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SUMMARY
Targeting oncogenes at the genomic DNA level can open new avenues for precision medicine. Significant ef-
forts are ongoing to target oncogenes using RNA-targeted and protein-targeted platforms, but no progress
has been made to target genomic DNA for cancer therapy. Here, we introduce a gamma peptide nucleic acid
(gPNA)-based genomic DNA-targeted platform to silence oncogenes in vivo. gPNAs efficiently invade the
mixed sequences of genomic DNA with high affinity and specificity. As a proof of concept, we establish
that gPNA can inhibit c-Myc transcription in multiple cell lines. We evaluate the in vivo efficacy and safety
of genomic DNA targeting in three pre-clinical models.We also establish that anti-transcription gPNA in com-
bination with histone deacetylase inhibitors and chemotherapeutic drugs results in robust antitumor activity
in cell-line- and patient-derived xenografts. Overall, this strategy offers a unique therapeutic platform to
target genomic DNA to inhibit oncogenes for cancer therapy.
INTRODUCTION

The potential of targeting messenger RNA (mRNA) has been

recognized with the approval of several RNA-targeted drugs

(RTDs or antisense drugs) for treatment in the clinic.1,2 However,

RTDs have made limited progress in oncology-based therapeu-

tics. Similarly, proteolysis-targeting chimeras (PROTACs) for tar-

geted oncoprotein degradation have been used for prostate and

breast cancer treatments.3 Though promising, the mutations in

the genomic DNA drive oncogenesis and its progression, which

limits RTD- and PROTAC-based therapeutics. Targeting genomic

DNA has been a long-term goal to control gene expression and

treat diseases from the root level. Drugs like cisplatin, temozolo-

mide, and cyclophosphamide target genomic DNA via intercala-

tion to inhibit growth and proliferation of cancer cells.4 However,

these drugs cause severe toxicity by non-specifically targeting

the genomic DNA in normal cells.5,6 To address this, the focus

shifted to developing reagents that can sequence-specifically

target the genomic DNA via Watson-Crick (WC) base-pairing.

Challenges in developingDNA-targeted therapies include access-

ing the DNA target site within chromatin,7 competing with base

pairs from the homologous strand,8 and permeating the cellular

and nuclear membranes.9 Pyrrole-imidazole (Py-Im) polyamides
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can recognize nine base pairs of GC, CG, and AT/TA in the DNA

minor groove and modulate gene expression with limited anti-tu-

mor efficacy in vivo.10–13 Alternatively, triplex-forming oligonucle-

otides (TFOs) utilize Hoogsteen (HN) base-pairing rules to recog-

nize the homopurine stretches in the major groove of the duplex

DNA.14 Multiple studies have reported transcription inhibition

post TFO-directed triplex formation in the regulatory region of

the target genes in vitro.15–18 Overall, low specificity, sequence-

restricted recognition, and limited binding affinity pose a signifi-

cant challenge to the aforementioned DNA binding modalities.

Unlike TFOs, peptide nucleic acid (PNA), a synthetic DNA

mimic, can target DNA through WC and HN base-pairing.19,20

The charge-neutral (2-aminoethyl) glycine backbone imparts

enzymatic stability and exhibits higher binding affinity.21 Prior

studies haveestablished that a PNA:DNAheteroduplex has higher

thermal stability than a DNA:DNA duplex.19,22 Several designs,

like pseudo-complimentary PNAs,23 bis-PNAs,24 and tail-clamp

PNAs (tcPNAs),25 have been explored for genomic DNA invasion.

tcPNAs, containing a tail that binds using WC base-pairing and a

clamp region that binds with the homopurine region via HN base-

pairing, have shown promising results. One study has reported

tcPNA-mediated transcription inhibition in vitro;26 however, in vivo

efficacy and safety have not been demonstrated.
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Figure 1. Design of anti-transcription gPNA-NLS to target the c-Myc oncogene

(A) Schematic of gPNA-NLS-mediated inhibition of c-Myc transcription.

(B) Graphic representation of target sites in P1 and P2 of the human c-Myc oncogene.

(C) Design of gamma peptide nucleic acid (gPNA) conjugated with an NLS to target the indicated sites.

(D) PAGE assay of gPNA1-NLS and gPNA2-NLS at increasing PNA concentrationswith dsDNA 1 and 2 containing the respective target site. Scr-gPNA3-NLSwas

incubated with dsDNA2.

(E) Flow cytometry histograms of lymphoma cells after 24 h treatment with the indicated concentrations of gPNA5-NLS-T.

(F) Confocal microscopy images of live lymphoma cells after 24 h treatment with gPNA5-NLS-T (8 mM). Scale bars, 15 mm.

(G) Amplicon assay confirming binding of gPNA2-NLS (8 mM) to target site 2 in lymphoma cells after 24 h treatment.
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To enhance binding affinity and duplex DNA invasion, gamma

PNAs (gPNAs) were developed.27 gPNAs pre-organize into the

right-handed helix and can invade the genomic DNA with high

binding affinity.28 While gPNAs have been used for targeted

gene editing,29–31 their potential for targeting genomic DNA in

cancer therapy has not been investigated.

Here, we developed an anti-transcription platform targeting

the oncogenes at the genomic DNA level. Our approach utilizes

the tail-clamp design of gPNAs to invade the critical regulatory

regions of the c-Myc oncogene to inhibit transcription as a proof

of concept (Figure 1A). The cMyc oncogene is dysregulated in

several cancers.32 Multiple mechanisms, including gene amplifi-
2 Cell Reports Medicine 5, 101354, January 16, 2024
cation, chromosomal translocation, activation of enhancers, and

alterations in other oncogenic or tumor suppressor proteins,

dysregulate the c-Myc levels directly or indirectly.33,34 Direct tar-

geting of c-MYC is difficult because it’s a disordered protein that

lacks binding pockets and is localized in the nucleus.35 Several

strategies to inhibit c-Myc include preventing c-Myc translation,

decreasing the stability of c-MYC protein, inhibiting the forma-

tion of an active heterodimer with Max protein (SaJM589,36

KI-MS2-008,37 and KJ-Pyr-938), and inhibiting c-Myc transcrip-

tion.39 Further, indirect inhibition of bromodomain 4 (BRD4)

prevents c-Myc transcription and c-Myc-mediated transcrip-

tional activation of genes.40 Peptide-based inhibitors (Omomyc)
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sequester MYC in an inactive complex.41 Small molecules stabi-

lize the G-quadruplexes in c-Myc’s promoter region to disrupt its

activity.42 Additionally, an antisense oligonucleotide (INX-3280)

was tested in clinical trials but discontinued later.43,44 Reports

also exist on targeting c-Myc mRNA utilizing methylphospho-

nates,45 small interfering RNAs (siRNAs),46 and poly-2’-O-(2,4-

dinitrophenyl)-RNA47 with minimal in vivo stability.

We conjugated a nuclear localization sequence (NLS) to the

gPNA for nuclear delivery. We evaluated the anti-transcription

activity of gPNA-NLS in multiple lymphoma cells and animal

models, including cell-line-derived xenografts (CDXs), patient-

derived xenografts (PDXs), and transgenic mice. Combination

therapy has been reported to be effective in cancer treatment

as it targets key pathways that act synergistically to induce

apoptosis and inhibit angiogenesis, metastasis, and resistance,

resulting in robust anti-cancer activity.48 Histone deacetylase in-

hibitors (HDACis), clinically approved for the treatment of lym-

phoma, open the chromatin packing and induce apoptosis of

cancer cells via multiple pathways.49 To increase the accessi-

bility of gPNA-NLS at the target genomic site, we combined

the approved HDACi with gPNA-NLS. We noted superior anti-

cancer activity in CDX and PDX mouse models compared with

gPNA-NLS alone. Similarly, gPNA-NLS-treated xenograft mice

showed higher sensitization to doxorubicin, vincristine, cyclo-

phosphamide, and prednisone (CHOP), a first-line therapy for

non-Hodgkin’s lymphoma (NHL). Hence, corroborated by the in-

clusive pre-clinical efficacy and safety results, we established

gPNA-NLS-mediated genomic DNA targeting as a therapeutic

intervention for cancer therapy.

RESULTS

Anti-transcription gPNA design for oncogenic c-Myc

silencing
The c-Myc oncogene, located on chromosome 8 (8 q24.21), con-

tains three exons; exons 2 and 3 encode for the c-MYC protein,

while exon 1 spans the critical regulatory elements.50 Four pro-

moters regulate c-Myc transcription. Promoter 1 (P1) and P2,

located in exon 1, are the principal promoters driving the tran-

scriptional output of c-Myc.51 In normal cells, P2 regulates

80%–90% of production of steady-state c-Myc.52 However,

the translocation of c-Myc in Burkitt’s lymphoma, t(8; 14)(q24;

q32), juxtaposes the c-Myc oncogene to the immunoglobulin

heavy chain (IgH) locus on chromosome 14 and shifts the tran-

scription initiation from P2 to P1 by the enhancers present in

the IgH locus.53 We selected target sites upstream of both the

major P1 and P2 to design PNAs to inhibit the transcription of

the c-Myc oncogene (Figure 1B). Target site 1 is 100 bp up-

stream of P1 on the template strand and is required for binding

of nuclear factors to initiate transcription.52 Target site 2 is

10 bp upstream of P2 on the coding strand and has been estab-

lished to be the binding site for multiple transcription factors,

including the E2 factor (E2F) and E26 transformation-specific

(ETS) family54 and MYC-associated zinc-finger (MAZ) protein.55

MAZ recognizes a specificGA (GGGAGGG) region in target site 2

to regulate c-Myc transcription.55 Prior studies have reported

that targeting the selected sites in exon 1 inhibits c-Myc tran-

scription in vitro.15
Here, we designed anti-transcription tail clamp gPNA con-

structs complementary to the selected c-Myc target sites. To

achieve selectivity, we targeted 23-mer target regions containing

homopurine stretches that allow the PNAs to form a clamp via

HN base-pairing. A series of tail-clamp gPNAs was synthesized

using Boc chemistry-based solid-phase synthesis protocols56

(Figure 1C). The serine-gPNA monomers were introduced at

alternate positions in the WC binding domain of gPNAs. Prior

work established that partial g substitution is sufficient to confer

helical pre-organization.29,31 A classical nuclear localization

signal (PKKKRKV) was conjugated to the C terminus (30 end) of
PNAs to improve nuclear delivery.57 gPNA1-NLS binds to the

target site upstream of P1 on the template strand, and gPNA2-

NLS is complementary to the purine-rich region upstream of

P2 on the coding strand. A scramble sequence, Scr-gPNA3-

NLS, was used as a control. gPNA4-NLS was designed to bind

upstream of P2 in the mouse c-Myc oncogene (mouse Myc

target sequence: 50-GGAAAAAGAAGGGAGGGGAGGGA-30),
which differs from the human Myc sequence. gPNA5-NLS-T

had the same sequence as gPNA2-NLS and contained a

5-carboxytetramethylrhodamine (TAMRA) fluorophore for visu-

alization. Reverse-phase high-performance liquid chromatog-

raphy (RP-HPLC) was used to purify the synthesized gPNAs

(Figures S1A–S1D), and molecular weight was determined by

mass spectrometry (Table S1). An electrophoretic mobility assay

confirmed the formation of a stable invasion complex post incu-

bation of gPNA1-NLS and gPNA2-NLS constructs with the dou-

ble-stranded DNA (dsDNA) 1 and 2 (101 bp) containing their

respective target sites. We noted complete binding of the

gPNA1-NLS and gPNA2-NLS with their targets at a low

dsDNA:PNA (1:0.4) molar ratio. As expected, Scr-gPNA3-NLS

showed no binding (Figure 1D). Our recent study described

that adding cationic amino acids to PNAs increases the binding

affinity toward the target RNA site.58

Anti-transcription gPNA-NLS undergoes internalization
and invades the genomic DNA
We assessed the uptake of gPNA-NLS in vitro to ensure cyto-

plasmic and nuclear localization. We used two lymphoma cell

lines, including U2932, a diffuse large B cell lymphoma (DLBCL),

and Raji, a Burkitt’s lymphoma, whose proliferation is driven by

the c-Myc oncogene.59 gPNA5-NLS-T showed a dose-depen-

dent increase in internalization in U2932 and Raji cells based on

flow cytometry analysis (Figure 1E). We noted considerable up-

take of gPNA5-NLS-T at 8 mM after 24 h of incubation. Corrobo-

rated by confocal microscopy, treated U2932 and Raji cells

showed a significant accumulation of gPNA5-NLS-T in the cyto-

plasm and nucleus (Figure 1F). We observed similar results in cer-

vical carcinoma (HeLa) cells, where c-Myc amplification is associ-

ated with poor survival (Figure S1E).39 The 3-dimensional volume

plot of treated HeLa cells confirmed the accumulation of gPNA5-

NLS-T inside the nucleus (Figure S1F). Next, we used anPCR am-

plicon assay to ensure the invasion of gPNA2-NLS at the target

genomic site in treated U2932 and Raji cells. The binding of

gPNA2-NLS at the target site will sterically hinder the DNA poly-

merase-mediated extension of the flanking primers to form the

amplicon. We isolated the DNA from control (PBS) and gPNA2-

NLS- and Scr-gPNA3-NLS-treated lymphoma cells and amplified
Cell Reports Medicine 5, 101354, January 16, 2024 3
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the target region upstream of P2 in the c-Myc locus. As expected,

control and Scr-gPNA3-NLS-treated cells showed 113-bp ampli-

cons post separation on an agarose gel (Figure 1G). The treatment

of U2932 cells with gPNA2-NLS resulted in a dose-dependent

decrease in the amplicon intensity (Figure S1G), while no product

was observed in either U2932 or Raji cells at 8 mM (Figure 1G).

These results confirmed the selective binding of gPNA at the

target genomic DNA location.

Transcriptional silencing of c-Myc in lymphoma cells
We evaluated the activity of gPNA-NLS constructs in U2932

and Burkitt’s lymphoma (BL) cell lines (Raji and Daudi). Exon

1, containing the regulatory elements of c-Myc transcription,

is intact in both BL cell lines and was selected for evaluating

the efficacy of designed gPNA-NLS targeting the major pro-

moters (P1 and P2) of the c-Myc oncogene.53 We quantified

the gene expression levels of c-Myc and its downstream target

enhancer of zeste homolog 2 (EZH2) in the cells after treatment

with gPNA-NLS. EZH2 overexpression arrests B lymphocytes

in an immature state and causes repression of tumor suppres-

sors, leading to perpetual proliferation of B cells.60 Small-mole-

cule inhibitors of EZH2 protein are being used for the treatment

of refractory follicular lymphomas, and others are being tested

in various stages of clinical trials to treat solid tumors and

diffuse large B cell lymphomas.61 EZH2 is a bona fide onco-

gene, and c-Myc upregulates EZH2 via repression of miR-

26a.62 We observed 35% and 75% downregulation of c-Myc

and EZH2 in U2932 cells treated with gPNA2-NLS (Figure 2A).

gPNA1-NLS did not affect the gene expression levels of c-

Myc or EZH2. This was expected because U2932 cells contain

wild-type c-Myc, where P2 is the primary regulator of c-Myc

transcription. Similarly, gPNA2-NLS treatment resulted in

50% and 38% downregulation of c-Myc (Figures 2B and 2C)

in Raji and Daudi cells, respectively. EZH2 levels were reduced

by 69% in Raji and 66% in Daudi cells after treatment with

gPNA2-NLS. Due to the chromosome translocation of c-Myc

in Raji and Daudi cells, P1 also contributes to c-Myc transcrip-

tion.63 However, gPNA1-NLS did not induce c-Myc downregu-

lation. This raises the possibility that the target site upstream of

P1 is inaccessible to gPNA1-NLS. In addition, targeting P2 in

Raji and Daudi cells can decrease c-Myc transcription by inhib-

iting the transcription from P2 and interfering with the progres-

sion of the transcript initiated from P1. To ensure the efficacy of

gPNA2-NLS in the other cell lines, we assessed c-Myc expres-

sion in the HeLa, hepatocellular carcinoma (HepG2), lung

adenocarcinoma (A549), triple-negative breast cancer (MDA-

MB-231), and prostate cancer (PC3) cells post treatment.
Figure 2. Anti-transcription activity of gPNA-NLS in lymphoma cells

(A–C) Relative fold change in c-Myc and EZH2 after treatment with PBS and the

(D–F) Percentage of viability of lymphoma cells treated with PBS, gPNA1-NLS, g

(G and H) Fold change in live and early apoptotic lymphoma cells after 24 h trea

(I) Relative change in c-Myc in U2932 cells treated with the indicated gPNA2-NL

(J and K) Representative WBs of c-MYC protein in lymphoma cells (top) after 24 h

represent the quantification of c-MYC protein fold change relative to PBS.

(A–K) Graphs show mean ± SEM (n = 3); p value for unpaired two-sample t test.

(L) WB representing levels of gH2AX protein in gPNA2-NLS and Scr-gPNA3-NLS

(M) Representative immunofluorescence images of HeLa cells stained with gH2A

bar, 50 mm.
gPNA2-NLS treatment resulted in 56% and 50% knockdown

of c-Myc in HeLa and HepG2 cells, respectively (Figures S1H

and S1I), while gPNA1-NLS showed only a 22% decrease of

c-Myc in both cell types relative to the PBS-treated group.

Similarly, we observed that gPNA2-NLS resulted in a 62%

decrease in c-Myc levels in A549 cells post treatment (Fig-

ure S1J). Scr-gPNA3-NLS had no effect on c-Myc expression

in the tested cell lines. gPNA2-NLS treatment resulted in 31%

and 45% knockdown of c-Myc in MDA-MB-231 and PC3 cells,

respectively (Figure S1K).

gPNA2-NLS binds to the coding strand at the target genomic

location. To rule out that it can bind to the mRNA initiated from

P1, we designed an antisense oligonucleotide (ASO) with the

same sequence as gPNA2-NLS. The anti-cMyc ASO can target

the c-Myc mRNA and induce its degradation by activating

RNase H1. We did not notice a decrease in c-Myc levels in

U2932 and Raji cells transfected with ASO using RT-PCR anal-

ysis (Figure S1L). Similarly, no reduction of c-MYC protein was

observed in U2932 or Raji cells treated with the ASO (Fig-

ure S1M). We confirmed that gPNA2-NLS-mediated inhibition

of c-Myc is due to its anti-transcription activity.

Next, we assessed the viability of lymphoma cells treated with

PBS, gPNA1-NLS, gPNA2-NLS, and Scr-gPNA3-NLS at

different doses using a trypan blue assay. gPNA2-NLS treatment

showed a greater than 50% reduction in the viability of U2932,

Raji, Daudi, MDA-MB-231, and PC3 cells (Figures 2D–2F and

S1N). Annexin V staining of gPNA2-NLS-treated U2932 (Fig-

ure 2G) and Raji cells (Figure 2H) resulted in an �1.5- and 2.5-

fold increase in early apoptotic cells, respectively. We tested

the efficacy of gPNA2-NLS at higher doses in both U2932 and

Raji cells. We did not observe a decrease in the levels of c-

Myc beyond 50%, even at the 12 mM dose (Figures 2I and

S1O). This can be due to various factors, including saturation

of endocytic receptors, endosomal entrapment, limited nuclear

accumulation, or moderate accessibility to the target sites due

to other transcription factors.

We performed western blot (WB) analysis to determine the

change in c-MYC and EZH2 proteins. We noted an�50% reduc-

tion of c-MYC in gPNA2-NLS-treated U2932 (Figure 2J) and Raji

cells (Figure 2K) relative to control andScr-gPNA3-NLS treatment.

Similarly, gPNA2-NLS treatment resulted in 20%–40% lower

EZH2 levels in U2932 (Figure S1P) and Raji cells (Figure S1Q).

To investigate whether gPNA2-NLS-mediated strand invasion

in the P2 region of the c-Myc locus induced DNA damage, we

determined the change in phosphorylated histone H2A protein

(gH2AX), amarker of double-strand breaks (DSBs), viaWB, immu-

nofluorescence analyses, flow cytometry, and comet assay.
indicated gPNAs (8 mM) for 24 h.

PNA2-NLS, and Scr-gPNA3-NLS for 24 h.

tment with gPNA2-NLS and Scr-gPNA3-NLS (8 mM).

S doses in comparison with Scr-gPNA3-NLS.

treatment with PBS (control), gPNA2-NLS, and Scr-gPNA3-NLS (8 mM). Graphs

(8 mM) after 24 h relative to PBS.

X antibody after 24 h treatment with gPNA2-NLS (8 mM) and bleomycin. Scale
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U2932 cells treatedwithgPNA2-NLSandScr-gPNA3-NLSdid not

induce an increase in gH2AX protein (Figure 2L). Immunofluores-

cence staining of gH2AX in gPNA2-NLS-treated HeLa cells

showed no signs of DNA damage, while bleomycin-treated cells

showed increased gH2AX-positive nuclei (Figures 2M, S1R, and

S1S). Flow cytometry corroborated these results, where no differ-

ence in gH2AX-positive U2932 cells was observed (Figure S1T). A

neutral comet assay, used to measure the DSBs, showed no dif-

ference in the percentage of DNA tail region in U2932 cells treated

with gPNA2-NLS or PBS (Figure S1U). These results confirmed

that the designed gPNA2-NLS does not exert genotoxicity. To

confirm chromosomal binding, we treated MDA-MB-231 cells

with gPNA5-NLS-T. We arrested the cells in metaphase and

observed 2–4 red foci per cell in the nucleus, indicating gPNA5-

NLS-T binding to its target site (Figure S1V).

Transcriptome sequencing revealed impairment of DNA
replication and repair pathways after silencing of c-Myc

c-Myc regulates the transcription of genes associatedwith cellular

proliferation, protein synthesis, DNA replication, and metabolism,

which drive the aggressive clinical behavior of lymphomas.40 We

performed RNA sequencing to assess the transcriptomic profile

of U2932 lymphoma cells after gPNA2-NLS-mediated transcrip-

tion inhibition of c-Myc for 72 h. We found 913 differentially ex-

pressed genes (DEGs) in gPNA2-NLS-treated U2932 cells. We

noted thatmostDEGsobtained fromsequencing analysis showed

protein-protein interaction (PPI) when analyzed using the search

tool for the retrieval of interacting genes/protein (STRING) data-

base (Figure S2A).64 Functional enrichment of these genes high-

lighted multiple biological processes, including the cellular meta-

bolic process, cellular localization, biosynthetic process, and

nucleic acidmetabolic process, that were affected after c-Myc in-

hibition. Network analysis of the DEGs enriched in the nucleic acid

metabolic process showed alteration in nucleotide metabolism in

U2932 cells after inhibition of c-Myc transcription (Figure S2B).

We performed Gene Ontology (GO) analysis of DEGs to identify

the pathways after inhibition of c-Myc transcription. We noted

enrichment of downregulated DEGs in RNA splicing, DNA replica-

tion, and repair pathways (Figure 3A). We observed that the upre-

gulated DEGs were enriched in RNA catabolic processes, path-

ways, and proteins targeting the membrane or endoplasmic

reticulum (Figure S2C).

The PPI analysis of downregulated DEGs enriched in RNA

splicing (Figure S2D), DNA replication (Figure S2E), and dsDNA

repair (Figure S2F), using the STRING database, highlighted

several genes involved in the replication of cancer cells. For valida-

tion, we selected the breast cancer type 2 susceptibility protein

(BRCA2),whichpreventsdegradationof stalled replication forks;65

radiationsensitive52 (Rad52) andX-ray repair cross-complement-

ing (XRCC2) with a role in homologous recombination;66 DNA

ligase 4 (LIG4)67 and petite integration frequency 1 (PIF1)68 with

DNA helicase activity; and claspin (CLSPN)69 and Fanconi anemia

complementation group M (FANCM),70 essential for DNA replica-

tion and DNA damage response (DDR). Oncogene-induced repli-

cation stress (RS) relies on the DDR pathways to ensure the pro-

gression of stalled replication forks.71 In the absence of DDR

activation, RS reduces the proliferation and induces apoptosis of

cancer cells. Hence, selective targeting ofDDRcomponents is be-
6 Cell Reports Medicine 5, 101354, January 16, 2024
ing explored extensively as a therapeutic approach to sensitize

resistant tumors against available anti-cancer therapies.72 From

the RNA splicing pathway, we selected CDC2-like protein kinases

(CLK), including CLK1, CLK2, CLK4, and serine/arginine-rich

splicing factor 10 (SRSF10), with an established role in alternative

splicing and tumorigenesis.73 We selected downregulated DEGs

associated with transcription (E2F3 [E2F transcription factor 3]

and BRD9 [bromodomain 9]),74,75 translation (EIF5B [eukaryotic

translation initiation factor 5B] and EIF4EBP3 [eukaryotic transla-

tion initiation factor 4E binding protein 3]), and metabolism (OGT

[O-liked N-acetylglucosaminyltransferase])76 with a potential role

in maintaining the proliferation of cancer cells.

The expression levels of the selected genes were validated in

U2932 cells treated with PBS, gPNA2-NLS, and Scr-gPNA3-

NLS using RT-PCR. We confirmed 60% downregulation of c-

Myc in the gPNA2-NLS-treated group (Figure S2G). Consistent

with the RNA sequencing (RNA-seq) results, we observed a

2-fold increase in ADP ribosylation factor-like GTPase 11

(ARL11), a tumor suppressor gene,77 in gPNA2-NLS-treated

U2932 cells (Figure S2H). We noted downregulation of the

selected genes (Figures 3B, S2I, and S2J) in U2932 cells.

Next, we performed RNA-seq in U2932 cells using an siRNA-

positive control and compared it with gPNA2-NLS-treated cells

after 48 h. siRNA targeting c-Myc showed a 55% decrease in

c-Myc levels and was comparable with gPNA2-NLS (45%) in

U2932 cells (Figure S2K). Hierarchical cluster analysis of DEGs

was used to assess genes impacted by c-Myc inhibition in

both treatment groups. We observed a number of the upregu-

lated (66) and downregulated (37) common DEGs between the

gPNA2-NLS- and siRNA-treated groups (Figure 3C). We per-

formed gene set enrichment analysis (GSEA), and c-Myc gene

sets were downloaded from the GSEA website. Enrichment

was considered significant when nominal p < 0.05. A positive

normalized enrichment score (NES) indicates that genes ex-

pressed in the gPNA2-NLS and siRNA groups are enriched in

the respective c-Myc GSEA dataset compared with the control.

Three datasets showed significant gene overlap and were com-

mon between both groups (Figure 3D).

We identified the potential off-target sites of gPNA2-NLS using

BLAST analysis against the NCBI transcript reference se-

quences (taxid: 9606). Intersection of the potential off-target

genes with the DEGs (368) obtained from RNA-seq analysis

showed no overlap. These results suggest minimal off-target ac-

tivity of gPNA2-NLS (Figures S2L and S2M).

In vivo efficacy of anti-transcription gPNA-NLS in the
U2932 xenograft mouse model
We evaluated the biodistribution of gPNA-NLS in a subcutaneous

U2932CDXmousemodel.Weperformed systemic administration

of gPNA5-NLS-T in U2932 xenograft mice and performed in vivo

imaging using the in vivo imaging systems (IVIS) at different time

points. gPNA5-NLS-T accumulated in the tumors starting at

0.25 h and showed moderate retention until 24 h (Figures 4A

and S3A). IVIS imaging of the tumors and major organs isolated

from treated mice at 6 h and 24 h showed strong fluorescence

in the tumor relative to control mice (Figure 4B). We analyzed

the log-transformed fluorescence signal using exponential one-

phase decay and determined an in vivo half-life of PNA as 2.3 h.



Figure 3. Transcriptome sequencing analysis after c-Myc silencing

(A) GO analysis of downregulated DEGs.

(B) RT-PCR-based validation of the downregulated DEGs associated with DNA replication and repair in U2932 cells treated with PBS (control), gPNA2-NLS, and

Scr-gPNA3-NLS (8 mM) for 72 h. Graphs show mean ± SEM (n = 3); p value for unpaired two-sample t test.

(C) Hierarchical clustering analysis of DEGs after treatment of U2932 cells with gPNA2-NLS and siRNA compared with PBS treatment.

(D) Enrichment plots for the top three datasets enriched in GSEA, showing NES and normalized p value.
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We observed fluorescence in the kidneys, which is expected as it

is the primary site for PNA elimination. Confocal microscopy

confirmed the substantial accumulation of gPNA5-NLS-T within

the tumors at 6 h and 24 h (Figure 4C).

To determine the efficacy of gPNA2-NLS in vivo, we tested its

activity in two cell-line-derived (U2932 and Raji cells) xenograft

mousemodels (FiguresS3BandS3C). InU2932-derivedxenograft

mice, gPNA2-NLSwas injected intravenously (i.v.) at a single dose

of 25 mg/kg, followed by evaluation of c-MYC knockdown via

WB analysis after 24 h. We observed a 50% decrease in c-MYC

(Figures 4D and 4E) and a 10% decrease in EZH2 protein

(Figures4DandS3D) ingPNA2-NLS-treatedmice.Next,we tested

the efficacy of gPNA2-NLS in Raji cell-derived xenografts after
intra-tumoral (i.t.) administration at a lower dose of 5 mg/kg. WB

analysis showed a 40% decrease in c-MYC protein in gPNA2-

NLS-treated Raji cell tumors and a moderate reduction in EZH2

levels (Figures 4F and 4G).

We studied the efficacy of gPNA2-NLS in U2932 andMDA-MB-

231 CDX mice. Xenograft tumors of about 100–150 mm3 were

treated systemically with four doses of gPNA at 5 mg/kg over

10 days (Figure S3E). gPNA2-NLS-treated mice showed a 2-fold

reduction (day 10) in the tumor volumes compared with saline- or

Scr-gPNA3-NLS-treated mice (Figure 4H). The survival endpoint

was when tumors reached 2,000 mm3. Mice treated with

gPNA2-NLS had a median survival of 27 days, while the saline

and Scr-gPNA3-NLS group survived until 21 days (Figure S3E).
Cell Reports Medicine 5, 101354, January 16, 2024 7
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These results were corroborated by the downregulation of c-MYC

(�55%) and EZH2 (�20%) levels in gPNA2-NLS-treated tumors

(Figures S3F and S3G). We performed histological (Figure S3H)

and immunohistochemical analyses, including Ki67, a proliferation

marker, and caspase 3, an apoptotic marker (Figure 4I), in tumors

post survival study. We noted reduced staining of Ki67 and an in-

crease in caspase-3 in gPNA2-NLS-treated tumors (Figure S3I).

These results confirmed the efficacy of gPNA2-NLS to inhibit c-

Myc transcription and arrest tumor growth. In MDA-MB-231 CDX

mice, gPNA2-NLS-treated mice showed a 2-fold reduction (days

15–25) in tumor volumes comparedwith control mice (Figure S3J).

To ensure the safety of designed gPNA constructs, we evalu-

ated the complete blood count (CBC), blood chemistry, and his-

topathological analysis of organs in all treatment groups of

U2932 xenografts. We did not notice a change in mouse weight

during the tumor growth study in the treatment groups relative to

the saline (Figure S3K). No change in liver enzymes (alanine

transaminase, aspartate transaminase, lactate dehydrogenase)

or blood urea nitrogen (BUN) was observed in the treated mice

(Figure 4J). Likewise, CBC parameters showed no signs of

toxicity (Figure S3L). Histological analysis of major organs did

not show anymorphological changes in the tissues (Figure S3M).

Overall, these results confirmed the safety of gPNA-NLS in vivo.

Efficacy of anti-transcription gPNA2-NLS with HDACis
and chemotherapeutic drugs
Chromatin packing by nucleosomes hinders genome access for

transcription and replication machinery.78 The dynamic protein-

DNA complex is regulated by histone acetylation andmethylation.

BalancingHDACand histone acetyltransferase (HAT) activity con-

trols chromatin condensationandgene expression.79Cancer cells

overexpress HDACs, making them sensitive to HDACis, which

prevent tumor growth.80 Several HDACis have been approved

for cancer treatment,withbetter resultswhencombinedwithother

anti-cancer drugs, particularly for resistant cancers.49 To improve

the anti-transcription gPNA2-NLS efficacy, we considered sensi-

tizing the cancer cells by pre-treating them with HDACis. We hy-

pothesized that HDACi-mediated chromatin relaxation would

enhance the accessibility of gPNA2-NLS at the target site. We

tested the activity of gPNA2-NLS in lymphoma cells pre-treated

with Food and Drug Administration (FDA)-approved HDACis,

including romidepsin and vorinostat.81 gPNA2-NLS showed

higher activity in U2932 cells pre-treated with romidepsin. It re-

sulted in a 66% and 79% reduction in viability on days 2 and 4,

respectively, relative to the cells treated with only romidepsin or
Figure 4. Efficacy of anti-transcription gPNA-NLS in lymphoma xenog

(A) IVIS images of U2932 xenografts post gPNA5-NLS-T administration at the in

(B) IVIS images of tumor and organs, including kidneys (K), lungs (Lu), liver (L), sple

(C) Confocal images of gPNA5-NLS-T treated xenografts. Blue, DAPI.

(D and E) c-MYC and EZH2 protein levels (D) and quantification (E) in control and g

gPNA2-NLS, n = 7).

(F and G) c-MYC and EZH2 protein levels (F) and quantification (G) in control an

gPNA2-NLS, n = 6).

(E and G) Graphs show mean ± SEM; p value for unpaired two-sample t test.

(H) Tumor growth curve of U2932 xenograft mice treatedwith gPNA2-NLS and Scr

8). Mean ± SEM; p value for two-way ANOVA.

(I) Immunohistochemistry of tumors, including Ki67 and caspase-3, staining in U

(J) Serum chemistry analysis of U2932 xenografts post survival. Graphs show m
gPNA2-NLS (50%viability, day 4) (Figure 5A).Weobserved similar

results in U2932 cells treated with gPNA2-NLS and vorinostat,

which showed 78% reduced viability on day 4 (Figure S4A). As ex-

pected, Scr-gPNA3-NLS did not show synergistic activity when

tested with romidepsin or vorinostat in U2932 cells. RT-PCR-

based quantification confirmed our hypothesis that pre-treatment

of U2932 cells with romidepsin resulted in 5- and 1.4-fold lower c-

Myc and EZH2 levels, respectively (Figure 5B). Vorinostat com-

bined with gPNA2-NLS resulted in an �6-fold reduction in c-Myc

and an �7-fold decrease in EZH2 levels (Figure S4B). We tested

the activity of gPNA2-NLSwith valproic acid, which reduces chro-

matin condensation and promotes demethylation of DNA.82 We

observed 78% lower viability in gPNA2-NLS- and valproic acid-

treated U2932 cells and a 3-fold decrease in c-Myc levels

compared with only valproic acid treatment (Figures S4C and

S4D). WB analysis of lysates from U2932 cells treated with the

combination of romidepsin and gPNA2-NLS resulted in 6- and

1.5-fold lowerc-MYCandEZH2protein relative to romidepsin (Fig-

ure5C).Weconfirmedour resultsby testinggPNA2-NLSand romi-

depsin in Raji cells using viability and gene expression analyses.

The combination treatment resulted in 75% lower viability, while

only romidepsin-treated cells showed a 58% reduction in viability

of Raji cells on day 4 (Figure S4E). We noted 3.3-fold lower c-Myc

levels in Raji cells treated with gPNA2-NLS and romidepsin (Fig-

ure S4F). In addition, 24 h pre-treatment with romidepsin followed

by 24 h treatment with gPNA2-NLS showed superior knockdown

of c-Myc and EZH2 in both U2932 (Figure S4G) and Raji cells (Fig-

ure 5D) in comparison with romidepsin treatment. The increased

activity of gPNA2-NLS, when combined with multiple HDACis in

lymphoma cells, established the potential of gPNA2-NLS as a

combination therapy for the treatment of resistant cancers.

After gPNA2-NLSmediated c-Myc transcription inhibition, RNA

sequencing showed significant downregulation of genes associ-

ated with DNA replication and repair pathways, indicating sensiti-

zation of lymphoma cells to chemotherapeutic drugs. Pre-treat-

ment of U2932 cells with gPNA2-NLS (24 h) followed by CHOP

treatment resulted in 2-fold lower viability compared with CHOP-

only-treated cells (Figure 5E). These results confirmed that

gPNA2-NLSenhances theefficacyofapprovedanti-cancerdrugs.

In vivo efficacy of gPNA2-NLS and romidepsin in U2932
xenograft mice
We investigated the anti-tumor activity of gPNA2-NLS with romi-

depsin in U2932 xenograft mice. To sensitize the mice, romidep-

sin was administered intraperitoneally 24 h before the first and
raft mice

dicated time points (5 mg/kg dose, i.v.).

en (S), intestine (In), and bonemarrow (BM), after gPNA5-NLS-T administration.

PNA2-NLS-treated (25 mg/kg, i.v.) U2932 xenografts after 24 h (control, n = 6;

d gPNA2-NLS-treated (5 mg/kg, i.t.) Raji xenografts after 24 h (control, n = 5;

-gPNA3-NLS (5mg/kg) (saline, n = 10; gPNA2-NLS, n = 9; Scr-gPNA3-NLS, n =

2932 xenografts post survival study. Scale bar, 50 mm.

ean ± SEM (n = 3).
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third doses of gPNA2-NLS (Figure 5F). U2932 tumors treated

with romidepsin reduced the tumor growth by 2-fold. The com-

bination of gPNA2-NLS and romidepsin showed a 3-fold

decrease in tumor volume relative to the vehicle on day 12

(Figures 5F, S4H, and S4I). We noted a median survival of

29 days in mice treated with gPNA2-NLS and romidepsin, while

romidepsin-only-treatedmice survived until 25 days (Figure S4J).

H&E staining of tumors indicated tissue disruption in the gPNA2-

NLS- and romidepsin-treated group in addition to the reduction

in Ki67-positive cells and higher caspase-3 activations relative to

the romidepsin- or vehicle-treated group (Figures 5G, S4K, and

S4L). We did not notice a change in the weight of mice from

different groups (Figure S4M). CBC and histological analysis of

organs established the safety of the combination therapy in vivo

(Figures S4N and S4O). These results confirmed that improving

the accessibility of gPNA2-NLS at the target site using HDACis

is an effective approach.

In vivo efficacy of gPNA2-NLS with CHOP in U2932
xenograft mice
We evaluated the efficacy of gPNA2-NLS as a combination ther-

apy with CHOP in the U2932 xenograft mouse model. To mini-

mize the toxicity associated with the CHOP regimen, we admin-

istered three incremental doses of CHOP over 13 days and four

doses of gPNA2-NLS (Figure 5H). We observed 3.2- and 2-fold

lower tumor volumes on day 10 (Figure S5A) in gPNA2-NLS

plus CHOP and CHOP-treated mice, respectively (Figures 5H

and S5B). Mice treated with the combination of gPNA2-NLS

and CHOP showed a median survival of 34 days versus

29 days after CHOP treatment (Figure S5C). Histological analysis

revealed disrupted tissue in gPNA2-NLS- and CHOP-treated

mice (Figure 5I). Similarly, immunohistochemical staining of tu-

mor sections showed a minimum of proliferative cells, as indi-

cated by reduced Ki67 staining, and maximum caspase-3 acti-

vation in gPNA2-NLS- plus CHOP-treated mice compared with

the CHOP treatment (Figures 5I, S5D, and S5E). We did not

observe more than a 10% decrease in ’mouse weight post treat-

ment with CHOP or gPNA2-NLS plus CHOP relative to the con-

trol mice (Figure S5F). We noted a marginal reduction in red

blood cells, hemoglobin, and platelets in CHOP-treated mice

(Figure S5G). H&E staining confirmed no change in the organ his-

tology except for the spleen, which showed splenomegaly in
Figure 5. Efficacy of gPNA2-NLS in combination with HDACis and che

(A) Percentage viability of U2932 cells treated with the indicated gPNA-NLS, HD

(B) Fold change of c-Myc and EZH2 gene expression in treated U2932 cells on d

(C) WB analysis representing c-MYC and EZH2 protein levels in U2932 cells on

(D) Fold change in c-Myc and EZH2 levels in Raji cells after 24 h.

(E) Percentage of viability of U2932 cells treated with doses of CHOP or in comb

(A, B, D, and E) Graphs show mean ± SEM (n = 3); p value for unpaired two-sam

(F) Workflow representing the in vivo study plan to evaluate the efficacy of gPNA2

treatment with romidepsin and combination of romidepsin with gPNA2-NLS (bot

(G) Representative immunohistochemistry images of H&E, Ki67, and caspase-3

(F and G) Graphs show mean ± SEM (n = 3); p value for two-way ANOVA. **p <

(H)Workflow representing the in vivo study plan to evaluate gPNA2-NLS efficacyw

and gPNA2-NLS+CHOP (bottom). Control, n = 6; CHOP, n = 7; gPNA2-NLS+CH

(I) Representative immunohistochemistry images of H&E, Ki67, and caspase-3 st

survival.

(G and I) Scale bars, 100 mm (H&E) and 50 mm (immunohistochemistry).
CHOP-treated mice (Figure S5H). This observation is consistent

with the reports of cytotoxic drug-mediated toxicity in mice.83

These findings establish the potential of anti-transcription

gPNA2-NLS to improve the therapeutic index of cytotoxic drugs.

The anti-transcription activity of gPNA-NLS in
transgenic mice
We tested the efficacy of gPNA-NLS in a transgenicmousemodel

with an active immune system. Em-myc transgenicmicemimic the

t(8; 14) translocation of c-Myc in BL and place the murine c-Myc

gene under the control of IgH regulatory elements.84 The resulting

overexpression of c-Myc leads to B cell lymphomagenesis in

transgenic mice. We compared the biodistribution of fluoro-

phore-conjugated gPNA-NLS-T after i.v. and subcutaneous

(s.c.) administration in Em-myc mice. IVIS imaging indicated a

higher accumulation of gPNA-NLS-T in the isolated lymph nodes

(LNs) after s.c. dosing compared with the i.v. route at 24 h (Fig-

ure 6A). We noticed a significant TAMRA fluorescence signal in

LNs and minimal accumulation in the liver after s.c. delivery

(Figures 6B andS6A). These results are consistent with the reports

of high lymphatic drainage after s.c. injection.85 We observed a

substantial accumulation of gPNA-NLS-T in cervical, brachial,

and axillary LNs 6 h after s.c. dosing in Em-myc mice compared

with the control group (Figure 6C). We designed gPNA4-NLS

(target site: 50-GGAAAAAGAAGGGAGGGGAGGGA-30) comple-

mentary to the target site upstream of P2 in the mouseMyc locus,

which differs from the human sequence, to investigate the anti-

gene activity in vivo. We administered two doses of gPNA4-NLS

over 2 days via the s.c. route in Em-myc mice to determine the

short-term efficacy of inhibiting c-Myc (Figure 6D). We noted a

moderate decrease in the mass of cervical and brachial LNs

collected on day 3 in gPNA4-NLS treated Em-myc mice (Fig-

ure 6D). WB analysis of the lysates of cervical and brachial LNs

(day 3) showed an �80% and �60% decrease in c-MYC protein

in gPNA4-NLS-treatedmice (Figures 6E and 6F). Similarly, axillary

LNs from the treated mice showed an �40% reduction in c-MYC

(Figures S6B and S6C). Next, we performed histological (Fig-

ure S6D) and immunohistochemical analyses of the collected

LNs. We noted reduced Ki67 and increased caspase-3 staining

in cervical and brachial LNs of gPNA4-NLS-treated mice

(Figures 6G and S6E). Axillary LNs from the treated mice also

showed amoderate decrease in Ki67 and higher caspase 3 levels
motherapeutic drugs

AC inhibitors, and combination at 1, 2, and 4 days.

ay 4.

day 4.

ination with gPNA2-NLS after 24 h.

ple t test.

-NLS with romidepsin (top) and tumor growth curve of U2932 xenografts after

tom). Vehicle, n = 5; romidepsin, n = 8; gPNA2-NLS+romidepsin, n = 8.

staining in U2932 xenografts post survival.

0.01, ***p < 0.0001.

ith CHOP (top) and tumor growth curve of U2932 xenografts treatedwith CHOP

OP, n = 6.

aining in control, CHOP-, and gPNA2-NLS+CHOP-treated U2932 tumors post
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(Figure S6F). These results established that s.c. administered

gPNA4-NLS could efficiently accumulate in the LNs to inhibit the

proliferation of c-Myc-driven lymphomas. Cytokine array analysis

did not indicate activation of the innate immune response in

gPNA4-NLS-treated Em-myc mice (Figure 6H). No alteration in

the histology of the organs was observed in gPNA4-NLS-treated

and untreated Em-myc mice (Figure S6G), establishing the safety

of gPNA-NLS in an immunocompetent mouse model.

To confirm the specificity ofgPNA4-NLS,we treated theEm-myc

mice with human-specific gPNA2-NLS followed by WB analysis.

The lysates from the brachial and cervical LNs showed no signifi-

cant difference in the c-MYC protein levels (Figures S6H and S6I).

We tested theefficacyofgPNA4-NLSonU2932cellsandobserved

no difference in c-Myc gene expression (Figure S6J). These results

together emphasize the site specificity ofgPNA4-NLSandgPNA2-

NLS to mouse and human c-Myc targets, respectively.

Efficacy of gPNA2-NLS in combination with romidepsin
and CHOP in PDXs
We evaluated the combination of gPNA2-NLS with romidepsin

and CHOP therapy in a DLBCL PDX mouse model. PDXs contain

cancer stem cells and a heterogeneous cancer cell population,

presenting a more rigorous platform to access therapeutic

agents.86 Two doses of romidepsin, administered via the intraper-

itoneal (i.p.) (1 mg/kg) route on days 0 and 6, were used to sensi-

tize the PDX to gPNA2-NLS. We observed a 2.3- and 1.5-fold

reduction in the PDX tumors treated with gPNA2-NLS (5 mg/kg)

and romidepsin on day 15, respectively (Figure 7A). gPNA2-

NLS- and romidepsin-treated PDX mice had 2.4-fold lower tumor

volumes than those with only gPNA2-NLS or romidepsin treat-

ment, which showed a 1.4- and 1.3-fold decrease on day 35

(Figures 7B and 7C). H&E- and Ki67-stained sections of the PDX

tumors treated with the combination showed significantly higher

necrosis and minimal proliferation (Figure 7D). The quantification

of Ki67 staining indicated an�3-fold decrease in proliferation rela-

tive to individual treatments, which showed only a 1.8-fold reduc-

tion (Figure 7E). Similarly, we observed 6.4-fold higher caspase-3

activation inPDX tumors treatedwithgPNA2-NLS and romidepsin

than tumors treated with only gPNA2-NLS or romidepsin (�5-fold

increase) (Figures S7A and S7B). We did not notice a change in

mouseweight, indicating the safety of gPNA2-NLS in combination

with romidepsin (Figure S7C).

Next, we tested the efficacy of gPNA2-NLS and CHOP in PDX

mice. Pre-treatment of PDX mice with gPNA2-NLS sensitized

the tumors toward CHOP, resulting in a 3.4-fold lower tumor vol-

ume relative to the CHOP treatment (1.9-fold) on day 15 (Fig-

ure 7F). gPNA2-NLS+CHOP-treated PDX-tumors showed
Figure 6. Anti-transcription efficacy of gPNA-NLS in Em-myc transgen

(A) In vivo biodistribution of gPNA-NLS-T (5 mg/kg) in the LNs and organs of Em-

(B) Confocal images after 24 h of gPNA-NLS-T i.v. and s.c. administration.

(C) Confocal images of LNs isolated from control and gPNA-NLS-T-treated (5 m

(B and C) Scale bars 30 mm.

(D) Workflow representing the study plan for evaluating gPNA4-NLS efficacy in E

NLS-treated mice (bottom left), and graph representing the mass of LNs from co

(E and F) c-MYC protein levels in Em-myc mice on day 3 (left). The graph represe

(G) Representative immunohistochemistry images from control and gPNA4-NLS

(H) Relative fold change in the level of cytokines in gPNA4-NLS-treated Em-myc m

value for unpaired two-sample t test.
2-fold lower tumor volumes than the CHOP-only group on day

35 (Figures 7G and 7H). We noted a 3.5-fold reduction in Ki67

staining (Figures 7I and 7J) and an increase in caspase-3 activa-

tion (Figures S7D and S7E) in combination-treated PDX mice,

with visible disruption of the tumors through histological anal-

ysis. More importantly, the CHOP treatment did not result in a

weight decrease in the PDX mice (Figure S7F), establishing the

potential of gPNA2-NLS to improve the therapeutic efficacy of

CHOP at reduced clinical doses with no signs of toxicity. To

confirm the specificity of the gPNA2-NLS, we tested the in vivo

activity of Scr-gPNA3-NLS and did not observe its impact on

the growth of PDX tumors after multiple dosing (Figure S7G).

To ensure the safety of gPNA-NLS, we used flow cytometry

analysis to evaluate the changes in various immune cells,

including CD19+ B cells, CD3+ T cells, CD11b+ F4/80+ mono-

cytes/macrophages, Ly6G+ neutrophils, and NK1.1+ NK cells

(Figure S7H), in an immune-competent mouse model. We

observed no changes in the immune cells of C57BL/6 mice

post treatment with gPNA2-NLS (25mg/kg) (Figure S7I). Further,

TAMRA-conjugated gPNA-NLS did not show uptake in CD11b+

F4/80+ monocytes/macrophages (Figures S7J and S7K). We

performed a cytokine array in gPNA2-NLS-treated C57BL/6

mice and did not notice an increase in cytokines (Figure S7L).

These results suggest a lack of immunogenic response for

gPNA2-NLS administered systemically.

DISCUSSION

Targeting genomic DNA has been challenging as it is packed into

chromatin, and the duplex is thermodynamically stable due to the

WCbase-pairing and nucleobase stacking.6,78 It has been estab-

lished that genomic DNA undergoes thermal fluctuations or

breathing.87 The breathing of genomic DNA results in the acces-

sibility of nucleobases in the duplex to high-affinity sequence-se-

lective DNA binders.

Prior studies have reported that modifications at the g position

in the PNA backbone pre-organize it into a right-handed helical

structure.27,28 gPNAs invade the mixed sequences of genomic

DNA via WC base-pairing. It has been confirmed that the gPNAs

can induce gene editing in vivo by targeting genomic DNA.29,31

The progress in targeting genomic DNA for cancer therapy has

not been investigated thoroughly. Few studies have explored

the genomic DNA targeting features of PNAs to inhibit cancer

growth.88,89 Initial efforts were focused on unmodified PNAs to

target the transcription start site (TSS) to inhibit the expression

of oncogenes. Prior work has shown PNA-mediated transcription

inhibition of human progesterone receptors for breast cancer90,91
ic mice

myc mice.

g/kg) mice after 6 h.

m-myc mice (top), representative images of the LNs from control and gPNA4-

ntrol and gPNA4-NLS post treatment (bottom right).

nts the protein quantification (right).

-treated mice. Scale bar, 50 mm.

ice on day 3 relative to the control group. Graph shows mean ± SEM (n = 3); p
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and c-Myc in Burkitt’s lymphoma.89 While promising, most

studies were performed using cell culture-based analysis and

demonstrated limited pre-clinical development.

Here, we designed gPNAs to inhibit the transcription of onco-

genic c-Myc and comprehensively tested its efficacy and safety

in vivo. c-Myc is dysregulated in more than 50% of cancers

driving tumorigenesis,40 and yet there are no c-Myc-specific in-

hibitors on the market.92 Regular PNA, designed to target the Em

enhancer region in BL to inhibit c-Myc, reduced tumor growth in

a xenograft mousemodel; however, it warrants further investiga-

tion.89 We conducted pre-clinical and safety analyses of gPNAs

targeting the c-Myc promoter region in multiple animal models.

The combination of a gPNA backbone, tail-clamp design, and

addition of an NLS allows the gPNA-NLS to invade the genomic

DNA and form a thermodynamically stable DNA:gPNA complex

to inhibit the transcription of c-Myc in vivo.

Cellular uptake studies revealed substantial uptake of TAMRA-

conjugated gPNA-NLS in lymphoma cells. Gene expression

studies in multiple lymphomas and other cancer cells established

the superior efficacy of targeting P2 over P1 to inhibit transcrip-

tion. Moreover, we did not notice a change in the gH2AX levels

in gPNA-NLS-treated lymphoma cells, consistent with prior re-

sults.29,93One explanation is thatgPNA-NLS invades the genomic

DNA via duplex invasion, which does not induce DSBs.

In biodistribution studies, we observed passive accumulation

due to the enhanced permeability and retention effect.94 We

noted a decrease in c-MYC protein after a single dose and mul-

tiple doses in U2932 xenograft and Eu-myc transgenic mice.

Multiple systemic doses of gPNA2-NLS reduced the growth of

three xenograft tumors. Co-treatment with gPNA2-NLS and ro-

midepsin further improved the survival of U2932 xenograft

mice. Inhibition of c-Myc transcription impaired DNA replication

and damage response in lymphoma cells, making them more

sensitive to chemotherapeutic drugs. Combining gPNA2-NLS

and CHOP improved the survival of U2932 and PDX mice.

These results indicate the potential of gPNA-NLS as an anti-

transcription agent for cancer therapy. Overall, we provide

adequate pre-clinical data to support gPNA-NLS-based silencing

of oncogenes at the genomic DNA level for cancer therapy.

Limitations of the study
We conducted proof-of-concept genomic DNA-targeting studies

to inhibit c-Myc, potentially extending to other oncogenes

commonly dysregulated in various cancers.95–97 We tested a few
Figure 7. Efficacy of gPNA2-NLS in the DLBCL patient-derived xenogr

(A) Tumor growth curve of DLBCL PDX mice treated with gPNA-NLS, HDACis, a

NLS+romidepsin, n = 6).

(B) Graph representing tumor volumes of the indicated groups. Control, n = 4; g

(C) Representative images of mice bearing tumors from the indicated treatment

(D) Representative immunohistochemistry images from different groups. Scale b

(E) Boxplot representing quantification of Ki67 in tumor sections.

(F) Tumor growth curve of mice treated with CHOP and combination of gPNA2-N

(G) Graph representing the tumor volumes from the indicated treatment groups

(H) Representative images of mice bearing tumors from the indicated groups.

(I) Representative images of H&E- and Ki67-stained tumor sections Scale bar, 50

(J) Boxplot representing Ki67 quantification in tumor sections (control, n = 2; CH

Results are presented as mean ± SEM; p value for unpaired two-sample t test.

***p < 0.001.
targeted sites on the c-Myc oncogene. Advances in bioinformatic

and genome sequencing tools enable screening of multiple

genomic DNA sites that can potentially inhibit transcription by

blocking RNA polymerase. Although we attempted to determine

the off-target effects, they were not ruled out completely. Addi-

tional studies, including whole-genome sequencing and time-

dependent RNA sequencing considering c-Myc transcript half-

life, can be performed to ensure specificity. Further, the survival

study in theEm-Mycmousemodel ischallengingdue to the intrinsic

heterogenicity in onset of B cell lymphoma.98,99 To assess the ef-

ficacy of the gPNA-NLS-based antigene strategy, it’s advisable to

explore extended survival studies in Em-myc mice with synchro-

nized B cell lymphoma onset. gPNA-NLS passively accumulates

in the tumors and undergoes nuclear transport. In vivo targeting

canbe improvedbyactivedeliveryofgPNA-NLSusing ligands tar-

geting the tumor microenvironment.100
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-gH2AX antibody Cell signaling technology Cat# 9718S; RRID: AB_2118009

anti-c-MYC Rabbit mAb Cell signaling technology Cat# 5605; RRID:AB_1903938

anti-EZH2 Rabbit mAb Cell signaling technology Cat# 5246; RRID:AB_10694683

anti-Cyclophilin B Rabbit mAb Cell signaling technology Cat# 43603; RRID:AB_2799247

anti-b-actin Rabbit mAb Cell signaling technology Cat# 4970; RRID:AB_2223172

anti-rabbit IgG HRP linked antibody Cell signaling technology Cat# 7074; RRID:AB_2099233

anti-Ki-67 Rabbit mAb Cell signaling technology Cat# 9027S; RRID:AB_2636984

anti-caspase 3 Rabbit mAb Cell signaling technology Cat# 14214S; RRID:AB_2798426

ImPRESS HRP–polymer horse anti-rabbit

secondary antibody

Vector laboratories Cat# MP-7401: RRID:AB_2336529

anti-gH2AX antibody- PE BioLegend Cat# 613412; RRID:AB_2616871

anti-mouse CD3e Antibody BD Biosciences Cat# 563565: RRID:AB_2738278

anti-mouse NK-1.1 Antibody BD Biosciences Cat# 563220; RRID:AB_2738077

anti-mouse F4/80 Antibody Biolegend Cat# 123119; RRID:AB_893491

anti-mouse CD19 Antibody Biolegend Cat# 115519; RRID:AB_313655

anti-mouse/human CD11b Antibody Biolegend Cat# 101211; RRID:AB_312794

anti-mouse Ly-6G Antibody Biolegend Cat# 127623; RRID:AB_10645331

Biological samples

Patient-derived xenografts (PDX) diffuse large B-cell lymphoma,

Patient ID 769687, specimen ID 267-B

National Cancer Institute.

Chemicals, peptides, and recombinant proteins

Valproic acid SelleckChem Cat# S3944

Vorinostat SelleckChem Cat# ORB322396

Romidepsin SelleckChem Cat# ORB759987

Bleomycin Sigma-Aldrich Cat# B7216

Cyclophosphamide monohydrate Sigma-Aldrich Cat# C0768

Vincristine sulfate Sigma-Aldrich Cat# V0400000

Doxorubicin hydrochloride Sigma-Aldrich Cat# D2975000

Prednisone Sigma-Aldrich Cat# P26254

Dispase Stem cell technologies Cat# 100-0396

Collagenase Worthington Cat# LS004194

Mouse cell depletion cocktail Miltenyi Biotec Cat# 130-104-694

ProLongTM Diamond Antifade Mountant Invitrogen Cat# P36961

FITC Annexin V BD Biosciences Cat# 560931

Annexin V binding buffer BD Biosciences Cat# 556454

7-amino-actinomycin (7AAD) BD Biosciences Cat# 559925

Trypan blue Biorad Cat# 1450003

LIVE/DEADTM Fixable Aqua Dead Thermo Fisher Cat# L34957

10x PCR reaction buffer Sigma Cat# P2317

10mM NTP Invitrogen Cat# 18427-013

DNA Taq polymerase Promega Cat# M300F

Glycogen Invitrogen Cat# AM9510

SYBR gold nucleic acid gel stain Invitrogen Cat# S11494

Ethidium bromide Biorad Cat# 1610433

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Agarose Thermofisher Scientific Cat# J32802-22

16% Paraformaldehyde Thermofisher Scientific Cat# 28908

Tissue plus O.C.T compound Thermofisher Scientific Cat# 4585

Triton X-100 (1%) Thermofisher Scientific Cat# HFH10

10% neutral buffered formalin Thermofisher Scientific Cat# SF100-4

RBC lysis buffer Invitrogen Cat# 00-4333-57

DC protein assay Bio-Rad, USA Cat# 5000112

HRP substrate Millipore sigma, USA Cat#WBKLS0500

TaqManTM Gene Expression Assay (FAM)

Inventoried human c-Myc (Hs00153408)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human EZH2 (Hs00544830)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human GAPDH (Hs02758991)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human BRCA2 (Hs00609073)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human RAD52 (Hs01028879)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human LIG4 (Hs01866071)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human XRCC2 (Hs03044154)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human PIF1 (Hs00228104)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human CLSPN (Hs08898637)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human FANCM (Hs00913609)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human CLK1 (Hs00964634)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human CLK2 (Hs02562748)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human CLK4 (Hs00252917)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human SRSF10 (Hs00986049)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human E2F3 (Hs00605457)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human BRD9 (Hs01079464)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human EIF5B (Hs01019800)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human EIF4EBP (Hs00358624)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human ARL11 (Hs01936475)

Thermofisher Scientific Cat# 4331182

TaqManTM Gene Expression Assay (FAM)

Inventoried human OGT (Hs00269228)

Thermofisher Scientific Cat# 4331182

BOC-PNA-T-OH ASM Research Chemicals 5004007

BOC-PNA-G(Cbz)-OH ASM Research Chemicals 5004010

BOC-PNA-A(Cbz)-OH ASM Research Chemicals 5004009

BOC-PNA-C(Cbz)-OH ASM Research Chemicals 5004008

Boc-MiniPEG-3 Peptides International BXX-5523-PI

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

5-Carboxytetramethylrhodamine (TAMRA) VWR International 91809-66-4

Critical commercial assays

Wizard SV genomic DNA purification kit Promega, USA A2361

QIAquick PCR purification kit Qiagen, USA 28106

CometAssay� kit R&D systems 4250-050-K

Qiagen RNeasy mini kit Qiagen, USA 74106

High capacity cDNA reverse transcription Applied Biosystem, USA 4368814

Mmag luminex assay 16 plex R&D systems LXSAMSM16

Deposited data

Raw and analyzed RNA seq Data This paper GEO: GSE246439

Experimental models: Cell lines

Human: HeLa ATCC (USA) CCL-2

Human: A549 ATCC (USA) CCL-185

Human: HEPG2 ATCC (USA) HB-8065

Human: MDA-MB-231 ATCC (USA) HTB-26

Human: PC3 ATCC (USA) CRL-1435

Human: Raji ATCC (USA) CCL-86

Human: Daudi ATCC (USA) CCL-213

Human: U2932 DSMZ (Germany) ACC 633

Experimental models: Organisms/strains

Mouse: NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ The Jackson Laboratory 005557

Mouse: B6.Cg-Tg(IgHMyc)22Bri/J The Jackson Laboratory 002728

Oligonucleotides

siRNA targeting c-myc Invitrogen VHS40785

Primers amplicon assay: Forward: 50 AGGGC

TTCTCAGAGGCTTG 30

Reverse: 50 TGCCTCTCGCTGGAATTACT 30

Keck Oligonucleotide

Synthesis facility

N/A

dsDNA1 primer - Forward: 50CTCTGCTTTGGGA

ACCCGGGAGGGGCGCTTATGGGGAGGGTG

GGGAGGG TGGGGAAGGTGGGGA 30

Reverse: 50AGAGTGCTCGGCTGCCCGG

CTGATGTCTCTTCCCCACTCCCCACCTTCCCC

ACCCTCCCCACCC 30

Keck Oligonucleotide

Synthesis facility

N/A

dsDNA2 primer - Forward: 50TCCTGCCTCGAGAA

GGGCAGGGCTTCTCAGAGGCTTGGCGGGAAAA

AGA ACGGAGGGAGGGA 30

Reverse: 50AGATAAAGCCCCGAAAACCGGCTTTTATA

CTCAGCGCGATCCCTCCCTCC GTTCTTTTTCCC 30

Keck Oligonucleotide

Synthesis facility

N/A

Software and algorithms

FlowJo 10.8.1. FlowJo, LLC N/A

GraphPad Prism 9 GraphPad software N/A

ImageJ National Institute of Health N/A

DESeq2 (1.30.1) Bioconductor N/A

ClusterProfiler (3.18.1) Bioconductor N/A

Cytoscape 3.9.1 Cytoscape N/A

GSEA (Linux_4.1.0) Broad Institute N/A

Other

RP-HPLC SCL-40 Shimadzu N/A

LS column Miltenyi Biotec 130-042-401

BZ-X800 fluorescence microscope Keyence N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

LSR Fortessa X-20 cell analyzer BD Biosciences, USA N/A

Gel Doc EZ imager Bio-Rad, USA N/A

Nanodrop Thermo Fisher, USA N/A

A1R confocal microscope Nikon, USA N/A

ChemiDoc imager Bio-Rad, USA N/A

CFX Real-Time PCR detection Bio-Rad, USA N/A

BioRad pulser Xcell electroporation system Bio-Rad, USA N/A

NextSeq 500. Illumina N/A

Sysmex XP-300TM Automated Hematology

Analyzer

Sysmex corporation N/A

Luminex FLEXMAP 3D multiplex system Luminex corporation N/A
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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.

Data and code availability
All sequencing data has been deposited into the NCBI- Gene Expression Omnibus Database (GEO Accession number:

GSE246439).

This paper does not report original code.

This article includes all data associated with the study in the accompanying tables, figures and supplementary materials. Any

additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Xenograft animal model
All animal experiments in this study were approved and performed in accordance with the guidelines and regulations of the Institu-

tional Animal Care and Use Committee guidelines (IACUC A21041). Five-week-old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice

were purchased from Jackson Laboratories (USA). Mice were housed in the animal care facility at the University of Connecticut for

1 week to adapt to the environment. To generate U2932, Raji and MDA-MB-231 derived xenografts, mice were implanted with 10

million cells subcutaneously on the lower right flank. PDX mice were generated by implanting tumor fragments (diffuse large

B-cell lymphoma, Patient ID 769687, specimen ID 267-B) purchased from National Cancer Institute. Tumor fragment received

from NCI was split into fragments and surgically implanted using an 11-gauge trocar needle in mice. After implantation when tumors

were palpable, they were randomly allocated to treatment groups and tumor size was measured daily.

Cell culture
HeLa, A549, and HEPG2 cells were cultured in EMEM and lymphoma cell lines were cultured in RPMI media (Invitrogen, USA). MDA-

MB-231 was grown in L-15media and PC3was grown in DMEMmedia. Medias were supplemented with 10%FBS and 1%Penstrep

and cells were maintained at 37�C and 5% CO2.

METHODS DETAILS

Synthesis of PNA oligomers
PNAs were synthesized on MBHA (4-methylbenzhydrylamine) resin using Boc chemistry and standard solid phase synthesis proto-

cols.56 Regular and serine-gPNA-Boc monomers from ASM Research Chemicals (Germany) were used. Classical nuclear localiza-

tion sequence (NLS; PKKKRKV) was conjugated onC terminus using Boc protected amino acids. Boc-MiniPEG3was used as a linker

and carboxytetramethylrhodamine (TAMRA) dye was conjugated on C terminus. PNAs were cleaved from the resin in trifluoracetic

acid: trifluoromethane sulfonic acid: m-cresol: thioanisole at a ratio of 6:2:1:1 (v/v). Diethyl ether was used to precipitate the PNA fol-

lowed by washing and vacuum drying. The crude PNAs were then purified by HPLC using 0.1% trifluoroacetic acid (TFA) in
e4 Cell Reports Medicine 5, 101354, January 16, 2024
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acetonitrile and 0.1% TFA in water as mobile phases. Mass spectrometry was used to confirm the molecular weights. The purified

PNAs were lyophilized and reconstituted in water and concentration was determined bymeasuring absorbance at 260 nm via UV-Vis

spectrometry.

Gel electrophoresis
The double stranded DNA sequences (dsDNA 1 and dsDNA 2) containing the binding site for gPNA1-NLS and gPNA2-NLSwere syn-

thesized via PCR. dsDNA1 was synthesized using below primer sequences containing binding site for gPNA1-NLS.

dsDNA 1 (101 bp) primers

Forward: 50CTCTGCTTTGGGAACCCGGGAGGGGCGCTTATGGGGAGGGTGGGGAGGG TGGGGAAGGTGGGGA 3’

Reverse: 50AGAGTGCTCGGCTGCCCGGCTGATGTCTCTTCCCCACTCCCCACCTTCCCC ACCCTCCCCACCC 3’

dsDNA 2 was synthesized using the below primers containing the binding site for gPNA2-NLS.

dsDNA 2 (101 bp) primers

Forward: 50TCCTGCCTCGAGAAGGGCAGGGCTTCTCAGAGGCTTGGCGGGAAAAAGA ACGGAGGGAGGGA 3’

Reverse: 50AGATAAAGCCCCGAAAACCGGCTTTTATACTCAGCGCGATCCCTCCCTCC GTTCTTTTTCCC 3’

10x PCR reaction buffer (5mL), 50mMMgCl2 (1.5mL), 10mMdNTP (1 mL), 10mMprimers (1mL eachprimer), andDNATaq polymerase

(0.5 mL) were mixed with water up to a volume of 50 mL. DNA was amplified in a thermal cycler using the conditions: 95�C (2 min), 95�C
(30 s), 55�C (30 s), 72�C (1 min), 72�C (10 s) for a total of 10 cycles. The PCR reaction mixtures were pooled and quenched using 0.2x

volume of 10 mM EDTA followed by dsDNA extraction with 1x chloroform: phenol: isoamyl alcohol (24:25:1) twice. The aqueous frac-

tionswere collected, combined and precipitated by adding 1 mL glycogen, 0.13 3M sodiumacetate, and 3x absolute ethanol at�20�C
for 35–40 min. The precipitated dsDNA was collected by centrifugation at 15,000 RPM for 5 min, the pellet was washed with 70%

ethanol twice, air-dried and reconstituted in DNase-free water. The concentration of dsDNA was measured using Nanodrop (Thermo

Fisher, USA). The purified dsDNA 1 and dsDNA 2 were then incubated with different concentrations of gPNA1-NLS and gPNA2-NLS

respectively in 10 mM sodium phosphate buffer at 37�C for 17 h. Samples were then separated on 10% polyacrylamide gel at 120V

for 40min. The bound and unbound fraction of dsDNAwas visualized using SYBRgold staining andGel Doc EZ imager (Bio-Rad, USA).

Cellular uptake
Confocal microscopy

HeLa cells were seeded in 8 chamber slides at 50,000 cells/well. Lymphoma cells including U2932 and Raji cells were seeded in 24

well plate at 100,000 cells per well. gPNA5-NLS-T was added to the HeLa cells at 2 mMconcentration and in lymphoma cells at 8 mM.

After 24 h, cells were washed with PBS to remove non-internalized PNA. The nucleus of live cells was stained using Hoechst dye and

cells were visualized under confocal microscope (Nikon A1R, USA) while beingmaintained in CO2 independent media. Z-stacks were

captured using 2–4 mm step size and maximum intensity projection images were obtained using ImageJ 1.52a.

Florescence microscopy

MDA-MB-231 cells were seeded in a 12-well plate at 200,000 cells/well. The cells were treated with 2 mM of gPNA5-NLS-T for 24 h.

After 24 h, cells were treated with colcemid (0.1 mg/ml) for 5 h. Cells were trypsinized, washed and resuspended in 75mM KCl for

20 min at 37�C. This was followed by fixing the cells using Carnoy’s fixative (75% methanol and 25% acetic acid) for 10 min at

4�C. Cells were spotted on a glass slide and allowed to air dry. The nucleus was stained using ProLong Diamond Antifade Mountant

with DAPI. Images were taken using a Keyence BZ-X800 fluorescence microscope (USA).

Flow cytometry

U2932 and Raji cells were treated with different gPNA5-NLS-T concentrations (1, 2, 4, and 8 mM). After 24 h, cells were collected,

washed and suspended in PBS. Cells were analyzed using LSR Fortessa X-20 cell analyzer (BD Biosciences, USA) collecting

10,000 events for each sample. The data was analyzed using FlowJo 10.8.1.

PCR amplicon assay
U2932 and Raji cells were treated with PBS, gPNA2-NLS, and Scr�gPNA3-NLS at 8 mM for 24 h. U2932 cells were also treated with

0.5, 1, 2, 4, and 8 mMof gPNA2-NLS. Genomic DNAwas extracted usingWizard SV genomic DNApurification kit (Promega, USA) and

concentration was measured using Nanodrop. The target region containing the binding site for gPNA2-NLS was amplified using

below primers:

Forward: 50 AGGGCTTCTCAGAGGCTTG 3’

Reverse: 50 TGCCTCTCGCTGGAATTACT 3’

200 ng of the genomic DNA from treated lymphoma cells was amplified using 2x PCRmix (25 mL) and 0.2 mMof forward and reverse

primer in 50 mL volume. The target region was amplified in thermal cycler using 94�C (2 min), 94�C (30 s), 60�C (45 s), 68�C (1 min),

68�C (1min) (40 cycles). The amplified product was purified using QIAquick PCR purification kit (Qiagen, USA). The purified amplicon

(113 bp) was separated on an 3% agarose gel containing ethidium bromide for 30 min. The bands were visualized using ethidium

bromide imaging application on ChemiDoc imager (Bio-Rad, USA).
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gH2AX foci assay
HeLa and U2932 cells were seeded at 100,000 cells/well in a 24 well plate. Cells were treated with gPNA2 -NLS (8 mM) and bleomycin

(50 and 150 mM) for 24 h. The nucleus was stained with NucBlue (ThermoFisher; #R37605) for 25 min at 37�C. Cells were then fixed

with 4% paraformaldehyde (PFA) for 10 min at room temperature and permeabilized with 0.1% Triton X in PBS. Fixed cells were then

incubated with anti-gH2AX antibody conjugated with phycoerythrin (PE; BioLegend; #613412) for 2 h at 37�C. Images were captured

using a Keyence BZ-X800 fluorescence microscope (USA). Anti-gH2AX stained U2932 cells were analyzed on an LSR Fortessa X-20

cell (BD Biosciences, USA) flow cytometer and the data was analyzed using FlowJo 10.8.1.

Comet assay
U2932 cells were seeded in 12 well plates at a density of 200,000 cells/well. Cells were treated with gPNA2 -NLS (8 mM) and bleo-

mycin (150 mM) for 24 h. Cells were harvested, and comet assay was performed using R&D systems CometAssay kit as per manu-

facturer’s protocol. In brief, cells were suspended in lowmelting agarose at a 1:5 (v/v) ratio, added to comet slides and allowed to set

at 4�C. The slides were incubated in lysis solution overnight, placed in electrophoresis solution for 30 min and then run at 21V for

45min. The slideswere kept in acetate solution for 30min followed by 70%ethanol for 30min. The samples were dried in a desiccator

overnight, stained with SYBR gold for 30 min and visualized using a Keyence BZ-X800 fluorescence microscope (USA). The images

were analyzed using CometScore 2.0.

Cell viability
U2932, Raji, Daudi cells MDA-MB-231 and PC3 were seeded in 96 well plates at a density of 20,000 cells/well. PNAs were added to

the media at different concentrations (1, 2, 4, and 8 mM). After 24 h, cell viability was measured using trypan blue staining and the cell

counter (Bio-Rad, USA). For testing the combination of PNAs with HDAC inhibitors, U2932 cells were pre-treated with the respective

inhibitors (Valproic acid at 2 mM, Vorinostat at 2.5 mM, Romidepsin at 10 nM) for 24 h followed by addition of PNAs at 8 mM. The cell

viability was then measured via trypan blue staining on days 1, 2, and 4. The cell viability was also assessed for the combination of

PNAs with different concentration of chemotherapeutic drugs combination (1x CHOP dose: Cyclophosphamide at 4.1 mM, doxoru-

bicin hydrochloride at 0.16 mM, vincristine sulfate at 0.015 mM and prednisone at 0.625 ng). U2932 cells were treated with 8 mM

PNAs to sensitize the cells for 24 h. This was followed by the addition of 1x CHOPwhich was serially diluted at a 1:2 ratio and viability

was measured by trypan blue staining after 24 h of CHOP addition.

Apoptosis assay
U2932 and Raji cells were seeded in a 12-well plate at 200,000 cells/well. The cells were treated with 8 mM of gPNA2-NLS and Scr-

gPNA3-NLS for 24 h. The cells were washedwith PBS and suspended in annexin V binding buffer. The cell count wasmeasured and a

100 mL cell suspension containing 1x105 cells was stained with 5 mL of FITC Annexin V and 10 mL of 7-amino-actinomycin (7AAD).

After 15 h incubation in the dark, 400 mL of annexin V binding buffer was added and signal was acquired using LSR Fortessa

X-20 cell analyzer (BD Biosciences, USA). A total of 10,000 events were obtained for each group and data was analyzed using

FlowJo 10.8.1.

Gene expression
The levels of mRNA were measured in different cell lines using real-time PCR (RT-PCR). Total RNA was extracted using Qiagen

RNeasy kit (USA) and concentration was measured using Nanodrop. cDNA was synthesized using high capacity cDNA reverse

transcription kit (Applied Biosystem, USA) following the recommended cycling conditions. Taqman gene expression assay for

c-Myc (Hs00153408), EZH2 (Hs00544830), and GAPDH (Hs02758991), BRCA2 (Hs00609073), RAD52 (Hs01028879), LIG4

(Hs01866071), XRCC2 (Hs03044154), PIF1 (Hs00228104), CLSPN (Hs08898637), FANCM (Hs00913609), CLK1 (Hs00964634),

CLK2 (Hs02562748), CLK4 (Hs00252917), SRSF10 (Hs00986049), E2F3 (Hs00605457), BRD9 (Hs01079464), EIF5B

(Hs01019800), EIF4EBP (Hs00358624), ARL11 (Hs01936475), andOGT (Hs00269228) were used to amplify the respective mRNAs

using the specified cycling conditions in the CFX Real-Time PCR detection system (Bio-Rad, USA). GAPDH was used as the refer-

ence gene and fold change in mRNA expression was obtained by normalizing against the untreated cells or cells treated with

HDAC inhibitors.

RNA-sequencing
U2932 cells were treated with PBS or gPNA2-NLS (n = 4 replicates) at 8 mM for 48 h and 72 h. Cells were also transfected with siRNA

targeting the c-MycmRNA (Invitrogen, #VHS40785) using electroporation. In brief, 500 nM of siRNA was mixed with 53 106 U2932

cells in a 4 mm cuvette and pulsed once using 316V and 500mF using BioRad pulser Xcell electroporation system. Total RNA was

extracted after 48 h. Total RNA was extracted from the collected cell pellets and submitted for RNA sequencing analysis. Illumina

TruSeq stranded total RNA and mRNA was used for library preparation. The samples were then sequenced using Illumina

NextSeq 500. All downstream analyses were accomplished by R (4.0.4). Differentially expressed genes (DEGs) between different

groups were identified by the package DESeq2 (1.30.1) with a filtering criterion of log2 (fold change) > 0.5 and padj<0.05.101 Samples

treated for 72 h were used to identify to identify specific pathways overrepresented in the DEGs. The package clusterProfiler (3.18.1)

was used and significant pathways were picked out by setting p value cutoff = 0.05 and qvalue cutoff = 0.05.102 The protein-protein
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interaction (PPI) analysis was performed with a confidence cutoff of 0.4 using search tool for retrieval of interacting genes/proteins

(STRING) database in cytoscape 3.9.1. Samples treated for 48 h were used for GSEA analysis. Batch correction of raw RNA-seq

expression matrix was done by the function ComBat in the package sva (3.46.0), and this corrected matrix was used in heatmap

plot and GSEA. c-Myc target gene sets were downloaded from the GSEA website (https://www.gsea-msigdb.org/gsea/index.jsp).

GSEA (Linux_4.1.0) software was utilized to determine whether these gene sets showed statistically significant difference between

different groups. NES and nominal p values of well characterized MYC signature gene set were calculated from technical replicates.

In vivo studies in xenograft mice model
U2932, Raji and MDA-MB-231 derived xenografts were generated by implanting 10 million cells subcutaneously on the lower right

flank of the female NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, #005557, Jackson Laboratories, USA) of about 5–6 weeks age.

The mice were maintained in the animal care facility at the University of Connecticut following the required Institutional Animal Care

andUseCommittee guidelines (IACUC).Mice developed palpable U2932 tumors after 3–4weeks andRaji xenografts after 2–3weeks

of implantation. Tumor dimensions including length (L), breadth (b), and height (h) were measured using a caliper and volume was

calculated using the formula for ellipsoid (0.52363lbh).

Biodistribution studies

Mice with 600–800 mm3 U2932 tumor volume were used for the biodistribution studies. gPNA5-NLS-T was injected systemically

(retro-orbital) at 5 mg/kg dose. Live imaging of animals was performed using in vivo imaging (IVIS) spectrum CT and epifluorescence

was recorded at excitation/emission wavelength of 535/580 nm at 0, 0.25, 1, 2, 4, 6, 8 and 24 h. Mice were euthanized after 6 and

24 h. Organswere collected and imaged via IVIS to determine the localization of gPNA5-NLS-T. Later, organswere frozen in optimum

cutting temperature media (OCT) at �80�C. The tumor, liver, and kidney from treated and untreated mice were sectioned using a

cryostat to obtain 10 mm tissue sections. The sections were washed in PBS followed by fixation in 10% neutral buffered formalin.

After washing with PBS, sections were permeabilized using 0.2% Triton X-100. The nucleus was stained using mounting media

with DAPI (Invitrogen, USA). Sections were allowed to harden overnight, and images were taken using 60x oil lens on a Nikon

A1R confocal microscope (USA).

Short-term efficacy

The mice were treated when the tumors reached a volume of 600–800 mm3 for U2932 xenografts and 400–500 mm3 in Raji xeno-

grafts. gPNA2-NLS was administered systemically at 25 mg/kg in U2932 xenograft mice. Raji xenografts were treated with

gPNA2-NLS at 5 mg/kg via intra-tumoral route. After 24 h, mice were euthanized, and tumors were dissociated and used for Western

blot analysis.

Survival study

Mice bearing tumors about 100–150mm3were divided into 3 groups.Micewere treatedwith either saline (n = 10), gPNA2-NLS (n = 9),

or Scr-gPNA3-NLS (n = 8). PNAs were administered at 5 mg/kg dose on days 1, 4, 7, and 10. A second study with mice bearing

tumors 100–150 mm3 was conducted to access the effect of combination treatment. Mice were divided into 6 groups: romidepsin

(n = 8), gPNA2-NLS + romidepsin (n = 8), vehicle (n = 5), and CHOP (n = 7), gPNA2-NLS + CHOP (n = 8), control (n = 6). Romidepsin

was administered intraperitoneally at 1 mg/kg on days 0 and 6. gPNA2-NLS was administered at 5 mg/kg on days 1, 4, 7 and 10. 1x

dose of CHOP (Cyclophosphamide at 2.5 mg/kg, doxorubicin hydrochloride at 0.2 mg/kg, vincristine sulfate at 0.03 mg/kg and pred-

nisone at 0.0125 mg/kg) was administered on day 1 and 3x dose of CHOP was administered on days 7 and 13. gPNA2-NLS for the

CHOP combination treatment was administered at 5 mg/kg on days 0, 3, 6 and 9. The change in tumor volume and body weight was

measured every day. Mice were euthanized when the tumor volume reached 2000 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. Tumor fractions

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

the collected blood samples using Sysmex CBC analyzer (USA). Plasma was separated from the blood samples and submitted to

Antech diagnostic for blood chemistry analysis to quantify the levels of alanine transaminase (ALT), lactate dehydrogenase (LDH),

aspartate transaminase (AST) and blood urea nitrogen (BUN).

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 (Stem cell technol-

ogies, #100–0396), collagenase (Worthington, #LS004194) and RPMImedia at 37�C for 1.5 h. The dissociated tumor fragments were

centrifuged, washed with PBS, and passed through a 70-micron filter. The collected single cell suspension of tumor cells was centri-

fuged and incubated with 1 mL trypsin for 5 min at RT. Cells were then diluted in RPMI media and passed through a 40-micron filter.

The collected cells were centrifuged and resuspended in 0.5–0.7mL of RBC lysis buffer at RT for 4min. 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, 23107 live cells were incubated with 20 mL 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.
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In vivo studies in PDX mice
PDX tumor fragments (diffuse large B-cell lymphoma, Patient ID 769687, specimen ID 267-B) were purchased from National Cancer

Institute. PDX mice were generated by implanting tumor fragments subcutaneously on the lower right flank of 4–6 weeks old male

NSGmice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, #005557, Jackson Laboratories, USA). Tumor fragment received from NCI was split

into 5 fragments and surgically implanted using an 11-gauge trocar needle in 5 mice. The mice were regularly monitored and PDX

tumors were collected when the volume reached �1500 mm3. The PDX tumors were then implanted again in 38 mice using the

same procedure. Themicewere divided into 6 groups once the tumor volume reached 100–150mm3: gPNA2-NLS (n = 6), romidepsin

(n = 6), gPNA2-NLS + romidepsin (n = 6), CHOP (n = 6), gPNA2-NLS + CHOP (n = 5) and control (n = 9). The dosage regimen of ro-

midepsin, CHOP and gPNA2-NLS was kept similar to the one used for U2932 xenograft study. The change in mice weight and tumor

volume was measured every day. Mice were euthanized when the tumor volume reached 1800–2000 mm3. Blood and organs were

collected and processed in the same manner as mentioned in U2932 xenograft mice survival study.

In vivo studies in transgenic mice model
Em-myc mice model of Burkitt’s lymphoma (B6.Cg-Tg(IgHMyc)22Bri/J, #002728, Jackson laboratories) was used to test the efficacy

of the designed PNA-NLS.

Biodistribution study

gPNA-NLS-T was administered via retro-orbital and subcutaneous route at 5 mg/kg dose in mice with visibly enlarged lymph nodes

(cervical, brachial, axillary, and inguinal). Mice were euthanized after 24 h and organs were collected followed by imaging via IVIS. All

major organs and enlarged lymph nodes were collected and frozen in OCT media. The lymph nodes and organs were sectioned at

10 mm thickness using cryostat. The sections were then fixed, permeabilized, and nucleus was stained with DAPI. The localization of

PNA in lymph nodes was studied via confocal microscopy. Images were taken using 60x oil lens on an A1R confocal micro-

scope (USA).

Efficacy study

Em-myc mice (mixed male and female) with visibly enlarged lymph nodes were divided into two groups. Mice were treated with

gPNA4-NLS subcutaneously at 60 mg/kg dose over 2 days. Mice were euthanized on day 3 followed by collection of major organs

and lymph nodes. Organs and sections of lymph nodes were fixed in formalin for histology. Blood was collected via cardiac puncture

in 1.5 mL tubes containing 0.5 M EDTA and plasma was separated. Plasma samples were submitted to UConn Health for multiplex

analysis of cytokines using the R&D systems mouse Luminex assay. Customized Luminex premade plates were obtained to screen

for: TNFa, MCP-1, IL-1b, IL-4, IL-5, IL-6, IL-17A, IL-3, MIP-1a, IL-1a, MIP-1b, IL-25. Data was acquired on a calibrated Luminex

FLEXMAP 3D multiplex system. Lymph nodes were further processed into single cell suspension by mashing them and passing

through the 40 mm filter in RPMI media. Cells were suspended in RBC lysis buffer for 2 min followed by washing with PBS. Single

cell suspension was then collected for protein analysis.

Immunotoxicology studies
Cytokine array analysis

Plasma samples were analyzed from two mice models: Em-myc mice and C57BL/6J mice which were treated with 60 mg/kg (sub-

cutaneous) and 25 mg/kg (IV) of gPNA2-NLS respectively. After treatment, mice were euthanized. Blood was collected via cardiac

puncture in 1.5 mL tubes containing 0.5 M EDTA and plasma was separated. Plasma samples were submitted to UConn Health for

multiplex analysis of cytokines using the R&D systemsmouse Luminex assay. Customized Luminex premade plates were obtained to

screen for: TNFa, MCP-1, IL-1b, IL-4, IL-5, IL-6, IL-17A, IL-3, MIP-1a, IL-1a, MIP-1b, IL-25. Data was acquired on a calibrated Lu-

minex FLEXMAP 3D multiplex system.

Immune cell composition

C57BL/6J mice were treated with a dose of 25 mg/kg dose of gPNA2-NLS systemically (retro-orbital). After 24 h, mice were eutha-

nized and blood was collected via cardiac puncture. RBCs from 500 mL blood were lysed using 5mL of eBioscience 1x RBC lysis

buffer. The cells were centrifuged and washed with 1x phosphate buffered saline (PBS) and were stained with LIVE/DEAD Fixable

Aqua Dead (Thermo Fisher, #L34957) for 20 min at room temperature, to exclude dead cells. This was followed by staining with

appropriate surface makers (Table S2) for 30 min at 4�C. Cells were fixed with 4% paraformaldehyde for 10 min at 4�C. This was

followed by washing, and resuspension in 1x PBS. Samples were acquired on an LSR Fortessa X-20 (BD Biosciences, USA) flow

cytometer collecting 100,000 events for each sample. The gating strategy is shown in Figure S7H. Percentages of various cell subsets

were compared with C57BL/6J mice treated with saline. The data was analyzed using FlowJo 10.8.1.

Monocyte uptake study

C57BL/6J mice were treated with a dose of 5 mg/kg dose of gPNA5-NLS-T systemically. After 24 h, mice were euthanized and blood

was collected via cardiac puncture. Blood cells were processed and analyzed in the samemethod described in immune cell compo-

sition section. The surface markers used to identify the monocyte population were CD11b and F4/80. C57BL/6J mice treated with

saline were used as control. The data was analyzed using FlowJo 10.8.1.
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Western blot analysis
Total protein was extracted from cell pellets, enriched human tumor cells, and lymphocytes using 1x RIPA buffer (Cell signaling tech-

nology, USA) containing protease inhibitor. The concentration of protein was determined using absorbance-based DC protein assay

(Bio-Rad, USA). Equal amount of protein (25–40 mg) was separated on a 4–20% SDS-PAGE gel followed by transfer to the PVDF

membrane. c-MYC(Cell signaling technology (CST), #5605), EZH2 (CST, #5246), gH2AX (CST, #9718S) proteins were probed using

rabbit monoclonal primary antibody in 3% BSA at 4�C overnight. Cyclophilin B (CST, #43603) and b-actin (CST, #4970) were probed

as the endogenous controls. The bands were detected using anti-rabbit IgG HRP linked secondary antibody (Cell signaling technol-

ogy, #7074) (1:2000 dilution, 5% milk in Tris-buffered saline containing 0.1% Tween 20) and 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 cyclo-

philin B as a loading control.

Immunohistochemistry
Four-micron tissue sections were obtained from paraffin-embedded blocks. Dewaxing was performed by heating the slides at 60�C
for 15 min in a hot air oven. Tissue sections were then deparaffinized in xylene for 10 min, followed by hydration with sequential dip-

ping of sections in 100-75% ethanol. Antigen retrieval was performed using the low pH antigen retrieval buffer (Thermo Fisher, #00-

4956-58) in a steamer for 1 h at 95�C. After each of the following steps, the sections were washed with phosphate-buffered saline

containing 0.05% Tween 20 (PBST). Blocking was performed using 2.5% normal horse serum for 30 min at room temperature.

The primary antibodies for Ki-67 (clone D2H10; 9027S) and caspase 3 (clone D3R6Y; 14214S) staining were purchased from CST

and were incubated at a 1:200 dilution at room temperature for 2 h. This was followed by peroxidase blocking (3% H2O2) for

10 min at room temperature. The sections were then incubated with the ImPRESS HRP–polymer horse anti-rabbit secondary anti-

body (Vector laboratories; MP-7401) for 30 min at room temperature. The 3,30-diaminobenzidine (DAB) (Vector laboratories; SK4100)

solution was freshly prepared and added to each section for 3–5min followed by washing in PBST. The sections were counterstained

with hematoxylin for 30 s andmounted using DPXmounting media (ElectronMicroscopy Sciences, #13510). The slides were imaged

on a Keyence BZ-X800microscope (USA) and DAB intensity was quantified using ImageJ 1.52a. The results are plotted to include all

data points (n = 2 independent mice in each group, and n > 4 images were quantified per tumor section).

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 rep-

licates are 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.
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