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Peptide nucleic acids (PNAs), a synthetic DNA mimic, have
been extensively utilized for antisense- and antigene-based
biomedical applications. Significant efforts have been made
to increase the cellular uptake of PNAs, but here we examined
relatively unexplored aspects of intracellular trafficking and en-
docytic recycling of PNAs. For proof-of-concept, we used anti-
microRNA (miR) PNA targeting miR-155. The sub-cellular
localization of PNA was studied via confocal and flow-cytome-
try-based assays in HeLa cells. A comprehensive characteriza-
tion of PNA-containing extracellular vesicles revealed spherical
morphology, negative surface charge density, and the presence
of tetraspanin markers. Most importantly, we investigated
rablla and rab27b GTPases’ role in regulating the exocytosis
of PNAs. Organelle staining, followed by confocal imaging,
showed higher localization of PNA in lysosomes. Gene-expres-
sion analysis established the enhanced functional activity of
PNA after inhibition of endocytic recycling. Multiple studies
report the exocytosis of single-stranded oligonucleotides, short
interfering RNAs (siRNAs), and nanocarriers. To our knowl-
edge, this is the first mechanistic study to establish that PNA
undergoes endocytic recycling and exocytosis out of tumor
cells. The results presented here can serve as a platform to
develop and optimize strategies for improving the therapeutic
efficacy of PNAs by avoiding the recycling pathways.

INTRODUCTION

Endocytic recycling is a complex and tightly regulated process that is
critical to sustain cellular activities including nutrient uptake, signal
transduction, and cytokinesis." The cargoes internalized either via
clathrin-dependent or -independent endocytosis undergo different
intracellular trafficking pathways. Regardless of the uptake mecha-
nism, the first step of intracellular trafficking for any cargo is early
endosome formation, where the vesicle undergoes sorting to be traf-
ficked to the plasma membrane, or directed to the endocytic recycling
compartment (ERC), or mature into a late endosome, eventually lead-
ing to lysosomes for degradation. The ERC is a microtubular organ-
elle distributed in the cytoplasm” and is molecularly defined by the
presence of rabl1 proteins. Rabs are a class of GTP-binding proteins
localized at distinct trafficking compartments; they regulate vesicle
formation, fusion, and release from the plasma membrane.’ The ma-
jority of cargo in the ERC is recycled back to the plasma membrane
via recycling vesicles, however some fraction is directed to the
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trans-Golgi network (TGN). Further, rabl1 is localized both in the
ERC and the TGN and plays a prominent role in regulating the trans-
port of vesicles.*

The vesicles released from the plasma membrane by exocytosis are
known as extracellular vesicles (EVs). The release of EVs was origi-
nally identified as a mechanism for genetic exchange between cells.™
EVs are composed of lipids, proteins, and nucleic acids, containing a
cargo of mRNAs, noncoding RNAs, growth factors, and angiogenic
factors.” EVs, secreted by different cell types, are essential for normal
physiological processes including development, immunity, cell
migration, and neural function, just to name a few. Similarly,
tumor-derived EVs (TEVs), which are present in the tumor microen-
vironment, promote growth, invasion, metastasis, and tumor resis-
tance.® Presently EVs are being extensively explored as a delivery
platform for gene-therapy-based applications owing to their biocom-
patibility, in vivo stability, ability to permeate blood brain barrier, and
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ease of customization.

Recently, short interfering RNA (siRNA) has gained immense attention
as three siRNA-based drugs, Onpattro, Givlaari, and Oxlumo, received
US FDA approval for treatment of amyloidosis, porphyria, and hyper-
oxaluria, respectively.'' ™" The intracellular trafficking of siRNA-based
drugs or drug candidates is still an active field of investigation since their
activity is limited by entrapment in sub-cellular compartments.'* The
activity of lipid nanoparticle (LNP)-mediated siRNA delivery is limited
due to endosomal entrapment with an escape efficiency of only
~1%-2%."° Further, 70% of LNP-containing siRNAs undergo exocy-
tosis by multivesicular late endosomes/lysosomes.'® The recycling of
LNP-containing siRNA is regulated by a 13 transmembrane glycopro-
tein, Niemann Pick type C1 (NPC1), present on the surface of multive-
sicular late endosomes, and a small molecule (NP3.47)-mediated inhi-
bition of NPC1 improved the silencing efficiency of siRNA by 4-fold."”
There is also great interest in single-stranded antisense oligonucleotides
(SS ASOs) targeting messenger RNAs (mRNAs); Tegsedi, Spinraza, and
Milasen, which have been approved by the US FDA for hereditary
transthyretin-mediated amyloidosis,"® spinal muscular atrophy,'” and
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Batten’s disease, respectively. As with siRNAs, endosomal entrapment
is a major barrier for SS ASOs. A few studies have demonstrated endo-
cytic recycling of ASOs, as well as nanocarriers via fast recycling, lyso-
somal, or multivesicular-body-mediated pathways.”**'

In this study, we investigated the endocytic recycling of a class of SS
ASOs known as peptide nucleic acids (PNAs). PNAs are synthetic
DNA mimics in which the phosphodiester backbone is replaced by
a pseudo-peptide backbone of N-(2-aminoethyl) glycine units and
purine or pyrimidine nucleobases are attached via a methyl carbonyl
linker.”” It has been well established that PNAs bind to the genomic
DNA or RNA via Watson and Crick complementary base pairing
rules with high specificity and binding affinity.”’ Unlike other ASO
chemistries, PNAs are resistant to enzymatic degradation and do
not require complex chemical modifications. In addition to antisense
applications,”*** PN As have been explored for antigene”® *® and gene
editing®” " strategies. PNAs have been extensively used for silencing
of microRNAs (miRs), particularly for anti-cancer therapies.3 233
miRs are small non-coding RNAs, about 22-25 nucleotides (nts) in
length, and regulate several physiological processes essential for cell
survival, proliferation, and differentiation.”* Hence, targeting miRs
that are overexpressed in tumor (oncomiRs) has emerged as an inter-
esting potential anti-cancer therapy.

However, the clinical translation of PNAs has been impeded by their
poor cellular uptake due to their neutral backbone. PNA conjugation
with cell penetrating peptides,”>*® PNA-polyarginine conjugates,”®
and synthesis of gamma modified guanidinium PNAs®” can improve
cellular delivery. Recently, we found that nanoparticle-delivered anti-
miR PNAs can effectively inhibit tumor growth in vivo.”*” Although
delivery strategies have improved the transfection efficiency of PNAs,
endosomal entrapment still limits their availability at the target site.
Numerous studies have published ways to improve the cellular uptake
of PNAs, but not much effort has been made in studying the endo-
cytic trafficking, as well as exocytosis, of PNAs.

Here, we measured the sub-cellular localization and exocytosis of flu-
orophore-conjugated PNAs. We designed antimiR PNAs to target
miR-155 and miR-21, which are upregulated in several lymphomas,
leukemias, and breast cancer among others.*>*! We performed a
comprehensive study of the collection, and inclusive physico-
biochemical characterizations of PNA containing TEVs from the
treated HeLa cells. We confirmed the tetraspanin markers, on the sur-
face of antimiR PNA containing TEVs and established the role of
rablla and rab27b in the endocytic recycling of PNA containing
TEVs. Finally, we determined the impact of recycling and exocytosis
of PNAs on their antimiR-155 and antimiR-21 activity. To our
knowledge, this is the first study that establishes the endocytic fate
of PNAs, including exocytosis and intracellular trafficking. This will
serve as a platform for developing and optimizing PNA-based mech-
anistic and therapeutic studies. In-depth mechanistic studies have
provided a basis for clinical application of siRNA-based therapy.
We believe that our study will lay the foundation for further research
with the goal of making PNA therapeutics a reality in the near future.

RESULTS

PNA design and cellular uptake

We investigated the intracellular trafficking and endocytic recycling of
PNAs. First, we designed two full-length PNAs complementary to the
miR-155 and miR-21. We conjugated three arginine residues on the
N terminus and one arginine on the C terminus of PNAs to achieve
high cellular transfection efficiency (Figure 1A). Multiple studies have
established that arginine-rich peptides improve the intracellular deliv-
ery of PNAs.*>*>** Only four arginine residues were conjugated as prior
studies reported that excess of positive charge increases the toxicity of
PNAs.”>” We also conjugated a fluorescent dye, 5-carboxytetrame-
thylrhodamine (TAMRA), on the N terminus of PNAs. The PNA was
synthesized using Boc chemistry and established protocols of solid sup-
port synthesis.** *° PNA purification was performed with high-perfor-
mance liquid chromatography using water and an acetonitrile-based
mobile phase. The observed molecular weight of the purified PNA-
155 and PNA-21, measured by mass spectrometry, was found to be
similar to the calculated weight of the respective PNAs (Table S1).

First, we examined the time-dependent cellular uptake of PNA-155
containing arginine residues in HeLa cells by confocal microscopy
and flow cytometry. HeLa cells were expanded in the logarithmic
phase and incubated with the indicated concentrations of PNA-155
followed by confocal microscopy analysis. We observed PNA-155
accumulation inside the cells (Figure S1A) starting from 0.5 h, which
increased successively with the duration of incubation. Next, we
quantified the cellular uptake at different time points by flow cytom-
etry and noted a higher accumulation of PNA in the cells with
increasing incubation time (Figure S1B).

To determine the role of endocytosis in the PNA-155 cellular uptake,
we performed temperature-dependent (4°C versus 37°C) cellular
uptake studies. We noted that the uptake of PNA-155 decreased
significantly in HeLa after incubation at 4°C (Figure S2A). Flow cy-
tometry analysis also showed a 50% decrease in cellular uptake of
PNA-155 at 4°C in comparison to 37°C (Figure S2B), suggesting
endocytosis as the primary uptake mechanism. PNA-peptide conju-
gates with cationic residues’™” and arginine-rich cell-penetrating
peptides have been reported to undergo uptake via endocytosis.’
However, a few studies have also highlighted the role of non-endo-
cytic routes in facilitating the higher transfection efficiency of argi-
nine-rich peptides.48 Hence, so far, both endocytic and non-endocytic
pathways have been established to contribute to the cellular uptake of
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arginine residue-containing PNAs.***

PNA undergoes endocytic recycling

To investigate endocytic recycling, we studied the change in intracel-
lular retention of PNA-155 in HeLa cells by flow cytometry. First, we
treated HeLa cells with PNA-155 (4 pM) for 1 h to achieve significant
intracellular accumulation. After 1 h, cells were washed and incubated
in only media for indicated time points followed by flow cytometry
analysis (Figure 1B). The results indicated a significant decrease
(~68%) in PNA content after 24 h incubation of treated HeLa cells
in fresh medium compared to the PNA content after 1 h (Figures
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Figure 1. Quantification of exocytosis via flow cytometry
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(A) The chemical structure of DNA/RNA and PNA. The table lists the PNA sequences, PNA-155 and PNA-21, complementary to the target miR-155 and miR-21, respectively.
(B) Workflow depicting the quantification of exocytosis in Hela cells using flow cytometry. Samples trypsinized after 1 h treatment with PNA-155 (4 uM) were used as control
(T = 0) and treatments were planned accordingly in order to trypsinize all samples at the same time. (C) Representative histogram of exocytosis in HelLa cells at 0, 6, 12, and
24 h of incubation in fresh media followed by quantification of TAMRA intensity in HeLa cells by flow cytometry. 5,000 events were recorded for each sample and all events
were included in the histogram. (D) Quantification of HeLa cells with PNA-155 at T = 0 (1 h treatment with PNA-155) and T = 24 h (1 h treatment with PNA-155 followed by
washing and 24 h incubation in fresh media). Results are represented as mean + SEM (n = 3), ***p < 0.001.

1C and S3). Since the PNA is stable in cellular extracts,’® these results
suggest that PNA undergoes significant recycling 24 h post-intracel-
lular accumulation in HeLa cells.

Next, we used fluorimetry-based assays to detect the endocytic recy-
cling of PNA-155 in the supernatant medium. Here, we first treated
HelLa cells with PNA-155 for 1 h followed by washing and incubation
in serum-free medium for indicated time points. We collected the su-
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pernatant from incubated HeLa cells and measured the fluorescence
at 546 nm/579 nm wavelength (Figure S4A). We observed a gradual
increase in fluorescence intensity in the extracellular medium with
time, which reached a plateau after 8 h. Further, we exposed the
collected supernatant to endosome lysis buffer (1% Triton X-100)
and measured the fluorescence at 546 nm/579 nm, which revealed a
significant increase (Figure S4B) in fluorescence, indicating that the
PNA was trapped inside EVs.
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Figure 2. Isolation and characterization of tumor-derived extracellular vesicles (TEVs)

(A) Workflow depicting the collection and isolation of TEVs from Hela cells. HelLa cells treated with PNA-155 (1 h) were washed and incubated in serum-free media for 24 h.
Media was collected and ultracentrifuged (2x) to remove supernatant and PNA TEVs were collected. For collection of blank TEVs, serum-free media was collected from
untreated Hela cells and processed via the same procedure. (B) Representative transmission electron microscopy (TEM) images of serum-free media and PNA TEVs. (C)
Characterization of TEVs including hydrodynamic diameter, polydispersity index (PDI), and zeta potential. Results were reported as mean + SD (n = 3).

We also investigated whether the recycling of PNA had an impact on
its functional activity. To determine this, we performed RT-PCR to
measure the levels of miR-155 in HeLa cells after 1 h treatment
with PNA-155 and 24 h washing (Figure S5A). We observed >95%
knockdown of the target miR-155 after 1 h incubation with PNA-
155. However, 24 h after washing of PNA-155, we noted ~5.5-fold
increase (Figure S5B) in the levels of miR-155, indicating that the
effectiveness of PNA-155 decreased with time due to the endocytic re-
cycling. We also tested the impact on downstream targets of miR-155
including FOXO3A and BACHI at 1 h incubation and 24 h after
washing.32 As expected, we noted a ~2-fold decrease in BACHI and
~0.5-fold decrease in the levels of FOXO3A after 24 h washing of
PNA-155 in comparison to the 1 h incubation with PNA-155 (Figures
S5C and S5D). Further, we observed an increase in the levels of BCL-2,
an anti-apoptotic protein, in HeLa cells 24 h after washing of PNA-
155 in comparison to the 1 h PNA-155 treated HeLa cells (Fig-
ure S5E). Together, these results established that the recycling of
PNA-155 in HeLa cells limits its antimiR-155 activity, which further
impacts the downstream signaling pathways.

Isolation and characterization of TEVs

To isolate and characterize TEVs, we maintained control (untreated)
cells and cells treated with PNA-155 (4 pM) in serum-free medium
for 24 h (Figure 2A). We first confirmed the absence of any vesicles
in serum-deprived medium by transmission electron microscopy
(TEM) analysis (Figure 2B). However, the TEVs isolated from
PNA-treated HeLa cells (PNA-TEVs) showed spherical morphology
and size range of ~180 nm. The hydrodynamic diameter of TEVs
derived from untreated HeLa cells (blank TEVs) when measured
via dynamic light scattering was higher (~300 nm) in comparison
to the PNA-TEVs (Figure 2C). Further, we noted a similar trend
when the size distribution was measured via nanoparticle tracking

analysis (NTA; Figure S6). As expected, the surface charge of both
blank and PNA TEVs was found to be —6.8 and —5.8 (Figure 2C),
respectively, owing to the lipid membranes of EVs.”!

Treated HeLa-derived TEVs contain PNA and tetraspanin
markers

We used flow cytometry to confirm that the TEVs isolated from
treated HeLa cells contained PNA. Since TEV's are too small to be de-
tected by flow cytometry directly, we first incubated the TEVs
collected from both the untreated and PNA-155 treated HeLa cells
with aldehyde beads (3.5 pm) overnight. This allows the TEVs to
bind with the surface of aldehyde beads, which can then be analyzed
by flow cytometry (Figure 3A). The TEVs derived from treated HeLa
cells showed a significant shift toward the TAMRA intensity indi-
cating the presence of PNA within the TEVs. However, TEVs derived
from untreated HeLa cells did not demonstrate any shift (Figure 3B).

Next, we investigated the presence of EV markers including tetraspa-
nin CD-63, CD-81, and CD-9 on the surface of TEVs from control
and PNA-155-treated cells. Tetraspanin markers are abundantly
present in exosomes and other EVs derived from both cancer and
non-cancerous cells.’>>® To quantify the presence of tetraspanin
markers on the surface of TEVs, we incubated bead-TEV complexes
with fluorescein isothiocyanate (FITC)-conjugated antibodies
against CD-63, CD-81, and CD-9 followed by flow cytometry. For
blank TEVs, we observed a shift of bead-TEVs complex toward
the FITC channel (quadrant 1, Q1) indicating the presence of all
three tetraspanin markers (Figure 3C). However, for PNA contain-
ing TEVs, we noted the fluorescence shift of bead-TEVs complex
to Q2 (upper right), with the TAMRA and FITC channels both indi-
cating the presence of PNA containing TEVs and CD-63, CD-9, and
CD-81 tetraspanin markers (Figures 3C and S7). CD-63 showed the
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Figure 3. Detection of TEVs via flow cytometry

(A) Workflow depicting the steps used for detection of TEVs using flow cytometry. TEVs were collected from the supernatant of untreated Hel a cells (blank TEVs) or cells
treated with PNA-155 (1 h) followed by washing and incubation in serum-free media for 24 h (PNA-TEVs). TEVs collected after ultracentrifugation were conjugated with latex/
aldehyde beads followed by incubation of bead-TEVs complex with FITC-conjugated antibodies and detected by flow cytometry. (B) A representative histogram of blank
TEVs and PNA TEVs. (C) Representative flow cytometry dot plots of blank TEVs and PNA TEVs showing staining with CD-63, CD-81, and CD-9 FITC-conjugated antibodies.

First row represents blank TEVs and second row represents PNA TEVs. The 2",

39, and 4™ columns indicate staining with CD-81, CD-63, and CD-9 antibodies,

respectively. 50,000 events were collected for each sample and all events were included in the dot plots.

highest abundance in ~65% PNA-TEVs (Figure S8) followed by CD-
9 (~40%) and CD-81 (~30%).

We also incubated the TEVs containing PNA-155 with CD-63 anti-
body and visualized by confocal microscopy (Figure S9). We noted
the presence of PNA-155 within the vesicles and a significant overlap
of TAMRA intensity with FITC-conjugated CD-63 antibody. These
results further confirmed that PNA is present inside the TEVs with
CD-63 as a major marker on surface of TEVs. Further, we used
confocal microscopy to investigate whether PNA containing TEVs
can undergo cellular uptake when incubated with HeLa cells. We
incubated HeLa cells with PNA-155 containing TEVs and observed
cellular uptake after 24 h (Figure S10). We observed a prominent
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intracellular distribution of PNA in cells treated with PNA containing
TEVs. These results further corroborated our finding that PNA is pre-
sent inside the TEVs isolated from treated HeLa cells and can undergo
uptake by recipient HeLa cells.

Inhibition of endocytic recycling increases cellular retention and
antimiR activity of PNAs

Next, we investigated the role of endocytic recycling pathways on
exocytosis of PNAs. Rablla is a GTPase protein that is localized in
the membranes of ERC and TGN, **° whereas rab27b is another pro-
tein that belongs to GTPase family and mediates the exocytosis pro-
cess by regulating the fusion of multivesicular bodies (MVBs) with the
plasma membrane.”® The perturbation of rablla results in the
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Figure 4. Increased cellular accumulation of PNA after inhibition of endocytic recycling
(A) Fluorescent images of live HeLa cells after 24 h incubation with PNA-155 (4 uM) and inhibition of endocytic recycling using bafilomycin (1 uM), rab11a siRNA (50 nM), and
rab27b siRNA (60 nM). Hela cells were transfected with rab11a and rab27b siRNAs for 12 h and were used for cellular uptake studies. Blue indicates nucleus and red
indicates TAMRA. Scale bar represents 10 um. (B) Cellular uptake of PNA-155 in HelLa cells after 24 h incubation and inhibition of endocytic recycling using bafilomycin,
rab11a siRNA, and rab27b siRNA via flow cytometry. 5,000 events were recorded for each sample. (C) The fold change in expression levels of miR-155 in wild-type, rab11a
(), and rab27b (-) HelLa cells after 24 h treatment with PNA-155 in comparison to untreated cells. U6 was used as the reference gene. (D) The fold change in levels of BACH1,
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accumulation of transferrin receptors in ERC.”” The knockdown of
rab27b in HeLa cells reduces the time and number of docking events
of MVBs with the plasma membrane.”® Further, rab27b-deficient cells
secrete only 50% of vesicles compared to regular cells.”® Hence, we es-
tablished cell-based assays in the presence of rablla and rab27b in-
hibitors, which regulate distinct steps in the endocytic recycling
pathway to gain insight into the intracellular trafficking of PNAs.

First, we optimized the siRNA-mediated knockdown of rablla and
rab27b to achieve optimal endocytic recycling inhibition. We found
that rablla siRNA induced >90% inhibition of the target mRNA at
50 nM dose when measured 72 h post-transfection (Figure S11A).
Similarly, ~80% inhibition of rab27b was achieved using 60 nM
siRNA at 72 h post-transfection (Figure S11B). Further, we seeded
rablla inhibited (-), rab27b inhibited (-), and un-transfected HeLa
cells (wild-type) to study the impact on cellular uptake after 1 h
and 24 h of incubation with PNA-155. We also tested the effect of ba-
filomycin, a vacuolar proton ATPase inhibitor, which prevents the
acidification of endosomes, on intracellular trafficking of PNA.>%>
To study the impact of bafilomycin, we co-incubated HeLa cells
with PNA-155 (4 uM) and bafilomycin (1 pM) for 1 h and 24 h.

Confocal microscopy results revealed that inhibition of rablla and
rab27b or use of bafilomycin (1 uM) did not impact the cellular up-
take of PNA-155 in HeLa after 1 h of incubation (Figure S12). How-
ever, we noted a significantly higher fluorescent signal of PNA-155 in
rablla (-) and rab27b (-) HeLa after 24 h of incubation (Figures 4A
and S13A) in comparison to HeLa cells without recycling inhibition.
Rablla (-) and rab27b (-) HeLa cells showed ~2.5 and ~2-fold higher
cellular accumulation of PNA-155 (Figures 4B and S13B), respec-
tively, due to the inhibition of endocytic recycling when quantified
by flow cytometry. However, we observed a slight decrease in the
cellular uptake of PNA-155 when co-incubated with bafilomycin after
24 h. These results were consistent with prior studies with cellular up-
take of LNPs in the presence of bafilomycin.'® We also studied the
PNA-155 retention in rablla (-), rab27b (-), and wild-type HeLa
cells after 1 h PNA-155 treatment and 24 h incubation in fresh media
via confocal microscopy. We observed higher retention of PNA in
both rablla (-) and rab27b (-) HeLa cells versus wild-type cells indi-
cating that some fraction of PNA does undergo recycling
(Figure S14).

We also investigated the impact of rabl1a and rab27b siRNA-medi-
ated inhibition of endocytic recycling on antimiR efficacy of both
PNA-155 and PNA-21. When compared against the PNA treated
wild-type HeLa cells, rablla (-) HeLa cells showed >30% decrease
in levels of miR-155 after 24 h treatment with PNA-155 (Figure 4C).
Similarly, rab27b (-) HeLa cells showed ~25% lower miR-155 levels
than wild-type cells after 24 h treatment with PNA-155. In addition,
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we also assessed the levels of BACHI and FOXO3A in wild-type,
rab27b (-), and rablla (-) HeLa cells after 24 h treatment with
PNA-155. The gene expression results showed direct correlation of
reduced miR-155 levels with an increase in the downstream targets
expression in both rablla (-) and rab27b (-) HeLa cells. Both
PNA-155-treated rablla (-) and rab27b (-) HeLa cells showed a
~20% increase in the BACHI levels in comparison to the PNA-155-
treated wild-type HeLa cells (Figure 4D). Similarly, FOXO3A levels
showed ~20% and 10% elevation in PNA-155-treated rablla (-)
and rab27b (-) HeLa cells, respectively, when compared against
PNA-155-treated wild-type cells (Figure 4E). We also tested the anti-
miR efficacy of PNA-21 by measuring the levels of miR-21 and its
direct downstream target, phosphatase and tensin homolog
(PTEN),*° in wild-type, rablla (-), and rab27b (-) HeLa cells after
24 h incubation with PNA-21. We noted a ~35% and ~10% decrease
in miR-21 levels in rab11 (-) and rab27b (-) HeLa cells, respectively,
in comparison to the wild-type HeLa cells post PNA-21 treatment
(Figure S15A). Similarly, as expected, ~20% upregulation in the
PTEN level was observed in both rabl1a () and rab27b (-) HeLa cells
in comparison to the wild-type HeLa cells (Figure S15B). These re-
sults established that inhibition of PNA recycling not only results
in higher cellular accumulation but also results in improved func-
tional efficacy of PNAs.

Inhibition of endocytic recycling results in lysosomal
accumulation of PNAs

Further, we examined the sub-cellular localization of retained PNA in
HeLa cells. We studied the PNA-155 localization in lysosomes, ERC,
and in MVBs in rabl1a (=), rab27b (-), and wild-type HeLa cells after
24 h of treatment. Confocal microscopy indicated that a significant
amount of PNA in rabl1la (-) and rab27b (-) HeLa cells accumulated
in lysosomes (Figures 5, S16, and S19; Videos S1, S2, and S3). One
plausible explanation for these observations is that inhibition of
PNA recycling from endosomes to the ERC or TGN directs the excess
PNA toward the lysosomes.

Next, we stained rablla, which is chiefly localized in ERC to study
PNA accumulation. Interestingly, only PNA-treated wild-type HeLa
cells showed higher localization in ERC (Figures 5, S17, and S19).
We observed a minimal overlap of PNA with ERC in rablla (-) and
rab27b (-) HeLa cells. Similarly, rab27b staining indicated that a major
fraction of internalized PNA after 24 h in wild-type HeLa cells is pre-
sent inside the MVBs characterized by the presence of rab27b, which
guides them to the plasma membrane for extracellular secretion (Fig-
ures 5, S18, and S19). However, rabl1a (-) and rab27b (-) HeLa cells
showed minimal TAMRA fluorescent signal overlap with the rab27b-
containing vesicles. The quantification of confocal images indicated
~2.5-fold higher co-localization of PNA-155 with lysosomes in
rab27b (-) HeLa when compared against the wild-type (Figure S20A).

downstream target of miR-155, in wild-type, rab11a (), and rab27b (-) Hela after 24 h treatment with PNA-155 in comparison to untreated cells. (E) The fold change in
FOXOB3A levels in wild-type, rab11a (), and rab27b (-) HelLa after 24 h treatment with PNA-155 in comparison to untreated cells. GAPDH was used as reference gene for
BACH1 and FOXO3A mRNA levels. In the bottom panel, PNA-155-treated wild-type Hel.a was used as control to determine the fold change of miR-155, BACH1, and
FOXOB3A. Results are represented as mean + SEM (n = 3), ***p < 0.0001, **p < 0.001, *p < 0.01, *p < 0.05.
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PNA-155

Figure 5. Co-localization study of PNA in

Control PNA-155

(-) Rab11a

Rab11a Lysosome

Rab27b

Moreover, we noted ~15% and >20% co-localization of PNA-155 with
rablla (ERC) and rab27b (MVBs), respectively, in wild-type HeLa
(Figures S20B and S20C). These results indicated that in the absence
of recycling inhibition, PNA is significantly associated with the recy-
cling compartment from where it is directed to the plasma membrane
for exocytosis.

DISCUSSION

In recent years, significant advances have been made in the field of
RNA medicine with the approval and commercial success of several
siRNA and SS-ASO-based drugs. Although the clinical utility of
RNA therapeutics has been established, the mechanisms of their
cellular uptake and intracellular trafficking are not fully understood.
Phosphorothioate (PS) RNAs and derivatives have been extensively
used in the development of ASO-based drugs. Hence, several studies
have investigated the cellular uptake and trafficking of PS-based ASOs
to improve their potency and therapeutic index. It has been well-es-
tablished that the efficacy of PS-ASOs depends on their cellular up-
take pathway, which can either enhance their effectiveness or accu-
mulate them in non-productive sinks.'*" Similarly, the activity of
LNP-delivered siRNAs is circumscribed by endosomal entrapment
and recycling.'® Here, we report the endocytic recycling of another
important class of nucleic acid analogs: PNAs. Efforts have been
made to improve the cellular uptake of PNAs and study their mech-
anism of cellular uptake; however, exocytosis or recycling of PNAs
during intracellular trafficking has not been previously described.
In this study, we isolated and characterized HeLa cell-derived EVs
that contain fluorescent-tagged PNA. This study’s findings provide
a mechanistic understanding of intracellular trafficking of PNAs

lysosomes, ERC (endocytic recycling
compartment), and MVBs (multivesicular bodies)
The maximum intensity projection of Hel.a cells after 24 h
incubation with PNA-155 and inhibition of endocytic re-
cycling using Rab11a siRNA and Rab27b siRNA followed
by lysosome (top), rab11a (middle), and rab27b (bottom)
staining to determine co-localization. Nucleus was
stained using Hoechst dye or DAPI (blue) and red in-
dicates PNA-155. z stacks were recorded with 4 um step
size and maximum intensity projection was obtained us-
ing grouped Z projector plugin in Imaged. The scale bar
represents 80 pixels.

(-) Rab27b

that can be applied for optimizing its develop-
ment for clinical applications.

To accomplish this, we designed two PNA se-
quences targeting miR-155 and miR-21 and
conjugated them with four arginine residues
to achieve superior transfection efficiency. Prior
studies have shown that conjugation of cationic
amino acids increases the cellular uptake of
PNAs.®* As expected, our confocal and flow cy-
tometry results showed a time-dependent in-
crease in cellular uptake of PNA-155 in HeLa cells. We observed a
significant accumulation of PNA-155 in HeLa cells after 1 h of incu-
bation in growth medium. However, we noticed that the cellular up-
take was significantly reduced at low temperatures, indicating the role
of endocytosis in the cellular uptake of cationic PNAs. Since cargo
that undergoes cellular uptake via endocytosis can be redirected
back to the plasma membrane via recycling pathways,” we attempted
to understand PNA’s cellular retention with time after pre-treatment.
Our initial flow-cytometry-based quantitative assessment indicated a
~30% decrease in PNA-155 uptake in treated HeLa cells from 1 h pre-
treatment to 24 h. This reduction in PNA fluorescent signal indicated
the recycling of PNA in HeLa cells.

Gene expression analysis confirmed the impact of PNA recycling on
its antimiR efficacy. The miR-155 level increased significantly after
24 h of incubation compared to HeLa cells incubated with PNA-155
for 1 h. Also, direct downstream targets of miR-155, FOXO3A and
BACHI, which are negatively regulated, showed a decrease in their
gene expression levels, confirming our results. In addition to low
cellular uptake, the entrapment in endosomal/lysosomal compart-
ments limits the availability of PNAs at the target site and is considered
a significant hurdle toward its clinical applications. Several strategies,
conjugation with cell-penetrating peptides, cyclic peptides, guanidi-
nium PNAs, and endosomal disrupting agents, have been employed
to increase PNA efficacy. In this study, we established that the func-
tional activity of PNAs could also be affected by endocytic recycling.

We investigated the recycling of PNA by collecting and characterizing
the vesicles derived from tumor cells. The collected TEVs from
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treated HeLa cells were found to be in the range of cancer-derived
small EVs (<200 nm).”> The encapsulation of PNAs within the
TEVs was quantified via flow cytometry. Further, a higher percentage
of CD-63 tetraspanin marker on PNA containing TEVs indicated an
endosomal origin.®* TEVs are secreted by tumor cells in the extracel-
lular matrix, and their role in promoting tumor progression and
metastasis has been well established.”” Furthermore, TEVs can be
taken up by recipient cells via internalization, receptor-ligand interac-
tion, or direct fusion.®® We also noted the cellular uptake of HeLa cell-
derived PNA TEVs in recipient HeLa cells via confocal microscopy. A
recent study reported that 4T1-derived antimiR-21 loaded TEVs
showed transfection in tumor cells, including 4T1 and other tumor
cell lines. The uptake of TEVs was not observed in non-malignant
cells like HEK or fibroblast cells."’

We noticed that inhibition of endocytic recycling pathways via
siRNA-mediated knockdown of rabl1a and rab27b resulted in higher
accumulation of PNA in HeLa cells after 24 h treatment. The role of
both GTPases, rablla, and rab27b, in endocytic recycling has been
confirmed in multiple studies.”®”” Rablla, localized majorly on
ERC and TGN, directed PNA recycling once it entered the cells via
endocytosis. Further, inhibition of rab27b prevented the fusion of
MVBs with the plasma membrane leading to higher PNA retention
in rab27b (-) HeLa cells. The higher cellular accumulation of PNAs
due to endocytic recycling inhibition also improved the antimiR effi-
cacy of both PNA-155 and PNA-21 in vitro. Gene expression results
indicated that miR-155, as well as miR-21 levels, were further reduced
upon siRNA-mediated knockdown of rablla and rab27b in HeLa
cells. Rablla (-) HeLa cells showed the highest antimiR efficacy
due to the inhibition of endocytic recycling and PNA’s shuttling to
TGN. Hence, the PNA stayed in the endosome stage longer as it by-
passed the ERC and moved toward the lysosomal stage resulting in
greater chances of endosomal escape.

Confocal microscopy revealed that inhibition of rablla and rab27b
results in localization of PNA inside lysosomes. Immunostaining of
ERC via rablla antibody indicated significant localization of PNA
within the ERC in the control Hela cells; however, rablla (-)
HelLa cells did not show any association with ERC. Similarly, intracel-
lular vesicles in wild-type HeLa cells showed the highest association
with rab27b stained vesicles in comparison to rablla (-) or rab27b
(=) HeLa cells. Two intracellular fates of MVBs have been reported
including fusion with plasma membrane or trafficking to lysosomes.®”
Hence, inhibiting the fusion with plasma membrane by knocking
down rab27b can direct the MVBs to the lysosomal compartment.
Similarly, perturbation of ERC and TGN by inhibiting rablla can
redirect the sorting endosomes toward the lysosomal stage. These re-
sults establish that interruption of the recycling pathway of PNAs via
inhibiting either rablla or rab27b directed the intracellular traf-
ficking toward lysosomal stage. Interestingly, the entrapment of
PS-ASOs in lysosomes has been non-productive and limits their ac-
ti\fity.()g’w
GalNAc-siRNA accumulates in the endo-lysosomal compartment
and contributes toward sustained siRNA-mediated knockdown of

In contrast, a recent study reported that LNP-delivered
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target mRNA.”’ The study demonstrated that siRNA entrapped in
the acidic compartments gradually escapes and loads into the RNA-
induced silencing complex (RISC) to achieve target knockdown
over a period of 3 weeks. Since PNA is resistant to degradation by nu-
cleases or proteases and exhibits high stability,
lysosomes can also contribute to an extended functional activity.

their localization in

In summary, we demonstrated that PNA endocytosed in HeLa cells
is trafficked to ERC and is recycled back to the plasma membrane
via MVBs. Further, rablla and rab27b have a major role in PNA
recycling as their perturbation results in higher cellular accumula-
tion of PNA, which also translates into higher antimiR efficacy.
We explored the regular PNAs conjugated with cationic amino
acids for the mechanistic understanding of its exocytosis/shuttling
pathways in the present study. Next-generation gamma PNAs, di-
ethylene glycol (miniPEG), and cyclopentane-based gamma PNAs
have been established to exhibit superior binding affinity and effi-
cacy compared to the regular PNAs due to their pre-organized
71773 1t would be significant to study the intracellular up-
take and exocytosis of next-generation gamma PNAs in conjunc-
tion with the membrane trafficking genes ex vivo and in vivo to
enhance their retention and efficacy.

structure.

It would be noteworthy to study the implications of the present
study in vivo for PNA-based cancer therapeutics. Changes in the
expression levels of membrane trafficking genes have been reported
in the in vivo tumor. The expression of rab proteins, which act as
molecular switches of cellular trafficking pathways, are highly dysre-
gulated in cancer.”* Rab27b is known to be overexpressed in hepa-
tocellular carcinoma,”” breast,”® colorectal,”” and pancreatic cancer’®
and plays an important role in metastasis, tumor invasiveness, and
chemoresistance. Multiple studies reported the PNA-based in vivo
applications; still, exocytosis of the PNAs in the heterogeneous
in vivo tumor environment considering the altered expression of
membrane trafficking genes need to be investigated to modulate
its efficacy. Hence it would be interesting to study the combination
therapy of rab27b and PNA-based oncomiR inhibition to prevent
tumor growth and invasiveness in vivo. Further, multiple pathways
can contribute toward PNA recycling driven by TGN- or NPCl-
mediated exocytosis, as highlighted in LNP recycling. The in vivo
anti-cancer efficacy of PNAs-based modalities might also be limited
by shuttling into non-productive sink. We note that secreted vesicles
containing PNA undergo cellular uptake in cancer cells. This also
highlights the possibility of distribution of PNA in solid tumors
via transcytosis. Moreover, PNA TEVs can also be engineered as a
delivery platform for tumor targeting. Better understanding of
uptake and intracellular trafficking of PNAs will provide the oppor-
tunity to manipulate the internalization and localization to achieve
superior efficacy. In addition, PNA design can also potentially alter
the cellular uptake pathway and intracellular localization, which
determines the functional activity. Our findings highlight the impor-
tance of developing PNA chemistries and delivery strategies to opti-
mize cellular transfection and efficient escape from recycling com-
partments to achieve high efficacy both in vitro and in vivo.
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MATERIALS AND METHODS

Boc-protected monomers were used for synthesis of PNA and were
purchased from ASM Research (Germany). 5-carboxytetramethylr-
hodamine dye (TAMRA) was purchased from VWR (PA, USA).
Boc-MiniPEG-3 and Boc-Arginine were bought from Peptide Inter-
nationals (KY, USA). Eagle’s minimum essential medium (EMEM)
and fetal bovine serum (FBS) were purchased from American Type
Culture Collection (ATCC; VA, USA). Trypsin-EDTA (0.25%) and
opti-MEM reduced serum medium was obtained from GIBCO
(Thermo Fisher Scientific, USA). For confocal microscopy, ProLong
diamond antifade mountant with DAPI (4,6-diamidino-2-phenylin-
dole) and Triton X-100 (1%) was purchased from Invitrogen
(Thermo Fisher Scientific, USA). Aldehyde/sulfate latex bead (4%
w/v, 4 um), FITC-conjugated CD-81, CD-9, and CD-63 antibodies
were also obtained from Invitrogen (Thermo Fisher Scientific,
USA). Bafilomycin Al was purchased from Millipore Sigma (MA,
USA). The validated rablla, rab27b siRNAs, and lipofectamine
RNAIMAX transfection reagent were purchased from Thermo Fisher
Scientific (USA).

Synthesis of PNA oligomer

PNAs were synthesized using standard Boc-chemistry procedures on
4-methylbenzylhydramine (MBHA) resin as reported previously."*
Three arginine (RRR) residues were conjugated to the N terminus
of PNAs followed by miniPEG linker (OOO) and TAMRA dye.
PNAs were cleaved from the resin using a cocktail of trifluoroacetic
acid (TFA): m-cresol: trifluoromethane sulfonic acid (TFMSA): thio-
anisole. PNAs were then precipitated from the cocktail with diethyl
ether. RP-HPLC was used for purifying the PNAs and molecular
weight of purified PNAs was confirmed using mass spectrometry
(MALDI-TOF). The concentration of PNAs was determined via
UV-Vis spectroscopy using extinction coefficients calculated by
combining the extinction coefficient of individual monomers.

Cell culture
HeLa (ATCC CCL-2) cells were cultured in EMEM medium (ATCC
30-2003) supplemented with 10% FBS without antibiotics.

Cellular uptake via confocal microscopy

The cellular uptake of PNA-155 was studied according to previous
protocols.’’ For live cell imaging, HeLa cells were seeded in 8-well
chambered coverglass (Nunc, Lab-Tek, #155409) overnight and
treated with PNA-155 (4 uM) for 0.5, 1, 2, 4, 6, 8, 12, and 24 h. After
the specified time point, cells were washed and the nucleus was
stained by incubating cells in Hoechst 33342 dye in the incubator. Af-
ter 20 min, cells were washed with PBS and kept in media during the
imaging. For fixed cell imaging, HeLa cells were seeded in 24 well
plates, containing a coverslip of 1 mm thickness overnight at a cell
density of 50,000 cells/well. After the treatment, cells were washed
with phosphate-buffered saline (PBS) twice, followed by incubation
in 4% paraformaldehyde (PFA) for 6-8 min at room temperature
(RT). After washing, cells were incubated in 0.1% triton for 6-
8 min at RT. The coverslips were mounted using the mounting media

containing DAPI (#P36966, Invitrogen) on a glass slide. Samples were
allowed to solidify overnight and were imaged on a Nikon AIR
confocal microscope. The z stacks were captured with 2-4 pm step
size. The captured images were processed in ImageJ software to obtain
the maximum intensity projection. The quantification of cellular
localization was performed using hybrid cell count application in
BZ-X800 image analyzer.

Flow cytometry to quantify exocytosis in HeLa

Flow cytometry was performed to quantify the exocytosis of PNA in
HeLa cells. HeLa cells were seeded in 24-well plates at a cell density of
50,000 cells/well overnight. The cells were treated at the concentration
of 4 uM. After 1 h, cells were washed with PBS (2x) and incubated
again in the fresh media. The cells were trypsinized after 0, 6, 12,
and 24 h of incubation in fresh media. The treatment of cells with
PNA-155 and incubation in fresh media were planned in a manner
that all cells were trypsinized at the same time as 24 h samples. Hence,
all samples (0, 6, 12, and 24 h after incubation in fresh media) were
trypsinized at the same time. The trypsinized cells were washed
with PBS followed by centrifugation at 2,000 rpm at 4°C for 3 min
and suspended in PBS. The cells were quantified for retention of
PNA-155 on a Fortessa X-20 Cell Analyzer at 0, 6, 12, and 24 h of in-
cubation in only media using untreated cells as control. The data anal-
ysis was done using Flow]Jo v10 software.

Isolation of EVs

HelLa cells were seeded in 6-well plates at the cell density of 6 x 10°
cells/well overnight. Three wells were incubated with media contain-
ing 4 uM PNA-155 and three wells were incubated only in media for 1
h. After 1 h, cells were washed thoroughly with PBS and all wells were
incubated in serum free media (without FBS). Here, we used serum-
free medium to prevent the background exosomes present in fetal
bovine serum. The serum free media from each well was collected af-
ter 24 h and subjected to ultracentrifugation according to the estab-
lished protocols for isolation of tumor-derived vesicles.”” The
collected serum-free media from each well was centrifuged at
2,000 rpm for 20 mins at 4°C to remove cells, debris, and apoptotic
bodies. The supernatant was then ultracentrifuged at 48,000 rpm
for 120 mins using Beckman Optima XL-90 (Beckman Coulter, IN,
USA) and the pellet was resuspended in 2 mL PBS. The PBS was again
ultracentrifuged at 48,000 rpm for 120 mins and vesicles in the pellet
were collected for further characterization.

Characterization of TEVs

Size and surface charge

Vesicles isolated from both the untreated HeLa cells (blank TEVs)
and cells treated with PNA-155 (PNA TEVs) were diluted further
in PBS (10x dilution). The hydrodynamic diameter (z-average) of
both the blank and PNA TEV's was measured on a Zetasizer (Malvern
Panalytical, USA). Further, the charge on surface of TEVs was also
determined by measuring the zeta potential at 10x dilution in PBS
at 25°C. NTA was used to measure the size distribution of blank
and PNA-TEVs at 10x dilution in PBS and 25°C on a Nanosight
NS500.
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TEM

To determine the size and morphology, we added 10 uL of TEVs sam-
ple on copper grid of 400 mesh on carbon support film and incubated
for 5-10 mins. TEV's were then washed with 100 pL of 0.5% uranyl ac-
etate to negatively stain the TEVs. The TEV's were allowed to dry at RT.
The sample was then imaged using FEI Tecnai G2 spirit BioTwin at 80
kV voltage. The serum-free EMEM media used for collection of TEV's
was also negatively stained and imaged using the same procedure.

Detection of TEVs via flow cytometry

Both blank and PNA-TEV's were detected and further characterized for
the presence of tetraspanin markers (CD-63, CD-81, and CD-9) on
EVs using flow cytometry according to the previously established pro-
tocols with some modifications.”*” 200 pL of TEVs suspended in PBS
were incubated with 5 pL of aldehyde/sulfate latex beads (4% w/v,
4 pm, #A37304) and kept at RT while shaking at 300 rpm for
20 mins followed by shaking at 4°C overnight. TEV beads were
collected by centrifugation at 2,000 x g for 3 mins. Beads were then
blocked in 100 mM glycine (0.4 mL) at RT while shaking at 300 rpm
for 0.5 h. Beads were further washed with 0.5% w/v bovine serum albu-
min (BSA) and collected by centrifugation at 2,000 x g for 3 mins. Each
TEV-beads sample was then suspended in 200 pL of 0.5% w/v BSA and
was further split into four (50 pL) samples. The samples (50 puL) were
then incubated with CD-63-FITC (#MA1-19602), CD-81-FITC
(#A15753), and CD-9-FITC (#11-0091-82) antibody at RT for 1 h.
TEV beads were then centrifuged (2,000 x g, 3 mins) and resuspended
in 400 pL of 0.5% w/v BSA followed by analysis on a Fortessa X-20. The
data analysis was performed using FlowJo v10 software.

Endocytic recycling inhibition

Rablla siRNA and rab27b siRNA were used for inhibiting two
distinct steps of the endocytic recycling. The impact of endocytic re-
cycling inhibitors on cellular uptake, as well as exocytosis of PNA, was
studied using immunofluorescence and flow cytometry as detailed
below.

siRNA transfection (Rab11a and Rab27b)

Rablla (assay ID #1672) and rab27b (assay ID #11696) siRNAs were
transfected in HeLa cells via reverse transfection using lipofectamine
RNAIMAX transfection reagent (Invitrogen, #13778075) according
to the manufacturer’s protocol. Rabl1a siRNA was used at a concen-
tration of 50 nM and rab27b was used at a concentration of 60 nM.
For reverse transfection, lipofectamine and siRNA (rablla and
rab27b) were mixed with 200 puL of opti-MEM medium and incu-
bated at RT for 20 mins. About 400,000 HeLa cells suspended in
the media were then added to each well in a 6-well plate. Cells were
then allowed to adhere and undergo transfection overnight. The
transfected cells were washed with PBS and trypsinized followed by
collection of the cell suspension and measuring the cell count for
further experimental procedures.

Flow cytometry

HelLa cells transfected with rablla or rab27b siRNA and non-trans-
fected HeLa cells were seeded in a 24-well plate overnight. Cells
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were treated with PNA-155 (4 uM) for 24 h, washed with PBS, and
trypsinized to collect the cell pellet. Cells were suspended in 300 puL
PBS and PNA intensity within the cells was quantified via flow cytom-
etry. 5,000 events were recorded for each sample.

Immunofiuorescence

HeLa cells transfected with rablla and rab27b siRNAs and wild-type
HeLa cells were allowed to seed in 24-well plate at a cell density of
50,000 cells/well. The HeLa cells with rablla or rab27b inhibition
were incubated with PNA-155 (4 uM) for 1 h and 24 h to determine
the impact of rablla and rab27b inhibition on the uptake of PNA.
For immunofluorescence staining, cells were fixed using 4% parafor-
maldehyde. After permeabilization with 0.1% Triton X-100, cells
were blocked for 1 h using 5% w/v BSA at RT. After 1 h of blocking fol-
lowed by washing, cells were incubated with rabl1a primary antibody
(Invitrogen, #815300) at 4 ji,g/mL or rab27b primary antibody (Invitro-
gen, #PA5-8096) at 1:500 dilution in 1% BSA at 4°C and left overnight
in the dark. The following day, goat anti-rabbit immunoglobulin G
(IgG; H+L) highly cross adsorbed Alexa Fluor 488 (1:600 dilution,
1% BSA) was used as secondary antibody and incubated at RT for 1
h. After thoroughly washing the cells, they were mounted using antifade
mounting media with DAPI and allowed to harden overnight. Images
were captured using 60x oil lens in Nikon A1R confocal microscope.

Lysosome staining was performed in live cells by incubating the
treated HeLa cells (8 well chambered coverglass) with and without en-
docytic recycling inhibition (rablla (-) and rab27b (-) HeLa) in
serum-free media containing lysotracker green DND-26 (100 nM; In-
vitrogen, #L7526) for 40 mins at 37°C. Cells were then washed and
nucleus was stained using Hoechst 33342 (Invitrogen, #R37605).
The images were captured on a Nikon AIR at 60x. Z stacks were
taken at a step size of 2-4 pm and maximum intensity projection
of z stacks was obtained using grouped Z-projector in Image].

Gene expression

The cell pellets were collected after indicated time points and total
RNA was extracted using RNeasy mini kit (QTAGEN). Next, cDNA
was synthesized using a high-capacity cDNA reverse transcription
kit (Applied Biosystems). U6 was used as reference for miR-155
and miR-21 levels, while GAPDH was used as a reference gene for
BACHI, FOXO3A, BCL2, and PTEN mRNA levels. Assay-specific
RT primers were used for miR-155 (#467534_mat), miR-21
(#000397), and U6 (#001973). Further, cDNA was amplified and de-
tected using universal master mix with UNG, target-specific primers
in CFX connect RT-PCR detection system (Bio-Rad) under the con-
ditions specified in the assay.
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