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ABSTRACT: The cellular delivery of oligonucleotides has been a major obstacle in the development of 
therapeutic antisense agents. PNAs (Peptide Nucleic Acid) are unique in providing a modular peptidic backbone 
that is amenable to structural and charge modulation. While cationic PNAs have been shown to be taken up by 
cells more efficiently than neutral PNAs, the generality of uptake across different nucleobase sequences has 
never been tested. Herein, we quantified the relative uptake of PNAs across a library of 10 000 sequences for 
two different PNA backbones (cationic and neutral) and identified sequences with high uptake and low uptake. 
We used the high uptake sequence as a bait for target identification, leading to the discovery that a protein, 
caprin-1, binds to PNA with backbone and sequence discrimination. We further showed that purified caprin-1 
added to cell cultures enhanced the cellular uptake of PNA as well as DNA and RNA. 
 
 
 

Introduction 
Peptide nucleic acids (PNA) are artificial oligomers in which the phosphoribose backbone of DNA or RNA has 
been replaced by a peptidic one.[1-3]  PNAs 
hybridize to DNA or RNA according to Watson 
and Crick base pairing, forming more stable 
duplex with DNA or RNA than the corresponding 
homo-DNA or RNA duplex, and are metabolically 
stable.[4]  These remarkable properties inspired 
significant work using PNA for the regulation of 
gene expression.[5-8]  While this potential has 
been demonstrated in cellulo and to some extent 
in vivo, the poor cellular uptake of unmodified 
PNA has curtailed their therapeutic potential;[9] 
successful applications have been leveraged on 
conjugates,[5, 8] encapsulation[10] or 
supramolecular assemblies.[11] Several 
modifications of the original N-(2-aminoethyl) 
glycine backbone have been reported to be well 
tolerated or even to enhance hybridization.[12] In 
particular, the substitution of the glycine for D-
Arg in the backbone yields guanidinium 
substituted PNA (arg-PNA, also known as GPNA) 
with enhanced cellular uptake (4-6 residue 
within a sequence are sufficient for cellular 
uptake).[13-15] Modifications with a chiral γ-
substituent (L-stereochemistry) generate a steric 
bias that favors right-handed helicity with base 
stacking, resulting in enhanced duplex stability 
with DNA.[16, 17] These γ-modified PNAs have 
been reported with neutral substituents 
(alanine,[16] serine[18] or pegylated serine side 
chain[19]), cationic substituent[20, 21] and anionic 
substituents.[22, 23] PNAs are interesting because 



they combine the hybridization properties of DNA with the modularity of peptides. Arg-PNAs have been shown 
to be generically taken up by cell in analogy to poly-Arg peptides,[24] through a mechanism that involves an 
electrostatic association at the membrane followed by endocytosis. On the other hand, neutral PNAs, including 
PNAs with a serine side chain at the γ-position, are not taken up efficiently in cultured cells. However, the 
generality of these assumption across different oligomer sequences has never been tested. For instance, 
sequence biases in cellular uptake may arise from differential interactions to a binding partner. We hypothesized 
that these effects would be more pronounced for a neutral PNA backbone with very low intrinsic cellular uptake 
than for cationic PNA. To test the sequence bias, we set up a screen to identify differential cellular uptake from 
a library of 10 000 sequences of γ-serine modified PNA (ser-PNA) and compared it to the same library of 10 000 
sequence of Arg-PNA as shown in Figure 1.  
 

Results and Discussion 
Assessment of cellular uptake in HeLa comparing libraries with two different PNA backbones. Libraries of 10 
000 unique 14-mer PNAs were obtained by split and mix combinatorial synthesis as previously reported [25, 26] 
(Fmoc chemistry for the Arg-PNA library[27] and Mtt chemistry for the ser-PNA library[18]). The N-termini of 
PNAs were capped with either Cy3 or biotin for quantification of individual sequences within the library through 
hybridization onto a DNA microarray containing the complementary sequences. The PNA sequences were 
designed to minimize cross-hybridization while having a balanced G/C content and have been used to tag 
multiple libraries of small molecules.[28-30] Both libraries were prepared with a D-Arg residue at the beginning 
and the end of the PNA sequence to ensure good solubility of the library. The Arg-PNA library included a 
guanidinium-modified residue at every third position (four in total) while the Ser-PNA library includes a modified 
residue at every other position (seven in total). 
To evaluate the overall uptake in HeLa cells, the PNA libraries were separately incubated for 3 hours at 10 µM 
(concentration of entire library, i.e. 1nM for individual sequences). Then, the cells were thoroughly washed to 
remove extracellular PNAs and cells were imaged through 3D spinning-disk confocal microscopy. Concurring 
prior observations, the Arg-PNA library yielded higher cellular uptake compared to the Ser-PNA library (Figure 
1B).  In both cases, the majority of fluorescence appears  as distinct punctae throughout the cytoplasm at 3h 
post incubation. This localization pattern suggested that the majority of PNAs were in the endosomes at this 
time point, which are the main organelles receiving endocytosed material. To confirm this, we stained 
endosomes with FITC-dextran following Cy3 labeled PNA library internalization in cells and we observed a 
substantial co-localization between Cy3 and FITC signal, confirming PNAs presence in the endosomes and their 
probable uptake in HeLa cells via endocytosis (Figure 1C). 
In order to assess whether a sequence bias was obtained across the PNA libraries, we repeated the experiment 
and subsequently performed a gentle lysis of the cells in order to recover the cytoplasm (cytosol and organelles, 
except plasma membrane and nuclei). The cytoplasmic extracts containing the internalized PNAs were analyzed 
by microarray hybridization to quantify the relative amount of each sequence, using HeLa cells lysates mixed 
with entire PNA library as a reference (i.e. to control for the biases of hybridization in the presence of crude cell 
extracts). For the Arg-PNA library, we observed no significant uptake preference (see supplementary Table S1). 
But we observed the preferential uptake of distinct Ser-PNA sequences; 8 sequences show ≥ 10-fold enrichment 
while 36 sequences ≥ 2-fold depletion (see supplementary Table S1, we excluded sequences with low detection 
in the library alone). From this set, one sequence from the high uptake set (HU for High Uptake) and one 
sequence from the low uptake set (LU; filtered for sequence that do not hybridize efficiently in the library alone) 
were resynthesized and purified to evaluate their cellular uptake as individual sequences. 
Characterization of single PNA sequences uptake. A sequence bias in the cellular uptake could arise from 
multiple factors such as a sequence specific interaction with biomolecules, a given fold in the PNA that alters its 
physicochemical properties or fortuitous assemblies of PNAs through partial pairing between different 
sequences. To investigate if the specific sequence of a PNA had an impact on the uptake by cells in absence of 
the remaining library, we synthesized the highest (HU) and lowest (LU) internalized sequences found by 
microarray and labeled them with Cy3 (see figure 2C for exact sequences). For comparison, the same sequences 
were synthesized with arginine-modified backbone (arg-PNA) and serine-modified backbone (Ser-PNA). For 
further comparison, we also prepared peptide sequences with the same backbone length and charge as the 
corresponding PNA (replacing the Arg-PNA monomer by Arg-Gly and a ser-PNA monomer by Gly-Ser). 
To assess the internalization of HU sequences and LU sequences by HeLa cells, the ratios between total 
fluorescent intensity (sum of the intensity of all pixels in a determined area) of the fluorescent signal and the 
area of the cells were analyzed (see Figure 2 for representative images and quantification). In general, PNAs with 



an arginine side chain are better internalized (Figure 2B), as seen for the whole library (Figure 1B). The HU PNA 
sequence displays a significantly higher uptake than the serine LU sequence (Figure 2B), showing that the PNA 
sequence itself had a strong impact on the cellular uptake. We next investigated the contribution of the peptide 
backbone to the preferential uptake. We first observed that even though arginine-based PNAs were always 
taken up better than the serine-based PNAs, the difference between the two sequences (Arg HU vs. Arg LU, 
Figure 2B) is maintained, regardless of the backbone. The comparison with the peptides that contain the same 
number of atoms in the backbone and the same overall charge status (Arg-peptide vs. Arg-PNA and Ser-peptide 
vs. Ser-PNA) also benchmarks the impact of the nucleobase sequence.  While there is no statistically significant 
difference in the uptake of HU Arg-PNA compared to the Arg-peptide, there is a notable difference with the 
uptake of LU Arg-PNA. For the Ser-PNA, both HU and LU sequence have lower uptake than the corresponding 
peptide.  Taken together, these results clearly point to a sequence bias in the yield of cellular uptake and hints 
at specific interactions with one or several proteins present at the surface of the cell, which could trigger 
internalization of PNAs during their recycling through the endosomes. The difference in uptake could depend 
on the specific affinity of a given sequence for binding to these proteins. Thus, we next investigated whether a 
specific binding partner could mediate the enhanced uptake. 
 

 
Identification of caprin-1 as a candidate for promoting the preferential uptake of Ser-PNA sequences. In order 
to identify a possible candidate carrier responsible for sequence-discriminatory PNA uptake in cells, we 
immobilized biotinylated PNA sequences (HU and LU PNA sequences with either serine or arginine modification) 
onto streptavidin magnetic beads and we carried out an affinity pull-down assay with HeLa cells lysates. After 
stringent washes, samples containing proteins bound to PNA beads were analyzed by SDS-PAGE. We identified 
bands that were not present in the control (beads without PNAs), and stronger in the samples with arginine 
PNAs (Figure 3A). We analyzed these bands by mass spectrometry, and searched for possible candidates with 
known affinity for nucleic acids in the cytoplasm and plasma membrane localization. The only pulled-down 
protein with such characteristics was caprin-1 (Uniprot Q14444). Caprin-1 is known to interact with RNAs and 
miRNAs in the cytoplasm and was first proposed to be a GPI-anchored membrane protein involved in 
transcytosis in Caco-2 cells.[31] 
To validate this putative PNA- caprin-1 interaction, we assayed the pull down of caprin-1 from HeLa cells lysate 
using HU and LU PNA sequences by western blot analysis for more sensitive detection threshold. As shown in 
figure 3B, both HU and LU sequences are pulling down caprin-1 with different efficiencies among the serine 
PNAs, while the difference in pull down efficiencies between arginine HU and LU is less dramatic. The pull-down 
assay with the arginine-containing peptide (same length and charge density as HU and LU Arg-PNA) revealed a 
slight interaction with caprin-1, but no interaction with serine peptide (Figure 3D). This suggested that the 
nucleobase sequence was an important determinant of the interaction with caprin-1. This is also consistent with 
the observed sequence-specific uptake. However, the nature of the backbone, most probably its charge, also 
seemed to be an important factor in caprin-1 affinity. 



Since the observed pull-down of caprin-1 from crude lysate could be the result of an interaction with a larger 
protein complex rather than a caprin-1 specific interaction, we next purified caprin-1. Caprin-1 was cloned in 
pDEST24 with gateway technology in frame with a c-terminal GST tag and purified from Rosetta strain bacteria. 
Despite multiple attempts, we could only obtain a substantially degraded (about 30% of full-length) sample of 
caprin-1 (see Figure 3C). Despite the high level of degradation, most of the remaining fragments (except the 
smallest ones) were pulled-down by biotinylated PNAs on magnetic streptavidin beads, recapitulating the same 
affinity differences between HU and LU observed in cell lysate pull-downs (Figure 3C). All fragments of caprin-1-
GST strongly interacted with arginine HU and LU sequences but display a significantly stronger interaction with 
serine HU than with LU sequence. Control pull-down experiments with HU and LU sequences and GST did not 
show any ability of GST to pull down Ser or Arg PNAs sequences (Figure 3E).  
We next measured the binding kinetics of the different PNA sequences for caprin-1 using bio-layer 
interferometry (BLI) (Figure 3F). These measurements confirmed a much stronger affinity of caprin-1 for arginine 
PNAs compared to serine PNAs (ca. 10-fold), concurring the results observed with protein pull down.  
These results show that caprin-1 binds to PNAs and that the affinities qualitatively correlate to the level of 
cellular uptakes. This observation is not entirely surprising based on the fact that caprin-1 is known to bind RNA 
and miRNAs and with, among other functions, a potential role in transcytosis. [31] However, it is surprising that 
a cationic PNA would be a better substrate than neutral PNA based on the fact that the endogenous substrate 
is anionic.  While the pull-down assays of endogenous caprin-1 correlate directly with cellular uptake efficiency 
and purified caprin-1 is sufficient for binding, we cannot rule out that caprin-1 acts in concert with other partners 
or contains an endogenous nucleic acid substrate. 

 
 
Caprin-1 enrichment in cell culture medium increases Ser-PNAs 
HU and LU uptake in HeLa cells. Next, we studied the effect of 
caprin-1 addition in the supernatant of HeLa cells on PNA uptake 
to investigate the aptitude of the purified caprin-1 to increase 
internalization of serine HU and LU. We incubated 500 nM 
caprin-1 with 500 nM Ser HU and LU PNAs for 15 minutes before 
adding the mix to HeLa cells. After 3h incubation we found a 
significant increase of Ser PNAs uptake: both HU and LU 
sequences increase their uptake (Figure 4), and, while Ser HU 
roughly doubles its uptake in presence of purified caprin-1 in the 
supernatant, the effect on Ser LU is much more dramatic and its 
internalization increases  by 8-fold when caprin-1 is added to the 
supernatant (Figure 4B). We also tested the effect of caprin-1 on 
Arg HU and LU sequences uptake (Figure 4): caprin-1 in the 
supernatant does not influence the internalization of Arg LU, 
while it slightly decreases Arg HU uptake (Figure 4B).  
Taken together, these results show that a higher concentration 
of caprin-1 outside the cells is sufficient to increase significantly 
ser-PNA uptake, thus indicating that this protein promotes the 



sequence-specific internalization of serine PNA in cells. This effect suggests that caprin-1 functions as a cycling 
factor between the endosomes and the external medium of the cell for internalization of small nucleic acids. As 
the affinity of caprin-1 for Ser-PNA sequences is less than Arg-PNA, the addition of caprin-1 with Ser-PNA may 
help in saturating entry points of the cells, which are already saturated with endogenous caprin-1 in the case of 
Arg-PNA sequences. 
Caprin-1 increases RNA and DNA HU and LU uptake. Our present findings with PNAs show that caprin-1 
promotes PNA uptake. We then tested if adding caprin-1 to cell medium would have the same effect on RNA or 
DNA uptake. We treated HeLa cells with Cy3 labeled DNA and RNA oligomers having the same sequence as HU 
and LU PNAs. The experiment was carried out both in absence and presence of purified caprin-1 (Figure 5). 
Addition of the purified protein in the cell medium increased the uptake of HU and LU RNA and DNA sequences 
compared to cells without purified caprin-1 in the medium (Figure 5). Interestingly, as for Ser-PNA, the LU 
sequence has a larger gain in cellular uptake following caprin-1 addition. On average, the levels of fluorescent 
signals were weaker than with PNAs as well as more variable, indicating a less efficient uptake of DNA and RNA 
sequences compared to PNAs. However, the fact that caprin-1 addition led to an increased uptake imply a 
general activity of this protein in promoting uptake 
of nucleotidic sequences in cultured cells, 
regardless of their backbone.  
The observation that caprin-1 enhances 
oligonucleotide uptake of DNA and RNA sequences 
points to a physiological function of caprin-1 in 
intercellular RNA exchange. There is mounting 
evidence that exosomes mediate the transfer of 
mRNAs and microRNAs between cells.[32]  
Recently, it has been reported that PTEN 
suppression in brain metastatic tumor cells is 
epigenetically regulated by microRNAs delivered by 
astrocyte-derived exosome promoting intercellular 
transfer of PTEN-targeting microRNAs to 
metastatic tumor cells.[33, 34] Caprin-1 has been 
associated with the formation of RNA granules and 
serves as a regulator of post-transcriptional and 
epigenetic expression.[35] Ectopic caprin-1 
expression has been correlated with the promotion 
of metastasis in human osteosarcoma and 
resistance to apoptosis,[36, 37] and, small 
molecules targeting caprin-1 have been shown to 
exert an antitumor activity.[38, 39] This ectopic 
caprin-1 expression could be harnessed to promote 
selective PNA uptake in metastatic areas. 
Conclusions 
The cellular delivery of oligonucleotides for the regulation of gene expression remains a significant hurdle in 
their therapeutic development. An appealing feature of therapeutic intervention through expression regulation 
is the notion that a successful technology should be broadly applicable to diverse targets using unique 
sequences. However, discrepancy of cellular uptake across a wide range of sequence has not been studied. 
Herein, we investigated the sequence-dependent uptake for a prominent oligonucleotide platform: PNA. We 
discovered that PNAs interact with caprin-1, which promotes the endocytosis of PNAs. The efficiency of caprin-
1 mediated uptake depends on the sequence of nucleobase and the backbone of PNA (arginine-modified PNA 
have a stronger interaction with caprin-1 than serine-modified PNA). Caprin-1 was also shown to promote the 
uptake of DNA and RNA in a sequence selective manner. The present findings indicate that caprin-1 could be 
useful as a vector for oligonucleotide delivery and that endogenous caprin-1 could be harnessed to silence genes 
involved in specific diseases or in general to transport specific nucleic acids into cells. 

 

 



 

Experimental Section 

PNA library and single sequence synthesis and labeling (with biotin and Cy3) 
PNA synthesis was performed in an automated fashion using an Intavis peptide synthesizer according to 
previously reported protocols.[18, 27]

 The library synthesis was performed using a split and mix combinatorial 
strategy (see SI for full synthetic details and characterization). Briefly, a set of 100 sequences (7-mer) were 
synthesized by automated solid phase peptide synthesis in microtiter plates.  The resin corresponding to the 100 
sequences were removed from the plate, mixed and redistributed into 100 wells to give a statistical distribution 
of each sequence within a well.  PNA synthesis was continued with the next set 100 unique sequences (7-mer) 
to obtain the combinatorial output of 100 x 100 sequences (14-mer). The quality of synthesis for each pool was 
verified by MALDI analysis of the cleavage product from a resin aliquot. The N-terminus of PNAs was capped 
with either Cy-3 or biotin for quantification of individual sequences within the library through hybridization onto 
a DNA microarray containing the complementary sequence. 
 
PNA uptake in HeLa cells 
HeLa cells were seeded on glass bottom MatTek plates in order to reach 70-80% confluency the following day. 
For the treatment, culture media (Minimum Essential Media, MEM, Thermo Fisher Scientific, Waltham, MA, 
USA) completed with serum was removed and, after washing the plate with PBS, substituted with serum free 
MEM containing 10 µM PNAs library (1 nM/single PNA) Cy3 labeled or 500nM PNA (Cy3 labeled) single 
sequences. After 3h of incubation, plates were washed two times with PBS before being replenished with MEM 
complete with serum and imaged with a spinning-disk microscope (3I Inc., Denver, CO, USA and Nikon, Tokyo, 
Japan). To confirm endosomal partitioning of PNAs after treatment, cells were incubated with FITC-Dextran 40 
µg/ml (Sigma, St. Louis, MO, USA) for 15 minutes, washed and imaged. For the observation of PNA single 
sequences (Cy3 labeled) uptake, 500 nM PNA single sequences were incubated at room temperature for 15’ 
with 500 nM purified caprin-1-GST tagged before being added to cell plates containing serum free MEM and 
incubated for 3h before washing and imaging. 
 

Microarray analysis 
HeLa cells were seeded on 100 mm Petri dishes in order to reach 70-80% confluency the day after, and treated 
with 10 µM PNAs library Cy3 labeled as described above. After 3h incubation a mild cytoplasmic extraction to 
avoid breakage of nuclei was performed. Briefly, cells were gently scraped from the dish and centrifuged at low 
speed (800 rpm) for 5’ before being resuspended with cold buffer (Imidazole 3 mM, 8.5% sucrose) and 
centrifuged at 2000 rpm for 10’. Cell pellet was resuspended in cold buffer (Imidazole 3 mM, 8.5% sucrose) + 
complete protease inhibitor (Roche Applied Science, Indianapolis, IN, USA) and the mixture was passed through 
a 22G ¼ needle using a 1 ml syringe, propping the needle to the sides of the tube while expelling the mix, allowing 
for shearing of cells. Lysis of the cells and integrity of the nuclei was confirmed by using a bright field microscope. 
Cell lysates were centrifuged at 2000 rpm for 10’ and the supernatant was used for the following microarray 
analysis. Microarray analysis was performed on Agilent custom arrays (Agilent Earray design 041896) 4x44K 
slides containing four folds redundancy for each sequence (randomly distributed on the array). The PNA solution 
was hybridized on the array overnight at 50 °C, in PBS buffer, 40 % formamide using the Agilent incubation 
chamber and incubation oven with rotor for mixing the microarray solution. The slides were removed from the 
oven, allowed to cool to room temperature and washed twice with PBS-T and once with milli-Q water to 
eliminate non-hybridized material.  The microarray fluorescence intensities were measured on a Genepix 
Personal Scanner 4100A using the filter corresponding to Cy3 excitation/emission and the fluorescence signal 
quantified using GenepixPRO7 software, averaged over the 4 copies of each sequence. 
 

Sequences of PNAs and peptides 
Sequences are written C- to N-ter: 
1: HU-Ser:  Arg-GTG AGC TAA CGG TG-Arg-Cy3 
2: LU-Ser:   Arg-GTA TCC CCC TCT AG-Arg-Cy3 
3: HU-Arg:  Arg-GTG AGC TAA CGG TG-Arg-Cy3 
4: LU-Arg:   Arg-GTA TCC CCC TCT AG-Arg-Cy3 
underlined bold letters denote a modified PNA residue (either α-arginine modification or γ-serine 
modification). 
Peptide Sequence: 



6: RGSGGGSGGGSGGGSGGGSGGGSGGGSGGR-Cy3 
7: RGGGGRGGGGGRGGGGGRGGGGGRGGGGGR-Cy3  
 

RNA and DNA sequences 
RNA and DNA labeled with Cy3 sequences correspondent to HU (5’-GTG AGCTAACGGTG-3’ or 5’-
GUGAGCUAACGGUG-3’) and LU (5’-GTATCCCCCTCTAG-3’ or 5’-GUAUCCCCCUCUAG-3’) PNAs were purchased 
from Microsynth, Balgach (Switzerland). 
 

Mass spectrometry analysis 
To isolate proteins binding to PNAs in cells, HeLa cells were lysed using the mild protocol described above and 
the lysate was incubated 2h at room temperature (rotating) with biotinylated PNAs (Ser HU, SerLU, Arg HU, Arg 
LU and other 2 PNA sequences resulted with high permeability in the microarray analysis) bound to magnetic 
streptavidin-Dynabeads (Thermo Fisher Scientific, Waltham, MA, USA). After the incubation, 5 washes with PBS 
were carried out by pelleting the beads with a magnetic tube stand, and removing the lysate or PBS. The sample 
were denatured and run on NuPAGE gel (GEL Thermo Fisher Scientific, Waltham, MA, USA) and stained with 
SimpleBlue (Thermo Fisher Scientific, Waltham, MA, USA). Interesting bands were cut and analyzed by mass 
spectrometry by Proteomic Core Facility (EPFL, Faculté des Sciences de la Vie, Lausanne, Switzerland).  
 

Purification of caprin-1 
Human caprin-1 sequence from the Caprin-1 pEGFP-C1 (kind gift of John W. Schrader, University of British 
Columbia, Vancouver, Canada) was cloned in pDEST24 with C-terminal GST tag using Gateway technology 
(Thermo Fisher Scientific, Waltham, MA, USA).  
Rosetta strain bacteria were inoculated with the vector and cultured overnight at 37°C (400 ml culture with TB 
broth). The culture was diluted up to 4 liters and 2h grown at 37°C before being induced with IPTG 0.5 mM 
overnight at 30°C. Bacteria were then centrifuged and the pellet was resuspended in 100 mM Hepes pH7.4, 
20mM NaCl, Triton 1%, protease inhibitor complete tablet (Roche Applied Science, Indianapolis, IN, USA) and 
sonicated four times, 3’ each, before being centrifuged for 30’. 25 ml of lysate were incubated with 12.5 ml 
Glutatione-Sepharose (GE healthcare, Little Chalfont, UK) for 1h at 4°C and washed with 100 mM Hepes pH7.4, 
20mM NaCl before being mounted and run through a column (BIO-RAD, Hercules, CA, USA). Elution was carried 
out in 100 mM Hepes pH7.4, 20mM NaCl, L-Glu 30 mM. 
 

Pull-down assays 
500nM PNA biotinylated single sequences or Arg or Ser peptides in 200 µl PBS pH7.4 were coupled with magnetic 
streptavidin-Dynabeads (Thermo Fisher Scientific, Waltham, MA, USA) and incubated 30’ at room temperature 
rotating. After the incubation, beads were pelleted and further incubated in 500 µl PBS pH7.4 BSA 3% to block 
non-specific adsorption sites (30’, room temperature, rotating); the beads were subsequently incubated for 2h 
rotating with HeLa cell lysate or 200 nM purified caprin-1. After removing the lysate, the samples were 
denaturated and immunoblotted using polyclonal rabbit anti-caprin-1 (SAB1101135, Sigma, St. Louis, MO, USA) 
and secondary goat antibody against rabbit, and HRP-conjugated (Sigma, St. Louis, MO, USA). 
 

Affinity measurements 
Affinity measurements were realized with 10 µM biotinylated PNAs and four concentration of purified caprin-1-
GST (1.25, 2.5, 5 and 10 µM) using biolayer interferometry (BLI) on a BLItz apparatus (Pall Life Sciences, Port 
Washington, NY, USA). The streptavidin sensor was incubated with biositin 100 µM before use to saturate non-
specific adsorption sites.  
 

Imaging and analysis 
Z-stack images (step-size of 0.5 µm) were obtained using a spinning disk confocal microscope (3I Inc., Denver, 
CO, USA and Nikon, Tokyo, Japan) with an EM-CCD camera (iXONEM+, Andor Tech. Ltd., Belfast, UK) and 
maximum projection were obtained with ImageJ. From the maximum projections background was removed by 
subtracting the average gray mean value of the areas surrounding cells, and cells were manually profiled to avoid 
inclusion of fluorescent aggregates. The ratio between raw integrated density of the Cy3 signal in profiled cells 
and the area was used to quantify the level of uptake. Plots and statistics were performed using GraphPad Prism. 

Supplementary Material  

General synthetic procedures and characterization of the synthetic products (Supplementary Information); 
Microarray data (Table S1).  
Supporting information for this article is available on the WWW under http://dx.doi.org/10.1002/MS-number.   



Raw data associated with experiments has been deposited and is available (https://yareta.unige.ch: 
10.26037/yareta:grrtg4elinhphfldoeto5rwhpy). 
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