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Targeting hormone refractory 
prostate cancer by in vivo selected 
DNA libraries in an orthotopic 
xenograft mouse model
Laia Civit1, Ioanna Theodorou2, Franziska Frey1, Holger Weber3,10, Andreas Lingnau3,11, 
Carsten Gröber4, Michael Blank4, Chloé Dambrune2, James Stunden5, Marc Beyer6,7,8, 
Joachim Schultze  6,7, Eicke Latz  5, Frédéric Ducongé2, Michael H. G. Kubbutat3,10 & 
Günter Mayer1,9

The targeting of specific tissue is a major challenge for the effective use of therapeutics and agents 
mediating this targeting are strongly demanded. We report here on an in vivo selection technology 
that enables the de novo identification of pegylated DNA aptamers pursuing tissue sites harbouring 
a hormone refractory prostate tumour. To this end, two libraries, one of which bearing an 11 kDa 
polyethylene glycol (PEG) modification, were used in an orthotopic xenograft prostate tumour mouse 
model for the selection process. Next-generation sequencing revealed an in vivo enriched pegylated 
but not a naïve DNA aptamer recognising prostate cancer tissue implanted either subcutaneous or 
orthotopically in mice. This aptamer represents a valuable and cost-effective tool for the development 
of targeted therapies for prostate cancer. The described selection strategy and its analysis is not limited 
to prostate cancer but will be adaptable to various tissues, tumours, and metastases. This opens the 
path towards DNA aptamers being experimentally and clinically engaged as molecules for developing 
targeted therapy strategies.

Prostate cancer is the most common cancer among men, with approximately 1.1 million new cases diagnosed per 
year worldwide1. It accounts for the second most incidence of cancer-related death although the 5-year survival 
rate is over 80%. Especially, hormone refractory prostate cancer is not curable and targeted therapies are yet not 
available. Hormone refractory prostate tumour cells likely metastasise to distal sites accounting for poor progno-
sis and survival of patients2. For prostate tumours not responding to initial hormone therapy, chemotherapy with 
docetaxel (taxotere) results in an improved survival of patients3. Alternative therapies are immunotherapy with 
sipuleucel-T, an autologous dendritic cell- based cancer vaccine, agents interfering with androgen signalling, i.e. 
abiraterone or enzalutamide, and radiopharmaceutical therapy for bone metastases4–7.

Tomasetti and Vogelstein recently described occurrence of random mutations during DNA replication in can-
cer stem cells playing an important role in the development of certain types of tumours8. This was associated with 
the development of cancer in which environmental or hereditable factors have a low impact on tumour onset and 
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progression9, e.g. in prostate cancer. Developing new therapeutic strategies with high specificity for the malignant 
tissue is therefore of strong interest but challenging once prostate cancer progresses to an androgen-independent, 
hence hormone refractory state.

Aptamers are an emerging class of molecules for developing targeted therapy approaches10,11. They are single 
chained nucleic acids, folding into well-defined three-dimensional shapes based on which they recognise target 
structures with high affinity and specificity12. Aptamers targeting tumour cells are commonly identified by an 
in vitro selection process using cultured cell lines or isolated membrane proteins. However, only a few examples 
are described in which these aptamers are also capable of recognising the respective target or cells in the related 
in vivo microenvironment13–19. Recently, a prostate cancer targeting RNA aptamer selected in an internalisation 
cell-SELEX procedure was successfully used, in combination with two highly toxic drugs, for the inhibition of 
tumour growth in vivo20.

In contrast, selection procedures conducted solely in vivo, e.g. using xenograft tumour model systems are sup-
posedly suitable for the de novo identification of effective tumour recognising aptamers. Here, an in vivo selection 
approach is described, employing DNA libraries for the identification of aptamers targeting androgen independ-
ent prostate tumours in an orthotopic xenograft mouse model. This approach resulted in the identification of a 
series of DNA aptamers that show tumour targeting properties in orthotopic and subcutaneous xenograft mouse 
models. Among them, one representative aptamer (D3P-21) was further characterised and found to reproducibly 
recognise prostate tumours in vivo. The interaction properties of D3P-21 were found to depend strictly upon the 
presence of a 5′-polyethylen glycol (PEG) moiety already implemented during the in vivo selection procedure. 
Spectroscopic data indicate that the conformation of the DNA aptamer is not impaired by the PEG moiety, hence 
it might directly interact with the target structures, explaining D3P-21’s PEG-dependent interaction properties.

The study opens the path towards in vivo selection procedures using DNA libraries in suitable model systems, 
an endeavour which previously has been supposed to be non-effective due to low stability and the rapid clearance 
of DNA in vivo. The data not only provide evidence for DNA aptamers being suitable for this approach but also 
that DNA aptamers are less immunogenic than previously anticipated21. Based on the study results, DNA aptam-
ers may be revived as a less costly and alternative class of aptamers for basic research in vivo and therapeutic use. 
To overcome the reluctance of using DNA aptamers for in vivo purposes, more studies are required showing 
proof-of-concept and superior performance in validation studies. A systematic analysis of the potential of DNA 
aptamers to induce innate immune responses will be necessary, to address the probability of these compounds in 
a broad manner. Moreover, DNA is more robust and chemically stable than RNA and accepts chemical modifica-
tions as well as non-canonical nucleobases, which can be used for extending the genetic alphabet22–25.

Results
The general outline of the in vivo selection scheme using orthotopic xenograft prostate tumour models is depicted 
in Fig. 1. The prostate cancer cell line PC-3 was implanted into the prostate of male NMRI nude mice. PC-3 is a 
human hormone insensitive prostate tumour cell line, which represents a well-accepted tumour model for castra-
tion resistant prostate cancer26 with respect to its sensitivity to current treatments, i.e. exhibiting tumour growth 
inhibitory effects after treatment with docetaxel27 and its metastatic profile. The used cell line bears an intrinsic 
luciferase reporter protein enabling post-surgery monitoring of the tumour growth (Suppl. Fig. S1a). Approx. five 
weeks after implantation, the respective DNA library or phosphate buffered saline (PBS) was injected into the 
mice’s tail vein (Suppl. Fig. S1b). Tumours from mice injected with PBS were used as negative tumours during the 
library extraction and amplification steps to discard contamination of the samples (Supp. Fig. S2a,b).

Briefly, we established two in vivo selection protocols using the DNA library D3. The first selection protocol 
employed D3 in its naïve variant, whereas the second protocol made use of a 5′–polyethylene glycol (PEG, 11 kDa) 
modified version, named D3P. Besides the nature of the DNA library used, both protocols differed in the work up 
procedure of the DNA molecules after tumour and kidney resection and homogenisation (for details please refer 
to the methods section). The PEG moiety was chosen as it has been shown to increase the half-life of DNA mol-
ecules in the blood circulation28,29. Prior to injection, the DNA libraries were prepared as a solution in PBS. After 
20 minutes of circulation, the mice were perfused with PBS and sacrificed by cervical dislocation. Subsequently, 
the prostate tumour was removed, snap frozen, and stored at −80 °C until further processing. After thawing, the 
tissues of three mice were homogenised as one sample and the nucleic acid library recovered either by silica col-
umn purification (D3P) or phenol/chloroform extraction followed by ethanol precipitation (D3). After recovery, 
the library was amplified by PCR, subjected to single-strand generation and used for the next selection cycle. In 
each selection cycle, the DNA molecules associated with the kidneys were also recovered and subjected to PCR, 
which allowed to control the general workflow as the kidneys represent the major clearance pathway of DNA 
aptamers in vivo10. As further control, we prepared tumours from mice injected with PBS only and subjected 
these tumours to the same recovery procedure and PCR protocol (Suppl. Fig. S2a,b). In Supplementary Table S1, 
the weights of the resected tumours (between 28 and 388 mg five weeks after implantation) and kidneys from 
each selection cycle are given. After ten in vivo selection cycles (the conditions of which are summarised in Suppl. 
Table S2), we analysed each of the obtained DNA libraries by next-generation sequencing (NGS)30. Between 
1.5·105 and 1.2·107 sequences per selection cycle were analysed from both selection procedures (Suppl. Table S3).

The number of unique sequences was found to decrease significantly in later cycles, indicating both libraries 
being enriched (Fig. 2a). The PEG-modified DNA library D3P showed a steady decrease of unique sequences 
over the monitored DNA populations obtained from the different selection cycles. In contrast, the number of 
unique sequences in the naïve DNA library D3 was strongly decreased from the selection cycle 7 to 8 (Fig. 2a). 
This behaviour was also eminent from the distribution of the four nucleotides (dA, dG, dT, and dC) throughout 
the initial random region, which was similar up to selection cycle 4 and 7 of the libraries D3P or D3, respectively 
(Fig. 2b,c and Suppl. Fig. S3a,b). In turn, the nucleotide distribution was clearly altered when analysing the DNA 
populations obtained after ten selection cycles, which already became evident in selection cycles 6 (D3P) and 8 
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(D3) (Suppl. Fig. S3a,b). In the following and if not otherwise stated, we mainly describe the DNA populations 
of both libraries obtained after 10 selection cycles. Both libraries still contained unique sequences (11% (D3) and 
9% (D3P)), which might be due to the high diversity of targets and the complex nature of the in vivo selection 
approach. Of note, 0.27% of the sequences were found to be present in the DNA populations of both libraries 
from the 10th selection cycle, which can be explained due to i) common unspecific targeting, ii) higher resistance 
to nucleases or iii) a more favourable amplification by PCR. The sequences were grouped in different populations 
according to their copy numbers in each selection cycle, i.e. ≤10, 11–100, 101–1000, 1001–10000, and >10000 
and normalised with respect to the total number of copies in each selection cycle (Fig. 3a,b). This grouping reveals 
that sequences with >10 copy numbers are increasingly observed from selection cycle 5 and 3 for D3 and D3P, 
respectively (Fig. 3a). However, the vast majority of sequences within the DNA population from these selection 
cycles have copy numbers of 10 or less (98.3% in D3 and 95.6% in D3P). In contrast at cycle 10, 48.5% of the 
sequences from the D3 library and 36.3% of those found in the D3P library correspond to few strongly enriched 
sequences (among them 25 (D3) and 7 (D3P) sequences) with >10000 copies (Fig. 3b).

Next, individual sequences were chosen for further testing based on their enrichment profiles. In particular, 
collection was defined by i) the frequency of an individual sequence in a DNA population and ii) amplification 
fold, i.e. change of copy numbers from one selection cycle to another (Suppl. Fig. S4a,b). Based on these criteria 
46 sequences (22 from D3 and 24 from D3P) were selected for further assessment, among them 17 sequences 
with low copy numbers, i.e. frequency <0.5% but enrichment profiles similar to those found for the most abun-
dant sequences (Suppl. Tables S4 and S5 and Suppl. Fig. S4a,b). The other 29 sequences were the most abundant 
sequences found with frequencies >0.5%, whereas one sequence, named either D3-0 (24.23%) or D3P-7 (5.63%), 
was found in both libraries. Of note is the frequency of each sequence found in the kidney. In contrast to the selec-
tion done with D3, where lower copy numbers of each individual sequence were found in the kidney compared 
to the tumour tissue, the selection using D3P revealed sequences with higher copy numbers associated with the 
kidney compared to the tumour (Supp. Table S4 and S5). This observation might be due to a more rapid renal 
clearance of the non-pegylated (D3) sequences (MW ~25 kDa, which is below the cut-off threshold of the renal 
glomerulus31) in comparison to the pegylated sequences (D3P, MW ~36 kDa).

We subjected all 46 sequences to an initial in vivo screening procedure using variants of the sequences bearing 
a near-infrared fluorescent dye (Alexa Fluor 680) at their 3′-ends. Sequences obtained from the library D3P were 
additionally equipped with a 5′–11 kDa PEG moiety. The sequences were evaluated using fluorescence reflectance 
imaging (FRI) of mice that bear orthotopic and subcutaneous xenograft tumours. The latter was necessary since 
the renal clearance of oligonucleotides hampers differentiation of sequences enriched in the orthotopic prostate 
tumours from those eliminated through the bladder. Two nanomole of the individual sequences were injected in 
the tail vein of anesthetised mice and whole-body FRI of the dorsal side view was performed before, 5, 60, and 
180 minutes post injection. Subsequently, all animals were euthanised and several organs, including the ortho-
topic and the subcutaneous tumours, were harvested and analysed by ex vivo FRI. An initial screening using a sin-
gle mouse per individual sequence was performed. Each sequence was evaluated for tumour targeting comparing 

Figure 1. In vivo selection process using orthotopically xenograft prostate cancer models. PC-3 cells 
expressing luciferase were implanted to the prostate of nude mice and the tumour growth was monitored by 
bioluminescence imaging during 5 weeks until complete growth of the tumours. Pegylated (D3P) or naive 
DNA libraries (D3) were injected via the tail vein. After 20 min, mice were perfused and tumours and kidneys 
extracted and snap frozen. Homogenisation of the tumours and control organ, kidney, for extraction of bound 
oligonucleotides was then performed by means of mechanical and chemical homogenisation followed by 
phenol/chloroform purification and ethanol precipitation for D3 library and silica columns purification for D3P 
library. Extracted oligonucleotides were amplified and ssDNA was generated for the next SELEX cycle. In total, 
10 selection cycles were performed for both libraries. NGS analysis of the in vivo SELEX was performed and 
selected identified sequences were tested by an in vivo screening assay in orthotopic and subcutaneous mouse 
models.
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the mean fluorescence inside the subcutaneous tumour to the mean fluorescence measured in a healthy zone 
adjacent to the tumour (Suppl. Fig. S5a). No clear differences were measured at 5 and 60 minutes after injection, 
due to a high background fluorescence before clearance of non-bound sequences, but several sequences provided 
a two-fold higher fluorescence signal in the tumour compared to the healthy zone after 180 minutes (Fig. 4a,b 
and Suppl. Fig. S5b). These sequences were subjected to further testing, which included the sequences D3P-16, 
–6, and –7 that revealed a lower fluorescence ratio of the tumour vs. the normal tissue and considered as non- or 
weak-targeting sequences (Fig. 4b and Suppl. Fig. S5b). Of note, none of the sequences derived from the library 
D3 were found to target efficiently the subcutaneous tumours (Suppl. Figs S5c and S6).

Furthermore, the calculated ratios obtained by FRI were ≤2 for most of the sequences (Suppl. Fig. S6). The 
repetition of the screening experiments with the sequences D3-39, -21, -34, and -27 revealed a high variation 
of obtained ratios and in some cases (D3-39 and D3-21) a strong fluorescence signal detectable throughout the 
whole mouse. Due to these findings, the D3-related sequences were decided not being further evaluated. Instead 
we focussed on the characterisation of the sequences obtained from the selection experiments using D3P. The 
majority of re-screened sequences obtained from the library D3P also showed a high variation and difference in 
their biodistribution, e.g. D3P-1, -4, -6, -7, -11, -16, -18, -19, -24, and -44 (Fig. 4b and Suppl. Fig. S5b). Orthotopic 
tumour targeting was also assessed by ex vivo fluorescence measurements comparing the fluorescence of prostatic 
tumours vs. muscle. However, this analysis was limited since half of the mice used during our screening did not 

Figure 2. Next-generation sequence analysis of the DNA libraries D3 and D3P obtained by in vivo selection.  
(a) Analysis of the number of unique sequences within the obtained libraries from the in vivo selection using D3 
(squares) and D3P (dots). The distribution of nucleotides over the 43 nucleobases of the initial random region 
of the starting library and the DNA libraries form the selection cycles 7 and 10 of the in vivo selection using D3  
(b) and the distribution of nucleotides over the 43 nucleobases of the initial random region of the starting 
library and the DNA libraries from selection cycles 4 and 10 of the in vivo selection using D3P (c). Orange: dA, 
green: dC, blue: dG, and red: dT.
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Figure 3. Next-generation sequence analysis of the DNA population obtained from sequencing the individual 
DNA libraries of the indicated in vivo selection cycles. (a) Individual sequences were grouped according to their 
frequency in the libraries derived from each selection cycle. Upper panel refers to the libraries obtained from 
the in vivo selection using D3; lower panel refers to the libraries obtained from the in vivo selection using D3P. 
(b) The proportion of those sequences in the total population. Upper panel refers to the libraries obtained from 
the in vivo selection using D3; lower panel refers to the libraries obtained from the in vivo selection using D3P.

Figure 4. Planar imaging of pegylated sequences. (a) Imaging of mice injected with 2 nmol of the D3P-library, 
D3P-44, and D3P-21 at different time points post injection (0, 5, 60, and 180 min). Dorsal view; exposure time 
1000 ms. Arrows depicted in mice images at 180 min point the subcutaneous tumour. (b) Ratio of subcutaneous 
fluorescence signal obtained from the tumour tissue compared to surrounding tissue (please see also Suppl. 
Fig. S5a, left panel) of all indicated sequences 180 min post injection. (c) Ratio of the fluorescence signal of the 
orthotopic tumour ex vivo compared to muscle fluorescence (please see also Suppl. Fig. S5a, right panel) of all 
indicated sequences at 180 min post injection. Five mice did not bear an orthotopic tumour, wherefore no values 
are given in (c) for the sequences D3P-15, D3P-26, D3P-44, and D3P-library.
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develop orthotopic tumours in the prostate. Nevertheless, the fluorescence ratio between prostate tumour and 
muscle were ≥2 for most of the sequences tested and even higher ratios were obtained by D3P-10 and D3P-21 
(Fig. 4c). Together with D3P-20, these two sequences revealed superior subcutaneous tumour targeting as well 
(Fig. 4b). Further testing of these sequences using additional subcutaneous mouse model samples revealed a more 
reproducible tumour targeting when compared to the starting library and all other analysed sequences (Fig. 5). 
Among them, D3P-21 was the most promising sequence as it showed an average fluorescence ratio of tumour to 
healthy tissue of 2.76 ± 0.09, which is higher and more reproducible compared to the average ratio obtained by 
all other sequences (1.75 ± 0.09).

For further validation, the amount of aptamer localised to the tumour tissue was quantified by quantitative 
PCR (qPCR). Both orthotopic and subcutaneous tumours from mice treated with D3P-21 or the D3P-library 
were homogenised and the DNA extracted. The obtained DNA was then subjected to qPCR (Suppl. Fig. S7a). This 
analysis revealed a higher amount of D3P-21 recovered from subcutaneous tumours compared to the D3P-library 
(Suppl. Fig. S7a left). Interestingly, qPCR data also reveal that more copies of D3P-21 could be recovered from 
the orthotopic compared to the subcutaneous prostate tumour tissue (Suppl. Fig. S7a, right). The heterogeneity 
of the recovered DNA amounts might be explained by the fact that the samples of the test set were non-perfused 
(in contrast to the samples directly obtained from the selection procedures and which were used as sources to 
generate the results shown in in Figs 2, 3 and Supp. Figs S2–S4), resulting in residual amounts of blood remaining 
in the tissue that interfere in the analysis.

A pre-requisite for the potential therapeutic application of aptamers in vivo is their long-term stability in 
mammalian serum. As D3P-21 was selected in vivo, this inherently indicates that the sequence has certain 
nuclease resistance. To further explore its stability, its degradation in serum (Suppl. Fig. S7b, quadrants) and in 
Dulbeccos’s phosphate buffer saline (DPBS) (Suppl. Fig. S7b, circles) as a control were tested. These experiments 
revealed that after 1 h of incubation at 37 °C, 92.8% of the aptamer D3P-21 remain full length (Suppl. Fig. S7b, 
left panel) in serum, which is ~20% more compared to its non-pegylated variant (73.1%) (Suppl. Fig. S7b, right 
panel). This difference becomes less significant after 3 hours of incubation, after which 61.1% (D3P-21) and 50.8% 
(non-pegylated D3P-21) of the respective full-length aptamers were detected. These data are in line with the 
qPCR results that also project towards a good stability of D3P-21 in vivo. Of note, while the PEG moiety seems 
to increase the endurance of D3P-21 towards nucleases up to 3 h, extended incubation times revealed even more 
degradation of the pegylated variant compared to the non-pegylated aptamer. When incubated in DPBS, no deg-
radation of the aptamer variants was observed.

After having identified the aptamer D3P-21 and validated its performance in vivo, the aptamer’s characteristics 
and properties in vitro were analysed. To characterise the binding properties of D3P-21 in vitro, flow cytometry 
studies were performed using PC-3 cells. In these experiments, the aptamer D3P-21 revealed a two-fold increase 
in binding to cultured PC-3 cells compared to the naïve D3P library (Fig. 6a and Suppl. Fig. S8). Subsequently, the 
interaction of D3P-21 with other cancer cell lines, i.e. A459, H460, MCF-7, Ramos, and the androgen-dependent 
prostate cancer cell line LNCaP was tested. Furthermore, peripheral blood mononuclear cell (PMBC) and sple-
nocytes from mice were also investigated. Of note, for technical reasons oligonucleotides (ODN, aptamer and 
controls) labelled with Atto647N fluorophore were used in the flow cytometry assay with LNCaP cells, while 

Figure 5. Validation of aptamers evolved from the DNA library D3P by planar imaging. The ratio of 
subcutaneous fluorescence signal obtained from the tumour tissue compared to surrounding tissue (please see 
also Suppl. Fig. S5a, left panel) of all indicated sequences 180 min post injection is given. The values obtained 
from the starting library (D3P-lib) (n = 3), and the aptamers D3P-10 (n = 5), D3P-20 (n = 6), as well as D3P-
21 (n = 5) were compared to all other sequences tested and pooled as “others” (n = 31). The aptamers D3P-21, 
D3P-P20 and D3P-P10 have a statistically significantly higher tumour to healthy tissue ratios (2.76 ± 0.09, 
2.75 ± 0.49, and 2.48 ± 0.34, respectively) compared to the mice injected with the other aptamers (1.75 ± 0.09). 
In contrast, the difference obtained with the naïve library (D3P-lib) (2.400 ± 0.55) was not significant. Statistical 
significance was calculated using Graphpad Prism 6 using an unpaired t test model assuming that all data have 
the same standard deviation (SD). **P < 0.01 and ***P < 0.001.
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ODNs (aptamer and controls) labelled with Alexa Fluor 680 were employed for the other cell lines. These exper-
iments revealed that D3P-21 interacts with the lung cancer cell lines A549 and H460 (lung carcinoma), while 
no binding to splenocytes, PMBCs, Ramos (Burkitt’s lymphoma), and MCF7 (breast cancer) cells was observed 
(Fig. 6a and Suppl. Fig. S8). Notably, binding to androgen-dependent prostate cancer LNCaP cells was also not 
observed (Fig. 6b and Suppl. Fig. S9). Other aptamer candidates tested (D3P-20, D3P-10, D3-28, D3-39, and 
D3-N1) showed no binding to PC-3 cells in vitro (Suppl. Figs S10a,b, S11a,b).

Figure 6. Evaluation of D3P-21 properties in vitro. (a) Flow cytometry analysis of the interaction of aptamer 
D3P-21 and the DNA library D3P (D3P-lib) with prostate cancer PC-3 cells, murine splenocytes, and murine 
peripheral blood mononuclear cells (PBMC) and other cancer cell lines (MCF7, H460, A549, and Ramos). 
Depicted is the ratio of binding of D3P-21 compared to the D3P-library (left panel) and the total percentage 
of cells bound by D3P-21 in (right panel). Cells were incubated with 200 nM of the D3P-21 or D3P-lib labelled 
at the 3′-end with Alexa Fluor 680. (b) Flow cytometry analysis of the interaction of D3P-21 and D3P-lib with 
the prostate cancer PC-3 and LNCaP cells. Shown is the ratio of binding of D3P-21 compared to D3P-lib (left 
panel) and the total percentage of cells bound by D3P-21 (right panel). Cells were incubated with 100 nM of 
the aptamer or D3P-lib labelled with Atto647N at the 3′-end. (c) Flow cytometry analysis of the impact of the 
PEG moiety of D3P-21 on its interaction properties. PC-3 cells were incubated with pegylated (D3P-21), non-
pegylated D3P-21 (D3P-21non-PEG), or the non-pegylated D3P-library (D3P-lib non-PEG) labelled with 
Atto647N at the 3′-end and the ratio of binding is shown compared to D3P-lib. (d) Analysis of the impact of the 
PEG moiety on D3P-21 on PC-3 cell interaction using non-labelled DNA and qPCR for quantification. Shown 
is the ratio of recovered fmoles of the indicated oligodeoxynucelotide compared to D3P-lib. Represented as 
mean ± SD (n = 4).
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Next, the impact of the PEG moiety on the binding characteristics of D3P-21 was analysed. Therefore, the 
interaction of pegylated or non-pegylated D3P-21 with PC-3 cells was measured by flow cytometry (Fig. 6c and 
Suppl. Fig. S12) and qPCR (Fig. 6d) and compared to the D3 and D3P libraries, respectively. These experiments 
demonstrated a loss of binding performance of D3P-21 in the absence of the PEG moiety. Conversely, the binding 
of the D3 library to PC-3 cells was found to be independent of its pegylation status (Fig. 6c,d).

D3P-21 is a G-rich sequence (33.75%, Suppl. Table S5) and, thus, might be capable of folding into 
G-quadruplex structures32. We therefore analysed the dependence of cell binding of the aptamer on the presence 
of potassium ions as these are key to G-quadruplex structure stabilisation we analysed the dependence of cell 
binding of the aptamer on the presence of potassium ions as these are key to G-quadruplex structure stabili-
sation33. The obtained results show that the interaction of D3-P21 with PC-3 cells depends on the presence of 
potassium ions in the binding buffer (Fig. 7a and Supp. Fig. 13). In order to elucidate whether D3P-21 forms a 
G-quadruplex structure and to analyse the impact of the PEG moiety on the conformation of D3P-21, circular 
dichroism (CD) spectroscopy experiments were performed. CD spectra of the aptamer were characterised by a 
positive peak at 273 nm (D3P-21) and 270 nm (non-pegylated D3P-21) and a negative peak at 244 nm (Fig. 7b, 
upper left (D3P-21) and right (D3P-21 non-PEG) panels). These typical CD profiles indicate that D3P-21 most 
likely contains a B-form conformation34. Notably, the absence or presence of potassium ions did not have an 
impact on the CD spectra, indicating that the conformation of D3P-21 is K+-independent. In contrast, the CD 
spectra of C10.36, a previously described parallel G-quadruplex containing aptamer35, were found to be strongly 
affected by the absence or presence of K+ (Fig. 7b, lower left panel). Minor differences were observed in the CD 
spectra of the pegylated vs. the non-pegylated aptamer revealing that the 11 kDa PEG moiety has little or no effect 
on the aptamer’s conformation (Fig. 7b, lower right panel). These data also indicate, that D3P-21 most likely does 
not fold into a common G-quadruplex structure.

Finally, the impact of D3P-21 on the innate immune system was evaluated since previous studies suggest 
that DNA aptamers activate the immune system, mainly mediated by the Toll-like receptor (TLR) superfamily21.  
To determine D3P-21’s potential in this regard, the secretion of TNFα by immortalised murine embryonic stem 
cell-derived macrophages upon aptamer treatment was measured36. The results demonstrated a very low immu-
nogenicity by D3P-21 and its non-pegylated variant at concentrations up to 3 µM (Fig. 8a,b). In contrast, the 
D3P-library induced TNFα secretion at concentrations above 0.375 µM. This finding is not surprising as the 
initial library contains ~1015 sequences, some of which most likely sharing structural motifs capable of TLR rec-
ognition. However, the activation of the innate immune response by the DNA library was found to be >3 orders 
of magnitude less pronounced compared to controls, i.e. CpG and LPS37. These data indicate that D3P-21 does 
not activate the innate immune system.

Discussion
Nuclease-mediated degradation and rapid renal filtration of nucleic acids categorises the in vivo selection of 
aptamers highly challenging. To date, a few examples of in vivo selected aptamers are described employing 
2′-deoxy-2′-fluoro pyrimidine (2′-fluoro)-modified RNA molecules38–40 and more recently, with a phosphoro-
thioate containing DNA library41. 2′-fluoro RNA is considered to be more resistant toward serum nucleases and 
less prone to elicit innate immune responses31. Likewise, the majority of aptamers investigated for therapeutic 
approaches are built from 2′-fluoro RNA42–44. Exceptions are thrombin inhibiting aptamers and AS1411, all of 
which were shown to fold into highly stable G-quadruplex structures. These G-quadruplexes are investigated 
in vivo for the treatment of coronary artery syndrome or acute myeloid leukaemia45–47. In comparison to DNA 
molecules, 2′-fluoro RNA holds a series of disadvantages, i.e. very cost demanding and, thus, more difficult to 
engineer and optimise. In addition, 2′-fluoro RNA aptamers extending 50 nucleotides in length are still difficult to 
synthesise chemically and in larger quantities, as required for therapeutic approaches10. Thus, a minimisation of 
the active aptamer might be required before subjection to further therapeutic development. These characteristics 
make 2′-fluoro RNA challenging to be employed for basic research and drug development. Alternatively, DNA 
is affordable but branded as unstable and to evoke immune responses, e.g. mediated by the Toll-like receptor 
superfamily21. To this end, neither a systemic investigation of the inherent capability of DNA aptamers to activate 
the innate immune system nor their eligibility for in vivo selection approaches has been studied comprehensively.

Herein, an in vivo selection procedure is described that enabled the identification of prostate tumour recog-
nising DNA aptamers. An orthotopic xenograft mouse model was applied during the selection and validation 
procedure to secure tissue penetration and recognition of the relevant microenvironment of the tumour by the 
resultant aptamers. Orthotopically implanted xenograft tumour models are considered to represent one of the 
most accurate and available mimics of the tumour microenvironment in regard to a patient’s clinical situation. 
The androgen-independent PC-3 cell line was used for implantation, which is hormone independent and PSA 
negative. Hormone refractory prostate tumours are considered being non-curable yet26.

The overall results of the in vivo selection experiments and the fact that the best performing aptamer, D3P-21, 
was enriched from a pegylated DNA library indicate that such libraries reveal superior performance compared to 
a naïve DNA library. The tested sequences obtained from the selection using the naïve DNA library did not reveal 
a consistently performing aptamer yet. However, it cannot be excluded that a well-performing aptamer could still 
be identified from this library as the enriched diverse population may contain these sequences albeit at very low 
abundance and the tools yet applied to analyze the library are not sufficient to reveal them. The continuation of 
the in vivo selection process might further enrich targeting sequences from this library as well. Likewise, D3P-21 
was ranked on position 17 of all identified sequences regarding copy numbers and frequency within the enriched 
pegylated DNA library. Noteworthy, the most abundant sequences were not found to be the best targeting aptam-
ers. This observation can be explained by a higher circulation half-life, targeting of non-tumour related structures, 
or by being more prone to PCR replication and thereby biasing the sequence populations48.
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A rapid renal clearance of the naïve DNA library (D3) compared to a PEG-modified variant might also 
account for unsuccessful use during the in vivo selection approach. Renal clearance is due to the average molecu-
lar weight of D3 of ~25 kDa, which is below the cut-off threshold of the renal glomerulus31. In turn, an increased 
circulation time of the PEG-modified library might enhance the exposure time of candidate sequences to the 
relevant tumour tissue. Thus, under this scenario the enrichment of specifically associated aptamers is favoured 
compared to enriching for those sequences with simply higher resistance towards nuclease degradation, e.g. 
because of appropriate structure formation. This effect was intended by the addition of the 11 kDa PEG moiety to 
the D3P-library, thereby increasing the library’s molecular weight to ~ 36 kDa, which is in the range of the renal 
glomerulus threshold31. It has also been demonstrated that pegylation could induce steric repulsion of plasma 

Figure 7. Impact of potassium ions on the interaction D3P-21 with PC-3 cells. (a) Flow cytometry analysis 
to monitor the influence of potassium in the binding of aptamer D3P-21 to PC-3 cells. Shown is the ratio of 
binding of D3P-21 compared to D3P-lib (left panel) and the total percent of cells bound by D3P-21 (right 
panel). The cells were incubated with 100 nM of the aptamer labelled with Atto647N at the 3′-end. Represented 
as mean ± SD (n = 4). (b) CD spectroscopy analysis of D3P-21. CD spectra of D3P-21 (upper left panel), 
non-pegylated D3P-21 (D3P-21 non-PEG) (upper right panel), and C10.36 (lower left panel) under different 
conditions, i.e. H2O, PBS w/o potassium ions (pH 7.4), and PBS with increasing concentrations of potassium 
ions as indicated. Comparison of the obtained CD spectra of different aptamers and variants at a concentration 
of 4 mM potassium ions (lower right panel).
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proteins and decrease phagocytosis by the reticuloendothelial system49. It is unknown whether even larger PEG 
moieties would improve the selection outcome, but as PEG has recently been linked with side effects, i.e. allergy 
responses, anaphylactic reactions, and hypersensitivity in humans50–52, alternative tags such as lipids or protein 
carriers might also be worthwhile to investigate in the context of in vivo selection experiments53,54.

D3P-21 showed consistent tumour targeting in the employed orthotopic and subcutaneous xenograft mouse 
models. The aptamer followed a constant enrichment profile, with steadily increasing frequency up to 0.94% in 
the DNA population obtained after 10 selection cycles. The maximal fold of amplification was seen from selec-
tion cycle 3 to 4, while it was predominantly from cycle 2 to 3 for most of the highly abundant sequences. This 
finding underlines the importance of considering less frequent sequences for further characterisation instead of 
focussing only on the most abundant ones, as similarly described in previous literature reports55,56. Sophisticated 
population analysis procedures are of particular importance for aptamer selection approaches using complex 
target structures, e.g. cells, exosomes57, and tissues58, albeit still in its infancy but thought to develop rapidly 
alongside the availability and analysis of next-generation sequencing data59,60. The NGS-analysis further revealed 
that the sequence population from the last two selection cycles did not change dramatically, e.g. no new enriched 
sequences were detected within these populations. The data shown here underline NGS being an indispensable 
tool to track the evolution of DNA populations during in vivo selection procedures and for the identification of 
potential candidate aptamers. It might be supportive in detecting aptamers already in early selection cycles, thus 
reducing the entire number of selection cycles, which is of great importance when costly and time-consuming 
experiments as well as living animals are required. This study provides a comprehensive and unprecedented pop-
ulation analysis of the progression of an in vivo selection process of DNA aptamers by NGS. In contrast, the few 
reported in vivo selection procedures relied on standard cloning and Sanger sequencing38,40 of ~50 sequences 
for identifying aptamer candidates and only one study performed Sanger sequencing in comparison with deep 
sequencing39. However, owing to the nature of Sanger sequencing this procedure most probably reveals the most 
abundant sequences, which as implied by this study might limit the success rate.

Strong heterogeneity between different mice treated with the same candidate aptamer was observed for many 
of the tested sequences. This reflects the challenge of an in vivo screening approach, which was manifested also 
by different degrees of metastasis, i.e. in the bones, pancreas, liver, or abdomen between mice bearing orthotopic 
xenograft prostate tumours potentially affecting the biodistribution of aptamers. Nevertheless, aptamer D3P-21 
revealed very low heterogeneity in vivo, when targeting the subcutaneous and orthotopic tumours.

D3P-21 also interacts with cultured PC-3 cells in vitro, which in turn demonstrates the capacity of this aptamer 
to recognise a target that is present on the tumour cells in culture and in the tumour microenvironment in vivo. 
Besides PC-3 cells, D3P-21 also recognises lung cancer cell lines, e.g. A549 and H460, whereas the breast cancer 
cell line MCF-7 and the androgen receptor and PSA positive prostate cancer cell line LNCaP were not bound. 
This finding is in line with recent data on mRNA expression profiles of various cell lines that reveal A459 cells 
clustering with PC-3 but not MCF-761. This behaviour of D3P-21 is in accordance with previous studies that show 
aptamers selected by cell-SELEX recognising other cell lines than the one employed for the selection itself18 and 
specificity for a defined tumour tissue was not part of the in vivo selection regimen. No interaction of D3P-21 with 
murine splenocytes, PBMC’s, and human blood cancer cell lines, e.g. Ramos (Burkitt’s lymphoma), was detected. 
These data are in accordance with the in vivo selection setting, during which the DNA libraries when injected 
into the tail vein were ‘co-incubated’ with PBMCs, which most likely served as a parallel negative selection as only 
those DNA sequences associated with the tumour tissue were processed further. Together, these data indicate that 
D3P-21 is a tumour targeting aptamer with good specificity.

The aptamer’s cell binding properties depend on the presence of the PEG moiety and potassium ions. CD spec-
troscopy indicated that D3P-21 partially folds into a B-form helical structure but does not reveal a G-quadruplex. 

Figure 8. Evaluation of aptamer immunogenicity. (a) Increasing concentrations of D3P-library (grey line), 
D3P-21 (blue), D3P-21 non-pegylated (green), CpG ODN 1826 type B (dark grey) and LPS (black) were 
incubated with immortalized murine embryonic stem cell-derived macrophages for 24 h and concentration of 
TNF-alpha in the supernatant was determined by HTRF assay. Results without CpG ODN and LPS are depicted 
in (b). Represented as mean ± SEM (n = 5).
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As the PEG moiety seems not to have a great impact on the aptamer’s folding it most likely directly interacts 
with the target structure of the cell surface. To the best of our knowledge, this is the first study demonstrating 
the successful selection of aptamers from a pegylated DNA library. The introduction of flanking moieties during 
selection has been proven successful compared to post-selection incorporation to avoid aptamer folding and 
binding issues62. Several literature examples are known in which the PEG was introduced post-selection, e.g. to 
improve the pharmacokinetic properties of aptamers42,63,64. The introduction of a PEG moiety in these aptam-
ers did not affect their affinity to its target molecules significantly, however minor differences in binding were 
observed depending on the nature (linear or branched) and size of the PEG moiety65.

Targeting of tumour tissue in its native environment is a major challenge in cancer therapy in general and 
in particular for respective organs that are difficult to treat, e.g. prostate and pancreas. Aptamers represent an 
excellent compound class for achieving this. They can be selected in vivo, thereby optimally adapted towards their 
desired application38–40. Likewise, aptamers can also be selected in vitro, e.g. targeting cultured tumour cells or 
homogenously purified extracellular domains of proteins normally found on tumour cell surfaces66. The latter is 
greatly represented by a 2′-fluoro RNA aptamer that binds to prostate-specific membrane antigen (PSMA) and 
which has been shown to be valuable for targeting therapies in mice63,67–70. Which of the strategies of aptamer 
generation, i.e. in vivo and/or in vitro will be more straight forward in identifying aptamers with efficient targeting 
properties in a clinical setting though remains elusive yet.

In conclusion, the data in this study show that murine orthotopic xenograft models are compatible with in 
vivo selection experiments. As these model systems reflect the natural microenvironment of tumours in cancer 
biology very well, the resultant aptamers may bear great potential to be further developed as targeted therapeutic 
regimen. This finding also opens the path towards many more applicable orthotopic model systems, e.g. mela-
noma, breast cancer, colon cancer, pancreatic cancer, non-small cell lung cancer, and even metastasis model sys-
tems71–74, with which the developed procedure is compatible. The obtained data essentially illustrate the benefit of 
combining in vivo selection with high-throughput sequencing and thorough data analysis. The more sequencing 
data on further in vivo selection studies will be available the more knowledge on the evolution of sequences will 
be gained, which will support to make more direct hits on aptamers from these endeavours. We performed a 
comparative in vivo study, head-to-head evaluating pegylated vs. non-pegylated DNA libraries and conclude that 
the presence of PEG entities enhances selection success. Finally, the study establishes DNA molecules and librar-
ies for in vivo selection procedures and might revive the application of DNA aptamers, besides 2′–fluoro RNA 
aptamers and beyond highly stable G-quadruplex structures as applicable compound class for developing targeted 
therapies and/or for validating targeting strategies. The recently demonstrated therapeutic efficacy of chemically 
modified DNA aptamers, so-called SOMAmers75–77 and the lack of stimulating the innate immune system by 
D3P-21, a major drawback traditionally linked to DNA, further supports this notion. In particular, future work 
will be required to reveal the molecular target of D3P-21, e.g., using pull-down experiments from the PC3 cell 
line followed by LC-MS/MS analysis, the dependence on the PEG moiety, and whether the aptamer functions as 
vehicle for the specific delivery of cargo therapeutics, e.g. paclitaxel or antagomirs to prostate tumours.

Material and Methods
Ethics Statement. All animal use procedures for subcutaneous PC-3 tumour models and in vivo fluores-
cence imaging were in strict accordance with the recommendations of the European Community (86/609/CEE) 
and the French National Committee (décret 87/848) for the care and use of laboratory animals. Ethics committee 
of CETEA – CEA DSV (Comité d’Ethique en Expérimentation Animale (CETEA), de la Direction des Sciences 
du Vivant (DSV) du Commissariat à l’Energie Atomique et aux énergies alternatives (CEA)) approved the study 
(ref: 12-093).

Experimental protocols for performing in vivo orthotopic PC-3 models and Aptamer in vivo selection 
studies had been approved by the Ethics Committee for Animal Experimentation, and were registered by the 
Regierungspräsidium Freiburg (G-12/62), Germany. The animal experimentation is in accordance with the 
European Community guideline 2010/63/EU.

Orthotopic PC-3 tumour model. On Day 0.3·106 PC-3 tumour cells expressing luciferase in 15 µl PBS 
were implanted orthotopically into 20 male NMRI nude mice. To prevent pain, Meloxicam (Metacam, 1 mg/kg, 
s.c.) was applied 1 h prior to surgery and 24 h post implantation. Male NMRI nude mice were anesthetised in a 
separate box using 1.5–2 Vol% Isoflurane with an oxygen flow of 0.6 l/min. The mice were positioned on a heated 
operating table with the left side upwards. The skin was cleaned, shaved and sterilised. An incision of approx. 1 cm 
was made in order to display the seminal vesicle and the prostate. A cell suspension of 3·106 PC-3Luc cells in 15 µl 
PBS was injected orthotopically into the prostate using a 29 G needle syringe. The seminal vesicle and the prostate 
were carefully pushed back into the visceral cavity and the abdominal wall closed by suturation. Thereafter the 
mouse was warmed in a separate box while recovering from anaesthesia. In the following, animal weights were 
measured three times weekly (Monday, Wednesday and Friday).

Subcutaneous PC-3 tumour model. For in vivo screening experiments, mice were subcutaneously 
injected between shoulder blades with 3·106 PC-3 cells in a volume of 200 ml of Matrigel (BD Bioscience, Le 
Pont de Claix, France) and phosphate- buffered saline (PBS) (50:50). Tumours were then allowed to grow for 
3–5 weeks until a size around 300 mm3 before in vivo imaging experiments. During each injection and imaging 
experiments, mice were anesthetised with isoflurane–1.25% in a 1:3 mixture of O2 and air. Subcutaneous injec-
tion was performed 3 weeks after orthotopical implantation as previously described or in mice without orthotopic 
implantation.
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In vivo bioluminescence imaging. During the course of the study, tumour growth was monitored in vivo 
using bioluminescence imaging. For this purpose, 150 mg/kg D-Luciferin was injected intraperitoneally (i.p.) into 
the mice 7 min before anesthetisation. Light emission was measured 10 min post injection with a CCD-camera for 
5 min using a NightOWL LB 981 bioluminescence imaging system (Berthold Technologies, Germany).

In vivo SELEX. All oligonucleotides, including DNA libraries and primers, were synthesised by Ella 
Biotech GmbH (Munich, Germany). Two separate 80-nt single-stranded DNA libraries, D3 and D3P, were 
used consisting in a 43-nt random region. D3P library contained an 11 kDa polyethylene glycol (PEG) moi-
ety on the 5′-end. Both libraries were amplified by PCR using the following primers: forward primer (Fw) 
5′-GCTGTGTGACTCCTGCAA-3′, with 5′–11kDa PEG moiety in the case of D3P library, and reverse primer 
(Rv-Pho) 5′-Phosphate-GGAGACAAGATACAGCTGC-3′). PCR reaction was performed by using GoTaq® G2 
Flexi DNA Polymerase (Promega) and 1 µM of both Fw and Rv-Pho primers with the following cycling program 
(2 min 95 °C; 30 sec. 95 °C, 30 sec. 64 °C, 45 sec. 72 °C; hold 10 °C) in a Veriti 96 well thermal cycler (Applied 
Biosystems).

In vivo selection was done using tumour-bearing animals. Mice were either treated intravenously with one 
of two aptamer libraries (D3 or D3P) or left untreated. Five nmol of libraries (consisting of one copy of each 
sequence) were injected in cycle 1 and the amount was reduced to 2, 1 and 0.5 nmol for cycles 2, 3 and 4 respec-
tively. From cycle 5 to 10, 0.1 nmol of the libraries were injected. Prior injection, libraries were prepared in 110 µL 
of Dulbecco’s phosphate-buffered saline (DPBS) containing Ca++ and Mg++ (Gibco), denatured at 80 °C for 3 min 
and slowly cooled down to RT for proper folding. After 20 min, animals were perfused with DPBS, killed by cervi-
cal dislocation and tumours and kidney were collected. Tumours and kidney were snap-frozen in liquid nitrogen 
and stored at −80 °C before recovering the nucleic acids from the tissues. Weight of the tumours and kidneys 
used during in vivo SELEX are summarised in Supp. Table S1. Extraction of the nucleic acids from 3 tumours 
and 3 kidneys from injected mice was performed by first homogenising the organs with a 7 mL dounce tissue 
grinder with large and small clearance pistils (Landgraf Laborsysteme HLL GmbH). To lyse the cells, TE-SDS 
Lysis buffer (0.1 M Tris-HCl pH 8, 1 mM EDTA pH 8, 0.5% SDS) supplemented with 0.5 µg/µL of Proteinase 
K (Roth) was used for D3 injected tumours or kidney, followed by 10 min incubation at 95 °C. For D3P library, 
buffers A1, A2 and A3 from NucleoSpin® Plasmid kit (Macherey-Nagel) were used for lysis of the cells followed 
by 10 min centrifugation at 4000 rcf to remove cellular debris. Purification of extracted oligonucleotides was 
performed by means of phenol/chloroform extraction and ethanol precipitation for D3 library, and by silica col-
umns (DNA Clean & ConcentratorTM −500 (Zymo Research)) in the case of D3P library. A negative control was 
always included with tumours extracted from control mice (injected with DPBS) following the same procedure 
described above. Purified oligonucleotides were then re-dissolved in milliQ water and a first PCR amplification 
was performed. RNA digestion was performed before PCR amplification by using a 1:1 mixture of RNase T1 
(Roche) and RNase A (Macharey-Nagel). Agarose gel (4%) purification was then performed in order to separate 
the library band from genomic DNA and primers with the NucleoSpin® Clean-Up kit. Further PCR amplifi-
cation was then performed to reach the required amount of library the next cycle. All tissue homogenisations 
and PCR preparations were performed in two different PCR workstations (Peqlab) in order to avoid contami-
nations. Single strand displacement of the purified PCR product was carried out by λ-exonuclease digestion in 
1 × λ-exonuclease reaction buffer and 5000 U/mL of λ-exonuclease (Thermo Scientific). After 30 min incubation 
at 37 °C, λ-exonuclease was inactivated at 80 °C for 10 min. Subsequently the samples were purified with the 
NucleoSpin® Clean-Up kit using the NTC buffer and resulting DNA libraries were freeze dried and frozen prior 
usage for next selection cycle. Detailed selection conditions are summarised in Supp. Table S2.

Next Generation Sequencing. After 10 selection cycles, samples from all cycles for both tumour and 
kidney of the two DNA libraries were prepared for next generation sequencing (NGS) analysis on Illumina 
HiSeq1500 platform following the protocol from Tolle et al.78. Shortly, a first PCR with index containing primers 
was performed. Those indexes allow the analysis of 12 different samples on the same round. After purification 
of the PCR product as described above, up to 12 different samples with different indexes were mixed with equal 
amounts of DNA, to a final amount of 2 µg DNA. Then, addition of adapter sequences by enzymatic ligation was 
performed according to the manufacturer by using TruSeq DNA PCR-Free Sample Preparation Kit LT (Illumina), 
following the steps “End Repair”, “Adenylation” and “Adapter Ligation”. Samples were then purified via agarose 
gel (2%) and silica based spin-columns, and eluted in resuspension buffer. Quantitative PCR was performed for 
library validation with the KAPA library quantification kit (Sigma-Aldrich) prior sequencing. Seventy-five base 
pair single end sequencing was carried out. Raw NGS data was analysed using the COMPAS (COMmonPAtternS) 
software.

In vivo Planar NIR fluorescence imaging of candidate aptamers. Mice were housed under standard 
conditions with food and water ad libitum but using chlorophyll free diet 15 days before imaging in order to 
reduce autofluorescence signal of the animals. Imaging experiments and analysis were performed using a fluores-
cence Diffuse Optical Tomography (fDOT) imaging system as previously described79. Basically, the acquisition 
of Fluorescence reflectance imaging (FRI) is based on the excitation of fluorophores by the LEDs (emitting light 
between 650 and 670 nm) placed above the animal and on the reception of the fluorescence signal using the 
CCD camera and a band-pass filter (730 ± 15 nm). The CCD camera is focused at the top surface of the animal. 
Prior to intravenous injection and imaging of the aptamers, solutions of all sequences containing 2 nmol were 
prepared in DPBS with calcium and magnesium. All sequences were then heated for 3 minutes at 80 °C, spin 
down, let to cool in ice for 3 minutes and store at room temperature. Prior to imaging, mice were anesthetised 
with 4% isoflurane gas. Afterwards the level of isoflurane concentration was lowered down to 2–2.5%. The natural 
auto-fluorescence of the mice was recorded just before injection and was further subtracted in order to obtain the 
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accurate fluorescence signal from the injected fluorescent probes. Then, the fluorescent aptamers were injected 
in the tail vein using a 29 G (insulin-type) syringe in a volume of 100 µL. Fluorescence images of dorsal side 
view were acquired 5 min, 90 min and 180 min post injection. From experience, good contrast is obtained after 
exposition times of a few milli-seconds. Since aptamers are rapidly eliminated by the urinary pathway, the bio-
distribution of aptamers in prostate tumours could not be measured by in vivo imaging. Therefore, animals were 
euthanised 3 h after injection and organ resection permitted ex vivo fluorescence analysis of tumours and muscles.

Planar Image analysis. For the semi-quantitative analysis of fluorescence planar images, the ImageJ soft-
ware (http://rsbweb.nih.gov/ij/) was used. The first step was to subtract the intrinsic background noise of the 
camera from each image acquired. Second step was to normalise the images to the same exposure time. An ROI 
was manually drawn, to delineate the tumour, based on the white images (photographs) that are always acquired 
before initialising the experiments. The mean of intensity in this region was subtracted from the mean of inten-
sity in the same area before injection, which corresponds to the auto-fluorescence of the animal at time t0. Using 
normalised images as well, a ROI is manually drawn for each time to delineate a reference healthy area close to 
the tumour tissue. The tumour targeting of aptamers was evaluated by dividing the mean fluorescence from the 
tumour by the mean fluorescence from the healthy zone. For ex vivo analysis, the same protocol was used and the 
tumour/muscle ratios were calculated.

qPCR of tissue. Orthotopic and xenograft tumours from mouse injected with Alexa Fluor 680 labeled D3P-
21 and control sequences D3P-library, D3P-4 and D3P-16 from the in vivo screening were homogenised and 
purified as described above for D3P library. The amount of extracted DNA was quantified with NanoDrop 2000C 
(Thermo Scientific) and for qPCR quantification samples were normalised to a same OD. Two µL sample of the 
extracted DNA were added to 18 µL of a PCR master mix, containing 1X GoTaq colorless buffer, 2 mM MgCl2, 
0.2 mM dNTPs, 300 nM of non-modified reverse and forward primers, 1X SYBR Green I (Sigma Aldrich) and 2.5 
U GoTaq polymerase. Thermal conditions were optimised to 10 min 95 °C followed by 40 cycles of 30 s at 95 °C, 
30 s at 64 °C and 45 s at 72 °C. Thermal cycling was performed in an iCycler Thermal Cycler upgraded with the 
iQ5 real-time PCR detection system (Bio-Rad, Germany). DNA standards were included; 20–0.002 fmol in 1 to 
10 dilution. Each sample and standard were run in duplicates.

Cell culture. For the in vitro evaluation of D3P-21 aptamer, different cell lines were used. The tumour cell line 
PC-3 was obtained from ProQinase, Ramos (Burkitt’s lymphoma), A549 (human non-small cell lung cancer) and 
H460 (large cell lung cancer) were obtained from ATCC (American Type Culture Collection). MCF7 cells (breast 
cancer) were purchased from CLS (Cell lines service). Splenocytes and PMBC’s were obtained from the spleen 
and the blood, respectively, of C57/BL6J mouse strain (kindly provided by Dr. Sven Burgdorf from the LIMES 
Institute in Bonn). Ramos, MCF7, H460 and LNCaP cells were cultured in RPMI 1640 medium while PC-3 and 
A549 cells were cultured in DMEM, high glucose, GlutaMAXTM supplemented (ThermoFisher) both with 10% 
fetal bovine serum (Sigma) at 37 °C in humidified air containing 5% CO2, and maintained by routine passage 
every 2-3 days. Prior usage, cells were counted with a hemacytometer. Suspension cells were centrifuged 5 min at 
200 rcf and the pellet was suspended in fresh medium to obtain a cell suspension with the desired densities. For 
adherent cells, 100000 cells/well in appropriate medium were seeded in 24 well plates 24 hours prior the assay and 
proper amount of LNCaP cells were seeded in T12.5 cell culture flasks 48 hours prior the assay.

Binding assays. Flow cytometry assays were performed in a BD FACSCanto cytometer and qPCR assays 
with an iCycler Thermal Cycler upgraded with the iQ5 real-time PCR detection system (Bio-Rad, Germany).

Flow cytometry. For studying the interaction of D3P-21 aptamer to different cancer cell lines, 3′-Alexa Fluor 
680 labeled D3P-21 and control library D3P-library were used whereas 3′-Atto647N labeled oligonucleotides were 
used to study the 11-kDa PEG moiety influence in the aptamer binding and the interaction of D3P-21 aptamer to 
both prostate cancer cell lines PC-3 and LNCaP. Cells were incubated with 100 or 200 nM of D3P-21 aptamer or 
D3P-library control in 200 µL of binding buffer or 750 µL for LNCaP cells (DPBS with 0.49 mM MgCl2, 0.9 mM 
CaCl2 and 0.5 mg/mL salmon sperm) for 30 minutes at 37 °C and 5% CO2. Then, cells were washed 3 times with 
washing buffer (DPBS with 0.49 mM MgCl2, 0.9 mM CaCl2) via centrifugation at 200 g for 5 minutes at room 
temperature for suspension cells, and with scraping of the adherent cells in the last washing step followed by 
centrifugation for volume reduction. For LNCaP cells, CaCl2 was removed from the last washing step in order to 
prevent clumping of the cells. For each measurement, 10000 cells were analysed in the flow cytometer. The data 
was analysed using FlowJo software.

qPCR. The same incubation protocol as used for flow cytometry analysis for the individual sequences/library 
was followed. After 3 washing steps, cold ddH20 was added and cells were incubated at 4 °C for 30 min. Cells were 
then recovered from the well plate, heated at 95 °C for 5 min, and diluted to 5 cells/µL for analysis via qPCR. qPCR 
protocol was identical to the one described above (qPCR of tissue section).

Stability of D3P-21 sequence. Two µM D3P-21 aptamer either bearing or lacking the 11-kDa PEG 
moiety in the 5′-end were incubated in human serum and DPBS containing calcium and magnesium at 37 °C. 
Samples were collected at different time points (0, 1, 3 and 18 hours) and intact DNA was quantified with qPCR 
as described above. Human serum was kindly provided by Dr. Jens Müller from the University Hospital Bonn.

CD Spectroscopy studies. CD spectra were recorded at 20 °C with a Jasco J-810 spectrophotometer. The 
measurements were performed with 8 µM of DNA oligos in water, PBS without potassium (130 mM NaCl, 7 mM 
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Na2HPO4·H2O and 3 mM NaH2PO4·2H2O, pH 7.4), and increasing concentrations of KCl (0.1, 1, 4 and 10 mM). 
The spectra were recorded with 100 nm min-1 scanning speed and 4 accumulations.

TNF-α HTRF assay. The TNF-α homogeneous time-resolved fluorescence (HTRF) assay was performed in 
accordance with the manufacturer guidelines (Cisbio). Briefly, immortalised murine embryonic stem cell-derived 
macrophages in 96-well plates were treated with increasing concentrations of D3P-library and aptamers D3P-21 
and D3P-20, both containing or lacking of the 5′–11 kDa PEG moiety, for 24 hours. CpG oligonucleotide and 
LPS were used as positive controls. The cell supernatants were collected and stained with anti-TNF-α antibodies 
conjugated to FRET molecules. Changes in the fluorescence emission spectrum were proportional to the TNF-α 
concentration.

References
 1. Ferlay, J. et al. Cancer incidence and mortality worldwide: sources, methods and major patterns in GLOBOCAN 2012. Int J Cancer 

136, E359–386 (2015).
 2. Saraon, P., Drabovich, A. P., Jarvi, K. A. & Diamandis, E. P. Mechanisms of Androgen-Independent Prostate Cancer. EJIFCC 25, 

42–54 (2014).
 3. Chandrasekar, T., Yang, J. C., Gao, A. C. & Evans, C. P. Mechanisms of resistance in castration-resistant prostate cancer (CRPC). 

Transl Androl Urol 4, 365–380 (2015).
 4. Nussbaum, N. et al. Patient experience in the treatment of metastatic castration-resistant prostate cancer: state of the science. 

Prostate Cancer Prostatic Dis 19, 111–121 (2016).
 5. Scher, H. I. et al. Increased survival with enzalutamide in prostate cancer after chemotherapy. N Engl J Med 367, 1187–1197 (2012).
 6. Kantoff, P. W. et al. Sipuleucel-T immunotherapy for castration-resistant prostate cancer. N Engl J Med 363, 411–422 (2010).
 7. Parker, C. et al. Alpha emitter radium-223 and survival in metastatic prostate cancer. N Engl J Med 369, 213–223 (2013).
 8. Tomasetti, C., Li, L. & Vogelstein, B. Stem cell divisions, somatic mutations, cancer etiology, and cancer prevention. Science 355, 

1330–1334 (2017).
 9. http://www.cancerresearchuk.org/health-professional/cancer-statistics/risk/preventable-cancers (2017).
 10. Keefe, A. D., Pai, S. & Ellington, A. Aptamers as therapeutics. Nat Rev Drug Discov 9, 537–550 (2010).
 11. Magbanua, E. & Hahn, U. In Chemical Biology of Nucleic Acids. RNA Technologies. (eds V. Erdmann, W. Markiewicz, & J. 

Barciszewski) (Springer, Berlin, Heidelberg, 2014).
 12. Mayer, G. The Chemical Biology of Aptamers. Angewandte Chemie International Edition 48, 2672–2689 (2009).
 13. Alibolandi, M. et al. Smart AS1411-aptamer conjugated pegylated PAMAM dendrimer for the superior delivery of camptothecin to 

colon adenocarcinoma in vitro and in vivo. Int J Pharm 519, 352–364 (2017).
 14. Clawson, G. A. et al. A Cholecystokinin B Receptor-Specific DNA Aptamer for Targeting Pancreatic Ductal Adenocarcinoma. 

Nucleic Acid Ther 27, 23–35 (2017).
 15. Yoon, S. et al. Targeted Delivery of C/EBPalpha -saRNA by Pancreatic Ductal Adenocarcinoma-specific RNA Aptamers Inhibits 

Tumor Growth In Vivo. Mol Ther 24, 1106–1116 (2016).
 16. Dassie, J. P. et al. Targeted inhibition of prostate cancer metastases with an RNA aptamer to prostate-specific membrane antigen. Mol 

Ther 22, 1910–1922 (2014).
 17. Thiel, W. H. et al. Smooth Muscle Cell-targeted RNA Aptamer Inhibits Neointimal Formation. Mol Ther 24, 779–787 (2016).
 18. Cibiel, A. et al. From ugly duckling to swan: unexpected identification from cell-SELEX of an anti-Annexin A2 aptamer targeting 

tumors. PLoS One 9, e87002 (2014).
 19. Zhu, G. et al. Self-assembled, aptamer-tethered DNA nanotrains for targeted transport of molecular drugs in cancer theranostics. 

Proc Natl Acad Sci USA 110, 7998–8003 (2013).
 20. Powell Gray, B. et al. Tunable cytotoxic aptamer–drug conjugates for the treatment of prostate cancer. Proceedings of the National 

Academy of Sciences 115, 4761–4766 (2018).
 21. Avci-Adali, M., Steinle, H., Michel, T., Schlensak, C. & Wendel, H. P. Potential capacity of aptamers to trigger immune activation in 

human blood. PLoS One 8, e68810 (2013).
 22. Kimoto, M., Yamashige, R., Matsunaga, K.-i, Yokoyama, S. & Hirao, I. Generation of high-affinity DNA aptamers using an expanded 

genetic alphabet. Nature Biotechnology 31, 453 (2013).
 23. Taylor, A., Arangundy-Franklin, S. & Holliger, P. Towards applications of synthetic genetic polymers in diagnosis and therapy. 22 

(2014).
 24. Zhang, L. et al. Aptamers against Cells Overexpressing Glypican 3 from Expanded Genetic Systems Combined with Cell Engineering 

and Laboratory Evolution. Angew Chem Int Ed Engl 55, 12372–12375 (2016).
 25. Pfeiffer, F. et al. Identification and characterization of nucleobase-modified aptamers by click-SELEX. Nature Protocols 13, 1153 

(2018).
 26. Cunningham, D. & You, Z. In vitro and in vivo model systems used in prostate cancer research. J Biol Methods 2 (2015).
 27. Fizazi, K. et al. High efficacy of docetaxel with and without androgen deprivation and estramustine in preclinical models of advanced 

prostate cancer. Anticancer Res 24, 2897–2903 (2004).
 28. Healy, J. M. et al. Pharmacokinetics and biodistribution of novel aptamer compositions. Pharm Res 21, 2234–2246 (2004).
 29. Drolet, D. W., Green, L. S., Gold, L. & Janjic, N. Fit for the Eye: Aptamers in Ocular Disorders. Nucleic Acid Ther 26, 127–146 (2016).
 30. Blank, M. Next-Generation Analysis of Deep Sequencing Data: Bringing Light into the Black Box of SELEX Experiments. Methods 

Mol Biol 1380, 85–95 (2016).
 31. Zhou, J. & Rossi, J. Aptamers as targeted therapeutics: current potential and challenges. Nat Rev Drug Discov 16, 181–202 (2017).
 32. Burge, S., Parkinson, G. N., Hazel, P., Todd, A. K. & Neidle, S. Quadruplex DNA: sequence, topology and structure. Nucleic Acids Res 

34, 5402–5415 (2006).
 33. Sen, D. & Gilbert, W. A sodium-potassium switch in the formation of four-stranded G4-DNA. Nature 344, 410 (1990).
 34. Kypr, J., Kejnovska, I., Renciuk, D. & Vorlickova, M. Circular dichroism and conformational polymorphism of DNA. Nucleic Acids 

Res 37, 1713–1725 (2009).
 35. Opazo, F. et al. Modular Assembly of Cell-targeting Devices Based on an Uncommon G-quadruplex Aptamer. Mol Ther Nucleic 

Acids 4, e251 (2015).
 36. Leister, K. P. et al. Two High Throughput Screen Assays for Measurement of TNF-alpha in THP-1 Cells. Curr Chem Genomics 5, 

21–29 (2011).
 37. Bauer, S., Pigisch, S., Hangel, D., Kaufmann, A. & Hamm, S. Recognition of nucleic acid and nucleic acid analogs by Toll-like 

receptors 7, 8 and 9. Immunobiology 213, 315–328 (2008).
 38. Mi, J. et al. In vivo selection of tumor-targeting RNA motifs. Nature Chemical Biology 6, 22–24 (2010).
 39. Cheng, C., Chen, Y. H., Lennox, K. A., Behlke, M. A. & Davidson, B. L. In vivo SELEX for Identification of Brain-penetrating 

Aptamers. Molecular Therapy - Nucleic Acids 2, e67 (2013).
 40. Mi, J. et al. In Vivo Selection Against Human Colorectal Cancer Xenografts Identifies an Aptamer That Targets RNA Helicase Protein 

DHX9. Molecular Therapy - Nucleic Acids 5, e315 (2016).

https://doi.org/10.1038/s41598-019-41460-2
http://www.cancerresearchuk.org/health-professional/cancer-statistics/risk/preventable-cancers


1 5SCIENTIFIC REPORTS |          (2019) 9:4976  | https://doi.org/10.1038/s41598-019-41460-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

 41. Liu, H. et al. A Novel DNA Aptamer for Dual Targeting of Polymorphonuclear Myeloid-derived Suppressor Cells and Tumor Cells. 
Theranostics 8, 31–44 (2018).

 42. Ng, E. W. et al. Pegaptanib, a targeted anti-VEGF aptamer for ocular vascular disease. Nat Rev Drug Discov 5, 123–132 (2006).
 43. Vavalle, J. P. & Cohen, M. G. The REG1 anticoagulation system: a novel actively controlled factor IX inhibitor using RNA aptamer 

technology for treatment of acute coronary syndrome. Future Cardiol 8, 371–382 (2012).
 44. McNamara, J. O. et al. Multivalent 4-1BB binding aptamers costimulate CD8+T cells and inhibit tumor growth in mice. J Clin Invest 

118, 376–386 (2008).
 45. Mongelard, F. & Bouvet, P. AS-1411, a guanosine-rich oligonucleotide aptamer targeting nucleolin for the potential treatment of 

cancer, including acute myeloid leukemia. Curr Opin Mol Ther 12, 107–114 (2010).
 46. Bock, L. C., Griffin, L. C., Latham, J. A., Vermaas, E. H. & Toole, J. J. Selection of single-stranded DNA molecules that bind and 

inhibit human thrombin. Nature 355, 564–566 (1992).
 47. Gomez-Outes, A. et al. New parenteral anticoagulants in development. Ther Adv. Cardiovasc Dis 5, 33–59 (2011).
 48. Takahashi, M. et al. High throughput sequencing analysis of RNA libraries reveals the influences of initial library and PCR methods 

on SELEX efficiency. Sci Rep 6, 33697 (2016).
 49. Harris, J. M. & Chess, R. B. Effect of pegylation on pharmaceuticals. Nat Rev Drug Discov 2, 214–221 (2003).
 50. Gachoka, D. Polyethylene Glycol (PEG)-Induced Anaphylactic Reaction During Bowel Preparation. ACG Case Rep J 2, 216–217 

(2015).
 51. Wenande, E. C., Skov, P. S., Mosbech, H., Poulsen, L. K. & Garvey, L. H. Inhibition of polyethylene glycol-induced histamine release 

by monomeric ethylene and diethylene glycol: a case of probable polyethylene glycol allergy. J Allergy Clin Immunol 131, 1425–1427 
(2013).

 52. Anton Girones, M., Roan Roan, J., de la Hoz, B. & Sanchez Cano, M. Immediate allergic reactions by polyethylene glycol 4000: two 
cases. Allergol Immunopathol (Madr) 36, 110–112 (2008).

 53. Yang, B., Lim, S. I., Kim, J. C., Tae, G. & Kwon, I. Site-Specific Albumination as an Alternative to PEGylation for the Enhanced Serum 
Half-Life in Vivo. Biomacromolecules 17, 1811–1817 (2016).

 54. Qi, Y. & Chilkoti, A. Protein-polymer conjugation-moving beyond PEGylation. Curr Opin Chem Biol 28, 181–193 (2015).
 55. Berezhnoy, A. et al. Isolation and optimization of murine IL-10 receptor blocking oligonucleotide aptamers using high-throughput 

sequencing. Mol Ther 20, 1242–1250 (2012).
 56. Schutze, T. et al. Probing the SELEX process with next-generation sequencing. PLoS One 6, e29604 (2011).
 57. Domenyuk, V. et al. Plasma Exosome Profiling of Cancer Patients by a Next Generation Systems Biology Approach. Sci Rep 7, 42741 

(2017).
 58. Domenyuk et. al., Poly-ligand profiling differentiates trastuzumab-treated breast cancer patients according to their outcomes, 

Nature Communicationsvolume 9, Article number: 1219 (2018).
 59. Nguyen Quang, N., Perret, G. & Duconge, F. Applications of High-Throughput Sequencing for In Vitro Selection and 

Characterization of Aptamers. Pharmaceuticals (Basel) 9 (2016).
 60. Alam, K. K., Chang, J. L. & Burke, D. H. FASTAptamer: A Bioinformatic Toolkit for High-throughput Sequence Analysis of 

Combinatorial Selections. Mol Ther Nucleic Acids 4, e230 (2015).
 61. Thul, P. J. et al. A subcellular map of the human proteome. Science (2017).
 62. Martell, R. E., Nevins, J. R. & Sullenger, B. A. Optimizing aptamer activity for gene therapy applications using expression cassette 

SELEX. Mol Ther 6, 30–34 (2002).
 63. Dassie, J. P. et al. Systemic administration of optimized aptamer-siRNA chimeras promotes regression of PSMA-expressing tumors. 

Nat Biotechnol 27, 839–849 (2009).
 64. Diener, J. L. et al. Inhibition of von Willebrand factor-mediated platelet activation and thrombosis by the anti-von Willebrand factor 

A1-domain aptamer ARC1779. J Thromb Haemost 7, 1155–1162 (2009).
 65. Da Pieve, C., Williams, P., Haddleton, D. M., Palmer, R. M. & Missailidis, S. Modification of thiol functionalized aptamers by 

conjugation of synthetic polymers. Bioconjug Chem 21, 169–174 (2010).
 66. Lupold, S. E., Hicke, B. J., Lin, Y. & Coffey, D. S. Identification and characterization of nuclease-stabilized RNA molecules that bind 

human prostate cancer cells via the prostate-specific membrane antigen. Cancer Res 62, 4029–4033 (2002).
 67. Liu, H. Y., Yu, X., Liu, H., Wu, D. & She, J. X. Co-targeting EGFR and survivin with a bivalent aptamer-dual siRNA chimera 

effectively suppresses prostate cancer. Sci Rep 6, 30346 (2016).
 68. McNamara, J. O. 2nd et al. Cell type-specific delivery of siRNAs with aptamer-siRNA chimeras. Nat Biotechnol 24, 1005–1015 

(2006).
 69. Pastor, F., Kolonias, D., Giangrande, P. H. & Gilboa, E. Induction of tumour immunity by targeted inhibition of nonsense-mediated 

mRNA decay. Nature 465, 227–230 (2010).
 70. Farokhzad, O. C. et al. Targeted nanoparticle-aptamer bioconjugates for cancer chemotherapy in vivo. Proc Natl Acad Sci USA 103, 

6315–6320 (2006).
 71. Qiu, W. & Su, G. H. Development of orthotopic pancreatic tumor mouse models. Methods Mol Biol 980, 215–223 (2013).
 72. Saxena, M. & Christofori, G. Rebuilding cancer metastasis in the mouse. Mol Oncol 7, 283–296 (2013).
 73. McIntyre, R. E., Buczacki, S. J., Arends, M. J. & Adams, D. J. Mouse models of colorectal cancer as preclinical models. Bioessays 37, 

909–920 (2015).
 74. Mordant, P. et al. Bioluminescent orthotopic mouse models of human localized non-small cell lung cancer: feasibility and 

identification of circulating tumour cells. PLoS One 6, e26073 (2011).
 75. Gupta, S. et al. Chemically modified DNA aptamers bind interleukin-6 with high affinity and inhibit signaling by blocking its 

interaction with interleukin-6 receptor. J Biol Chem 289, 8706–8719 (2014).
 76. Hirota, M. et al. Chemically Modified Interleukin-6 Aptamer Inhibits Development of Collagen-Induced Arthritis in Cynomolgus 

Monkeys. Nucleic Acid Ther 26, 10–19 (2016).
 77. Mor-Vaknin, N. et al. DEK-targeting DNA aptamers as therapeutics for inflammatory arthritis. Nat Commun 8, 14252 (2017).
 78. Tolle, F. & Mayer, G. In Nucleic Acid Aptamers: Selection, Characterization, and Application (ed Günter Mayer) 77–84 (Springer New 

York, 2016).
 79. Theodorou, I. et al. In Vitro and In Vivo Imaging of Fluorescent Aptamers. Methods Mol Biol 1380, 135–150 (2016).

Acknowledgements
This work has been made possible by funds from ERA-NET ‘Euronanomed’ to M.K., F.D. and G.M. (Grant 
acronym: META, Grant number: 13N12249). The authors also thank the European Commission for a Marie 
Curie Intra European fellowship to L.C. and BMBF (13N12247), J.L.S. and M.B. are members of the Excellence 
Cluster ImmunoSensation. J.L.S. was funded by the DFG (SFB704). We thank Silvana Hassel for critical reading 
the manuscript.

https://doi.org/10.1038/s41598-019-41460-2


1 6SCIENTIFIC REPORTS |          (2019) 9:4976  | https://doi.org/10.1038/s41598-019-41460-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

Author Contributions
G.M. designed the study, evaluated and discussed experiments and experimental results. L.C. and G.M. wrote the 
manuscript. L.C. and F.F. performed the in vivo SELEX steps were no animals were involved, the NGS analysis 
and the selection of sequences for in vivo screening as well as all in vitro studies. M.B. and J.L.S. performed 
sequencing, discussed experiments and experimental results and helped with writing the manuscript. C.G. and 
M.Bl. performed the data analysis of the NGS. I.T. and C.D. performed the in vivo screening of aptamers using 
fluorescence imaging. I.T. and F.D. designed the study on in vivo screening, evaluated and discussed experiments 
and experimental results. M.K. contributed to design of the in vivo selection studies and evaluated and discussed 
experiments and results. A.L. and H.W. performed the in vivo screening of aptamer libraries and discussed 
experiments and results. J.S. and E.L. evaluated the impact of the aptamer on the innate immune system.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-41460-2.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-41460-2
https://doi.org/10.1038/s41598-019-41460-2
http://creativecommons.org/licenses/by/4.0/


 1 

Supplementary information 
 

 
Targeting hormone refractory prostate cancer by in vivo selected DNA libraries 

in an orthotopic xenograft mouse model 
Laia Civit1, Ioanna Theodorou2, Franziska Frey1, Holger Weber3,10, Andreas Lingnau3,11, 

Carsten Gröber4, Michael Blank4, Chloé Dambrune2, James Stunden5, Marc Beyer6,7,8, 

Joachim Schultze6,7, Eicke Latz5, Frédéric Ducongé2, Michael H.G. Kubbutat3,10, and Günter 

Mayer1,9* 

 
1 Chemical Biology and Chemical Genetics, Life and Medical Sciences (LIMES) Institute, University 

of Bonn, and Centre of Aptamer Research and Development, University of Bonn, Gerhard-Domagk-

Str. 1, 53121 Bonn, Germany 

2 CEA, DSV, I2BM, Molecular Imaging Research Center (MIRCen), 18 Route du Panorama, 92260 

Fontenay-aux-Roses, France 
3 KTB Tumorforschungsgesellschaft mbH, Research Division ProQinase, Breisacher Str. 117, 79106 

Freiburg, Germany 
4 AptaIT GmbH, Am Klopferspitz 19a, 82152 Planegg-Martinsried, Germany 
5 Institute of Innate Immunity, University Hospital Bonn, Sigmund-Freud-Str. 25; 53127 Bonn, 

Germany 
6 Genomics and Immunoregulation, Life and Medical Sciences (LIMES) Institute, University of Bonn, 

Carl-Troll-Straße 31, 53115 Bonn, Germany 
7 Platform for Single Cell Genomics and Epigenomics at the DZNE and the University of Bonn, 

Sigmund-Freud-Str. 27; 53127 Bonn, Germany 
8 Molecular Immunology in Neurodegeneration, German Center for Neurodegenerative Diseases 

(DZNE), Sigmund-Freud-Str. 27, 53127 Bonn, Germany 
9 Center of Aptamer Research and Development (CARD), University of Bonn, Gerhard-Domagk Str. 
1, 53121 Bonn, Germany 
10 current address: ProQinase GmbH, Breisacher Straße 117, 79106 Freiburg, Germany 
11 current address: Genmab B.V., Yalelaan 60, 3584 CM Utrecht, The Netherlands 

 
  



 2 

Supplementary Figure 1 

 
 
 
Figure S1: Bioluminescence imaging for the monitoring of the orthotopic tumour 
growth. (a) On Day 0, 3x106 PC-3-Luc tumour cells in 15µl PBS were implanted 
orthotopically into 20 male NMRI nude mice. During the course of the study, tumour growth 
was monitored in vivo on days 2, 19 and 35 using bioluminescence imaging. For this purpose, 
150 mg/kg D-Luciferin was injected intraperitoneally (i.p.) into the mice 7 min before 
anesthetisation. Light emission was measured 10 min post injection with a CCD-camera for 5 
min using a NightOWL LB 981 bioluminescence imaging system (Berthold Technologies, 
Germany). The in vivo luciferase activity (ph/s) with SEM is shown. (b) Example of a batch 
of mice used for one selection cycle of both D3 and D3P. Tumours of mice that were injected 
with PBS were used as control during the DNA extraction and amplification. 
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Supplementary Figure 2 

 
 
Figure S2: Agarose gel analysis of the PCR amplified DNA from the kidneys (K) and 
tumours (T) recovered from library injected mice. Tumours from mice injected with PBS 
(NT (negative tumour)) were also subjected to the same homogenisation and purification 
process and used as a negative control (for the control of the specificity of the amplified DNA 
extracted from the tumours (T)). Spiked NT with 0.2 fmol of the initial libraries were used in 
order to control possible inhibition of the amplification (positive control NT). Positive and 
negative PCR controls were also included (PCR). (a) Example of a selection cycle (selection 
cycle 2) from the D3 library (14 PCR cycles) and (b) D3P library (20 PCR cycles). Extracted 
RNA is visualised in the D3 corresponding gel as smear. An ultralow range DNA ladder was 
used (M). Arrows indicates the expected dsDNA D3 and D3P bands. The amount of required 
PCR cycles was empirically determined by PCR cycling, analysing and dependending on the 
results adding further PCR cycles to enhance product or stopping the reaction. 
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Supplementary Figure 3 
 

 
 

 
 
 
Figure S3: Next generation sequencing analysis. The distribution of nucleotides over the 43 
nucleobases of the initial random region of the starting library and the DNA libraries form the 
selection cycles C1 to C10 of the in vivo selection using D3 (b) and the distribution of 
nucleotides over the 43 nucleobases of the initial random region of the starting library and the 
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DNA libraries from selection cycles C1 to C10 of the in vivo selection using D3P (c). Orange: 
dA, green: dC, blue: dG, and red: dT. 
 
  



 6 

Supplementary Figure 4 
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Figure S4: Next-generation sequence analysis of the individual oligodeoxynucleotides 
obtained from the in vivo selection experiements. The frequency of the selected sequences 
among the selection cycles recovered from the tumour tissue (black) or the kidneys (red) and 
the corresponding amplification-fold profile of the sequences recovered from the tumour 
tissue (blue) for (a) D3-related and (b) D3P-related sequences.  
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Supplementary Figure 5 
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Figure S5: Planar imaging of analysed sequences. (a) Example of a fluorescence planar 
image of a xenograft PC-3-LN tumour 180 min post injection with the indicated Alexa Fluor 
680 labeled oligonucleotide. The illustrations show the regions of interest (ROI) for tumour 
(in dark red) and normal tissue (dark blue) used for the calculation of the mean fluorescence 
intensity. (b) Dorsal view of the in vivo imaging of mice injected with 2 nmol of the selected 
sequences evolved from in vivo selection experiments using D3P or (c) D3 180 min post 
injection (exposure time 1000 ms). 
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Supplementary figure 6 
 

 
 
Figure S6: Planar imaging of D3 in vivo SELEX sequences. Ratio of the fluorescence signals 
of tumour and surrounding tissue of the indicated sequences. 
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Supplementary figure S7 
 

 
 
Figure S7: Evaluation of D3P-21 properties in vitro. (a) Quantitation of D3P-21 or control 
D3P-library targeting subcutaneous or orthotopic PC-3 tumours extracted from mice used in 
the in vivo screening. The relative amount of the aptamer and native library of tumours from 
only subcutaneous mouse models (right) and aptamer D3P-21 from both orthotopic and 
subcutaneous tumours (left) was quantified via qPCR. Data is normalised to the OD of the 
sample and is represented as the mean value between tumours injected with the same 
oligonucleotide (n = 4, 2 independent experiments). (b) Stability of D3P-21 aptamer in human 
serum compared to DPBS with Ca2+/Mg2+. 2 µM of pegylated and non-pegylated D3P-21 was 
incubated at 37ºC in human serum (¢) or buffer (�) for 0, 1, 3 and 18 h. Quantification of the 
intact aptamer was assessed by qPCR and data is represented as % of intact DNA.  
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Supplementary Figure S8 
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Figure S8: Evaluation of D3P-21 properties in vitro. Representative scatter plots from the 
flow cytometry analysis of the interaction of aptamer D3P-21 and the DNA library D3P (D3P-
lib) with prostate cancer PC-3 cells, murine splenocytes, and murine peripheral blood 
mononuclear cells (PBMC) and other cancer cell lines (MCF7, H460, A549, and Ramos).  
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Supplementary Figure S9 
 

 
 
Figure S9: Evaluation of D3P-21 properties in vitro. Representative scatter plots from the 
flow cytometry analysis of the interaction of aptamer D3P-21 and the D3P-lib with prostate 
cancer PC-3 and LNCaP cells.  
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Supplementary Figure S10 
 

 
 
Figure S10: In vitro evaluation of other D3P and D3 sequences. In vitro flow cytometry 
assay to monitor the aptamer candidates D3P-21, -10 and -20 and D3-28 and D3-39 and the 
naïve D3P-library binding to prostate cancer PC-3 cells. Represented is the ratio of binding of 
(a) D3P-21, -10 and -20 in respect to the D3P-library and (b) D3-28 and D3-39 in respect to 
D3-N1 as control. Cells were incubated with 200 nM of the aptamer labelled in the 3’-end with 
Alexa Fluor 680. Represented as mean ± SD (n = 4, 2 independent experiments). 
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Supplementary Figure S11 
 

 
 
Figure S11: In vitro evaluation of other D3P and D3 sequences. Representative histograms 
overlays of the binding to prostate cancer PC-3 cells (a) for aptamers D3P-21, -10, -20 and the 
D3P-library and (b) D3-28, D3-39 and D3-N1 as control.  
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Supplementary Figure S12 
 

 
 
Figure S12: Evaluation of D3P-21 properties in vitro. Representative histogram from the 
flow cytometry analysis of the impact of the PEG moiety of D3P-21 on its interaction 
properties. 
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Supplementary Figure S13 
 

 
 
Figure S13: Impact of potassium ions on the interaction D3P-21 with PC-3 cells. 
Representative scatter plots from the flow cytometry analysis to monitor the influence of 
potassium in the binding of aptamer D3P-21 to PC-3 cells.  
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Supplementary Table S1: Weight of the tumours and kidneys extracted during the in vivo 
selection. For each selection cycle, an average of 3 tumours and kidneys from 3 mice were used. 
Exceptions are for the control tumour and selection cycle 1, where 1 to 3 tumours were used 
depending disponibility.  
 

Selection 
cycle 

D3 SELEX (mg) D3P SELEX (mg) 

Tumour Kidney 
Control 
Tumour 

Tumour Kidney 
Control 
Tumour 

1 
190 490 70.0 100 924.0 170.0 
140   270   

   70   

2 
298.5 225.7 106.6 73.4 296.1 70.3 
192.3 350.4 200.9 118.1 245.7 35.0 
245.8 364.8  28.4 371.0 30.1 

3 
78.0 245.6 195.0 159.4 285.0 254.8 
320.4 336.4  286.3 286.3  
287.8 240.8  388.6 308.4  

4 
185.0 277.0 233.5 210.0 236.4 276 
309.0 182.9  147.0 315.3 135 
156.0 297.0  421.0 262.5  

5 
352.0 310.0 286.0 262.0 230.0 184.0 
118.0 281.0 107.0 163.0 262.0 105.0 
252.0 304.0  285.0 262.0  

6 
90.0 328.0 229.0 102.0 251.0 173.0 
289.0 280.0  34.0 287.0  
139.3 305.0  35.0 273.0  

7 
147.0 243.3 518.0 163.1 263.0 286.5 
244.7 298.0  60.0 290.9  
183.0 283.7  255.0 207.0  

8 
71.3 266.8 137.3 77.2 227.4 148.3 
78.7 226.0  265.4 295.7  
26.3 327.0  141.8 244.9  

9 
134.2 291.3 96.8 163.8 232.3 148.2 
174.5 268.2  106.1 229.8  
123.1 267.9  96.8 255.8  

10 
185.6 269.7 49.5 128.8 248.6 141.4 
78.9 250.9 45.3 172.8 277.0  
76.5 259.4  52.0 257.4  
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Supplementary Table S2: Given is the amount of DNA library injected into the tail vein of 
each mouse, the amount of tumour tissue and kidneys recovered, and the number of PCR cycled 
needed to amplify the corresponding DNA libraries after recovery and work up. In selection 
cycle 8, the PCR amplification cycle of D3 library extracted from the tumour and the kidney 
could not be determined. 
 

Sel. 

cycle 

Library inj.  

(nmol) 

PCR amplification cycle 

D3 Tumour 

(15 mg/PCR) 

D3 Kidney 

(15 mg/PCR) 

D3PEG Tumour 

(6.25 mg/PCR) 

D3PEG Kidney 

(6.25 mg/PCR) 

1 5 22 22 22 22 

1 0.1 16 20 20 18 

2 2 14 14 18 16 

3 1 12 12 18 14 

4 0.5 10 10 19 18 

5 0.1 12 12 16 14 

6 0.1 10 10 18 16 

7 0.1 12* 10* 14 14 

8 0.1 ND† ND† 14 14 

9 0.1 12* 12* 14 12 

10 0.1 12* 12* 16 14 

* 6.25 mg/PCR † not determined 
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Supplementary Table S3: Total number and the number of unique sequences identified by 
NGS of the DNA libraries of the in vivo selection experiments using D3 and D3P that were 
extracted from the tumour tissue and the kidney after each selection cycle.  
 

Selection 

cycle 

D3 Tumour D3 Kidney D3P Tumour D3P Kidney 

Total Unique Total Unique Total Unique Total Unique 

Library 836905 833437 836905 833437 692693 688961 692693 688961 

1 6550671 6481171 ND* ND* 3961402 3503741 8187382 3010465 

2 9137535 8899766 6473798 6283787 6577458 5003632 3852313 3034743 

3 12425013 11540566 847505 836728 11406435 6579862 4340316 3241497 

4 4054136 3740905 847505 836728 4231809 2196563 4465426 1850191 

5 8028226 6253539 167392 164703 6525846 2505151 4322350 1411286 

6 6053048 4308913 2922399 2298589 7757549 1171435 4944222 2267647 

7 4580172 3200837 4552304 3116828 2820205 320025 2593169 464686 

8 6177817 970662 4640161 1754336 5239351 298547 4116600 234815 

9 4305255 666647 7459475 1514455 1833526 128842 3958717 188224 

10 2335749 259580 4682352 1144214 409262 36940 1932907 92215 

*ND: not determined 
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Supplementary Table S4: Random region of the selected sequences identified by NGS 
analysis of D3 in vivo SELEX and their frequency at selection cycle 10. 
 

Name Sequence random region Frequency 
tumour (%) 

Frequency 
kidney (%) 

D3-0 GGCGAACACGGCGGAGACACTACAGTCTTCGACCGGCACGGTG 24.23 4.39 
D3-2 CGCAGACGTGTCCACGGTGAGACTGATAATCGGGTGGCGAACG 4.47 1.73 
D3-4 GGACGTTCACAGGGAGACACCTGTTACATTGCTCCGATTAGGT 1.43 0.57 
D3-5 GGGGACGCTCAGCGGAGGCAAAATGCAGTGGTCCAGGGCCTGG 1.31 0.36 
D3-9 CGCATGGAAGGCGCATTAGCGGGACAAGACCAGGAAACCCCGT 1.92 0.34 
D3-10 CGCGTAAGCGGTCAATCATCACGCAGCGAGACGAGCATACGGG 0.78 0.31 
D3-11 GGAGGCGAGACTGCGAGGCAAGCGCTTACAGGGAAACAACGTG 1.57 0.45 
D3-12 GGGGTTACTCCAGCGAGACAACCAGGCGTGGTCAAGAAGTTGG 0.78 0.42 
D3-13 GGACGAAACAGCAGCGGAGACATACGTCTAATCGCAAGGCGAG 0.59 0.10 
D3-15 GGACGAACTACAGCGTCTTATCTGGAGCAAATACAACGCCTCG 0.54 0.08 
D3-16 GGCGGCCGCAGTGAGAGACTGATATATTGTCGGACACCGTTCG 0.67 0.16 
D3-18 CCGTAGGGACGCGAGGCTGTCCACAGCGGAGACTATTTCGGCC 0.50 0.11 
D3-20 GGGGGCACTACGCTCAGGAGACTCAATACTCGGCACCGGTGGG 0.44 0.25 
D3-21 GGAGGCAACGGAGCGGAGACATTGACTGAGTGAACGTGTAGTG 0.23 0.13 
D3-25 GGTAGTGAAACTAGCGAGACAACTAGCTGGTCTACATCGTGGG 0.30 0.08 
D3-27 GGATGGCACCGACGGGGACAAGAAGTAAGTCTCCGAGTATCGG 0.29 0.12 
D3-28 GGAGGACCGGCGAGACATTGTGGAGTTGCGTAAACGTGTTTGG 0.27 0.15 
D3-34 GGACGAACCAGGGAGACGTATAGCTAGTCTTGCGCAGCAAACG 0.42 0.08 
D3-35 CGCAGTGGAACACGGCGAGACAAACGGCATCGGTCGCGTAGTG 0.63 0.16 
D3-39 GGACGAAACCCCAGCGAGACAAAGAATACATCTAGATATATCG 0.19 0.04 
D3-N1 GGACAACACGGCGACCCCATCGAGACCCGGAGACATGTCGGTG 0.026 0.013 
D3-N2 CACCGGAGAGCGATACCCTGTCCTGAGGGATTCCATCCATGTG 0.014 0.011 
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Supplementary Table S5: Random region of the selected sequences found by NGS analysis 
of D3P in vivo SELEX and their frequency at selection cycle 10. 
 

Name Sequence random region Frequency 
tumour (%) 

Frequency 
kidney (%) 

D3P-0 GGAGCATACGGGGAGAAAGAGACTGGAGTCGTGGGTACCGTCG 14.20 15.50 
D3P-1 CGCGGGTGTGAGCAGGACATGATTACGAGGCAGAGGGAACTGA 3.64 3.86 
D3P-2 CGAATCGAAGATGAGGCCGAGGAGAGGAGACCAAGGATAGAGG 3.79 7.71 
D3P-3 GGAGGGACATAGCGGAGACTATACGTCAGCTCTCGTTTCGAGT 6.05 5.07 
D3P-4 GGATCGGACAGCGAGGGAAGTACGGTGGGATGCCGCTCGGTAT 2.85 3.10 
D3P-5 GGAGGGCAGCAAAGGAGACCTCGAGAGATATGGATGGCCCCAG 1.87 3.37 
D3P-6 GGATCGCACTGCCAAGATCGACTGGCATAAGCCCGCGGCTGTG 1.34 1.16 
D3P-7 GGCGAACACGGCGGAGACACTACAGTCTTCGACCGGCACGGTG 5.63 5.80 
D3P-8 GGCGGCATGTACAGCGACAAGACGGTGGACATGAGTAATCGTG 4.50 6.17 
D3P-9 GGTGGCCACGGCAGACAGATATGCGTGCTCCGTCGCGAGATGG 1.76 2.20 

D3P-10 GGAGACGCATAGCAGACAAGACTTTAACGGGGGCCATTCTGTG 0.78 0.90 
D3P-11 CCGAACGTTGCAAAGAACATCGAGACAGACAAGCAACCCTCGG 0.40 0.40 
D3P-15 GGAGCACATAGGAGCAAGCATACTTAGCATGCTACGAAGTAGG 0.40 0.23 
D3P-16 CGACACGCAGTAGAGTTGAACGGATCCTGGAGCAAGGAACGGG 0.31 0.60 
D3P-18 CGCAAGGGCATATCAGCAGACAGATCAAGATGTCGTGTCTCAC 0.08 0.11 
D3P-19 CGCAGAGGGGCGAAACAGCCAAGATCGGGGTCCATTGTGATGG 1.03 1.20 
D3P-20 GGATCATACCGGCCGAGATGCGATGCGACGTGACGTAGTTCAG 0.05 0.07 
D3P-21 GGAAAGAGCACGGCCAAGTCAGGGGGAATCGACTACGTCGGGG 0.94 1.04 
D3P-22 GGAGCGAACGGCAGACAGGTTACGAGCGTTCCTTGAGAATCAA 0.02 0.02 
D3P-24 CACCGGCCTAACATATTCCTATCTACCTTACCACACCTTGTCC 2.01 0.67 
D3P-26 GGGTCAGACAGGAGACACGAAGACGCGACAGGCGCCAGGCTGG 0.04 0.07 
D3P-36 CCACGCGCCCAGTCCAGCCCCCCCCATGGGTCTTATATGTACC 1.30 0.70 
D3P-44 CGCGGGACAAACAGCGGAGACTTTGATGACACTGAGGCCCTCG 0.16 0.15 
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