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Characterization and target identification of a DNA 
aptamer that labels pluripotent stem cells
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Dear Editor,

Aptamers are short stretches of nucleotides or ami-
no-acid residues that are engineered to bind to various 
targets, from small chemicals to large proteins and live 
cells [1-5]. Aptamers are normally selected through a 
process called systematic evolution of ligands by ex-
ponential enrichment (SELEX), in which aptamers are 
selected from a random library of oligonucleotides or 
peptides against a target through repeated rounds of 
selection and amplification [2]. As a versatile affinity re-
agent, aptamers can be used to modulate the behavior of 
cells [6, 7], to detect chemical substances in solution [8, 
9], as alternatives to antibodies [5, 10] and as therapeutic 
reagents for human diseases [11]. As aptamers are chem-
ically synthesized in vitro, they offer a great advantage 
in selection, production, transportation and storage over 
traditional antibodies. Also, they can come with many 
types of chemical modifications, which is useful in cell 
biology. Although many aptamers have been selected 
against different tissues and cell types, including mouse 
embryonic stem cells (mESCs) [12], aptamers that spe-
cifically label human pluripotent stem cells (PSCs) are 
still lacking, likely due to the delicate nature of these 
cells. In this report, we present the first in-depth anal-
ysis of a DNA aptamer that specifically labels PSCs. 
We show that this aptamer can be used as an excellent 
affinity reagent and functions in hESC enrichment and 
depletion, and in induced PSC (iPSC) enrichment during 
reprogramming. We also present a novel approach based 
on the ratio of epitope expression levels across different 
cell types to quickly identify binding targets of a given 
molecule among thousands of proteins on the cell sur-
face, bypassing the need of pull-down experiments and 
mass spectrometry.

We recently performed a whole-cell SELEX on human 
PSCs (Supplementary information, Data S1) followed by 
next-generation sequencing [13]. Using a novel bioinfor-
matics approach, we identified eight potential aptamers 
that bind to human PSCs [13]. Here, we aimed to charac-
terize in detail one of the high-affinity aptamers, Apt19, 

and to explore its application in stem cell biology. 
We first examined the contribution of constant regions 

at either end of the aptamer. Constant regions served 
as primer-binding sites in the PCR amplification of ap-
tamer libraries during selection. Their contribution to 
the function of a specific aptamer remained unclear. We 
performed serial truncations in the constant regions of 
Apt19 (Figure 1A). As shown in Figure 1B, Apt19’s af-
finity to hESCs was slightly enhanced upon a truncation 
of 5 nucleotides (nt) at both ends. A truncation of 10 
nt at both ends significantly increased Apt19’s affinity 
to hESCs (Figure 1B and Supplementary information, 
Figure S1A). However, a further truncation of the entire 
constant region at both ends reduced Apt19’s affinity to 
hESCs to background level (Figure 1B and Supplemen-
tary information, Figure S1A). These data suggest that 
the constant region of an aptamer plays a complicated 
role in its function. Due to its higher affinity and lower 
synthesis cost, we used Apt19 with 10-nt truncation at 
both ends in all of our later studies and named this short-
er aptamer Apt19S. We also synthesized a scrambled 
version of Apt19S (Apt19S-SC) to serve as a negative 
control, which contains the same 5′ and 3′ truncated con-
stant regions but with a scrambled variable region (Sup-
plementary information, Figure S1B). Circular dichroism 
analysis showed that Apt19S had a much higher signal 
at 260 nm compared with Apt19S-SC (Supplementary 
information, Figure S1C), suggesting the presence of 
G-quadruplex structure [14].

We next tested whether Apt19S’s affinity was spe-
cific to hESCs. We incubated Apt19S with human iP-
SCs, mESCs and Rhesus monkey ESCs and found that 
Apt19S showed significant affinity towards all PSCs 
tested (Figure 1C). We then tested its affinity to non-
PSCs. As shown in Figure 1D, Apt19S’s affinity to all 
non-PSCs tested was much lower compared with that to 
hESCs. Even trophoblast cells differentiated from hESCs 
for only 5 days showed a significant drop in Apt19S 
binding (Figure 1D). Truncation of constant regions did 
not change the specificity of Apt19 as full-length Apt19 
showed similar binding profiles towards different cell 
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types (Supplementary information, Figure S1D and 
S1E). These results suggest that Apt19S binds specifical-
ly to epitopes present on PSCs. This property of Apt19S 
also opens the possibility of using it as a sorting reagent 
to separate PSCs from non-PSCs. This application is 
important in regenerative medicine as contamination of 
undifferentiated PSCs is a major safety concern in the 
clinical use of cells derived from PSCs. To test the pos-
sibility of using Apt19S in cell separation, we incubated 

a mixture of human foreskin fibroblast (HFF) cells and 
hESCs with a biotinylated Apt19S. After the incubation, 
we separated Apt19S-labeled cells from the cell mixture 
with streptavidin-labeled magnetic beads and analyzed 
cells that bound to the beads (Figure 1E) and those that 
remained in the solution (unbound cells) (Supplemen-
tary information, Figure S1F). As shown in Figure 1E, 
we obtained hESCs with a purity of > 97% after a single 
purification with Apt19S from a cell mixture containing 
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only ~20% of hESCs. We were also able to reduce hESC 
percentage by 50-fold in the unbound fraction using 
Apt19S, whereas Apt19S-SC failed to do so (Supple-
mentary information, Figure S1F). Importantly, hESCs 
purified using this approach could be further expanded 
in culture and maintained the expression of pluripotency 
markers (Figure 1F). We then tested whether Apt19S can 
be used to enrich iPSCs in reprogramming experiments. 
As shown in Supplementary information, Figure S1G, 
we were able to get 6-fold more iPSCs using Apt19S-me-
diated enrichment. Also, the unbound fraction of Apt19S 
was almost completely void of any iPSCs (Supplementa-
ry information, Figure S1H), indicating highly efficient 
binding of Apt19S to iPSCs. The enriched iPSCs could 
also be further expanded and still maintained the expres-
sion of pluripotency markers (Supplementary informa-
tion, Figure S1I).

To further characterize Apt19S, we sought to identify 
its target on the cell surface. Target identification of ap-
tamers remains a very challenging task. In place of the 
traditional affinity pull-down experiments, we decided 
to use a different approach by taking advantage of the 
fact that Apt19S has different affinity to different cell 
types. We first compared the binding affinity of fluo-
rescently labeled Apt19S with progenitor cells derived 
from hESCs, i.e., neural progenitor cells (NPCs) and 
trophoblast progenitor (TRO) cells, and terminally dif-
ferentiated cells, IMR90 fibroblasts, with that to hESCs. 
We assumed that the fluorescent intensity measured by 
flow cytometry correlates with the amount of epitopes 
on the cell surface. As shown in Figure 1G and Supple-
mentary information, Figure S1J, NPCs differentiated 
for 5 days from hESCs had a comparable amount of epi-
topes on their surfaces. IMR90 cells had roughly 5-fold 
less epitopes. TRO cells fall between NPCs and IMR90 
cells. Using the fold differences in the binding affinity of 

Apt19S to different cell types that we obtained from the 
flow cytometry, we filtered a list of membrane proteins 
according to their expression levels in each cell type test-
ed. The criteria we used to filter the list are as follows: (1) 
the gene must have a TPM (transcripts per million) > 5 
in hESCs to ensure that it is expressed; (2) the gene must 
have at least a 5-fold higher expression level in hESCs 
compared with IMR90; (3) the gene must have at least a 
3-fold higher expression level in hESC compared with 
TRO; and (4) the expression level of the gene in NPCs 
must be within 3-fold of that in hESCs. We then sorted 
the filtered membrane genes according to their expres-
sion levels in hESCs (Supplementary information, Table 
S1). The highest ranked gene was ALPL, which encodes 
alkaline phosphatase. To test whether Apt19S targets 
ALPL, we overexpressed ALPL in 293FT cells, to which 
Apt19S does not bind (Figure 1C), and tested the bind-
ing of Apt19S to these cells afterwards. Indeed, Apt19S 
showed substantially increased affinity towards 293FT 
cells overexpressing ALPL (Figure 1H). This was not 
due to artifacts of overexpressing membrane proteins as 
overexpression of another membrane protein, PROM1, 
did not change the binding affinity of Apt19S to 293FT 
cells (Figure 1H). To further confirm our finding, we test-
ed whether ALPL knockdown by siRNA would decrease 
Apt19S’s affinity to hESCs. As expected, knockdown 
of ALPL decreased Apt19S’s affinity to hESCs (Figure 
1I). The decreased level of the binding affinity correlat-
ed with that of ALPL on the cell surface as reflected by 
ALPL staining (Figure 1I). This decrease was also spe-
cific as siRNA targeting BMP4 did not affect Apt19S 
binding (Figure 1I). However, as ALPL is an enzyme, 
it is possible that Apt19S binds to its products, not the 
protein itself. To exclude this possibility, we performed 
an antibody competition assay. We mixed the anti-ALPL 
antibody with varying amounts of Apt19S and measured 

Figure 1 Characterization and target identification of a DNA aptamer for PSCs. (A) Diagram showing the location of truncations made 
in the constant regions of Apt19. (B) The affinity of aptamers in A towards hESC was measured with flow cytometry (error bar, SEM; 
n = 3). (C) Different types of PSCs were incubated with FITC-labeled Apt19S (blue) or Apt19S-SC (grey). The fluorescent intensities 
of the cells were then measured by flow cytometry. Human 293FT cells were used as a negative control. (D) Different types of differ-
entiated human cell types were incubated with FITC-labeled Apt19S (red) and analyzed by flow cytometry. Human ESCs incubated 
with Apt19S were used as a positive control (black). (E) A mixture of hESCs and human foreskin fibroblast cells were incubated with 
biotin-labeled Apt19S and FITC-labeled SSEA4 antibody. After incubation, Apt19S was separated from unbound cells by streptavi-
din-labeled magnetic beads. The fluorescence profiles of the cell mixture before streptavidin beads separation (left) and cells bound 
to the beads (right) were analyzed by flow cytometry. The number in each plot shows the percentage of SSEA4+ hESCs in the cell 
mixture. (F) Beads-bound cells in E were expanded in culture and stained for pluripotency markers Pou5f1 and Nanog. Cell nuclei 
were labeled with DAPI (scale bar, 200 μm). (G) Fluorescently labeled Apt19S was incubated with H1 ESCs, NPCs, TRO cells and 
IMR90 fibroblast cells. The fluorescent intensity of each cell type was measured by flow cytometry after incubation and presented as 
the fold changes between H1 cells and other cell types (error bar, SEM; n = 3). (H) Fluorescently labeled Apt19S was incubated with 
293FT cells (grey shade), 293FT cells overexpressing ALPL (orange line) or PROM1 (green line). The fluorescent profiles were then 
measured by flow cytometry. (I) The binding of fluorescently labeled Apt19S (left panel) or an ALPL antibody (right panel) to hESCs 
treated with siRNAs against either ALPL or BMP4 was analyzed by flow cytometry. (J) Binding of a fluorescently labeled ALPL anti-
body to hESCs in the presence of increasing amounts of Apt19S was analyzed by flow cytometry.
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the binding of the antibody to hESCs. As shown in Fig-
ure 1J, increasing amounts of Apt19S decreased the an-
tibody’s binding to hESCs, suggesting a direct binding 
between Apt19S and ALPL.

The successful identification of ALPL as the target of 
Apt19S also validates our novel approach for identifying 
cell surface targets of a given molecule based on epitope 
expression ratios across cell types. Affinity pull-down 
followed by mass spectrometry is a robust and the most 
widely used approach to identify targets of aptamers. 
However, this approach can be challenging to labs not 
specialized in biochemistry. First, most targets of aptam-
ers are cell surface proteins. These proteins are notori-
ously hard to work with due to their high hydrophobicity 
and low solubility. This often leads to failed pull-down 
experiments. Second, the amount of proteins obtained 
in each pull-down experiment is often very low, which 
makes accurate protein identification through mass spec-
trometry challenging. In contrast, our approach does not 
involve protein purification. Based on differential bind-
ing affinities of an aptamer to different cell types and the 
expression profiles of respective genes, we can quickly 
narrow down the list of candidate targets. The candidates 
are then evaluated using binding assays. With the in-
creasing number of whole-transcriptome data sets avail-
able in the public and the much lowered cost of RNA 
sequencing, the transcriptome of a given cell type can be 
easily obtained, which makes our approach economically 
very favorable. This approach is also not limited to tar-
get identification of aptamers; the cell surface target of 
any biomolecule (growth factors, antibodies, etc.) can be 
identified in this way. Nevetheless, our approach might 
not be able to accurately identify the cell surface targets 
in certain situations. For instance, when the target is not 
a protein but instead is a posttranslational modification of 
a protein or small molecules on the cell surface or when 
mRNA expression level of a certain gene does not reflect 
its protein level on the cell surface, the new approach 
will not be able to identify the target so the traditional 
pull-down approach should be used.

In summary, we report here the first well-characterized 
DNA aptamer that specifically labels PSCs. We showed 
that this aptamer performs as an excellent affinity re-
agent in both immunostaining and cell separation. Using 
a novel approach, we also identified ALPL as a target of 
the aptamer, which is a well-characterized marker for 
PSCs. However, we cannot rule out the possibility that 
the aptamer binds cooperatively to another epitope be-
sides ALPL. Our work offers the researchers in the stem 
cell field a versatile tool and would also expand the use 
of aptamers in cell biology.
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