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SUMMARY

Gamma peptide nucleic acids (yPNAs) have recently garnered attention in diverse therapeutic
and diagnostic applications. Serine and diethylene-glycol-containing yPNAs have been tested for
numerous RNA-targeting purposes. Here, we comprehensively evaluated the /n vitroand in vivo
efficacy of pH-low insertion peptide (pHLIP)-conjugated serine and diethylene-based yPNAs.
pHLIP targets only the acidic tumor microenvironment and not the normal cells. We synthesized
and parallelly tested pHLIP-serine yPNAs and pHLIP-diethylene glycol -yPNAs that target the
seed region of microRNA-155, a microRNA that is upregulated in various cancers. We performed
an all-atom molecular dynamics simulation-based computational study to elucidate the interaction
of pHLIP-yPNA constructs with the lipid bilayer. We also determined the biodistribution and
efficacy of the pHLIP constructs in the U2932-derived xenograft model. Overall, we established
that the pHLIP-serine yPNAs show superior results /n7 vivo compared with the pHLIP-diethylene
glycol-based -yPNA.
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Dhuri et al. compared the biophysical, cell culture, and /n vivo efficacy of pHLIP-diethylene
glycol -yPNA and pHLIP-serine yPNA conjugates. /n vivo inhibition of microRNA-155 by
pHLIP-yPNA results in the upregulation of multiple microRNA-155 target tumor suppressor
genes and reduced tumor growth.

INTRODUCTION

MicroRNAs (miRNAs) are small noncoding RNAs (18-20 nt long) that bind to the 3°
untranslated region of protein-coding genes and control gene expression.! It has been well
established that miRNAs play a crucial role in key physiological processes, such as growth,
proliferation, apoptosis, and survival.? Various strategies have been attempted to inhibit
dysregulated miRNA, including small-molecule-based inhibitors, miRNA sponges, and
anti-miR designs containing phosphorothioate, locked nucleic acid, and 2" O modification
chemistry.3-14 Various synthetic nucleic acid chemistries have been used to inhibit disease-
associated miRNAs.15-18 |n particular, peptide nucleic acids (PNAs) have gained much
interest because of their miRNA inhibitory activity.1®

PNAs are synthetic analogs of DNA or RNA in which the phosphodiester backbone is
replaced by A-(2-aminoethyl) glycine units.2? PNAs possess various attractive properties,
such as resistance to enzymatic degradation, and have superior binding affinity to
complementary DNA and RNA via Watson-Crick base pairing.2! Various chemical
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modifications have been performed on the PNA to increase its solubility and binding affinity.
Notably, modification of the gamma position of the PNA backbone has been shown to
improve its therapeutic properties. It has been shown that installing a chiral center at

the gamma position pre-organizes the PNA in a right-handed helical conformation, which
further enhances the binding affinity to the complementary nucleic acids via Watson-Crick
base pairing.22 Hence various gamma-modified PNAs, in particular, serine gamma PNAs
(YPNAs; SyPNAs) and diethylene glycol (mPEG) yPNAs (M-yPNAs), have been tested.
SyPNAs and MyPNAs contain the hydroxy group or mPEG group as a side chain at the
gamma position of the backbone, further enhancing their solubility and binding affinity
compared with the regular PNA.23

Like other nucleic acid analogs, delivery remains a challenge for yPNAs in improving their
potency. We have previously established that pH-low insertion peptide (pHLIP) selectively
targets the acidic tumor microenvironment, not the normal bystander cells after systemic
delivery.24 The aspartic acid and glutamic acid residues of the pHLIP get protonated in the
acidic tumor microenvironment followed by increases in hydrophobicity of the pHLIP. This
results in pHLIP folding to form alpha helix from the N to C terminus that partitions across
the bilayer as the transmembrane helix.2>26 Because cargo is conjugated to the C terminus
of pHLIP, under reducing conditions in the cytoplasm, cargo (PNA and -yPNA in this study)
is released and binds to the intended target site.2”~2% We successfully demonstrated that
pHLIP could deliver full-length PNAs and exert its miRNA-inhibitory activity.30 Further,
to advance the PNA-based anti-miR technology, we also established that poly-lactic-co-
glycolic acid-based nanoparticles encapsulated by short anti-seed regular PNAs conjugated
with the arginine (Arg) amino acids could target miR-155 effectively.3! Similarly, other
studies indicated that dendrimer and liposome-based strategies could also be implied to
deliver anti-miR PNAs.32 Although nanoparticles and liposomes have shown success to
some extent, clearance by the reticuloendothelial system and endosome entrapment are

the barriers the nanoparticle system must overcome to be efficacious.33:34 The delivery

of nanoparticles to the tumor depends on the enhanced permeability and retention (EPR)
effect and tumor vasculature.3> Therefore, alternative methods to deliver PNAs are needed
to circumvent these issues and provide tumor-targeted delivery.36 We noted that pHLIP-
based delivery platforms offer an advantage over solid nanoparticle-based delivery strategies
because they do not rely on the EPR effect and do not undergo endosomal entrapment
because of a lack of uptake through endocytic pathways.26 However, prior work established
that pHLIP could not deliver charged molecules across the membrane. Hence, testing the
non-cationic chemically modified gamma anti-seed PNA with an optimal binding affinity
that inhibits the miRNA is imperative.

In different formulations and pHLIP conjugates, PNA and -yPNA have been tested /n

vivo for toxicity analysis. It is well established that PNA- and -yPNA-based therapeutic
modalities do not exert any adverse cell-, organ-, and immune-based toxicity. Prior studies
demonstrated that oligonucleotides with negative-charge backbone or CG dinucleotide
repeat exhibit immune and non-specific binding-based toxicity.36-42 In contrast, PNAs
containing neutral backbone do not cause activation of an immune response.
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Here, we comprehensively tested the next-generation SyYPNAs and miniPEG yPNAs in
conjunction with the pHLIP. We also tested /n vitroand in vivo efficacy in the U2932
lymphoma cell line and in the U2932 cell-line-derived xenograft mouse model. The results
presented in this study demonstrate the feasibility of an approach where short yPNA can be
delivered via the pHLIP delivery system. In this study, we made a head-to-head comparison
of pHLIP-conjugated SyPNA- and MyPNA-based technologies. Overall, this technology
can be utilized to deliver antisense oligomer for diverse therapeutic applications.

Anti-seed yPNA designs and biophysical analysis

We tested the miRNA-inhibitory activity of three different PNA chemistries: regular PNA
(PNA 1), mPEG-containing yPNA (MyPNA 2), and SyPNA (SyPNA 3) (Figure 1A). We
designed and synthesized short anti-seed (8-nt) yPNAs targeting the seed region of miR-155
(Figure 1B). The N terminus corresponds to 5" end and C terminus corresponds to the 3’
end of the PNA. A cysteine (C) amino acid was incorporated at the 3" termini of the PNA
sequences to facilitate conjugation with pHLIP. We synthesized control scrambled yPNA
(Scr-SyPNA 4). We attached a 5-carboxytetramethylrhodamine (Tamra) fluorophore at the
5’ PNA to probe cellular uptake and biodistribution in xenograft mice (PNA T5, MyPNA
T6, SyPNA T7; Figure 1). We synthesized full-length regular PNA (PNA 8) to compare
its activity relative to short SyPNA (SyPNA 3). All the PNAs were synthesized using
solid-phase synthesis followed by reverse-phase high-performance liquid chromatography
(RP-HPLC) purification.

The binding affinity of the PNA/yPNA to the miR-155 target was evaluated using thermal
denaturation (melting) analysis (Figure 1C). We noted that MyPNA 2 and SyPNA 3 showed
higher thermal melting (50.6°C and 52.6°C, respectively) compared with the regular PNA

1 (40.7°C). These results were expected as gamma-modified PNAs pre-organize to a right-
handed helical structure resulting in the enhanced binding affinity to the target. We noted a
slight increase (2.0°C) in the thermal melting of SyPNA 3 compared with MyPNA 2.

Next, we conjugated the PNA/yPNAs to pHLIP by disulfide exchange reaction. The pHLIP-
PNA/yPNAs conjugates were purified by RP-HPLC (Figure S1). We also evaluated the
binding affinity of pHLIP-PNA and pHLIP-yPNA constructs to the target miR-155 by gel
shift assay (Figure 1D). The samples were incubated at physiological salt conditions and
temperature for 1 h. The reducing agent tris 2-carboxyethyl phosphine (TCEP) was used

to simulate the disulfide bond cleavage. We did not notice a retarded band for PNA 1
(Figure 1D, lanes 2-4). MyPNA 2 and SyPNA 3 showed considerable binding with the
miR-155 target, as observed by retarded bands (Figure 1D, lanes 6 and 10). The upper band
corresponds to the complex of MyPNA 2 dimer with miR-155 (Figure 1D, lane 6) and the
complex of SyPNA 3 dimer with miR-155 (Figure 1D, lane 10). The pHLIP-MyPNA 2
and pHLIP-SyPNA 3 also showed binding with the target miR-155 as indicated by retarded
bands (Figure 1D, lanes 7 and 11). The MyPNA 2 and SyPNA 3 complexes exhibited
significant binding with the miR-155 target in the presence of TCEP (Figure 1D, lanes 8
and 12). We also quantified the binding affinity by measuring the intensity of the unbound
fraction by ImageJ software (Figure S2).
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Molecular dynamics simulation of pHLIP-PNA/yPNA interaction with membrane bilayer

We compared the insertion depth of pHLIP-PNA 1, pHLIP-MyPNA 2, and pHLIP-SyPNA
3 in the 1,2-dipalmitoylphosphatidylglycerol (DPPG) membrane bilayer (Figure 2A). The
pHLIP-PNA 1, pHLIP-MyPNA 2, and pHLIP-S-yPNA 3 are horizontally positioned above
the membrane bilayer at the initial start point of 0 ns. The pHLIP-PNA 1, pHLIP-MyPNA
2, and pHLIP-SyPNA 3 insert in the upper bilayer leaflet at 750 ns. The pHLIP-PNA

1 and pHLIP-MyPNA 2 partially insert in the upper leaflet of bilayer at 1,000 ns. The
pHLIP-SyPNA 3 traverses the upper leaflet of the bilayer at 1,000 ns. We observed distinct
transitions in pHLIP-PNA 1, pHLIP-MyPNA 2, and pHLIP-SyPNA 3 conformations at 750
and 1,000 ns (Figure S3).

We next evaluated molecular interaction energy of pHLIP-PNA 1, pHLIP-MyPNA 2, and
pHLIP-SyPNA 3 with DPPG membrane bilayer using van der Waals (vdW) energy versus
time plot (Figure 2B). The pHLIP-PNA 1 (black) and pHLIP-SyPNA 3 (pink) showed a
rapid energy gain (or significant reduction) of —1,300 kJ mol=1 on first contact with the
upper leaflet at 200 ns, whereas pHLIP-M-yPNA 2 (blue) showed an energy gain of —-650
kJ mol~1 at 200 ns. The pHLIP-PNA 1 and pHLIP-MyPNA 2 showed a modest gain of
-1,500 kJ mol~1 between 200 and 1,000 ns. The pHLIP-SyPNA 3 exhibited an energy gain
of —1,700 kJ mol~1 between 200 and 1,000 ns. The more negative interaction energy value
indicates the increased attraction between pHLIP-SyPNA 3 and the membrane bilayer.

The define secondary structure of proteins (DSSP) program was employed to study the
secondary structure transitions based on hydrogen bonds and geometric patterns from 0

to 1,000 ns for pHLIP-PNA 1, pHLIP-MyPNA 2, and pHLIP-SyPNA 3 (Figure 2C). The
N terminus (residue no. 1) for pHLIP-PNA 1 (Figure 2C, top, blue) and pHLIP-SyPNA
(Figure 2C, bottom, blue) exhibited helical conformations from 0 to 1,000 ns. The pHLIP-
M-yPNA 2 showed helical conformations up to 600 ns (Figure 2C, center, blue). The C
terminus (residue no. 37, where pHLIP is conjugated to PNA/yPNAs) of pHLIP-PNA 1,
pHLIP-MyPNA 2, and pHLIP-SyPNA 3 exhibited coils, bends, and turns (shown in white,
green, and yellow, respectively). The pHLIP-PNA 1 (Figure 2C, top, residue no. 10-37)
transitioned from a helical structure to coil, bend, and turn orientations between 400 and
1,000 ns. The middle portion of pHLIP-M-yPNA 2 (Figure 2C, center, residue no. 10-28)
and pHLIP-SyPNA 3 (Figure 2C, bottom, residue no. 10-16 and 23-28) retained the helical
structures. We observed very few alpha-helical structures for pHLIP-PNA (Figure 2C, top,
residue no. 3-10) and alpha-helical, 5-helical (maroon) structures for pHLIP-MyPNA 2
(Figure 2C, center, residue no. 17-28) at 1,000 ns. The N terminus (Figure 2C, bottom,
residue no. 4-16 and 24-28) of pHLIP-SyPNA 3 shows alpha helix, 5-helix, and 3-helix
(gray) at 1,000 ns. The flexibility of pHLIP-PNA/pHLIP-yPNA was evaluated in detail by
performing the analysis of the root-mean-square fluctuations (RMSFs) (Figure S4). The
degree of flexibility of each residue in pHLIP-PNA and pHLIP-yPNA conjugates with
respect to time-averaged coordinates was calculated at 300 K to determine the influence

of PNA and -yPNA on the flexibility pHLIP structure. The pHLIP structure was highly
flexible when conjugated to PNA 1 (black) and MyPNA 2 (blue), as indicated by the RMSF
values ranging from 0.217 to 0.622 nm (a difference of 0.405 nm) and 0.656 to 0.160

nm (a difference of 0.496 nm), respectively. The flexibility of the pHLIP structure was

Cell Rep Phys Sci. Author manuscript; available in PMC 2023 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dhuri et al.

Page 6

reduced, and it exhibited fluctuations within only a narrow range of 0.285-0.554 nm (a
difference of 0.269 nm) when conjugated to SyPNA 3 (pink). The C terminus (residue no.
33-35) of pHLIP-PNA 1 and pHLIP-M-yPNA 2 had higher flexibility than pHLIP-SyPNA
3. These results suggest higher stability (because of lower fluctuations) of pHLIP-SyPNA 3
in maintaining the helical conformation that aids in the membrane insertion process.

The mass density profiles along the bilayer normal (z coordinate) for phosphate head and
glycerol esters were calculated (Figures 2D, 2E, and S5). The bilayer thickness calculated as
the distance between the peaks of the phosphate head groups was approximately 4 nm for
pHLIP-PNA 1, pHLIP-MyPNA 2, and pHLIP-SyPNA 3. The mass density of the upper and
lower leaflets exhibited different patterns, with pHLIP-SyPNA 3 showing a higher degree
of asymmetry (Figure 2D, bottom, density difference between two peaks is 156 kg m=3)
than pHLIP-MyPNA 2 (Figure 2D, center, slightly asymmetric with a density difference of
99 kg m3) and pHLIP-PNA (Figure 2D, top, density difference of 24 kg m=3). A similar
asymmetry was observed for glycerol ester groups, with the upper monolayer having a much
lower density relative to the lower monolayer for pHLIP-SyPNA 3 insertion (Figure 2E,
bottom, density difference 160 kg m~3) than for pHLIP-MyPNA 2 insertion (Figure 2E,
center, difference 111 kg m=3) and pHLIP-PNA insertion (Figure 2E, top, density difference
of 8 kg m™3). A higher degree of asymmetry in the mass density of phosphate head groups
and glycerol esters for pHLIP-SyPNA 3 signifies greater membrane insertion.

Cellular uptake in U2932 lymphoma cells

We evaluated the cellular uptake of pHLIP-PNA-Tamra and pHLIP-yPNA-Tamra in U2932
lymphoma cells. This experiment was conducted in acidic pH (6.4) media to mimic the
acidic tumor microenvironment. We performed cellular uptake of pHLIP-PNA T5, pHLIP-
MyPNA T6, and pHLIP-SyPNA T7 in U2932 cells at 500 nM dose after 4-h treatment
duration. Our confocal results reveal that pHLIP-SyPNA T7 showed more cellular uptake
than pHLIP-PNA T5 and pHLIP-M-yPNA T6 (Figure 3A). Based on the flow cytometry
results, we also observed higher uptake of pHLIP-ySPNA T7 compared with other controls
(Figure 3B). Overall, pHLIP-SyPNA T7 showed ~3.5-fold higher uptake in U2932 cells

as compared with pHLIP-PNA T5 and pHLIP-MyPNA T6 (Figure 3C). Because the pHLIP-
serine gamma-modified PNA showed a higher binding affinity to miR-155 target (Figures
1B and 1C) and higher cellular uptake, we designed a scrambled SyPNA 4 sequence
(pHLIP-Scr-SyPNA 4) for further study.

Evaluation of miR-155 and downstream target levels in U2932 cells

We assessed the extent of miR-155 inhibition in U2932 lymphoma cells after treatment with
pHLIP-PNA or pHLIP-yPNA. We observed a 20%, 30%, and 50% decrease in miR-155
levels after treatment with a 500 nM dose of pHLIP-PNA 1, pHLIP-MyPNA 2, and
pHLIP-SyPNA 3, respectively, for 24 h (Figure 4A). The full-length PNA 8 showed a

90% decrease in miR-155 levels (Figure S6). We also evaluated the gene expression of
miR-155 downstream target genes (Figure 4B). The CSFIR levels increased by ~33% with
pHLIP-PNA 1 and pHLIP-MyPNA 2 and by ~83% in the pHLIP-S-yPNA 3-treated group.
Inhibiting miR-155 increases the expression of tumor suppressor genes such as CASPASE3
and 7GP53that are directly involved in apoptosis.*3 The CASPASE3 levels increased by
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20% with pHLIP-PNA 1 and in pHLIP-MyPNA 2 and by 40% in the pHLIP-SyPNA
3-treated group. The pHLIP-MyPNA 2- and pHLIP-SyPNA 3-treated mice showed an
increase in 7GP53 levels by 10% and 30%, respectively. The silencing of miR-155 inhibits
tumor cell-cycle progression and induces programmed cell death by upregulating the tumor
suppressor gene FOX03** The pHLIP-PNA 1-, pHLIP-MyPNA 2-, and pHLIP-SyPNA
3-treated groups showed an increase in FOXOS3 levels by 10%, 60%, and 60%, respectively.
The tumor suppressor gene BACH negatively regulates tumor cell proliferation, apoptosis,
and the hypoxia response.*® Inhibiting miR-155 increased BACHI levels by 20% in the
pHLIP-MyPNA 2- and pHLIP-SyPNA 3-treated group. Thus, inhibiting miR-155 using
pHLIP-yPNA results in the de-repression of multiple miR-155 target tumor suppressor
genes.

Treatment efficacy in U2932 cells

We determined the extent of cell apoptosis using an Annexin V assay and observed a 40%
increase in apoptotic cells upon treatment with pHLIP-PNA 1. We also noted a 60% increase
in apoptotic cells upon treatment with pHLIP-MyPNA 2 and pHLIP-SyPNA 3 (Figure

5A). We next quantified the anti-apoptotic Mcl-1 protein levels by western blot analysis.
The pHLIP-PNA 1 showed a 70% decrease in Mcl-1 levels, whereas the pHLIP-SyPNA

3 showed an 80% decrease in Mcl-1 levels compared with the PBS-treated group (Figure
5B). The PBS- and pHLIP-Scr-S-yPNA 4-treated mice showed similar Mcl-1 levels as
expected (Figure S7). We evaluated the efficacy of pHLIP-PNA 1, pHLIP-M-yPNA 2, and
pHLIP-SyPNA 3 in U2932 cells at 500 nM dose by MTS assay (Figure S8). We used
pPHLIP-Scr-SyPNA 4 as a sequence scrambled control. The pHLIP-PNA 1 showed an ~10%
decrease in U2932 cell viability, whereas pHLIP-MyPNA 2 and pHLIP-SyPNA 3 showed
~25% decrease in cell viability (Figure S8).

Biodistribution of pHLIP-yPNA-Tamra conjugates in U2932 xenograft mice

We performed a biodistribution study to evaluate the tumor targeting of pHLIP-yPNA
conjugates. U2932 xenograft mice were dosed (3 mg kg™1) with pHLIP-PNA T5, pHLIP-
MyPNA T6, and pHLIP-SyPNA T7 conjugates by systemic delivery via retro-orbital route.
Further, we evaluated the fluorescence in mice in the indicated organs and the tumor mass
by in vivoimaging system (IVIS) imaging 24 h post-injection (Figure 6A). As expected,
we noted predominant biodistribution in the tumor for pHLIP-PNA T5, pHLIP-MyPNA T6,
and pHLIP-SyPNA T7 conjugates (Figure 6A). We noted optimal retention of Tamra in

the pHLIP-SyPNA T7-treated mice followed by MyPNA T6- and pHLIP-PNA T5-treated
groups. As expected, pHLIP showed biodistribution in the kidneys as a result of the acidic
environment. We next quantified the fluorescence intensity of the pHLIP-PNA-tamra or
pHLIP-yPNA-tamra in the tumor sections. We found the pHLIP-SyPNA T7 showed a
higher tumor accumulation as compared with pHLIP-PNA T5 and pHLIP-MyPNA T6
(Figure 6B). We also observed significantly less accumulation of pHLIP-SyPNA T7 in

the kidney compared with pHLIP-PNA T5 and pHLIP-MyPNA T6 (Figure 6B). Next, we
confirmed the uptake of PNA-tamra in the mouse tumor cryosections, confirming its uptake
in the tumor cells (Figure 6C).
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In vivo efficacy in U2932 xenograft mice

Further, we studied the efficacy of pHLIP-yPNA conjugates in the U2932-derived xenograft
mice. We generated the U2932 cell-line-derived xenograft model based on an established
protocol.*6 We performed multiple dosing (3 mg kg™1) by systemic delivery in the U2932-
derived xenograft mice once tumors reached a volume 100-200 mm?3 (Figure 7A). Mice
were sacrificed once the tumors reached 2 cm3. We noted an increase in survival with the
pHLIP-MyPNA 2- and pHLIP-SyPNA 3-treated mice compared with pHLIP-PNA-1-treated
mice (Figure 7A). We also tested the scrambled control and noted that the survival rate of
the PBS and pHLIP-Scr-SyPNA-4 are similar (Figure S9).

Further, to test for miR-155 engagement, we evaluated the miR-155 levels in the excised
tumors. First, we isolated the U2932 tumor cells from the mouse cells by magnetic-bead-
based separation. In gene expression analysis, we observed an ~20% decrease in miR-155
levels in pHLIP-PNA 1-treated mice and an ~60% decrease in miR-155 levels in the
pHLIP-MyPNA 2-treated groups. The pHLIP-SyPNA 3 mice showed an ~65% decrease
in miR-155 levels (Figure 7B). Further, we determined the miR-155-regulated tumor
suppressor gene expression levels in the tumor samples. We observed an increase in
PICALM, BACHI1, CASPASE 3, and CUX1 gene expression levels in pHLIP-M-yPNA

2- and pHLIP-SyPNA 3-treated mice (Figure 7C). The PICALM levels were increased by
40% and 50% for the pHLIP-M-yPNA 2- and pHLIP-SyPNA 3-treated mice, respectively.
The pHLIP-MyPNA 2- and pHLIP-SyPNA 3-treated mice showed a 60% increase in
BACH!1 levels as compared with pHLIP-Scr-SyPNA 4-treated mice. We also observed a
45% and 60% increase in CASPASES3 levels for the pHLIP-M-yPNA 2 and pHLIP-SyPNA
3 treatment group as compared with the scrambled control. CUXZ levels increased by 50%
and 60% for the pHLIP-M-yPNA 2- and pHLIP-SyPNA 3-treated mice, respectively. We
observed an increase in the JARID2 by 30% in pHLIP-MyPNA 2-treated mice, whereas
SHIP1 levels were increased by 40% in pHLIP-SyPNA 3-treated mice as compared with the
pHLIP-Scr-SyPNA 4-treated mice. The miR-155 and downstream gene expression profiles
of PBS and pHLIP-Scr-SyPNA 4 are similar (Figures S10 and S11).

Further, we determined that the levels of anti-apoptotic protein Mc/-1, which is a target for
miR-155,4" was decreased by 23% in the pHLIP-SyPNA 3-treated group (Figure 7D). We
also confirmed that the pHLIP-SyPNA 3-treated mice showed a 30% reduction in Mcl-1
protein levels (Figure 7E).

We next evaluated the Ki-67 levels in the tumor samples by immunohistochemical (IHC)
staining. We found that pHLIP-SyPNA 3-treated mice showed less Ki-67 staining than
pHLIP-PNA 1- and pHLIP-MyPNA 2-treated mice (Figures S12A and S12B).

We also evaluated the H&E sections of the heart, kidney, liver, lung, and spleen of
pHLIP-Scr-SyPNA 4-, pHLIP-PNA 1-, pHLIP-MyPNA 2-, and pHLIP-SyPNA 3-treated
groups in a blinded manner to ensure its safety (Figure S13). Further, we confirmed the
safety of pHLIP-yPNA conjugates by evaluating a metabolic panel of the liver (alkaline
phosphatase, aspartate aminotransaminase, lactate dehydrogenase) and kidney-associated
enzymes (blood urea nitrogen, creatinine) in the pHLIP-yPNA conjugate-treated groups
(Table S1). Similarly, a complete blood count profile further confirmed the lack of toxicity
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of the pHLIP-yPNA conjugates (Table S2). We evaluated the safety ofthe pHLIP-PNA
conjugates on human embryonic kidney (HEK293) cells by MTS assay. As expected, the
HEK?293 cells showed no signs of toxicity when treated with pHLIP-PNA conjugates at a
500 nM dose for 24-h treatment duration (Figure S14). Overall, all the above results strongly
point to the safety of pHLIP-PNA and pHLIP-yPNA conjugates.

DISCUSSION

vPNA-based antisense inhibitors have shown potential in numerous applications.#8:49
Depending on the functional groups at the gamma position, various generations of gamma-
modified PNAs have been evaluated. Still, the targeted delivery of yPNA-based inhibitors
has been an unresolved area. In addition, the physicochemical and biological properties of
vPNAs have been studied to some extent; however, their properties in conjunction with

the specific delivery platforms have not been evaluated. In this study, we performed a head-
on comparison of MPEG- and serine-based -yPNAS in conjunction with the pHLIP-based
delivery system. We chose the pHLIP-delivery system because it has shown potential in
delivering diverse types of cargo in tumor acidic conditions.5° In addition, recently, pHLIP
has shown prospects in delivering small-molecule-based inhibitors and has been studied in
clinical trials.5!

Both mPEG- and serine-based -yPNAs possess superior binding and solubility features
compared with regular PNAs. mPEG-based yPNAs are effective in anti-miR, antisense, and
gene-editing-based applications in conjunction with the PLGA nanoparticle-based delivery
platforms.52 In our prior work, we established that serine-modified yPNAs have enhanced
anti-miR activity compared with the regular PNAs.4¢ To our knowledge, this is the first
study where we performed the parallel comparison of the pHLIP-conjugated MyPNA and
SyPNA. We tested the anti-seed design of both yPNAs because multiple studies indicated
that the anti-seed miRNA inhibitor can target potential miRNA biomarkers and has superior
features in terms of ease of synthesis and more druggable properties. It has been established
that the chemically modified yPNAs can exert ample activity without exerting any sequence-
specific off-targets.28

In this study, we synthesized short anti-seed yPNA-based anti-miR-155 oligomers and its
pHLIP conjugates. Initial thermal denaturation studies indicated a higher thermal binding of
MyPNA 2 and SyPNA 3 than the regular PNA 1. These results were anticipated because
YPNAs have a preorganized helical conformation that increases their binding affinity with
miR-155. Further, we established the binding of pHLIP-MyPNA 2 and pHLIP-SyPNA 3 in
reducing and non-reducing conditions with miR-155 by gel shift assays. Also, we confirmed
their superior binding affinity compared with the regular PNAs. Further, we evaluated their
cellular uptake by confocal microscopy and flow cytometry analysis and noted that pHLIP-
SyPNA conjugates demonstrate slightly superior uptake, followed by the MyPNA-based
conjugates. One plausible mechanism could be increased internalization because of more
stable alpha-helical formation. Further, cell-culture-based uptake studies in the presence of
endocytic inhibitors are required to decode the actual uptake mechanism. The increased
uptake can be related to the conformation of the pHLIP-yPNA conjugates. Circular
dichroism studies are insufficient to determine the conformation because of overlapping
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maxima and minima of helical yPNA and pHLIP. Advanced studies using small-angle X-ray
scattering (SAXS), small-angle neutron scattering (SANS), and atomic force microscopy
(AFM) can be performed to determine the conformation of pHLIP-yPNA conjugates.>3:>4

Further, we also attempted to understand the mechanisms of pHLIP-yPNA conjugates by
using computational tools. The calculations of vdW energy indicate that the different forms
of partial insertion can be achieved thermodynamically at a temperature of 300 K. At an
acidic pH, pHLIP conjugates become more hydrophobic, which makes it more energetically
favorable to insert into the 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) bilayer. The
initial rapid increase in energy and strong interaction observed during the first reduction
(Figure 2B) may be attributed to the increased hydrophobicity of pHLIP resulting from

the protonation of the transmembrane residue Asp and the C-terminal residues Asp/Glu
(glutamate). This increase in hydrophobicity was also suggested by a previous study.>®
Furthermore, the evaluation of the center-of-mass (COM) distance indicates that pHLIP-
SyPNA 3 is inserted deeper into the bilayer (Figure 2A), and the stronger interaction energy
further confirms that SyPNA facilitates entry into the bilayer. This is because the initial
helical structure of pHLIP was more pronounced and was better preserved in pHLIP-SyPNA
3 than in any of the other conjugates depicted in Figure 2C. This is also evident in the
analysis of the RMSFs (Figure S4), which shows that the residues in pHLIP-SyPNA3 are
more stabilized, which could also be caused by the more stable structure of pHLIP-SyPNA
3.56 Furthermore, the helical structures in both pHLIP-MyPNA 2 and pHLIP-PNA 1 are lost
by 68% and 79%, respectively, of their initial helical structures at 1,000 ns, whereas there

is a 50% loss for pHLIP-SyPNA 3, which indicates the stability of the secondary structure
of pHLIP was maintained well by connecting with the SyPNA fragment. The greater
stability of the conjugate, as indicated by the RMSF and DSSP analyses, could improve

the interaction between the conjugate and the bilayer, ultimately leading to an increased
uptake by the cells.5” Recent studies have indicated that the insertion of pHLIP into POPC
bilayers causes minimal disruption and does not induce membrane leakage.2%:58:59 However,
when assessing the pHLIP conjugates upon insertion, the difference in mass density of

the upper leaflet suggests that the membrane insertion of pHLIP conjugates perturbs the
structure of the POPC bhilayer to some extent. Nevertheless, what is particularly noteworthy
is that the insertion of pHLIP-S-yPNA 3 had a greater impact on the mass density of the
lipid phosphate head and glycerol ester groups because of its deeper insertion and stronger
interaction with the bilayer, which verified the previous observations and analysis.

Our cell culture studies indicated that pHLIP-SyPNA 3 showed slightly higher miR-155
gene knockdown than pHLIP-M-yPNA 2. Further, we confirmed better upregulation of
tumor suppressor downstream target genes for the pHLIP-SyPNA 3-treated U2932 cells,
followed by pHLIP-M-yPNA 2. These results could be attributed as a result of the higher
uptake of pHLIP-yPNA conjugates. We also corroborated these results with the cell
viability analysis and noted an optimal decrease in the cell viability with the pHLIP-yPNA
conjugates. Prior studies centered on RNA sequencing (RNA-seq) studies indicated that
PNA can effectively target miR-155, affect the tumor biology, and cause a decrease in the
tumor growth.30
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pHLIP has made strides in delivering cytotoxic agents, fluorophores, regular PNAs, and
cyclic peptides to the acidic tumor microenvironment.®% During our biodistribution studies,
we noted optimal biodistribution of pHLIP-SyPNA conjugates followed by pHLIP-MyPNA.
In the prior studies, it was well established that pHLIP constructs also accumulate in

the kidneys. Interestingly, the pHLIP-SyPNA conjugate-treated mice showed significantly
lower kidney retention and higher tumor accumulation at 24 h post-injection compared
with the pHLIP-PNA T5- and pHLIP-MyPNA T6-treated mice. Our computational studies
indicated that pHLIP-SyPNA has superior transmembrane insertion compared with the
miniPEG-gamma-based constructs, and this may support increased tumor accumulation
compared with clearance in the kidneys. Still, the mechanism by which serine-modified
YPNA has better retention in the tumor compared with the diethylene-glycol-based yPNAs
needs to be investigated.

Further, we also confirmed uptake in the tumor cryosections. During /in vivo efficacy studies,
our results indicated that pHLIP-SyPNA has superior miR-155 inhibitory activity and better
survival than the pHLIP-MyPNA.

Although a detailed mechanistic understanding of cellular translocation of a diverse class of
YPNAs needs to be evaluated, our results show the benefits of SyPNA over the MyPNA.
Although M-yPNAs have been extensively used in the past for numerous applications,
M+yPNAs are still not commercially available. Another major challenge associated with
diethylene-based yPNAs is racemization during the monomer synthesis. The reaction of
mPEG with the hydroxy group in the basic conditions can result in potential racemization,
which can decrease its efficacy because of the presence of both D and L conformations.

In contrast, SyPNA monomers do not require the additional steps that could cause the
racemization.23 Overall, we demonstrated the feasibility of a SyPNA-based approach that
can be used for various applications, including antisense and gene-targeting-based strategies.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact—*Further information and requests for resources should be directed to the
lead contact, Raman Bahal (raman.bahal@uconn.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—Data reported in this paper will be shared by the lead
contact upon request. This study did not report original code.

PNA synthesis and PNA-pHL I P conjugation: Boc-protected monomers required for
regular PNA, miniPEG PNA, and serine PNA synthesis were purchased from ASM
Research Chemicals (Hannover, Germany). The monomers were vacuum dried for a week
before starting the synthesis. The coupling solution was made fresh for the synthesis.
Around 100 mg cysteine-loaded resin was taken in reaction vessel and soaked in
dichloromethane (DCM) for around 5 h. The DCM was drained off, and the resin was
deprotected using trifluoroacetic acid (TFA):m-cresol (95:5) solution for 5 min (three times).
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The resin was washed with DCM and N,N-dimethylformamide (DMF). The monomer

was dissolved in coupling solution composed of 0.52 mol/L di-isopropylethylamine and
0.39 mol/L O-benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate and 0.2
mol/L N-methyl pyrrolidone (NMP). This coupling reaction was continued for 1.5 h
followed by resin washing with DCM and DMF. Kaiser test was performed to confirm

the success of coupling and deprotection steps. The capping was performed using a mixture
of NMP, acetic anhydride, and pyridine, followed by resin washing with DCM. All the above
steps were repeated until the last monomer was coupled. The PNA was cleaved from the
resin using a cleavage cocktail comprising dimethyl sulfide, m-cresol, TMFSA, and TFA
(1:1:2:6). The PNA was collected after 1.5 h and precipitated using cold diethyl ether and
then centrifuged at 3,500 rpm for 5 min (three times). The PNA was vacuum dried and
purified by reverse-phase RP-HPLC (Shimadzu). The PNA concentration was calculated by
measuring the absorbance at 260 nm on NanoDrop One (Thermo Fisher Scientific, Waltham,
MA) using the extinction coefficient of individual monomers (13,700 M~ ecm=1 [A], 11,700
M~1cem=1[G], 8,600 M~1 cm™1 [T], 6,600 M~ cm™1 [C]). The PNA was freeze dried

for conjugating with pHLIP (Labconco, Kansas, MO). pHLIP was purchased commercially
from Vivitide peptide (Gardner, MA, USA). The freeze-dried pHLIP was reconstituted in

a solution of dimethylsulphoxide:dimethyl formamide in a 1:1 ratio. A solution of 1 mM
pHLIP was added to the freeze-dried PNA such that the PNA:pHLIP molar ratio was 1:1.5.
The solution was protected from light and agitated on a shaker at 800 rpm for 24 h. The
PNA-pHLIP conjugates were purified using RP-HPLC.

Thermal melting: The DNA target was purchased from Keck Oligo. The concentration of
PNA and DNA target was measured using NanoDrop. The PNA and DNA were taken in
aratio of 1:1. The samples were made in high-salt buffer (2 mM MgCls,, 150 mM KClI,

10 mM sodium phosphate). The samples were heated at 95°C for 2 min, and the sample
temperature was bought to room temperature. The absorbance of samples was measured
using UV visible spectrophotometer wherein the samples were first run from 95°C to 25°C
at the rate of 0.2°C min~1 followed by heating back from 25°C to 95°C. Cuvettes of 1-cm
path length and 1,000-uL sample volume were used for the experiment.

Gel shift assay: The polyacrylamide gel is prepared by adding 7.3 mL water, 2.5 mL 40%
acrylamide/bisacrylamide solution (19:1 ratio), 2.5 mL 5X tris boric EDTA (TBE) buffer,
50 uL 0.5 M EDTA, 125 pL ammonium persulfate (10% wi/v), and 12.5 L TEMED. This
solution is mixed and quickly added in between the gel casting plates. A comb is inserted on
the top of the gel casting plates to form the wells in the gel. The comb is removed once the
gel is solidified, and the gel is placed in the electrophoresis cell, which is then filled with 1X
TBE buffer. The samples were made in physiological buffer (2 mM MgCl,, 150 mM KClI,
10 mM NaPi). The PNA and DNA samples were added in a ratio of 2:1. TCEP was added to
the samples in lanes 4, 8, and 12. The samples were incubated for 1 h at 37°C. The samples
were subjected to polyacrylamide gel electrophoresis for 120 V for 35 min. The gel was
stained with SyBr Gold for 2 min followed by imaging in Gel Doc EZ imager (Bio-Rad).

Simulation system setup and preparation: The amino acid sequence of pHLIP used in this
study is AAEQNPIYWARYADWL FTTPLLLLDLALLVYDADEGTCG. Triggered bilayer

Cell Rep Phys Sci. Author manuscript; available in PMC 2023 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dhuri et al.

Page 13

insertion was performed using conventional MD simulations to understand the different
conjugated molecules, i.e., pHLIP-PNA, pHLIP-MyPNA, and pHLIP-SyPNA. The helical
structure of the conjugate molecules was constructed using Avogadro software and the
Automated Topology Builder (ATB) platform.1-63 The amino acid residues such as Arg
on pHLIP were protonated, whereas Glu and Asp were deprotonated, which fits with the
experimental condition of pH 6.6 and was confirmed by the calculation from MarvinSketch
pKa plugin (http://www.chemaxon.com/ ).84.65 Initially, the molecules were given a helical
structure with their backbones positioned parallel to the upper leaflet of the bilayer with a
COM distance of approximately 2.2 nm using Gromacs 2022 utility gmx editconf.%6 This
initial structure and orientation have been adopted previously for a similar study of various
peptide bilayer insertions and membrane perturbations.5%67-73 As shown in Figure 2A, a
simulation box with dimensions of 6.5 x 6.5 x 10 nm3 was initially constructed with the
so-called ““Berger lipids.” 74 The lipid bilayer includes 128 POPC molecules with 64 lipids
in each monolayer. The initial coordinates were acquired from Dr. Peter Tieleman’s website
(https://people.ucalgary.ca/~tieleman/download.html). In addition, a total number of 7,864
simple point charge (SPC) water molecules were placed randomly in the simulation box.
The concentration of 0.1 M sodium chloride buffer salts, i.e., 26 and 31 Na*, was placed
randomly in the final solvated system using Gromacs 2022 utility gmx insert-molecule.56

Simulation details: The Gromacs 2022 software package with GROMOS96 force fields
was used for all MD simulations performed in this study.56 The steepest descent algorithm
was adopted for the system minimization in 10,000 steps. The first equilibration was
implemented under isothermal-isochoric NVT (conserved number of particles N, volume V,
and temperature T) for 1 ns at T = 300 K. This was followed by a second equilibration under
isothermal-isobaric NPT (conserved number of particles N, pressure P, and temperature T)
for another 1 nsat p = 1 bar and T = 300 K. The production runs were carried out for

three pHLIP conjugate molecules, i.e., pHLIP-PNA, pHLIP-M-yPNA, and pHLIP-SyPNA,
in the acidic condition of pH 6.6. Each simulation was repeated five times with the new
randomly assigned seeds for velocity distribution. The convergence of the potential energy
(data not shown here) confirmed the equilibration of the system. Moreover, the production
runs were implemented under the NPT ensemble using a Nose-Hoover thermostat and
Parrinello-Rahman barostat at p = 1 bar in every 2-fs time step.”® The bond lengths of the
peptides and lipids were constrained with LINCS. The temperature and pressure coupling
were employed with a time constant of 0.1 and 2.0 ps, respectively. Along with particle
mesh Ewald (PME) for long-range electrostatics, the periodic boundary conditions (PBCs)
were applied for the X, y, and z directions in all simulation systems. The standard cutoff

of 1.2 nm was adopted for computing the nonbonded interactions, i.e., Lennard-Jones

and electrostatic forces. Trajectory frames such as velocity, forces, and coordinates were
saved every 4 ps. The High-Performance Center Supercomputer Cluster (SkyLake Intel;
Information Technology Services [ITS], University of Connecticut) was used to run all
simulations at approximately 45 ns per day of production.

Cellular uptake by confocal microscopy: U2932 cells were purchased from Leibniz
Institute (DSMZ, Germany). To mimic the acidic tumor pH, the pH of L-15 Leibowitz media
was lowered to pH 6.4 using 1 N HCI. Around 400,000 U2932 cells were seeded in low pH
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media in a 12-well plate, and the cells were immediately treated with 500 nM pHLIP-PNA
T5, pHLIP-MyPNA T6, and pHLIP-SyPNA T7 and kept in an incubator at 37°C. After 2
h, the cells were harvested and centrifuged at 2,000 rpm at 4°C for 4 min. The cells were
then washed with media and resuspended in Hoechst dye and incubated for 20 min in an
incubator at 37°C. The cells were washed with media and fixed using 4% formaldehyde for
10 min in an incubator at room temperature. The cells were washed and mounted on a slide
using antifade mountant and imaged using Keyence microscope (lItasca, IL, USA).

Cellular uptake by flow cytometry: About 400,000 U2932 cells were seeded in low-pH
media in a 12-well plate, and the cells were immediately treated with 500 nM pHLIP-PNA
T5, pHLIP-MyPNA T6, and pHLIP-SyPNA T7 and kept in an incubator at 37°C. After 4
h, the cells were harvested and centrifuged at 2,000 rpm at 4°C for 4 min. The cells were
then washed with media and resuspended in 4% formaldehyde. The cells were analyzed on
flow cytometer Fortessa X-20 cell analyzer (BD Biosciences). The data were plotted and
analyzed using FlowJo software.

Gene expression: A total of 400,000 cells were seeded in a 12-well plate in low-pH

media. The cells were treated with 500 nM pHLIP-Scr-SyPNA 4, pHLIP-PNA 1, pHLIP-
M-yPNA 2, and pHLIP-SyPNA 3 for 24 h and placed in an incubator at 37°C. The

cells were harvested, and the RNA was extracted using the manufacturer’s protocol.

The RNA concentration was measured using NanoDrop. The cDNA for miR-155 was
prepared using 10X RT buffer, reverse transcriptase (50 U/pL), RNase inhibitor (20 U/pL),
deoxyribonucleotide triphosphates (ANTPs; 100 mM), and primers specific for miR-155.
Random primers (10X) were used for preparing cDNA for downstream targets. Samples for
PCR were prepared using universal master mix and specific TagMan assays.

Cell viability by MTS assay: A total of 4,000 U2932 cells were seeded in a 96-well plate.
The cells were treated with 500 nM pHLIP-Scr-SyPNA 4, pHLIP-PNA 1, pHLIP-MyPNA
2, and pHLIP-SyPNA 3 and placed in an incubator at 37°C. After 24 h, 20 yL MTS
reagent (Promega Corporation) was added to the wells and kept in an incubator for 1 h. The
absorbance from the cell plate was measured at 490-nm wavelength using Tecan M Plex
plate reader.

Safety assessment by MTS assay: A total of 4,000 HEK293 cells were seeded in a
96-well plate. The cells were treated with 500 nM pHLIP-Scr-SyPNA 4, pHLIP-PNA 1,
pHLIP-MyPNA 2, and pHLIP-SyPNA 3 and placed in an incubator at 37°C. Cells treated
with PBS were used as a control. After 24 h, 20 uL. MTS reagent (Promega Corporation)
was added to the wells and kept in an incubator for 1 h. The absorbance from the cell plate
was measured at 490-nm wavelength using Tecan M Plex plate reader.

Annexin V apoptotic assay: A total of 400,000 U2932 cells were seeded in a 12-well

plate and treated with 500 nM Scr-SryPNA 4, pHLIP-PNA 1, pHLIP-MyPNA 2, and pHLIP-
SyPNA 3 and placed in an incubator at 37°C for 4 h. The cells were harvested and washed
with PBS twice by centrifuging the cells at 2,000 rpm for 4 min at 4°C. The cell pellet

was resuspended in 1X binding buffer, and the cell count was measured. About 2 3 10°

cells were transferred to a FACS tube. The cells were stained with 5 uL PE and 5 L
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7-amino-actinomycin D (7AAD) dye followed by incubation for 15 min. The volume was
made up to 400 pL with 1X binding buffer, and the cells were analyzed by flow cytometer.

Western blot: A total of 400,000 U2932 cells were seeded in a 12-well plate in low-pH
media. The cells were treated with 500 nM Scr-SyPNA 4, pHLIP-PNA 1, pHLIP-MyPNA
2, and pHLIP-SyPNA 3 for 24 h and placed in an incubator at 37°C. The cells were
harvested and subjected to protein extraction using 1X RIPA (radioimmunoprecipitation)
buffer (Cell Signaling Technologies). The protein was quantified using Lowry assay by
reading the absorbance at 750 nm (Tecan M Plex plate reader). The protein samples were
made in 4X Laemmli buffer (Bio-Rad) containing 10% mercaptoethanol (Bio-Rad). About
20 pg protein was loaded on pre-casted gels and run at 200 V for 40 min. The proteins from
the gel were transferred to a polyvinylidene fluoride (PVDF) membrane at 110 V for 90
min. The PVDF membrane was blocked in 5% milk for 1 h, followed by washing the blot
three times with 1X TBST buffer for 5 min. The antibodies for western blot, Mcl-1 (39224),
Vinculin (13901), and anti-rabbit 1gG horseradish peroxidase-linked antibody (7074), were
purchased from Cell Signaling Technology. The blot was incubated in primary antibody
prepared at a dilution of 1:1,000 in 5% bovine serum albumin (BSA; Sigma Aldrich)
overnight at 4°C. The next day, the blot was washed three times with 1X TBST buffer

for 5 min followed by incubating the blots in secondary antibody prepared in 5% milk at
dilution of 1:3,000 for 1 h. The blot was washed three times with 1X TBST buffer for 5
min. The blots were dipped in immobilon chemiluminescent HRP substrate (Millipore) and
then imaged using Bio-Rad imager. The intensity from the blots were analyzed by ImageJ
software.

Animal studies: All the animal work was performed at the University of Connecticut, Storrs
campus, in compliance and approved by the Institutional Animal Care and Use Committee
(IACUC). Six-week-old female NSG mice (NOD.Cg-Prkdcscid 112rgtm1Wjl/SzJ, strain
005557; Jackson Laboratories) were injected with 1 x 107 U2932 cells on the left flank.
When the tumors were 100 mm3 in volume, the mice were randomly assigned to a group.

Biodistribution study: When the tumors reached 300 mm?3 volume, the mice were injected
with a 3 mg kg™t dose of PBS, pHLIP-PNA T5, pHLIP-MyPNA T6, and pHLIP-SyPNA
T7 by retro-orbital route. The mice were sacrificed after 24 h, and the organs like liver,
lung, tumor, kidney, spleen, and heart were imaged to capture the fluorescent signal in IVIS
SpectrumCT imager.

Tissue imaging: The tumor sections were preserved in OCT medium in cryomolds. The
tumor was sectioned using cryostat at a thickness of 10 mm, and the sections were mounted
on a glass slide. The slides were washed in PBS two times for 5 min and then dipped in 4%
formaldehyde for 10 min. The slides were washed in PBS two times for 5 min after which
the slides were dipped in 0.2% Triton X for 20 min. The slides were then washed with PBS
two times for 5 min and then were mounted on a slide using antifade mountant with DAPI
(Thermo Fisher Scientific, Waltham, MA, USA).

Efficacy study: The mice were randomly divided into PBS, Scr-SyPNA 4, pHLIP-PNA 1,
pHLIP-MyPNA 2, and pHLIP-SyPNA 3 treatment groups. The mice were injected with
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the respective pHLIP-PNA/yPNA or PBS at a dose of 2 mg kg™ by retro-orbital route.

A second dose of 1 mg kg1 was given after 24 h. The mice were injected with the third
dose of 2 mg kg1 after 24 h. The length, width, and height of tumors were measured daily
using vernier caliper. The mice were sacrificed when the tumors reached 2,000 mm3 volume.
The mouse organs, such as lung, heart, kidney, spleen, liver, and tumor, were excised.

The weights of lung, liver, spleen, and kidney were noted, and the organs were preserved

in 10% formalin. The cross-sectional part of the tumor was excised for histology study,

and the remaining tumor part was used for RNA and protein extraction. The dissociation
medium was prepared using 10% RPMI medium, 1.2 mg mL™1 Dispase, and 0.5 mg mL~1
collagenase. The tumor was minced finely and agitated in the dissociation medium for 1.5h
at 37°C. The tumor was centrifuged at 2,000 rpm for 5 min followed by washing with

PBS. The cells were incubated in 0.25% trypsin for 3 min followed by adding 10% RPMI
medium and passing the cells through a 70-um filter. The cells were incubated on 1X RBC
lysis buffer on ice for 10 min. This was followed by 1X PBS addition and passing the

cells through a 40-pm filter. The cells were centrifuged and resuspended in 0.5% BSA. The
U2932 tumor cells were enriched using the mouse cell depletion kit as per manufacturer’s
protocol. The enriched cells were used for RNA and protein extraction using the method
described above.

IHC staining: The slides were de-waxed in an oven for 15 min and then de-paraffinized in
xylene twice for 5 min. The slides were then hydrated using gradient of 100% ethanol, 95%
ethanol, and 75% ethanol. The slides were then dipped for 1 h in 1X tris solution pH 6 for
antigen retrieval. The slides were then washed with PBST buffer three times for 5 min each.
The slides were blocked with 2.5% normal horse serum block for 30 min and then rinsed
with PBST for 2 min. The slides were then incubated with primary antibody for 2 h. Ki-67
antibody was used at 1:200 dilution. The slides were rinsed with PBST buffer followed

by peroxidase blocking with 3% hydrogen peroxide solution for 10 min. The slides were
rinsed in PBST buffer three times for 5 min. The slides were then incubated in chromogen
substrate for 5 min. The slides were rinsed in PBST buffer two times for 2 min and then
counterstained with hematoxylin for 30 min. The slides were then dehydrated using 95%
ethanol for 2 min, 100% ethanol two times for 3 min, and then dipped in xylene twice for

5 min. The slides were air dried and then covered with coverslip. The slides were imaged
using Keyence microscope. The Ki-67-positive cells were quantified using ImageJ software.
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Highlights
Parallel comparison of pHLIP-diethylene glycol yPNA and pHLIP-serine yPNA

Computational studies indicated pHLIP-serine yPNA has optimal transmembrane
insertion

pHLIP-serine yPNA showed higher cellular uptake than other conjugates
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(A) Chemical structures of regular PNA (PNA), miniPEG gamma-modified PNA (M-yPNA),
and serine gamma-modified PNA (SyPNA). B represents nucleobases adenine (A), guanine

(G), cytosine (C), and thymine (T).

(B) The sequence of miR-155 with the seed region is underlined. Sequences of short PNAs
designed to target the complementary seed region of the miR-155. PNA 1, MyPNA 2,

and SryPNA 3 sequences are synthesized using regular, miniPEG, and serine monomers. Scr-
SyPNA 4 is the scrambled control. PNA T5, MyPNA T6, and SyPNA T7 is conjugated to
the fluorescent TAMRA (Tam) dye at 5" terminus. The linker 8-amino-2,6,10-trioxaoctanoic
acid is represented as -OOO-. C represents cysteine amino acid. PNA 8 is the full-length

regular PNA control.

(C) Thermal melting analysis for PNA 1-miR-155, MyPNA 2-miR-155, and SyPNA 3-
miR-155 duplex evaluated by UV visible spectrophotometer. The samples were tested in
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triplicate (n = 3) at a concentration of 4 uM. Data were plotted as mean and standard error
mean (SEM). An unpaired two-tailed t test was used for statistical significance; **p < 0.01.
(D) Gel shift assay of target miR-155 (1 uM) with pHLIP-PNA 1 (2 uM), pHLIP-MyPNA
2 (2 uM), and pHLIP-SyPNA 3 (2 uM). Disulfide reduction was performed using 5 mM
TCEP. The samples were prepared in high-salt buffer (2 mM MgCls, 150 mM KCI, 10 mM
NaPi) and incubated for 1 h at 37°C. The samples were subjected to PAGE separation, and
the bands were visualized using SyBr Gold staining.
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Figure 2. Comparison of pHLIP-PNA and pHLIP-yPNA interaction with membrane bilayer
using molecular dynamics simulation

(A) Snapshots of structures and orientations of pHLIP-PNA 1 (top), pHLIP-MyPNA 2
(center), and pHLIP-SyPNA 3 (bottom) at 0, 750, and 1,000 ns. pHLIP is depicted as a
ribbon in orange, and PNA 1, MyPNA 2, and S-yPNA 3 are represented in black, blue, and
pink, respectively. The phosphorous atoms of the lipid bilayer are shown as gray spheres.
(B) Profile of total interaction energy (van der Waals energy) between the pHLIP-PNA 1
(black), pHLIP-M-yPNA 2 (blue), and pHLIP-SyPNA 3 (pink) and membrane bilayer as a
function of simulation time.

(C) The define secondary structure of proteins (DSSP) plots for secondary structure
transitions as a function of simulation time for pHLIP-PNA 1 (top), pHLIP-MyPNA 2
(center), and pHLIP-SyPNA 3 (bottom).

(D) Mass density profiles of phosphate head groups in membrane bilayer for pHLIP-PNA 1
(top, black), pHLIP-MyPNA 2 (center, blue), and pHLIP-SyPNA 3 (bottom, pink).

(E) Mass density profiles of glycerol ester groups in membrane bilayer for pHLIP-PNA 1
(top, black), pHLIP-MyPNA 2 (center, blue), and pHLIP-SyPNA 3 (bottom, pink).
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Figure 3. Cellular uptake studiesin U2932 cells
(A) Cellular uptake in U2932 cells by confocal microscopy. The experiment was conducted

in acidic media conditions (pH 6.4). The cells were treated with a 500 nM pHLIP-PNA-
Tamra or pHLIP-yPNA-Tamra for 4 h. Scale bar, 500 mm. Blue fluorescence represents
DAPI, and red fluorescence represents Tamra.

(B) Representative flow cytometry trace of Tamra fluorescence after treatment of U2932
cells with 500 nM dose of pHLIP-PNA T5, pHLIP-M-yPNA T6, and pHLIP-SyPNA T7 for
4h.

(C) Quantitative analysis of the fluorescence intensity of pHLIP-PNA-Tamra conjugates in
U2932 cells (n = 8); an unpaired t test was used for statistical significance. The data are
plotted as mean + standard error mean (SEM). ****p < 0.0001; ***p < 0.001.
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Figure 4. Gene expression analysisin U2932 lymphoma cells
(A) miR-155 gene expression analysis by RT-PCR. U2932 cells were treated with 500

nM dose of pHLIP-PNA or pHLIP-yPNA for 24 h. The data are normalized to scrambled
pHLIP-Scr-SyPNA 4. Data are represented as mean + SEM; n = 9. An unpaired two-tailed t
test was used for statistical significance; **p < 0.01; *p < 0.05.

(B) Gene expression levels of downstream targets of miR-155. Data are represented as mean
+ SEM; n = 3. An unpaired two-tailed t test was used for statistical significance; **p < 0.01;
*p < 0.05.
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Figure 5. Evaluation of U2932 cell death by multiple functional assays
(A) Quantification of apoptotic cells by Annexin V assay evaluated by flow cytometry.

U2932 cells are treated with 500 nM pHLIP-Scr-SyPNA 4, pHLIP-PNA 1, pHLIP-MyPNA
2, and pHLIP-SyPNA 3 for 4 h. Data are plotted as mean £ SEM (n = 3). Unpaired
two-tailed t test was used for statistical significance, *p < 0.05. Representative dot plots of
pHLIP-Scr-SyPNA 4 and pHLIP-SyPNA 3 are shown.

(B) Representative Mcl-1 western blot and its quantification followed by treatment with

the conjugates. The data are plotted as mean + SEM. **p < 0.01. The experiments were
performed on n = 3 replicates, and an unpaired two-tailed t test was used for statistical
significance.
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Figure 6. Biodistribution of pHL I P-yPNA-Tamra conjugates in the U2932-derived xenogr aft
mouse model

(A) VIS imaging showing biodistribution of pHLIP-PNA T5, pHLIP-MyPNA T6, and
pHLIP-SyPNA T7 in mouse organs like liver (L), lung (Lu), tumor (T), kidney (K), spleen
(S), and heart (H) after 3 mg kg™! dose for 24 h.

(B) Total radiant efficiency calculated from ex vivo fluorescence in kidney and tumor after
selecting a region of interest (ROI) using I1VIS software. Data are represented as mean *
SEM; n=3.

(C) Biodistribution of pHLIP-PNA T5, pHLIP-M-yPNA T6, and pHLIP-SyPNA T7 in tumor
sections. Blue fluorescence represents DAPI, whereas the red fluorescence represents the
respective pHLIP-PNA-tamra or pHLIP-yPNA-tamra conjugates. Scale bar, 100 pm.
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Figure 7. In vivo studiesin U2932-derived xenograft mouse model
(A) /n vivotreatment workflow in U2932-derived xenograft mouse model. Survival plot of

mice treated with PBS, pHLIP-PNA 1, pHLIP-MyPNA 2, and pHLIP-SyPNA 3. Log rank
(Mantel-Cox) test was used for statistical analysis; n =5, *p < 0.05.
(B) Gene expression levels of miR-155 levels in the tumor samples. The mice treated

with pHLIP-Scr-S-yPNA 4 were used as a control. Unpaired two-tailed t test was used for
statistical significance. Data are represented as mean £ SEM; n = 4; *p < 0.05.
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(C) Downstream gene expression levels of tumor suppressor genes. Unpaired two-tailed t
test was used for statistical significance; **p < 0.01, *p < 0.05. Data are represented as mean
+ SEM; n=4.

(D) Downstream gene expression levels of anti-apoptotic Mc/-1 gene. Unpaired two-tailed t
test was used for statistical significance. Data are represented as mean + SEM; n = 4; **p <
0.01, *p < 0.05.

(E) Mcl-1 protein levels in the tumor samples from mice treated with pHLIP-PNA 1 and
pHLIP-SyPNA 3. The mice supplemented with PBS were used as a control. Unpaired
two-tailed t test was used for statistical significance. Data are represented as mean £ SEM; n
=3;*p<0.05.
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