expensive (Barrett
et al., 2006). Aptamer-C1q or Fc bioconjugatges could be
used in place of humanized monoclonal antibodies that
can exhibit adverse side effects despite being fully ‘‘humanized’’ (Harding et al., 2010). As an example, the U.S. Food
and Drug Administration recently revoked approval for use
of Avastin (bevacizumab) against breast cancer due to its
potentially serious side effects. Aptamer-C1q or Fc bioconjugates which structurally mimic antibodies, may provide a
means of specifically guiding the body’s innate immune system to lyse and remove cancerous tumors in a natural way at
much reduced cost if mass produced (Bruno and Crowell,
2008; Bruno and Miner, 2011). Furthermore, aptamers are
easily and quickly selected, meaning personalized treatments
could be rapidly and inexpensively developed from biopsies
of a patient’s specific cancer phenotype (Li et al., 2009), especially if the cancer mutates and expresses new surface
markers.
Because mucin is expressed on a wide variety of cell types
in vivo, it is not clear yet if the MUC1 aptamer family could
ever be used clinically. New aptamers against highly cancerspecific molecules on the surface of target cells are needed if
we are to unleash the powerful lytic effects of the aptamerC1q or aptamer-Fc conjugate-directed complement cascade
in vivo with confidence in the specificity of this new brand of
‘‘magic bullet.’’
The present study provided an important validation of
Bruno’s initial work (Bruno, 2010) and solidified the preliminary finding of aptamer-C1q-mediated complement activation with confocal and TEM evidence. However, these same
studies suggest that more information on aptamer specificity
and binding kinetics as well as the compensatory effects of
mCRPs and endocytosis is needed before aptamer conjugates
can eventually find their way to clinical cancer trials.
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