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Abstract

Differential Sensing (DS) methods traditionally use spatially arrayed receptors and optical signals
to create score plots from multivariate data that classify individual analytes or complex mixtures.
Herein, a new approach is described, in which nucleic acid sequences and sequence counts are
used as the multivariate data without the necessity of a spatial array. To demonstrate this approach
to DS, previously selected aptamers, identified from the literature, were used as semi-specific
receptors, Next-Gen DNA sequencing was used to generate data, and cell line differentiation was
the test-bed application. Analysis of a Principal Component Analysis (PCA) loading plot revealed
cross-reactivity between the aptamers. The technique generates high-dimensionality score plots,
and should be applicable to any mixture of complex and subtly different analytes for which
nucleic acid-based receptors exist.
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Differential Sensing (DS) uses a suite of cross-reactive receptors that generate a unique
pattern of interaction via chemometric routines to differentiate complex mixtures !l DS is a
powerful approach when the analytes are not fully characterized or even known. There are
currently many kinds of receptors used in DS routines, including biomolecules, synthetic
receptors, (2l solid composites,[1:3] and nanoparticles.[] Optical spectroscopy is the most
common experimental technique to analyze the suite of solution-based receptor responses. !
While spectroscopy is simple and routine, because the observed bands are broad, the
absorbance/emission values often co-vary, and therefore there is little differential reactivity
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for creating high dimensionality chemometric patterns.[8] Further, with the exception of the
use of suspension arrays,[’] DS methods most commonly use spatially separated
receptors.[48] An approach that does not involve the use of optical signals or spatial arrays
could dramatically improve and simplify DS routines.

In the study described herein, we advance the field of DS by showing that, rather than using
optical values, the abundance of captured nucleic acids measured by Next Generation
Sequencing (NGS) can be used as input data for chemometric protocols.l1% To demonstrate
this approach, we used nucleic acid-based receptors, aptamers, that were targeted against
antigens on cell surfaces in order to classify cell types (Table S1). In contrast to protein
receptors (such as antibodies) the sequences of nucleic acid aptamers can be easily
interrogated using NGS. Moreover, while aptamers can be highly selective receptors, 1] the
selectivities of most aptamers have not been fully vetted, especially against complex targets
such as cells. Indeed, we have previously found that aptamers selected against single targets
are often found to be cross-reactive (i.e. semi-specific) in the context of cells.[22] we
therefore viewed aptamers as a convenient source of semi-specific receptors for DS, where
relaxed selectivity is actually an advantage.[*3! Further, we anticipated that, unlike optical
bands, individual aptamer sequences would have low co-variance, ultimately resulting in
improved chemometric classification.

Forty-six previously selected aptamers, grouped into three sets, were recreated for use in this
study: aptamers selected to bind specific cell types (C1-C17), aptamers selected to bind
molecular targets found on a cell surface (T1-T27), and aptamers not expected to bind cells
(N1-N2) (Table S1). It was also important that the aptamers not undergo degradation by
nucleases, and thus only 2’-fluoropyrimidines modified aptamers were chosen for use in this
study.[24] It was not the purpose of these experiments to validate the purported selectivities
of the aptamers against cells, since this information is largely unknown.

Among the C1-C17 aptamers, the individual members had been reported to bind gliomas
(UB7MG, U251), prostate cancer (PC3), non-small cell lung carcinoma (NSCLC H358),
small cell lung carcinoma (SNLC H562), rat adrenal medulla cells that express the human
RETC634Y mutant receptor (PC12/MEN2A), and HeLa cells. Aptamers T1-T27 had been
selected against cell surface targets, including extracellular matrix proteins (TN-c, PAI-1),
surface receptors (EGFR, EGFRuviii, 0X40, VCAM-1, NTS-1, PfEMP-1, av/3), non-
receptor proteins (PSMA, CD4, 4-1BB), and the carbohydrate Sialyl Lewis X. Finally,
aptamers N1 and N2 were included as negative controls because they were not expected to
bind cells. Because molecular targets are common between cell lines, it is unsurprising that
many of the chosen aptamers show broad specificities. For example, aptamer C2 was
originally selected against U87MG cells, but is known to bind to the LN-18, LN-229,
U8S7MGAVIII, and TB10 cell lines.[1%]

The aptamers were modified with common primer extensions at their 5’- and 3’-ends in
order to facilitate co-amplification within mixtures. The primer sequences were chosen so
that they did not lead to significant pairing with any of the chosen aptamer sequences.
Nonetheless, because it was possible that the extension sequences would lead to misfolding
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or otherwise impair the functionality of a chosen aptamer, oligonucleotide complements to
the primer sequences were added to hybridize and block the primer regions.

While the semi-specificity of affinity reagents can be an advantage for chemometrics, we
wished to validate that any differences in sequence representation observed were indeed due
to differential binding. Therefore, the aptamer panel was exposed to two cell lines: A431, an
epidermoid carcinoma cell line that expresses high EGFR,[16] and MDA-MB-435, a breast
carcinoma that has four-fold lower expression of EGFR.IL7] The response of four of the
aptamers (T5, T15, C19, C16) was quantified using gRT-PCR (Figure S1). Briefly, cells
were grown to confluency in 6-well plates and five panel concentrations were tested: 0, 0.01,
0.1, 1, and 2 pmol of each aptamer, with four experimental replicates per concentration (Sl
experimental). Cells were incubated with the panels for 30 minutes at RT, washed with
DPBS, and lysed. Bound aptamer was quantified using gRT-PCR with primers specific to
that aptamer and its abundance (Ct) divided by that in the naive panel (amplified aptamers
without exposure to the cells) was calculated to give fold change. T5 is an anti-EGFR
aptamer that has been shown to have differential binding to these lines using FACS,[18l and
this aptamer showed enrichment with A431 cells and depletion with MDA-MB-435 cells
across all concentrations tested (Figure S1A). The other three aptamers also showed
differential responses to the two cell lines, although they were not selected against epitopes
present on either of those cells (Figure S1B-D).

This experiment was repeated using NGS, and the response of all of the aptamers in the
panel was quantified. Captured aptamers were reverse-transcribed and PCR-amplified using
a common primer for all of the aptamers. The abundance of each aptamer was expressed as
the proportion of reads for each sequence over the total reads (fold change). The NGS
results for T5 confirmed the qRT-PCR results and validated the use of NGS for
representation of differential aptamer binding (Figure S2). Each aptamer was then used at a
concentration of 1 pmol in further experiments.

Four different cell lines were selected for chemometric analysis using NGS as the readout.
In addition to A431 and MDA-MB-435, we tested U87MGAVIII, a glioma, and HEK a line
derived from non-cancerous human embryonic kidney cells. Figure 1 shows the fold change
of each of the aptamers as ratios of relative abundance of bound aptamer compared to
abundance in the naive panel. Individual members of the aptamer pool exhibited a range of
specificities, as predicted. The ubiquitous internalizer C15 [29] showed a positive fold
change with all cell lines. Similarly, T27 showed a positive fold change with three of the
four cell lines, including U87MGVIII. Large positive fold changes in binding were seen for
aptamers T1 (selected against PAI-1),[201 T27 (selected against EGFRvIII),[2H and T11
(selected against PSMA)[22] when the panel was exposed to MDA-MB-435. In general,
different sequences had very different and reproducible fold changes across the cell types,
resulting in a unique pattern for each cell type.

We then employed Principal Component Analysis (PCA) in order to make it easier to
interpret the contributions of each aptamer to overall classification. PCA reduces the
dimensionality in a data set by transforming multi-dimensional variable space to new,
orthogonal axes that describe decreasing extents of variance. Such analysis aids in
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interpretation of multivariate data, such as that presented in Figure 1. Five PCA axes were
found to carry variance greater than the noise in the data, with the first three axes accounting
for nearly 86% of the variance (Figure 2), with 5 and 4% on the next two axes. The fact that
several axes of the score plot carry significant variance demonstrates a high degree of cross-
reactivity between the aptamers.[23]

PCA score plots show the response of each cell line to the aptamer panel in the new,
transformed variable space. Each axis in a score plot is a principal component (PC) that is
derived from linear combinations of the original variables. In our experiments, the original
variables are the relative abundances of sequence counts for each aptamer and the PCs are
combinations of these variables that capture the variance in the data. The score of a cell type
replicate on a PC is derived by multiplying the data shown in Figure 1 for each aptamer by
the contribution of each aptamer to the variance described by that PC.

The score plot in Figure 2 for the first three principal components shows four distinct
groupings of replicates corresponding to each of the four cell lines with the same stock
mixture of aptamers. The grouping in the score plot confirms the high reproducibility of our
method because the operator does not bias PCA. The clustering of replicates within the same
cell type and the separation of different cell types arise from the intrinsic variance within the
data.

PCA loading plots illustrate the contribution of each of the original variables to each of the
derived PCs. The loading plot in Figure 3 shows that several aptamers have large loadings
along the major PC axes, and thus contribute nearly equally to discrimination between cell
lines. Further, the loading vectors for individual aptamers often point between cell groups,
meaning that many aptamers bind and contribute to differentiating more than one cell line,
further emphasizing the semi-specific nature of these reagents.

To determine which aptamers contribute to each PC axis and to cell line differentiation, the
loading plot in Figure 3 can be examined in conjunction with the score plot in Figure 2. C4
had the highest correlation value for PC1 at 0.98; this aptamer was selected using PC3 cells,
high-metastatic potential prostate cancer cells that are PSMA negative.[24] This aptamer also
contributes highly to classification of HEK and to a lesser extent to that of U87MGAVIII,
illustrating that the aptamer may be capable of binding targets for which it was not selected.
The anti-PSMA aptamer T11 showed a strong negative correlation on PC2 (-0.86) and three
cell lines score negatively on this axis. Aptamer T5 was positively associated with PC2 and,
as anticipated, contributes to the location of A431 since this line over-expresses EGFR-[16]
Similarly T16, an aptamer selected for cell surface CD4, has an even higher correlation
(0.97) along PC2 and also contributes to the positive score of A431. MDA-MB-435,
U87MGVIII, and HEK, all have positive fold changes for T11 and all score negatively on
PC2. This illustrates again the semi-specific nature of the aptamers, as one aptamer can bind
many cell lines. Finally, the only aptamer that showed strong correlation along PC3 was C6
(value of —0.80). This aptamer was selected against H526 cells, a small cell lung carcinoma
line, but shows a positive fold change with only U87MGVIII, which contributes to the
classification and negative score of this glioma line.
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The success of the method relies on the fact that several aptamers combine together to
differentiate the cells, without foreknowledge of how each aptamer will behave. While it is
possible that the differences revealed by the aptamers reflect an underlying set of specific
interactions (the response of T5, for example), this is neither required nor necessarily desired
in the context of DS. Thus, we find that although the aptamers used in this study were
originally selected to specifically bind target cells or epitopes present on cell surfaces, they
behave as semi-specific binding reagents capable of differential responses to each of the
cellular analytes. In fact, it may be possible to achieve similar classification results using
virtually any set of divergent sequences, potentially even a series of randomly generated
sequences.

Irrespective of the cross-reactivity of aptamers revealed by this study, the most important
advance described herein is the use of NGS as input data for chemometric analysis. This
represents a simplified experimental technique relative to spatial separated arrays and optical
spectroscopy. This is because NGS occurs in one single rapid process, thereby interrogating
all sequences and their copy numbers in a single event. Further, because each aptamer acts
independently, there is reduced covariance compared to multiple optical signals from the
same receptor, and thus chemometric score plots that carry greater variance along each axis.
Of course, the limitation of this method is that the receptors must be nucleic acid based.

In summary, the DS method we have introduced exploits advances in nucleotide sequencing
that allows the use of aptamer identity and relative abundance as chemometric input,
avoiding the need to spatially array the receptors. This was done without the need to perform
experiments to assess the affinity of each aptamer for the chosen analytes. The high
information density inherently carried in sequence and sequence count makes this kind of
data excellent for generating PCA plots with high levels of variance on numerous axes,
potentially allowing a variety of complex mixtures of otherwise subtly different compounds
to be readily discriminated.
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Figure 1.
Fold change (defined as log2(Ct lysate/Ct panel) for each aptamer with the cell lines. Each

cell line has a unique pattern of response to the sequenced aptamer panel. Both cell binding
(C4-C15) and epitope targeting (T1-T27) aptamers are able to bind to cell lines with varying
specificites. Some of the aptamers only bind to a particular cell line while many of the
aptamers bind to multiple cell lines in variable amounts. The contribution of each aptamer to
classification of cell type is clarified using PCA.
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Score Plot for Aptamer Panel PCA (84.6%)
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Figure 2.

PCA score plot of 4 different cell lines across the first three components derived from
responses to the aptamers at 1 pmol. Scores for each cell line are a result of a combination of
responses to each aptamer in the pool. Repeats of each cell line are grouped and the four cell
lines are classified based solely on the variance in the fold change of the aptamer pool.
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The loading plot of the aptamer panel on the first two principal components for the PCA of
the four cell lines tested. Many aptamers contribute to each differentiation axis.

Combinations of responses to each aptamer result variable scores for each cell line and thus
cell line differentiation.
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