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SUMMARY

We explore the potential of clamp-G nucleobase-modified peptide nucleic acids (cGPNAs) as 

microRNA and messenger RNA inhibitors. For proof of concept, we target miR-155, which 

is upregulated in diffuse large B cell lymphoma. cGPNA shows significant downregulation of 

miR-155 and the upregulation of its downstream targets in multiple lymphoma cell lines. Also, 

cGPNA treatment in vivo reduced tumor growth and improved survival in the U2932 cell-derived 

xenograft mouse model. To assess the broad application of cGPNA as an antisense modality, we 

also target transthyretin (TTR) mRNA. We establish a dose-dependent effect of antisense cGPNA 

on TTR mRNA levels. For in vivo studies, we conjugated cGPNA-based TTR antisense with 

lactobionic acid-based targeting ligand for in vivo liver delivery. We establish that cGPNA exhibits 

significant TTR protein knockdown compared to unmodified peptide nucleic acid (PNA) in vivo. 

Overall, we confirm that clamp-G-modified PNA analogs are a robust antisense therapy platform.
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Pradeep et al. explore the use of clamp-G-modified PNAs as inhibitors of microRNA and mRNA. 

Clamp-G PNAs inhibit oncomiR-155 in lymphoma cell lines and improve survival in mice, and 

they effectively reduce TTR mRNA levels in vitro and in vivo, highlighting their potential use as a 

robust platform for antisense therapy.

INTRODUCTION

Peptide nucleic acid (PNA) is a synthetic nucleic acid analog that has gained attention 

as a therapeutic agent to target cellular RNAs and genomic DNA. PNA contains a 

neutral N-(2-aminoethyl)glycine backbone with attractive features, such as resistance to 

enzymatic degradation and non-immunogenicity after systemic delivery. PNA exhibits 

an antisense effect by sterically blocking the RNA translation1 or activity. Antisense 

PNAs designed to target mRNA or non-coding RNAs rely on the recognition of the 

complementary target sites by Watson-Crick base pairing. Hence, chemical modifications 

have been introduced in the PNAs to increase their binding affinity and their success as 

therapeutics.2 Chemically modified PNAs also exhibit superior physicochemical (such as 

solubility) and cellular uptake properties.3,4 Various chemical modifications are performed 

on the PNA backbone or on its nucleobases. Prior work centered on modifying PNA 

backbones substantially improved their binding properties.5 These are known as gamma 

PNAs (γPNAs). γPNAs have shown ~4°C–5°C increase in thermal melting per gamma 

modification in the sequence.5,6 γPNAs have demonstrated promise as an effective tool 

for gene editing,7,8 DNA targeting,9 and microRNA (miRNA) targeting.10,11 In contrast, 

nucleobase modifications onto the PNA backbone have not been tested in vivo.
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Nucleobase modifications are aimed at introducing chemical functionalities that can either 

increase the base stacking interactions or form extra hydrogen bonds (H-bonds) within 

the complementary nucleobase.12 Antisense oligonucleotides (ASOs) containing modified 

nucleobases such as 5-methy cytidine,13,14 2-thiothymine,15 5-hydroxycytosine,15 and N6-

methyl adenosine16 have shown superior binding activity and safety profiles. However, only 

a few attempts have been made to modify nucleobases in the PNA.

In particular, a tricyclic cytosine base analog, 9-(2-aminoethoxy)phenoxazine (clamp-G) 

nucleobase modification, can potentially enhance the binding affinity of PNAs. Clamp-G 

exhibits improved base stacking due to its tricyclic ring structure.17 The inclusion of 

clamp-G monomer in a model oligonucleotide has shown multi-fold improvement in 

binding affinity17 and nuclease stability.18 Single clamp-G substitution in a PNA oligomer 

increases the thermal binding (Tm) by 24°C.19 Further, adding the guanidino group to the 

phenoxazine ring of the clamp-G base can augment its binding by forming five H-bonds 

with the guanine (Figure 1).

The clamp-G modification in PNA has been investigated for biophysical evaluations to some 

extent, and it has not been tested for in vivo biological activity. The in vivo applications 

of PNAs are limited by poor biodistribution and cellular uptake.20,21 However, recent 

advancements using nanoformulations11,22 and tissue-targeted PNA conjugates23–25 have 

improved the therapeutic potential of PNAs.

Here, we report the in vivo application of guanidino-clamp-G-modified PNAs (cGPNAs). 

Following biophysical characterization, we assessed the cGPNAs’ biological activity for two 

distinct antisense applications: inhibiting miRNA and mRNA. First, we tested the cGPNA-

mediated miRNA-155 inhibition in a battery of cell lines and in vivo in a cell-line-derived 

xenograft (CDX) mouse model. Further, to broaden the scope of our work, we evaluate the 

antisense potential of cGPNA in targeting liver-specific transthyretin (TTR) mRNA. For in 
vivo liver-targeted delivery, we used cGPNA conjugated with di lactobionic acid (diLBA) 

ligand. Overall, we confirmed that the incorporation of the guanidino-clamp-G base in the 

PNA improved antisense efficacy against miRNA and mRNA without any adverse effects. 

Our findings highlight the therapeutic potential of site-specifically delivered cGPNA, which 

can be used for diverse antisense-based applications.

RESULTS

Design and synthesis of anti-miR-155 PNA

We designed and synthesized clamp-G containing anti-miR-155 PNAs to test in a series 

of lymphoma cell lines and a CDX mouse model. We designed 23-mer PNAs, both with 

regular and clamp-G-modified monomers, to target miR-155. Clamp-G (X) can form five 

H-bonds with guanine due to the expanded phenoxazine ring (Figure 1A). We designed 

an anti-miR-155 cGPNA with three X monomers substituted in its sequence (Figures 1A 

and 1B; cGPNA2). For comparison, we also synthesized a full-length regular PNA (Figure 

1B; PNA1), which has been shown to inhibit miR-155 in prior studies.10 Scramble clamp-

G PNA (Figure 1B; ScR-cGPNA3) was used as a control as it was not complementary 

to miR-155 but contained the same nucleobase composition as cGPNA2. We added two 
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arginine residues at the C and N terminus of each PNA for cell permeability. PNAs were 

synthesized by established solid-phase synthesis-based protocols.26 PNAs were purified 

by reversed-phase high-performance liquid chromatography (RP-HPLC; Figures S1A–S1C) 

and characterized by matrix-assisted laser desorption ionization-time of flight (MALDI-

TOF; Figure S1D) mass spectrometry analysis.

In vitro binding studies of anti-miR-155

We performed gel shift assay to confirm the binding affinity of PNAs with a miR-155 

target (DNA-155). Indicated concentrations of PNA1 and cGPNA2 were incubated with 

the miR-155 target in physiological buffer and temperature (37°C) conditions overnight 

(Figure 1C). We performed the binding studies using polyacrylamide gel electrophoresis 

(PAGE) followed by SYBR Gold staining. We noted an increase in the intensity of the 

retarded miR-155-PNA band in a dose-dependent manner. We observed the disappearance 

of the unbound miR-155 at a miR-155: PNA1 stoichiometric ratio of 1:1 (Figure 1C). 

Although cGPNA2 showed complete binding at a lower concentration (Figure 1C, lane 5). 

We also measured the bound and unbound fractions for all the PNAs (Figure 1D). At 0.8 

μM concentration, cGPNA2 was 98% bound while PNA1 was ~50% bound, indicating the 

superior binding affinity of cGPNA2 over PNA1 to the target. This superior binding in the 

cGPNA2 could be due to the additional H-bonds and base-stacking interactions formed by 

clamp-G monomers.

Antisense activity of clamp-G PNA in lymphoma cells

Diffused large B cell lymphoma (DLBCL) is an aggressive non-Hodgkin lymphoma, 

and miR-155 has been identified as a key player in its development and progression.27 

miR-155 was significantly upregulated in plasma samples from DLBCL patients. Inhibition 

of miR-155 in B cell lymphoma cell lines has been shown to reduce their proliferation.28 

Hence, we evaluated the antisense activity of clamp-G PNA in multiple DLBCL cell lines 

(U2932 and SUDHL-5). Using gene expression analysis, we quantified the levels miR-155 

and its downstream targets after treatment with PNAs. U2932 and SUDHL-5 cells were 

treated with 4 μM PNA1 and cGPNA2 for 48 h. Our gene expression (RT-PCR) results 

in U2932 cells confirmed 62% and 72% inhibition of miR-155 with PNA1 and cGPNA2 

treatments, respectively, relative to the PBS-treated groups. Similarly, we noted PNA1 and 

cGPNA2 treatments resulted in 87% and 91% downregulation of miR-155, respectively, in 

the SUDHL5-treated cells (Figure 2A).

We further evaluated the gene expression of validated downstream tumor suppressor targets, 

Suppressor of cytokine signaling (SOCS1), Forkhead box O3 (FOXO3A), and Colony-
stimulating factor-1 receptor (CSF1R).29 SOCS1 enhances the phosphorylation of p53, 

thereby increasing its binding to p53 target genes and inhibiting cell proliferation.30 We 

observed a 2.5-fold increase in SOCS1 levels in cGPNA2 treated U2932 cells compared 

to PNA1 (Figure 2B). Similarly, cGPNA2 treatment showed a 2.4-fold increase in SOCS1 
mRNA in SUDHL-5 cells (Figure 2C). FOXO3A is a transcription factor that controls 

apoptosis-related genes, and its dysregulation by miR-155 contributes to tumorigenesis.31 

We observed a ~3- and 1.8-fold increase in FOXO3A levels after treatment with cGPNA2 

in U2932 and SUDHL-5, respectively (Figures 2B and 2C). We also found that treatment 
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with cGPNA2 led to a 2.8- and 7.9-fold increase in CSF1R levels in U2932 and SUDHL-5, 

respectively (Figures 2B and 2C). These cell-culture-based results suggest that cGPNA2 

possesses superior miR-155 inhibitory activity compared to the PNA1.

We also evaluated the gene expression of miR-155-associated indirect downstream 

oncogenes. Prior studies established that upregulation of miR-155 increases the myeloid 
cell leukemia-1 (MCL1),32 c-Myc,33 and B cell lymphoma 2 (BCL2)34 gene expression. 

We observed 10% and 30% downregulation of MCL1 in U2932 cells treated with PNA1 

and cGPNA2, respectively. Similarly, cGPNA2 treatment resulted in 40% downregulation 

of MCL1 in SUDHL-5 cells (Figure 2D). In 21%–44% of DLBCL patients, c-Myc and 

BCL2 are translocated, causing dysregulated expression and driving carcinogenesis.35 We 

observed a 25% and 30% reduction in c-Myc expression in U2932 cells treated with PNA1 

and cGPNA2, respectively. We also observed a 30% reduction in BCL2 gene expression in 

U2932 cells treated with cGPNA2 (Figure S2A). SUDHL-5 cells treated with cGPNA2 also 

result in a significant repression of c-Myc (78%) and BCL2 (87%) gene expression levels 

(Figure S2B). By western blot analysis, we confirmed the anti-miR effect of cGPNA2 on 

the validated miR-155 downstream target, MCL1. We noted a ~50% lower levels of MCL1 

in cGPNA2-treated U2932 (Figure 2E) and SUDHL-5 (Figure 2F) cells relative to the PBS 

control.

Different doses of PNA1 and cGPNA2 were tested using trypan blue assay and CytoTox 

assay to determine the effect on the viability of lymphoma cells. In U2932 and SUDHL-5 

cells, cGPNA2 treatment results in a dose-dependent reduction in cell viability. Overall, 

using trypan blue assay, we noted a ≥60% reduction in U2932 and SUDHL-5 cell viability 

at a 4 μM dose of cGPNA2. PNA1 exhibited a 30% and 40% decrease in viability of U2932 

and SUDHL-5 cells, respectively (Figures 2G and 2H). We also estimated the luminescence 

from dead cells using CytoTox assay. U2932 and SUDHL-5 cells treated with cGPNA2 and 

PNA1 showed a dose-dependent increase in the dead cells after 48 h of treatment (Figures 

S2C and S2D). Further, we performed the annexin V apoptosis assay after a 4 μM treatment 

of cGPNA2 and PNA1. After cGPNA2 treatment, we observed a ~20% increase in the late 

apoptotic population (7AAD+ and annexin V+), significantly higher than PNA1(~10%) and 

PBS control (Figure S2E). Our results indicate that cGPNA2 can efficiently downregulate 

miR-155 in the lymphoma cell lines with subsequent effect on decreasing its cell viability.

Antisense activity of clamp-G PNA in U2932 CDX mouse model

We evaluated the efficacy of cGPNA2 in vivo in a U2932 CDX mouse model. We conducted 

a short-term efficacy study wherein we administered a single dose of PNA1, cGPNA2, 

and Scr-cGPNA3 by intratumoral (i.t.) route (Figure S3A). After 48 h, we evaluated 

miR-155 knockdown and impact on downstream targets via gene expression and western 

blot analysis. We observed a 50% reduction in miR-155 with PNA1 and cGPNA2 treatments 

compared to Scr-cGPNA3 (Figure 3A). cGPNA2 treatment also resulted in the upregulation 

of miR-155 downstream targets (FOXO3A, WEE1, SOCS1, and CSF1R) compared to 

the Scr-cGPNA3. However, PNA1 did not exhibit an upregulation in downstream targets 

in comparison to the Scr-cGPNA3-treated cells (Figure 3B). We confirmed the effect 

of cGPNA2 on the validated downstream targets FOXO3A33 and WEE136 by western 
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blot analysis. Treatment with cGPNA2 significantly upregulated WEE1 (Figure S3B) and 

FOXO3a (Figure S3C) in comparison to ScR-cGPNA3. Gene expression and western blot 

analysis showed an 80% (Figure 3C) and 10% (Figure 3D) decrease in MCL1 mRNA and 

protein levels after treatment with cGPNA2.

We conducted a survival study to determine the pre-clinical efficacy of clamp-G PNAs in the 

U2932 CDX model. U2932 xenograft tumors of about 100–150 mm3 were treated with three 

doses of PNA1, cGPNA2, and Scr-cGPNA3 i.t. (Figure S3D). The study employed a tumor 

volume of 2,000 mm3 as the endpoint for survival analysis. Mice treated with cGPNA2 had 

a median survival of 21 days compared to Scr-cGPNA3, which survived 15 days (Figure 

3E). In contrast, the median survival of PNA (16 days) was not significantly different 

from the ScR-cGPNA3-treated group (Figure 3E). We performed an immunohistochemical 

analysis of Ki67, a proliferation maker, on the tumors collected at the end of the survival 

study. We observed a 40% reduction in Ki67 staining in the cGPNA2 treatment group 

compared to PNA-1 and Scr-cGPNA3 (Figures 3F and 3G).

To test the safety of PNA treatment, we performed histopathological analysis of major 

organs (Figure S4A), complete blood count (Figure S4B), and organ weight (Figure S4C) in 

all treatment groups. Our findings suggest that cGPNA2 efficiently reduced miR-155 levels 

and increased its downstream targets, contributing to its anti-tumor activity without inducing 

adverse effects.

Evaluation of clamp-G PNA in silencing transthyretin

To ensure the broad application of clamp-G-modified nucleobases, in a proof-of-concept 

study, we tested the clamp-G PNAs antisense activity in targeting transthyretin (TTR) 

mRNA. The US Food and Drug Administration (FDA) has approved ASOs and small 

interfering RNAs (siRNAs) for treating hereditary transthyretin-related amyloidosis (hTTR). 

hTTR is a genetic autosomal dominant inherited disorder. Point mutations in the TTR 

gene lead to misfolded protein aggregation and deposition.37 Hence, ASO and gene-editing 

therapies are effective.38 We explored the potential application of clamp-G PNA as an 

antisense to inhibit TTR. The clamp-G PNAs target the mRNA in exon 1, 64 base pairs 

after the translation start site. We assessed clamp-G PNA ability to inhibit mRNA translation 

and reduce TTR proteins in vitro and in vivo. We designed and synthesized tail-clamp 

PNAs with and without the clamp-G modification that can target wild-type TTR protein 

as proof of concept. Tail-clamp PNAs were used as they can bind to the target mRNA via 

Watson-Crick and Hoogsteen base pairing to form a highly stable clamp and inhibit the 

progression of translation machinery.39 Since the clamp region binds via Hoogsteen base 

pairing, we introduced a modification of two clamp-G nucleobases in the tail region that 

does not overlap with the clamp region binding of the PNA. TTR-specific PNAs (PNA4 and 

cGPNA5) and a scramble PNA6 were synthesized and characterized as previously described 

(Figure 4A). ScR-PNA6 was used as a control as it was not complementary to TTR mRNA 

but contained the same nucleobase composition as cGPNA5. For delivery of PNAs across 

the cellular membrane in hepatocytes, diLBA was conjugated on the N terminus of PNAs 

(Figure 4A; PNA4-L, cGPNA5-L, and ScR-PNA6-L) using succinic acid as a molecular 

handle (Figure S5A). Recently, we established that diLBA-based ligands can selectively 
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target the liver post systemic delivery. Conjugates were purified by RP-HPLC (Figures S5B–

S5D) and characterized by MALDI-TOF (Figure S5E) mass spectrometry analysis.

We used PAGE assay to evaluate the binding affinity of PNA4, cGPNA5, and ScR-PNA6 

with the TTR mRNA target. We incubated PNAs at indicated concentrations with the TTR 

target in physiological buffer and temperature (37°C) conditions overnight (Figure 4B). We 

observed an increase in the intensity of the retarded complex (PNA-TTR) with the increase 

in PNA4 and cGPNA5 concentrations. As expected, we did not notice any binding for TTR 

mRNA incubated with the Scr-PNA6. Prior work has established that the conjugation of the 

ligand to the PNA does not impact its target recognition.23 Hence, we did not perform the 

PAGE assay for PNA4-L and PNA5-L.

We evaluated the translation inhibition efficiency of TTR PNAs using rabbit reticulocyte 

lysate (RRL). We first synthesized TTR mRNA via in vitro transcription, treated it with 

DNase, and purified it. Purified mRNA was incubated with different concentrations of 

PNA4, cGPNA5, and ScR-PNA6 for 3 h at 37°C. Following this, the TTR mRNA:PNA 

complexes were incubated in RRL, followed by western blot analysis (Figure 4C). We 

noted a significant reduction (62%) of TTR protein when TTR mRNA was incubated with 

cGPNA5 at a 1:4 stoichiometric ratio relative to control (Figure 4D). While PNA4 caused a 

5% decrease in TTR protein levels at a 1:4 stoichiometric ratio, cGPNA5 treatment resulted 

in a much larger reduction at 62%. ScR-PNA6 showed no reduction in TTR protein at a 

1:2 and 1:4 stoichiometric ratios. These results confirm that cGPNA5 has a better antisense 

effect than PNA4 and ScR-PNA6.

Next, we evaluated the TTR mRNA knockdown in HepG2 cells. We treated HepG2 cells at 

different doses (1, 2, and 4 μM) for 24 h with PNA4, PNA4-L, cGPNA5, and cGPNA5-L 

and compared them with ScR-PNA6 (Figures 4E and 4F). Using gene expression analysis, 

we quantified the TTR mRNA levels. For PNA4-L, we observed a dose-dependent reduction 

in TTR mRNA levels that was ≥60% at 1, 2, and 4 μM doses in comparison to ScR-PNA6 

(Figure 4E). PNA4 exhibited no significant reduction in TTR levels in comparison to 

ScR-PNA6 (Figure 4E). This could be due to the reduced uptake in HepG2 cells. We noted 

a dose-dependent reduction in TTR mRNA in the HepG2 cells treated with cGPNA5 and 

cGPNA5-L (Figure 4F). At 4 μM dose, we observed a 69% reduction in cGPNA5 and 90% 

reduction in cGPNA5-L. The significantly lower (≥85%) knockdown of TTR mRNA at 2 

and 4 μM doses with cGPNA5-L can be attributed to its efficient uptake in HepG2 cells. 

To establish that PNAs sterically block TTR mRNA and do not degrade, we performed the 

RT-PCR with primers binding to the 3′ UTR and observed no change in TTR levels (Figure 

S6).

In vivo evaluation of clamp-G PNA-mediated transthyretin knockdown

We conducted a short-term study to evaluate the TTR knockdown in C57BL/6 mice. 

We subcutaneously administered cGPNA5, cGPNA5-L, and ScR-cGPNA6 at 5 mg/kg on 

alternate days (Figure 5A). The dose regimen of PNA was according to the prior efficacy of 

the PNA-L conjugate in the wild-type mice.23 After 48 h of the second dose, we evaluated 

the TTR mRNA knockdown in the liver via gene expression. We observed a 50% reduction 

in TTR mRNA with cGPNA5-L compared to ScR-PNA6 and cGPNA5 (Figure 5B). We 
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collected plasma from mice before and after the study and compared the fold change in 

the TTR protein levels by enzyme-linked immunosorbent assay (ELISA). We observed a 

30% reduction in TTR protein levels for cGPNA5-L compared to ScR-PNA6 after treatment 

(Figure 5C). We were able to observe significant TTR knockdown in the plasma of C56BL/6 

mice using the clamp-G PNA.

DISCUSSION

In this report, we established that clamp-G PNAs are a potential anti-miR and antisense for 

in vivo application. In prior work, backbone modifications introduced functional groups 

in the PNA’s alpha, beta, and gamma positions. PNAs containing arginine or lysine 

residues at the alpha position (αPNA) showed improved PNA:DNA duplex stability in a 

stereochemical manner.40,41 The introduction of a methyl group at the β-position (βPNA) 

has shown comparable stability to unmodified PNA. While circular dichroism spectra 

of βPNA indicated helical pre-organization, this secondary structure did not improve 

the binding due to unfavorable steric interactions arising from β-methyl groups.42 The 

γ-backbone modification (γPNA) has a high binding affinity to the target due to its pre-

organization helical conformation5 and has been explored extensively for its antisense43 

and antigene applications.9 Although backbone modifications show improvement in binding 

affinity and thermal melting, they are influenced by the chirality and steric properties of 

the substituted group. Nucleobase modifications such as clamp-G are not influenced by 

these properties, and adding one nucleobase modification can achieve up to a 24°C increase 

in thermal melting temperature. In addition, clamp-G can increase duplex stability as they 

have increased π – π stacking interaction.19 Despite these advantages, the application of 

cGPNAs remains limited due to high cost as it requires a multi-step synthesis process 

and low reaction yields (5%–10%).44 In vitro, clamp-G nucleobase has been evaluated 

with phosphorothioate backbone to target the p27kip1 (cyclin-dependent kinase inhibitor). 

However, in vivo evaluation has not been pursued.45 Prior work has investigated the 

biophysical properties of cGPNA to invade double-stranded DNA in a sequence-dependent 

manner.46,47 These studies suggest the potential of cGPNAs to invade and inhibit dsDNA, 

but further in vitro and in vivo studies are necessary to broaden its application.

Cytosine analogs such as 6-phenylpyrrolocytosine (PhpC) have been used in antisense 

oligonucleotides such as siRNA,48 locked nucleic acids, and PNA.49 PhpC is a fluorescent 

cytosine analog modified to introduce a guanidium group. This meta-substituted PhpC 

can form five H-bonds with guanine, which increases the Tm by 12°C per nucleobase 

addition. However, meta-substituted PhpCs have not been evaluated for antisense 

applications.50 Other cytosine analogs, including 2-aminopyridine, 4-thiopseudoisocytosine, 

and pseudoisocytosine, show stabilized Hoogsteen base pairing in triplex PNAs.51 These 

modifications in tail-clamp PNA designs were evaluated for in vivo and in vitro efficacy. Our 

study established the application of regular and tail-clamp PNAs with clamp-G substitutions.

To our knowledge, this is the first study that explores the use of cGPNAs for antisense 

applications in vivo. We have compared the efficacy of cGPNAs with unmodified PNAs 

for their efficiency at inhibiting miRNA and mRNA. PNAs have been explored as miRNA 

antagonists, targeting miR-21,52,11 miR-210,22 miR-155,10,25,53 miR-10b,11 miR-33,54,55 
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miR-141-3p,56 miR-122,57 miR-145, and miR-10158 in cancer, fibrosis, and metabolic 

disorders. Among oncomiRs, miR-155 is an important molecular target in lymphomas. 

Drug candidates targeting miR-155, such as coba-mersen, have shown promise in reducing 

tumor burden in cutaneous T cells lymphoma.28 Furthermore, various γPNA designs, 

such as tail-clamp and anti-seed PNAs, have been efficacious at inhibiting miR-15510,53. 

Here, we explored the anti-miR activity of clamp-G-modified PNA and observed ~80% 

reduction in miR-155 levels, which is comparable to the 80% knockdown achieved with 

tail-clamp γPNA in our earlier work.10 Interestingly, while both cGPNA and regular PNA 

showed knockdown of miR-155, cGPNA showed significantly higher upregulation of tumor 

suppressor proteins. This can be attributed to the enhanced binding affinity of cGPNAs with 

the target sites. We also showed that cGPNAs are safe and improve survival in a mouse 

model compared to the regular PNAs. Unmodified PNAs have limited cellular uptake. Prior 

work has established that using octaarginine peptides increases the cellular uptake of PNAs 

in cells.59,60 High cationic charge density can disrupt lysosomes, producing reactive oxygen 

species (ROS). These ROS can damage the plasma membrane and reduce cell viability.61,62 

We established that four arginine increase PNA cellular uptake with no cellular toxicity.53 

Hence, in our anti-miR evaluation of cGPNAs, we conjugated four arginines to their termini 

to improve cellular transfection.

PNAs have also been explored for targeting mRNAs, and, unlike other antisense 

oligonucleotides, their effect is not RNase H1 dependent. The PNAs we designed can target 

both wild-type and mutated versions of TTR as all pathogenic mutations exist on exons 

2, 3, and 4.63,64 PNAs bind to mRNA and inhibit translation by a steric hindrance-based 

mechanism. In a previous study, single-stranded γPNAs have effectively reduced β-catenin 
mRNA by ~30%.65 We explored a tail-clamp PNA design with nucleobase modifications 

to achieve an effective mRNA knockdown. We tested our hypothesis by targeting TTR 
mRNA translation mutated in hTTR. Treatment with optimized cGPNA-L resulted in an 

80% reduction in TTR mRNA levels. FDA-approved therapies for hTTR use N-acetyl 

galactosamine (GalNAc)-conjugated siRNA to target the liver selectively. Our study used 

LBA as it has comparable liver-targeted delivery to GalNAc.23 Divalent LBA is covalently 

conjugated to the PNA and allows for the cellular uptake by the asialoglycoprotein receptor 

present in HepG2 cells and hepatocytes.23 We used a tail-clamp cGPNA treatment at 5 

mg/kg and achieved a 30% knockdown of TTR protein, lower than the 60% achieved 

by siRNA at 2.5 mg/kg.66 This can be attributed to the mechanism of siRNA-mediated 

mRNA silencing, which is different from the steric blockage mechanism of PNA. siRNA 

associates with the argonaute proteins to form the RNA-induced silencing complex (RISC) 

and cleaves the target mRNA, after which the activated complex can be recycled.67,68 

Endosomal entrapment of antisense drugs can also limit the amount of drug available for 

silencing and needs to be investigated in the context of clamp-G PNAs. Further, the dose 

range and frequency of dosing need to be optimized and evaluated in transgenic disease mice 

(hTTR V30M HSF1±). hTTR V30M HSF1± mice were used in the pre-clinical evaluation 

of siRNA-mediated silencing (Partisiran) of TTR and subsequently approved by the FDA.69 

The hTTR V30M HSF1± transgenic mice model contains the human V30M mutation and 

is heterozygous for heat shock transcription factor (HSF1), which causes TTR deposition in 

tissues.70 It would be interesting to evaluate cGPNA-based antisense in a diseased mouse 
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model and examine the TTR mRNA knockdown and its subsequent effect on reduced 

protein deposition and improved disease phenotype.

The targeted delivery-based strategies to disease organs can minimize the off-target effects. 

In our prior work, based on Basic Local Alignment Search Tool (BLAST) and RNA 

sequencing (RNA-seq) analysis, we established that short anti-seed anti-miRs in conjunction 

with the central nervous system (CNS)-targeted nanoformulations minimize the off-target 

effects and target miR-21 and miR-10b for brain cancer therapy.11 Hence, the targeted 

delivery of RNA-targeted strategies can potentially mitigate the off-target effects in a clinical 

setting.55,71–73 Our study is centered on developing and testing the biological activity of 

full-length chemically modified cGPNA-based PNAs in cell culture and in vivo. Although 

miR-155 and TTR are well-established clinical targets,27,28,38,74 prior studies indicated these 

targets do not illicit the off-target effects.28,75,76 We also performed BLAST analysis on the 

PNAs targeting TTR and miR-155. We only identified four genes as potential off-target sites 

for TTR PNAs with high E values. From BLAST sequencing analysis, it is established that 

a higher E value indicates a high probability of chance or false hits.77 From bioinformatic 

coverage analysis of the genome, we expect that the full length of cGPNA (20 mer) will 

bind to perfect match binding targets only by Watson-Crick base pairing.78 Although we 

do not anticipate any adverse events due to non-specific binding of cGPNA, for the sake of 

thoroughness, whole-genome sequencing-based methods are still required in future work to 

rule out the absolute possibility of off-target effects inclusively.

Various delivery strategies for cell-penetrating peptides, nanoparticles, and liposomes have 

been tested to improve their transfection efficiency.79 Tumor-targeted delivery of cGPNA 

can be achieved by conjugating it to pH-low insertion peptides (pHLIPs). Another potential 

delivery strategy could be an encapsulation of cGPNA in nanoparticles composed of 

poly (lactide-co-glycolic acid) (PLGA), PLGA/poly-L-histidine,80 or bioadhesive aldehyde 

functionalized poly (lactic acid)-hyperbranched polyglycerol nanoparticles81 We utilized a 

ligand-targeted delivery and observed a significant reduction in TTR mRNA levels when 

HepG2 cells were treated with PNA4-L and PNA5-L. PNA4, which was not conjugated 

to the ligand, showed no knockdown. Interestingly, cGPNA5 showed a dose-dependent 

knockdown of TTR, suggesting that clamp-G influences the uptake of PNAs.

Overall, we demonstrated that the integration of clamp-G nucleobase can effectively 

increase the RNA-inhibitory activity of PNA-based strategies. These advances promise to 

extend the application of cGPNA and various other nucleic acid classes for improved 

antisense and antigene applications.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the lead contact, Raman Bahal 

(raman.bahal@uconn.edu).

Materials availability—This study did not generate new unique reagents.
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Data and code availability—This paper does not report original code.

Materials and methods

Fmoc-protected clamp-G monomer and Boc-protected PNA monomers and were purchased 

from ASM Research Chemical, Germany. The 4-methylbenzhydrlamine (MBHA) resin, 

amide coupling reagents, and Boc-MiniPEG3 were purchased from Vivitide. Fmoc-

lys(Boc)-OH, mono-tert-butyl succinate, LBA was purchased from Sigma-Aldrich. U2932, 

SUDHl-5, and HepG2 cell lines were purchased from American Type Culture Collection 

(ATCC). Eagle’s minimum essential medium (EMEM), RPMI-1640 medium, trypsin-

EDTA, penicillin-streptomycin, and fetal bovine serum (FBS) were purchased from ATCC.

Synthesis of PNA oligomers

PNAs were synthesized on MBHA resin using Boc and Fmoc chemistry and standard 

solid-phase synthesis protocols.26 PNAs were synthesized from the C to-N terminus (3′ 
to 5′) direction The anti-miR PNAs had two arginine residues conjugated to the N and C 

terminus. The TTR PNAs with ligands were capped with succinic acid at the 5′ end through 

a trioxo-miniPEG spacer to generate –COOH in the PNA structure. PNAs were cleaved from 

the resin in trifluoracetic acid (TFA): trifluoromethane sulfonic acid:m-cresol:thioanisole at 

a ratio of 6:2:1:1 (v/v). Diethyl ether was used to precipitate the cleaved PNA followed by 

washing and vacuum drying. Crude PNAs were purified using Shimadzu RP-HPLC over a 

C18 semi-preparative column with gradient elution using water and ACN (containing 0.1% 

TFA). The identity of the PNAs was confirmed by MALDI-TOF and concentration was 

determined by measuring absorbance at 260 nm via UV-visible (UV-vis) spectrometry. The 

extinction coefficient of individual monomers used for calculating PNA concentration (6,600 

M−1cm−1 [C], 13,700 M−1cm−1 [A], 8,600 M−1cm−1 [T], 11,700 M−1cm−1 [G], 11,396 

M−1cm−1 [X]). TTR PNAs (PNA4, cGPNA5, and ScR-PNA6) were conjugated with diLBA 

ligand in a solution-phase amide coupling reaction as described previously.23 Briefly, 100 

nmol of PNA (1 equiv) in DMSO (100 μL) was mixed with N,N-diisopropylethylamine 

(DIEA, 5 equiv) and acetylated diLBA ligand (diLBAAc, 5 equiv). After 5 min of shaking 

at room temperature (RT), amide coupling reagent hexafluorophosphate azabenzotriazole 

tetramethyl uronium (HATU, 3 equiv) was added to the reaction. After 4 h of reaction, PNA 

conjugates (PNA-diLBAAc) were purified using RP-HPLC and subjected to deacetylation 

using a catalytical amount of sodium methoxide (NaOMe) in methanol. The resulting 

PNA-diLBA conjugates were purified on RP-HPLC. For quality control of PNA conjugates, 

MALDI-TOF and HPLC purity profiles were performed.23

Gel shift assays

The binding affinity of PNAs with the target was determined as previous described.10 In 

brief, PNAs were incubated with target miR-155 or TTR (1 μM) at different ratios in buffer 

mimicking physiological conditions (2 mmol/L MgCl2, 150 mmol/L KCl, 10 mmol/L NaPi). 

The samples were incubated at 37°C for 16 h and run on a 10% polyacrylamide gel at 120 

V for 40 min. The gel was stained with SYBR Gold for 2 min and visualized using Gel Doc 

EZ Imager (Bio-Rad).
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Cell culture

U2932 and SUDHL-5 cells were cultured in RPMI medium and HepG2 cells were cultured 

in EMEM medium. Media were supplemented with 10% FBS and 1% Pen-Strep and cells 

were maintained at 37°C and 5% CO2.

Gene expression by RT-PCR

For the anti-miR experiments, 400,000 U2932 or SUDHL-5 cells were seeded in a 12-well 

plate. The cells were treated with 4 μM PNA, cGPNA2, or PBS and incubated for 48 h. For 

the antisense experiments, 200,000 HepG2 cells were seeded in a 12-well plate. Cells were 

treated with different doses (1, 2, and 4 μM) of PNA4, PNA4-L, PNA5, and PNA5-L and 

incubated for 24 h.

The total RNA from the cells was extracted using the RNeasy Mini Kit (Qiagen). cDNA was 

synthesized using high-capacity cDNA reverse transcription following the recommended 

cycling conditions. Random primers were used for downstream targets and miR-155 

(Hs01374569_m1) and U6-specific primers (Hs00211890_m1) were used for microRNA 

cDNA preparation. Taqman gene expression assays for MCL-1 (Hs06626047_m1), 

SOCS1(Hs00705164_m1), FOXO3A (Hs00818121_m1), CSF1R (Hs00911250_m1), c-
Myc (Hs00153408_m1), Bcl-2 (Hs00608023_m1), Bcl6 (Hs00277037_m1), and TTR 
(Hs07288491_m1, Mm01158182_m1; Thermo Fisher Scientific) were used to amplify the 

respective mRNAs using the specified cycling conditions in the QuantStudio 5 real-time 

PCR detection system (Thermo Fisher Scientific, USA). GAPDH was used as the reference 

gene and fold change in mRNA expression was obtained by normalizing against the 

untreated cells.

Cell viability

For the trypan blue Assay, U2932 and SUDHL-5 were seeded in 96-well plates at a density 

of 10,000 cells/well. The cells were treated with different concentrations (0.5, 1, 2, and 4 

μM) of PNA1 and cGPNA2. After 48 h of incubation, cell viability was measured using 

trypan blue staining and counted on an automated cell counter (Bio-Rad, USA).

For the CytoTox-Glo assay, U2932 and SUDHL-5 were seeded in 96-well plates at a density 

of 10,000 cells/well. The cells were treated with different concentrations (0.5, 1, 2, and 

4 μM) of PNA1 and cGPNA2. After 48 h of incubation, CytoTox-Glo reagent was added 

according to the manufacturer’s instructions (Promega, #G9290). Luminescence from dead 

cells was measured on an infinite 200 PRO microplate reader (TECAN).

Apoptosis assay

Apoptosis was assessed using the fluorescein isothiocyanate (FITC) annexin V apoptosis 

detection kit (BD Pharmingen), and 200,000 U2932 cells were seeded in a 12-well plate. 

The cells were treated with 4 μM PNA1 and cGPNA2 or PBS (control) and incubated for 48 

h. The cells were washed with cold PBS twice and cell pellets were suspended in Ix annexin 

V-binding buffer. The cells were then counted and stained with phycoerythrin (PE) annexin 

dye and 7-amino-actinomycin (7AAD) as per the manufacturer’s instructions. Cells were 

acquired using LSR Fortessa X-20 Cell analyzer and data were processed using FlowJo. 
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Cells that stain positive for both FITC annexin V and phosphatidylinositol (PI) are identified 

as a late stage of apoptosis or are undergoing necrosis. Cells that stain negative for both dyes 

are identified as alive.

Western blot

For western blot, 400,000 U2932 and SUDHL-5 cells were seeded in a 12-well plate and 

treated with 4 μM PNA1 and cGPNA2 for 48 h. Total protein was extracted from cell 

pellets, enriched human tumor cells, using 1× RIPA buffer (Cell Signaling Technology, 

#9806) containing protease inhibitor. The concentration of protein was determined using an 

absorbance-based DC protein assay (Bio-Rad, USA). Equal amounts of protein (25–40 μg) 

were separated on a 4%–20% SDS-PAGE gel followed by transfer to the polyvinylidene 

fluoride (PVDF) membrane. MCL-1 (CST, #5453), FOXO3a (CST, #2497), and WEE1 

(CST, #13084) proteins were probed using rabbit monoclonal primary antibody in 3% BSA 

at 4°C overnight. Cyclophilin B (CST, #43603) and GAPDH (CST, #4970) were probed as 

the endogenous controls. The bands were detected using anti-rabbit immunoglobulin (Ig) 

G HRP linked secondary antibody (Cell Signaling Technology, #7074) (1:2,000 dilution, 

5% milk in Tris-buffered saline containing 0.1% Tween 20) and horseradish peroxidase 

(HRP) substrate (Millipore sigma, USA). The blots were imaged using ChemiDoc imager 

(Bio-Rad, USA) and band intensities were quantified using ImageJ 1.52a and cyclophilin B 

or GAPDH as a loading control.

Study approval

All animal experiments were performed at the University of Connecticut, Storrs in 

compliance with and approved by the Institutional Animal Care and Use Committee 

(IACUC). The authorization number for approved IACUC is A21-041.

In vivo studies

The short-term efficacy and survival study used female NOD scid gamma (NSG) mice 

(NOD.Cg-Prkdcscid Il2rgtmWjl/SzJ, strain 005557) weighing 20–23g were procured from 

the Jackson Laboratory. For this, 1 × 107 U2932 cells were suspended in RPMI-1640 

medium and subcutaneously injected in the right flank of 6-week-old NSG mice. The tumor 

size was monitored.

Short-term efficacy—The mice were treated when the tumors reached a volume of ~300 

mm3 for U2932 xenografts. γPNA2-NLS was administered via the i.t. route at 5 mg/kg in 

U2932 xenograft mice for 48 h. Tumors were dissociated using the protocol detailed below 

and cells were used for gene expression and western blot analysis.

Survival study—Mice bearing tumors about 100–150 mm3 were divided into four groups. 

Mice were treated with either saline, PNA1, cGPNA2, or Scr-cGPNA3 (n = 6). PNAs were 

administered at 1 mg/kg dose on days 1 and dose of 2 mg/kg on days 7 and 14. The change 

in tumor volume and body weight was measured every day. Mice were euthanized when 

the tumor volume reached 2,000 mm3. Blood was collected via cardiac puncture in 1.5-mL 

tubes containing 0.5 M EDTA. Organs including tumor, liver, kidney, spleen, heart, and lung 

were collected and weighed. Tumor fractions and all organs were kept in 10% formalin and 
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submitted for histology. The complete blood count (CBC) analysis was performed on the 

collected blood samples using Sysmex CBC analyzer (USA).

Tumor dissociation—The collected tumor fragments from short-term study and survival 

study were processed to enrich the implanted human tumor cells. The tumor fragments 

were chopped into small fragments under sterile conditions and dissociated using dispase 

(Stemcell Technologies, #100–0396), collagenase (Worthington, #LS004194), and RPMI 

medium at 37°C for 1.5 h. The dissociated tumor fragments were centrifuged, washed with 

PBS, and passed through a 70-μm filter. The collected single-cell suspension of tumor cells 

was centrifuged and incubated with 1 mL of trypsin for 5 min at RT. Cells were then diluted 

in RPMI medium and passed through a 40-μm filter. The collected cells were centrifuged 

and resuspended in 0.5–0.7 mL of red blood cell (RBC) lysis buffer at RT for 4 min. Cells 

were then diluted in PBS and centrifuged. The obtained tumor cell pellet was suspended 

in 0.5% BSA and cell count was determined. To enrich the human tumor cells, 2 × 107 

live cells were incubated with 20 μL of mouse cell depletion cocktail (Miltenyi Biotec, 

#130-104-694) at 4°C in dark for 15 min. Cell suspension was then diluted to 0.5 mL 

using 0.5% BSA and passed through the LS column (Miltenyi Biotec, #130-042-401). The 

collected cells were the enriched human tumor cells. Cells were centrifuged and pellets were 

stored at −80°C for further analyses.

TTR knockdown evaluation—C57BL/6J mice (stock 000664) were procured from 

Jackson Laboratory when they were 7–10 weeks old and housed in a pathogen-free 

environment with standard food and water. Blood was collected retro-orbitally, and plasma 

was separated (3,000 rpm for 15 min) and used for TTR analysis by ELISA. cGPNA5, 

cGPNA5-L, and ScR-cGPNA6-L were administered subcutaneously with a dose of 5 mg/kg 

on day 1 and 3. Mice were evaluated for body-weight changes and visual signs of toxicity 

during the treatment. On day 5, mice were euthanized and blood was collected by using 

cardiac puncture, and plasma was separated and used for TTR analysis by ELISA. Major 

organs, including liver, lungs, heart, kidney, and spleen, were harvested in PBS thoroughly 

soaked on absorbent pads and weighed. A portion of the liver was snap-frozen using dry ice 

and stored at −80°C for RNA extraction.

In vitro transcription and translation

We maintained an RNase-free environment. All reagents were RNase free and we used 

dedicated RNase-free pipettes with filter tips. The in vitro transcription (IVT) template 

used was TTR plasmid (pLDNT7_nFLAG), purchased from DNASU plasmid repository. 

The plasmid template contained a T7 promoter and TTR target sequence. The plasmid was 

linearized using fast digest PteI (Thermo Fisher Scientific, #FD2134) restriction enzyme. 

RNA was produced following the protocol of the HiScribe T7 high-yield mRNA Kit (New 

England Biolabs, USA, #E2040S). The IVT reaction was then carried out according to 

the standard protocol, except that uridine-5’-triphosphate (UTP) was replaced by pseudo-

UTP, respectively. We used co-transcriptional capping with anti-reverse cap analog (New 

England Biolabs, S1411L). Finally, mRNA purification was achieved by RNeasy Mini Kit 

(Qiagen, #74106) according to the manufacturer’s instructions. mRNA was quantified using 

Quant-it RiboGreen RNA Assay Kit (Invitrogen, #R11491). The mRNA was incubated 

Pradeep et al. Page 14

Cell Rep Phys Sci. Author manuscript; available in PMC 2024 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with different ratios of PNA4, cGPNA5, and ScR-cGPNA6 at 37°C for 3 h. Purity and 

TTR mRNA and PNA mixtures were incubated in RRL (Promega, #L4960) to quantify the 

translation inhibition of the PNAs using the manufacturer’s instructions. After incubation 

for the indicated time, equal aliquots of the reaction mixture were subjected to SDS-PAGE. 

The SDS-PAGE-separated proteins were transferred onto a PVDF membrane. TTR (CST, 

#29872) protein was probed using rabbit monoclonal primary antibody in 3% BSA at 4°C 

overnight. The proteins were probed as described in the ‘‘western blot’’ section.

ELISA

To measure TTR levels in mouse serum, we used ELISA kits. Serum was collected at the 

indicated time and subjected to ELISA using commercial kits from Abcam (ab282297) 

following the manufacturer’s instructions. All samples were run in duplicate in dilutions 

recommended by the manufacturer. Absorbance was determined at 450 nm using an iMark 

Bio-Rad microplate absorbance reader.

Statistical analysis

GraphPad Prism 9 (version 9.4.1) was used for statistical analysis. The data were reported 

as mean ± SEM and the number of replicates is included in the figure captions. An 

unpaired two-tailed t test was performed for experiments to test significance between the 

two groups. Two-way ANOVA was performed to test statistically significant differences 

between multiple groups. A p value less than 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Clamp-G nucleobase enhances the binding affinity of PNA to target miRNA and mRNA

Clamp-G PNA inhibits oncomiR-155 in multiple lymphoma cell lines

Clamp-G PNA efficiently knocks down TTR mRNA

Clamp-G PNAs are effective RNA inhibitors for other antisense therapies
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Figure 1. Design of PNA oligomers and gel shift binding assay
(A) Chemical structure of PNA where B signifies adenine (A), guanine (G), cytosine (C), 

thymine (T), and clamp-G (X). Chemical structures of C-G and X-G base pairs. C-G forms 

three H-bonds and X-G forms five H-bonds.

(B) The sequence of oncomiR-155 and PNAs used in the study. PNA1 and clamp-G 

PNA2 (cGPNA2) are designed to bind to miR-155. Scramble cGPNA3 (ScR-cGPNA3) was 

synthesized as a control. The PNAs have two arginine (R) residues on the N (5′) and C (3′) 

terminals. Orange, X monomer.

(C) Dose-dependent gel shift binding assay of target miR-155 (1 μM) with PNA1 and 

cGPNA2 at indicated concentrations. The samples were prepared in physiological buffer 

(2 mmol/L MgCl2, 150 mmol/L KCl, and 10 mmol/L NaPi) and incubated for 16 h at 

physiological temperature (37°C), followed by PAGE separation and visualization of bands 

by SYBR Gold staining.
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(D) Graph representing the quantification of the bound fraction of PNA1 and cGPNA2. The 

data are represented as mean ± SEM (n = 3).
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Figure 2. Antisense activity of clamp-G PNA in lymphoma cells
(A) Relative fold change in the levels of miR-155 after treatment of U2932 and SUDHL-5 

lymphoma cells with PBS (control), PNA1, and cGPNA2. Data were normalized against U6 
endogenous control.

(B and C) Gene expression of miR-155 downstream target genes (SOCS1, FOXO3A, 

CSF1R) in (B) U2932 and (C) SUDHL-5 cell lines after treatment with PBS (control), 

PNA1, and cGPNA2. Data were normalized against GAPDH endogenous control.

(D) Relative fold change in the levels MCL-1 oncogene in U2932 and SUDHL-5 cells 

treated with PBS (control), PNA1, and cGPNA2. (E and F) Representative western blot 

of MCL-1 protein fold change in U2932 and SUDHL-5 cells (left) after 48-h treatment 

with PBS (control), PNA1, and cGPNA2. The graphs (right) represent the quantification of 

MCL-1 protein fold change in U2932 and SUDHL-5 cells after indicated treatment relative 

to PBS.
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(A–E) U2932 and SUDHL-5 cells were treated with indicated PNAs at 4 μM dose for 48 h.

(G and H) The percentage cell viability of U2932 (top) and SUDHL-5 (bottom) treated with 

PBS, PNA1, and cGPNA2 at increasing concentrations (0.5, 1, 2, 4 μM) for 48 h.

(A–H) The results are represented as mean ± SEM (n = 3 biological replicates). An unpaired 

two-sample t test was used for statistical analysis.

Pradeep et al. Page 25

Cell Rep Phys Sci. Author manuscript; available in PMC 2024 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Evaluating the efficacy of anti-miR-155 therapy in the U2932 xenograft mouse model
(A) Relative fold change in the levels of miR-155 in ScR-cGPNA3-, PNA1-, and cGPNA2-

treated U2932 tumors. Data were normalized against U6 endogenous control.

(B) Gene expression of miR-155 downstream target genes (FOXO3A, WEE1, SOCS1, 

and CSF1R) in ScR-cGPNA3-, PNA-1-, and cGPNA2-treated U2932 tumors. Data were 

normalized against GAPDH endogenous control.

(C) Relative fold change in the mRNA levels of miR-155 downstream gene MCL-1 
oncogene in ScR-cGPNA3, PNA1, and cGPNA2.

(D) Representative western blot of MCL-1 protein fold change (left) in ScR-cGPNA3, 

PNA1, and cGPNA2. The graphs (right) represent the quantification of MCL-1 protein fold 

change after indicated treatment relative to ScR-cGPNA3. (A–D) Mice were treated with 

5 mg/kg, intratumorally for 48 h. Graph shows mean ± SEM (n = 6) and p value is from 

two-way ANOVA.

(E) Survival curve for tumors treated with ScR-cGPNA3, PNA1, and cGPNA2. The survival 

endpoint was a tumor volume of 2,000 mm2 and plotted against the number of days (n = 

6 mice in each treatment group). Log rank Mantle-Cox test was performed for statistical 

significance of percentage survival.

(F) Representative immunohistochemistry images Ki67 staining in ScR-cGPNA3, PNA1, 

and cGPNA2 collected at the end of survival study. Scale bar, 50 μm.
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(G) Box-plot representing the Ki67 quantification in tumor sections from indicated groups. 

The results are plotted to include all data points, and n > 4 images were quantified per tumor 

section ScR-cGPNA3 (n = 2), PNA1 (n = 2), and cGPNA-2 (n = 2). An unpaired two-sample 

t test was used for statistical analysis.
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Figure 4. Evaluating the ability of clamp-G PNA to bind and inhibit TTR mRNA
(A) Graphic representation of target site on TTR mRNA. The table contains PNA oligomer 

sequences to the TTR target site. PNA4-LBA, cGPNA5-L, and ScR-PNA6-L contain 

succinic acid (SA) at the 5′ end (N terminus) for conjugation with LBA ligand. Lysine (K) 

was added at the 3′ end (C terminus) of the PNA, and OOO represents the trioxo-miniPEG 

linker.

(B) Dose-dependent gel shift assay of TTR target with PNA4, cGPNA5, and ScR-PNA6 at 

indicated concentration. Samples were incubated in physiological buffer (2 mmol/L MgCl2, 

150 mmol/L KCl, and 10 mmol/L NaPi) for 16 h at 37°C, followed by PAGE separation.

(C) Schematic representation of PNA inhibiting translation initiation of TTR mRNA. 

Plasmid containing TTR coding region, nucleotides, and T7 polymerase were used to 

make TTR mRNA via in vitro transcription. TTR mRNA was incubated with different 

concentrations of PNA, and in vitro translation was performed using reticulocyte lysate.
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(D) Representative western blot analysis (top) of TTR protein after PNA and TTR mRNA 

incubation in reticulocyte lysate. The graph (bottom) represents the quantification of TTR 

protein fold change relative to the control. ImageJ was used for quantification, the graph 

shows mean ± SEM (n = 3), and the p value is from two-way ANOVA.

(E) Fold change in TTR mRNA levels in HepG2 cells treated with indicated doses of PNA4 

and PNA4-L in comparison to ScR-PNA6.

(F) Relative change in TTR mRNA levels in HepG2 cells treated with indicated doses of 

cGPNA5 and cGPNA5-L doses in comparison to ScR-PNA6. Graph shows mean ± SEM (n 
= 3) and p value is from two-way ANOVA.
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Figure 5. Efficacy of TTR clamp-G PNAs activity in vivo
(A) Workflow representing short-term evaluation of cGPNA5 in C56BL/6J mice post 

subcutaneous administration at 5 mg/kg.

(B) Relative fold change in the levels of TTR in livers of ScR-cGPNA6-L, cGPNA5, and 

cGPNA5-L. Graph shows mean ± SEM (n = 3) and p value is from two-way ANOVA.

(C) Quantification of relative fold change in plasma TTR protein levels of ScR-cGPNA6-L, 

cGPNA5, and cGPNA5-L by ELISA. Graph shows mean ± SEM (n = 3) and p value is from 

two-way ANOVA.
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