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Abstract

Antisense oligonucleotide therapies are important cancer treatments, which can suppress genes in
cancer cells that are critical for cell survival. SF3B1 has recently emerged as a promising gene
target that encodes a key splicing factor in the SF3B protein complex. Over 10% of cancers have
lost one or more copies of the SF3B1 gene, rendering these cancers vulnerable after further
suppression. SF3B1 is just one example of a CYCLOPS (Copy-number alterations Yielding
Cancer Liabilities Owing to Partial losS) gene, but over 120 additional candidate CYCLOPS genes
are known. Antisense oligonucleotide therapies for cancer offer the promise of effective
suppression for CYCLOPS genes, but developing these treatments is difficult due to their limited
permeability into cells and poor cytosolic stability. Here we develop an effective approach to
suppress CYCLOPS genes by delivering antisense peptide nucleic acids (PNAs) into the cytosol of
cancer cells. We achieve efficient cytosolic PNA delivery with the two main non-toxic components
of the anthrax toxin: protective antigen (PA) and the 263-residue A-terminal domain of lethal
factor (LFy). Sortase-mediated ligation readily enables the conjugation of PNAs to the C-terminus
of the LFy protein. LFy and PA work together in concert to translocate PNAs into the cytosol of
mammalian cells. Antisense SF381 PNAs delivered with the LFy/PA system suppress the SF381
gene and decrease cell viability, particularly of cancer cells with partial copy-number loss of
SF3B1. Moreover, antisense SF3B1 PNAs delivered with a HER2-binding PA variant selectively
target cancer cells that over-express the HER2 cell receptor, demonstrating receptor-specific
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targeting of cancer cells. Taken together, our efforts illustrate how PA-mediated delivery of PNAs
provides an effective and general approach for delivering antisense PNA therapeutics and for
targeting gene dependencies in cancer.
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INTRODUCTION

Suppressing gene transcription or translation with antisense therapeutics represents an
important strategy for treating human disease, including cardiovascular disorders, amyloid
diseases, and cancer.1 Although small molecules are typically unable to target genes,
therapeutic oligonucleotides are a promising way to achieve gene suppression with high
affinity and selectivity for complementary strands of DNA or RNA.

One set of gene targets that is increasingly important is called: Copy-number alterations
Yielding Cancer Liabilities Owing to Partial LosS (CYCLOPS). Cancer cells with partial
genomic copy-number loss of a CYCLOPS gene are sensitive after further suppression
(Figure 1A-B), making CYCLOPS genes ideal targets for antisense therapeutics. These
genes are also a rich source of potential targets since a typical cancer will exhibit partial
copy loss of up to 47 CYCLOPS genes.2 CYCLOPS genes are characterized by their
importance in cell survival and partial copy-number loss in cells. This partial copy loss
occurs frequently in cancer cells3 and is usually clonal,# in which all cells of the tumor
exhibit lower expression of the gene relative to normal cells. After therapeutic gene
suppression treatment, the normal cells survive (Figure 1A) but the cancer cells undergo cell
death (Figure 1B).2

The SF3B1 gene is a promising CYCLOPS target that encodes for a key splicing factor in
the spliceosome that is critical for cell survival. This gene exhibits partial copy-number loss
in 11% of all cancers® and is also a well-established oncogene that is frequently mutated in
leukemia,® retinal melanoma,” and breast cancer cells.® Previously, we characterized
mechanisms of cell vulnerability after SF3B1 gene suppression.3 Following suppression,
RNA sequencing revealed splicing defects from increased intron retention, dysregulation of
exon inclusion, and more alternative 3 and 5’ splice site selection. We also found that
actually reducing SF3B1 protein levels was essential to selectively promote cancer cell
death, while inhibiting SF3B1 splicing activity did not reproduce the CYCLOPS phenotype.
Similarly, we found that reducing PSMC2 protein levels, rather than inhibition of PSMC2 or
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the proteasome, was essential for promoting cancer cell death. In this paper, we leverage our
tools for studying CYCLOPS genes toward developing a therapeutic approach to suppress
their expression—anthrax-mediated delivery of peptide nucleic acids (PNAS).

PNAs are an attractive way to target CYCLOPS genes with high affinity and selectivity. The
PNAs comprise N-(2-aminoethyl)glycine units, which gives a pseudopeptide backbone that
replaces the sugar—phosphate groups of oligosaccharides. This backbone provides resistance
to nuclease and protease degradation,®10 and also promotes the formation of strong
complexes with reversed-complementary strands of DNA or RNA 1112

Although PNAS can suppress gene transcription and translation, their delivery into cells
remains a major challenge.1213 PNAs are neutrally-charged molecules under physiological
conditions and exhibit limited permeability across biological barriers, including endosomal
and plasma membranes. Increased cell uptake can be achieved through either
electroporation!4 or by incorporation of a membrane-permeable molecule, including the
conjugation of a cell-penetrating peptidel® or the co-incubation with a lipid.1® These
methods enhance PNA activity at micromolar concentrations, but have not yet provided a
sufficiently robust and general approach that permits further development in the clinic.1’
New, generalizable methods are needed for achieving efficient cytosolic delivery of PNASs to
unlock their full therapeutic potential.

Nature has already evolved mechanisms for transporting large molecules across biological
barriers. In particular, anthrax lethal toxin from Bacillus anthracis is an efficient two-
component delivery system that comprises protective antigen (PA) and lethal factor (LF).
Figure 1C illustrates the translocation mechanism of PA, which begins by the binding of
PAgs3 to receptors on host cells, followed by proteolytic cleavage with a furin-family
protease.18 The resulting PAg3 fragment self-assembles to form a heptamer or octamer,19:20
and further assembles with LF. The complex then undergoes endocytosis, followed by an
acid-promoted conformational rearrangement to form an ion-conductive transmembrane
pore.21 LF then translocates through the PA pore into the cytosol. This anthrax machinery
can be rendered non-toxic by removing the catalytic portion of LF on the C-terminus to give
LFn.2223 The LFy/PA delivery system has previously been shown to efficiently transport a
wide range of cargo into mammalian cells, including proteins, peptides, and small
molecules.2425 One report even showed PA-mediated cell uptake, without LFy, of PNAs
with Lys residues appended to the C-terminus.28 These constructs showed limited PNA
activity in the micromolar concentration range, which precluded further development.

In this paper, we develop an efficient approach for using the LFy/PA machinery to deliver
PNAs and perform gene suppression. We show that appending PNASs to LFy enhances the
PNA activity to nanomolar concentrations. We also illustrate the therapeutic potential for
using LFyN/PA to enable antisense therapy to treat cancer. Since LFy and the PNAs cannot be
generated recombinantly as fusion proteins, we used sortase-mediated ligation with SrtA*
for PNA conjugation onto the C-terminus of LFy.27 The sortase ligation enabled rapid
conjugation of each PNA onto LFy in less than 30 min. We then demonstrate that the
LFn/PA machinery translocates the PNASs into the cytosol of mammalian cells. We
demonstrate that the delivery of antisense PNAs promotes gene suppression and decreases
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cell viability of copy-number loss cells. In particular, we show that nanomolar
concentrations of antisense SF3B1 PNAs delivered with LFy/PA can decrease cell viability
of naturally occurring SF3B1 copy-number loss cancer cells. Moreover, we show that
antisense SF3B1 PNAs delivered with a HER2-targeting PA can selectively target cancer
cells that overexpress the HER2 receptor. These studies demonstrate how combining PNAs
with the LFyN/PA delivery system can enable antisense therapeutics for cancer and for other
classes of human disease.

Protective antigen delivers PNAs into the cytosol of mammalian cells.

We began our study by investigating whether the LFn/PA delivery system can translocate
PNAs into the cytosol of mammalian cells. To answer this question, we prepared nine PNA
substrates using Fmoc-based solid-phase PNA synthesis with the four main nucleobase PNA
units: adenine (A), cytosine (C), guanine (G), and thymine (T). We also incorporated five
Gly residues on the A~terminus for sortase-mediated ligation, which gave Gs-PNA 1, which
is a negative control that lacks PNAs, and Gs-PNAs 2-9 (Figure 2A; Figure S1). In addition,
we prepared the fusion protein of LFy with the A chain of diphtheria toxin (DTA), which is
enzyme that catalyzes the ADP-ribosylation of elongation factor 2 and inhibits protein
synthesis. DTA serves as a reporter for evaluating translocation efficiency of the LFy/PA
delivery system.

We then incorporated the Gs-PNAs onto LFy-DTA to analyze PNA translocation based on
DTA-mediated inhibition of protein synthesis. We used sortase-mediated ligation with SrtA*
to append the Gs-PNAs 1-9 onto the C-terminus of LFy-DTA, which gave nine LFn-DTA-
PNA fusion proteins called LDPs 1-9 (Figure 2B, Figures S2 and S3).27:28

We then investigated the membrane translocation efficiency of LDPs 1-9 with a series of
biological experiments.22-30 We began by performing an in cell protein synthesis inhibition
assay, which measures translocation efficiency based on the amount of DTA delivered to the
cytosol. CHO-K1 cells were incubated with serial dilutions of LDPs 1-9 in the presence of
20 nM PA for 2 hours, then were treated with 3H-labelled leucine (3H-Leu) medium.
Measuring the scintillation from 3H-Leu incorporated into newly synthesized proteins
reports on the total ribosomal protein synthesis, which is inversely proportional to the
amount delivered of the LDP constructs. We found that LDPs 1-9 promoted reduction of
protein synthesis at concentrations as low as 100 pM in the presence of 20 nM PA (Figure
2C). We next established whether LDP translocation occurs by a PA-dependent mechanism
with two control experiments. CHO-K1 cells were incubated in the presence of LDP 9 with
either: (1) 20 nM F427H PA, which is a nonfunctional PA mutant that is translocation
deficient,31:32 or (2) 20 nM wild-type (WT) PA and Bafilomycin A1, which is an inhibitor of
endosomal acidification. Neither experiment showed any inhibition of protein synthesis
(Figure 2C), which demonstrated that a functional PA and an acidic endosome are both
essential for translocation.

To further evaluate translocation efficiency, we performed a series of biological experiments
with two LFyN-PNAs (LPs). These LPs comprise Gs-PNAs, without the fused DTA reporter,
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to permit studies of translocation efficiency that do not interfere with normal cellular
function. For these studies, we prepared an LP 9 construct using sortase-mediated ligation
with SrtA* (Figure 2D, Figures S2 and S3). We also prepared a variant of LP 9, called LP
10, that contains a scrambled PNA sequence (Figure S2). We then investigated the cytosolic
delivery of LPs 9 and 10 by western blot analysis. HEK-293T cells were incubated with 250
nM LP 9 or 10 in the presence of 40 nM PA. After 12 h, the intracellular material was
extracted using a digitonin or lysis buffer, as previously described.33 Immunostaining for the
early endosome marker Rab5 and the cytosolic marker Erk1/2 indicated cytosolic delivery of
both LP 9 (Figure 2E) and LP 10 (Figure S4).

We also quantified the amount of the LPs delivered into cells by establishing the relationship
between protein loading and anti-LF staining intensity (Figure S5). Based on this
relationship, we estimated that a total of 3 ng of LP 9 was delivered into 1 million cells
(which corresponds with 51,000 molecules/cell or cytosolic concentration of 84 nM). In
addition, SDS-PAGE analysis showed that the bands for LP 9 and purified LFy migrate at
comparable molecular weights, which shows that the LP 9 remains largely intact after
translocation (Figure 2E).

We then compared the amount of protein delivered to the cytosol vs. other cellular
compartments (e.g., endosomes). In the western blot, we compared the intensity of the LP 9
band from the cytosolic (digitonin fraction) and total lysis fractions. The intensity was
similar in both fractions, which shows that the majority of LP 9 was delivered into the
cytosol (Figure 2E). We also compared the intensity of the LP 9 band when incubated in the
presence of 40 nM of either WT or F427H mutant PA. The LP 9 band was absent from the
F427H PA condition, which shows that cytosolic PNA delivery requires a functional PA
(Figure 2E).

We also evaluated the cytosolic delivery of LDPs by western blot analysis, and further
demonstrated that a functional PA and endosomal acidification is important for achieving
cytosolic PNA delivery. HEK293-T or CHO-K1 cells were incubated with 100 nM LDPs 6—
9 in the presence of 20 nM PA. Western blot analysis showed a prominent band for the
LDPs, which decreased in the control experiments with the nonfunctional F427H PA and the
endosome acidification inhibitor Bafilomycin Al (Figure S6).

These results establish that the LFy/PA system efficiently translocated the PNAs into the
cytosol of mammalian cells, regardless of length up to 15 base pairs or sequence for the
PNAs studied. Encouraged by these results, we set out to leverage this platform for
performing CYCLOPS gene suppression.

Anthrax-delivered PNAs effectively target cancer cell gene dependencies.

We evaluated whether LFy/PA-mediated delivery of PNAS can facilitate gene suppression
and cancer cell death. We performed these studies with two isogenic cell lines derived from
CAL-51 cells: CRISPRCOPY 10ss ce||s that were edited using CRISPR to generate partial
copy-number loss of SF3B1, and CRISPR"U"al cells, which were edited using non-targeting
guide RNAs.3
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We then asked if the CRISPRCOPY 105 cels exhibit reduced cell viability due to lower
amounts of the SF3B1 protein. We performed three main experiments to measure SF3B1
protein production and evaluate cell viability. We first evaluated cell viability after
incubating the cells with spliceostatin A, which is a gene-splicing inhibitor that binds to the
SF3B subcomplex.34 The CRISPR™Utal agnd CRISPRCOPY 1058 cells showed comparable
sensitivity to splicing inhibition from Splicesostatin A at concentrations as low as 100 nM
(Figure S7). Second, we measured the levels of SF3B1 protein in both the CRISPRMeutral gnd
CRISPRCOPY 10ss ce||s by western blot analysis. The blot showed that the SF3B1 protein is
produced by both cell lines, but is lower in the CRISPRCOPY 105 cells (Figure S8). Third, we
characterized the sensitivity of CRISPR™Utal and CRISPRCOPY 105 cells to partial SF381
gene suppression with siRNA. We transfected an SF3BI1-targeting siRNA at concentrations
ranging from 12.5 to 200 nM, then evaluated the levels of SF3B1 by quantitative PCR and
cell viability analysis (Figure S9). The siRNA treatment promoted SF3B1 suppression and
preferentially decreased cell viability of CRISPRCOPY 105S cells. These results show that the
CRISPRNeutral gng CRISPRCOPY 1055 cel| lines are similar, but differ in sensitivity to SF381
gene suppression.

With these cell lines in hand, we investigated the ability of the LFy/PA delivery system to
target the SF3B1 gene and promote suppression (see supporting information for the exact
sequence of the reference transcript). When designing an antisense oligonucleotide, targeting
a region that is 50 to 100 bases downstream of the start codon is generally more robust than
targeting the start codon.3® Sequences closer to 5° or 3’ regions are rich in regulatory protein
binding sites that can have bound protein complexes, which would interfere with the
complexation of a gene suppression oligonucleotide. We designed and prepared sense and
antisense LP constructs (Figure 3A), based on a short hairpin RNA (shRNA) that we had
previously found to effectively reduce SF3B1 expression.2 The antisense LP-SF3B1
construct is designed to hybridize at the 150 position on the SF3B1 gene transcript (Figure
3B; Figure S10); the sense LP-SF3B1 serves as a non-hybridizing control.38 We
incorporated three additional Lys residues within the antisense LP-SF3B1 construct to
enhance solubility. We prepared these constructs by synthesizing the corresponding PNAs,
followed by performing sortase-mediated ligation with SrtA*.

We then evaluated the delivery and activity of the sense and antisense LP-SF3B1 constructs.
We quantified SF3B1 protein expression in both CRISPRMeutral and CRISPRCOPY 1085 ce||
lines after incubation with 250 nM sense or antisense LP-SF3B1 and 50 nM PA. Western
blot analysis showed a decrease in SF3B1 protein with antisense LP-SF3B1, but not with
sense LP-SF3B1 (Figure 3C). The sense LP-SF3BI1-treated cells showed comparable levels
of SF3B1 protein production as the untreated cells (not shown). We also quantified SF3B1
protein after varying the amount of antisense LP-SF3B1, which showed that this construct
promotes a dose-dependent decrease in SF3B1 protein expression in both CRISPRneutral
(Figure 3D) and CRISPRCOPY 105 cells (Figure S11). For these experiments, we also
performed a corroboratory immunoblot detection of LFy in the lysates. These results
showed bands associated with increasing amounts of LFy;, which are faint at 40 nM, due to
the limit of detection, but more prominent at 250 nM. The observed dose-dependant
intensity of these bands suggests effective SF3B1 protein suppression by the LFy/PA system
at concentrations below immunoblot detection limits. These results indicate that the
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antisense LP-SF3B1 can perform SF3B1 gene suppression that is mediated by an LFp/PA-
dependent mechanism.

Antisense SF3B1 PNAs reduce gene splicing activity and cell viability.

We then performed a rescue experiment to evaluate the selectivity of LP-SF3B1 targeting for
the SF3B1 gene. To perform this experiment, we asked if the death of CRISPRCOPY 105s ce||s
could be prevented by amplifying SF3B1 protein expression. We transfected

CRISPRCOPY 10ss cel|s with an SF3B1 protein expression vector to promote exogenous
expression of the SF3B1 protein. In addition, we separately transfected CRISPRCOPY [0S ce||s
with a GFP protein expression vector to provide a negative control with unaltered SF3B1
expression. In both cell lines, we quantified the relative levels of SF3B1 expression and cell
viability. After incubating the exogenous SF3B1 expression cells with 250 nM antisense LP-
SF3B1and 50 nM PA, western blot analysis showed increased levels of SF3B1 expression
relative to the GFP control (Figure 4A). Cell viability analysis showed that the exogenous
expression of SF3B1 helped to maintain cell viability (Figure 4B). These results indicate
that LP-SF3B1 selectively targets the SF3B1 gene to perform gene suppression and promote
cell death.

We also evaluated whether antisense LP-SF3B1 can interfere with gene splicing. We
quantified the splicing activity using dual luciferase reporters: one vector contained a
luciferase ORF, interrupted by an intron (Luc-1), that required gene splicing to function; the
other vector contained a control luciferase ORF (Luc-ORF) that did not require gene
splicing to function (Figure 4C). Upon incubation with 250 nM antisense LP-SF3B1 and 50
nM PA, the CRISPRCOPY 10ss ce||s showed a significant decrease in splicing activity when
compared to CRISPR™Utal cells (Figure 4D). CRISPRMeuUtrl ce|ls incubated with antisense
LP-SF3B1 also exhibited a decrease in splicing activity when compared to the sense LP-
SF3B1 control. These results show that LFy/PA delivery of PNAs interferes with proper
splicing activity by the SF3B1 protein complex (Figure 4D), which, in turn, reduces the
viability of the SF3B1 gene-dependent cells (Figure 4B).

SF3B1 suppression selectively decreases viability of CYCLOPS cancer cells.

We then explored the therapeutic potential for delivering antisense LP-SF3B1 to kill

SF3B 1Py l0ss ( SF3B1c0PY 1055) cancer cells 7 vitro. We began these studies by incubating
CRISPRNeutral gng CRISPRCOPY 1055 cells with sense or antisense LP-SF3B1 in the presence
of 50 nM PA (Figure 5A). In addition, we performed a side-by-side comparison of cell
viability with 1 pM sense or antisense LP-SF3B1 in the presence of 50 nM PA (Figure 5B).
The CRISPRCOPY 10ss cells showed a significant decrease in cell viability after incubation
with antisense LP-SF3B1, which was not observed with either the CRISPR™Ual cells or the
sense LP-SF3B1 control. These results indicate that the LFyN/PA delivery platform can
effectively target CYCLOPS vulnerabilities to promote cancer cell death.

To demonstrate the robustness of cytosolic delivery provided by the LFn/PA system, we
tested SF3B1 gene suppression across nine cancer cell lines from breast and blood lineages.
These cell lines represent varied cellular contexts, including adherent or non-adherent
growth conditions and with or without naturally occurring SF3B10PY 105 SF3B1 gene
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suppression with 100 nM antisense LP-SF3B1 promoted a 50% decrease in viability of
SF3BI1coPY 1053 hyreast cancer cell lines (BT549 and HCC1954, Figure 5C) and also promoted
an 80% decrease in viability of SF3B1¢°PY 1053 hlood cancer cell lines (Toledo and HUT 78,
Figure 5D). These results demonstrate that the LFy/PA system provides effective PNA
delivery across different cell types and promotes the death of SF3B1C0PY 105 cels.

Targeted delivery of antisense SF3B1 PNAs into specific cancer cells.

The LFy/PA system can also be retargeted to act on specific cell types in a receptor-
dependent fashion,3” which can prevent potential adverse effects from suppressing genes in
normal cells.38 To demonstrate the cell-targeting feature of the LFy/PA deliver system, we
evaluated the effect of suppressing the SF3B1 gene in cancer cells that display amplified
levels of the HER2 receptor (HER22MP), We prepared a previously reported HER2-targeting
analogue of PA, called mPA-ZHERZ2, in which PA is fused to an affibody that binds to the
HER2 receptor.3” We incubated HER2"eutrl cells (BT549) with 50 nM mPA-ZHER2 alone
or with 250 nM sense LP-SF3B1, which showed no decrease in cell viability; We also
incubated HER2MeUtal cells with 50 nM mPA-ZHER2 and 250 nM antisense LP-SF3B1,
which showed no decrease in cell viability (Figure 6A). In contrast, the HER22MP cells
(HCC1954) cells gave a different result, which contain naturally-occurring partial copy loss
of SF3B1 and increased expression levels of the HER2 receptor. These cells showed a 90%
decrease in cell viability when incubated with 50 nM mPA-ZHER?2 and antisense 250 nM
LP-SF3B1 (Figure 6A). We also evaluated mPA-ZHER2 treatment of the CRISPRCOPY loss
cells, which are sensitive to SF3B1 gene suppression but express normal levels of the HER2
receptor. These cells did not show decreased viability after incubation with mPA-ZHER?2
and antisense LP-SF3B1, but did show decreased viability after incubation with WT PA and
antisense LP-SF3B1 (Figure 6B). These results show that the PA system can target specific
cancer cells in a receptor-dependent fashion.

We also compared the LFy/PA system with a cell-penetrating peptide (CPP), because CPP-
mediated PNA delivery has previously been shown.3° The antisense PNA-SF3B81 was
conjugated to the TAT CPP with “click chemistry”, which gave the TAT-PNA-SF3B1
construct. SF3B160PY 0ss cells (CAL-51 CRISPRCOPY 1055 and HCC1954) were then
incubated with the antisense PNA-SF3B1 or TAT-PNA-SF3B1 constructs. Neither construct
promoted a decrease in cell viability at concentrations as high as 5 uM. The cells were also
incubated with LP-SF3B1 in the presence of 50 nM PA or mPA-ZHER?2. Both cell lines
exhibited a decrease in cell viability from the antisense LP-SF3B1 and WT PA, but only the
HER22MP cell line (HCC1954) showed a decrease in viability after treatment with antisense
LP-SF3B1 and mPA-ZHER?2 (Figures 6C,D). These results show LFy/PA-mediated delivery
of PNASs can be 100- to 1000-fold more efficient than a PNA alone or a CPP-PNA.

DISCUSSION

This work shows that the two non-toxic anthrax proteins, PA and LFy, enable robust,
cytosolic delivery of antisense PNAs for therapeutic gene suppression. Other delivery
systems require higher concentrations and exhibit a complex cell-uptake mechanism.
Intracellular LFn-PNA delivery occurs by a straightforward, PA-dependent and acid-induced
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translocation mechanism. Upon entering the cell cytosol, PNA recognition of reversed-
complementary strands suppresses translation of the gene target. In particular, PNA targeting
of the SF3B1 CYCLOPS gene selectively induces cell vulnerability by reducing SF3B1
protein levels and, in turn, decreases viability of copy-loss cells over normal cells.

The SF3B1 gene is a promising gene target for CYCLOPS as well as in broader contexts.
Mutations to the SF3B1 gene have been found in many cancer types, including chronic
lymphocytic leukemia,® myelodysplatic syndrome,*0:41 preast cancer,*? uveal melanoma,*3
and lung cancer.* In addition, other cancer types have shown increased sensitivity to
spliceosome modulators that are structurally related to spliceostatin A.*®> These modulators
are currently in clinical development.#6 MY C-driven cancers can also display sensitivity to
spliceosome modulators and to partial SF3B1 suppression.4” These recent developments
show that PNA-mediated suppression of the SF3B1 gene may have important therapeutic
properties for treating both SF381-mutant and MY C-driven cancers, and that additional
cancer types may also be susceptible to SF3B1 suppression.

LFn/PA delivery of PNAS, which proved useful for suppressing SF3B1, provides a generally
applicable strategy for suppressing other gene targets. Many cancers lack therapeutic targets
that are readily “druggable”, but may still exhibit a CYCLOPS or non-CYCLOPS
dependency on the expression of individual genes.2-3 We think the current work lays
groundwork for developing therapeutic approaches that exploit these dependencies with
PNAs delivered by LFy/PA.

To further illustrate the significance of this work, beyond targeting the SF3B1 gene, we set
out to find new potential gene suppression targets in other cancer models. We analyzed
previously-reported genomic data to explore the scope of the gene dependencies. We
integrated 5711 genes from a previous shRNA screen of 216 cancer cell lines with
characterized genome-wide genetic profiles.*8 We designated regions as “gene
dependencies” based on whether the sequences encoded were essential for cell survival. We
then hypothesized that genes with somatic mutations may represent cancer-specific
dependencies, because normal cells would not share these alterations. As cancer-specific
dependencies, we considered whether these genes would be therapeutic targets in cancer
(Figure 7A).

We identified gene dependencies associated with mutations in six known driver genes
(KRAS, PIK3CA, BRAF, NRAS, CTNNBI and EGFR) or with any copy-number alteration
genome wide. We found that mutations in five (KRAS, PIK3CA, BRAF, NRAS, and
CTNNBJI) of the six driver genes were associated with increased dependence on that driver;
we also identified 342 additional gene dependencies associated with mutations in the driver
genes. Integration of the mutation and copy number associated dependencies from our
previous work yielded 486 unique context-specific gene dependencies, comprising 8% of all
genes analyzed.

We found that the majority (87%) of these candidate cancer gene dependencies do not
belong to a straightforward “druggable” protein target class. We classified each gene
dependency by its protein target class using the IUPHAR drug targets and family database.*?
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Of the 486 context-specific gene dependencies, 423 were not classified as belonging to a
protein family that could be targeted by a small molecule (Figure 7B). On average, each cell
line had 12.7 dependencies that were in an existing IUPHAR druggable target class and 82.1
dependencies that were not (Figure 7B). This analysis illustrates the substantial opportunity
to target gene dependencies for cancer, particularly with therapeutic antisense
oligonucleotides.

CONCLUSION

In this paper, we showed that anthrax-mediated delivery of PNASs into the cytosol of cancer
cells enables effective delivery of antisense oligonucleotides and gene suppression.
Appending PNAs onto the C-terminus of LFy with sortase-mediated ligation enabled
efficient preparation of the antisense therapeutic. LFy/PA facilitated the PNA delivery into
the cytosol of cells, which also enabled targeting of the SF3B1 gene to promote suppression.
Robust delivery of the PNAs with LFN/PA was further established across a panel of nine
cancer cell lines from two tissue types. In addition, PNAs delivered with a HER2-targeting
PA can selectively target cancer cells that overexpress the HER2 receptor. These results
demonstrate that LFp/PA deliver PNASs into cells at nanomolar concentrations by a well-
established translocation mechanism. Other delivery systems require higher concentrations,
as supported by our experiment with the TAT cell-penetrating peptide that showed no PNA
activity at micromolar concentrations.

Our results indicate that cell vulnerability is induced through PNA-mediated reduction of the
SF3B1 protein, which may occur through one of several gene-suppression mechanisms: (1)
Disruption of RNA transcription. We showed that the antisense SF381 PNA binds to the
target DNA sequence, which suggests that PNAs may also bind to DNA in the cell.0 The
PNA-DNA duplex could prevent transcription by obstructing RNA polymerase enzymes
during extension of the MRNA transcript, and thus prevent complete transcription of SF381
mRNA and preclude subsequent translation.36 (2) Disruption of RNA translation. Rather
than binding to DNA, the antisense SF381 PNA may instead bind to RNA. Formation of
PNA-RNA duplexes could obstruct SF3B1 translation, and thus prevent ribosome
processivity and inhibit production of the complete protein. (3) Disruption of mRNA
splicing. Another potential suppression mechanism involves inhibition of proper splicing for
newly transcribed mRNA.L This mechanism is possible, because the antisense SF381 PNA
targets a sequence located in exon 2 of the mRNA transcript. This exon also contains several
key splicing motifs, including SRSF5, SRSF1, and SRSF2.52:53 PNA binding to this region
could disrupt mRNA splicing, in which improper splicing occurs for exon 2 but not exon 1,
and thus could prevent expression of hormal protein due to the resultant frame shift. Each of
these three mechanisms would prevent renewal of functional SF3B1 protein, leading to the
reduction of SF3B1 protein levels over time. Elucidating which mechanism occurs is critical
to understanding the role of PNAs in gene suppression, and is an ongoing part of research in
our laboratories. Establishing the gene suppression mechanism is also critical for developing
other therapeutic antisense PNAs, which is also part of ongoing research in our laboratories.

Neutralizing antibodies generated by the immune system are a critical challenge in the
development of all macromolecular delivery systems, including for PA and LFy.%* Efforts to
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engineer proteins that bind to erythrocytes have enabled antigen-specific tolerance for the
corresponding protein.>>:56 Although these methods have not yet been developed for
inducing LFy-specific tolerance, they may offer the key to preventing generation of
neutralizing antibodies against PA and LFy and enabling therapeutic use.

The LFn/PA system provides an ideal PNA-delivery platform for performing CYCLOPS
gene suppression, because it enables: (i) rapid conjugation of PNAs onto LFy using sortase-
mediated ligation; (ii) efficient endosomal release of PNAs into the cytosol; (iii) delivery
into a wide range of mammalian cell types; (iv) targeting of specific cell types in a receptor-
dependent fashion, including HER2. Although /n vivo studies are outside the scope of the
current work, recent /77 vivo studies suggest that this delivery platform can be applied in
therapeutic contexts.>7+58:59

In addition, the two anthrax proteins LFy/PA provide a general oligonucleotide delivery
platform that is valuable in broader contexts. Neither the length nor sequence of the PNAs
studied appeared to affect translocation efficiency, which suggests that these proteins may
effectively deliver other PNA sequences and additional classes of oligonucleotides. Also, the
proof-of-principle studies described in this paper show promise for /n vivo oligonucleotide
delivery, and even for /n vivo targeting to specific cell types. We anticipate that further
development of this platform for oligonucleotide delivery, which is part of ongoing research
in our laboratory, may have a significant impact for achieving gene suppression in both
research and therapeutic settings.
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Figure 1. CYCL OPS gene dependency in copy-loss cells and further gene suppression enabled by
anthrax-mediated delivery of antisense PNAs.

(A) Normal (diploid) cells express excess amounts of essential proteins, which enable the
cells to survive after partial gene suppression. (B) Cancer (copy loss) cells express lower
amounts of some essential proteins, which do not enable the cells to survive after gene
suppression. (C) Anthrax-mediated translocation mechanism of PNAs delivered with LFy
and PA, which enables therapeutic gene suppression. The blue ovals represent PA, the green
polygon represents LFy;, and the pink square represents the PNA.

ACS Chem Biol. Author manuscript; available in PMC 2021 June 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Luetal.

Page 17

A

Gs-PNA sequence symbol legend

: Gs-%'CONHz O = amino acid
2 G5 (K(K)(AF (A A ]-conn, C1=pPNA

3 G ((IO(AF A T]-conm,

+ Gs‘M@ -CONH,

4 GS'ME@ -CONH,

g G5'®®E]EE]E-CONH2
7
8
9
B

eI AlT]c]e]a] T clclconm,
g Y i 1 Y 1
GS-®®T][A] clc]e]T]r]a]c]a]c]a]a}conm,

LFy-DTA-PNA
s

SrtA*
2 LPSTG« -
- '@ LPSTGGW LPSTGs .
w 1.2
b4
£ 1.0
5 T
s ] 5
§ 0.6 ILUN
o +m§g
2 0.4 - 1'&'397
g —a—LOP8
= == LOPS
o 0.2 —o—LDPABatiomycn
© ~a- LOPAPAIF427H)
% 0.0
-15 -14 -13 -12 -11 -10 -9 -8 -7 -6
LDP concentration (Log [M])
D LF-PNA
ol y |
JE-LPSTGG Sy, 1 PSTGS -
ligation
E Digitonin Extracted Total Cell Lysate
WT PA v + - +  + -
F427H PA - -+ A *
3ng 3ng
LP§ LFy LP9LPY LPY LFy LP9 LP9
anti-LF — >
anti-ERK1/2 b, N e

P —
—

anti-Rab5

Figure 2. Design of L Fn-PNA constructsfor cytosolic delivery into mammalian cells.
(A) Amino acid and nucleobase sequences of Gs-PNAs 1-9, which contain the five A-

terminal Gly residues for sortase-mediated ligation. (B) Preparation of LDPs 1-9 by sortase-
mediated ligation with SrtA* of LFN-DTA-LPSTGG-Hg and Gs-PNAs 1-9. (C) Protein
synthesis inhibition assay of CHO-K1 cells incubated with varying concentrations of LDPs
1-9 in the presence of 20 nM PA, followed by the treatment with 3H-labelled leucine (3H-
Leu) medium. The incorporation of 3H-Leu was measured with a scintillation counter to
determine the level of protein synthesis inhibition, then was normalized to cells incubated
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with 20 nM PA (no LDP). F427H PA is a nonfunctional PA mutant; Bafilomycin Al is a
small molecule inhibitor of endosomal acidification. Data represent the mean of three
replicate wells + the standard deviation (x SD). (D) Preparation of LPs 9 and 10 by sortase-
mediated ligation with SrtA* of LFN-LPSTGG-Hg and Gs-PNAs 9 and 10. (E) Western blot
analysis of HEK-293T cell lysate showing the translocation of LP 9. Cells were incubated
with 250 nM LP 9 in the presence of 40 nM (wild-type) WT or F427H PA for 12 hours,
followed by the treatment with a digitonin extraction or total lysis buffer (~1 million cells
per lane). Purified LP 9 (3 ng) was also run on the gel for the purpose of quantification.
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Figure 3. Cytosolic delivery of antisense SF3B1 PNAsreduces SF3B1 protein production.
(A) Hlustrations of the sense and antisense LP-SF3B1 sequences. (B) Cartoon illustration of

the SF3B81 mRNA transcript with the translated and untranslated regions drawn according to
scale for their respective lengths. (C) Immunoblot showing the suppression of the SF3B1
protein in CRISPR™Ual and CRISPRCOPY 105 cel| |ysate after incubation with 250 nM sense
or antisense LP-SF3B1 and 50 nM PA. (D) Immunoblot showing dose-dependent
suppression of the SF3B1 protein in CRISPR"UUal ce|| |ysate after incubation with 8, 40, or
250 nM sense or antisense LP-SF3B1 and 50 nM PA. Cell lysates were collected after a
four-day incubation time.
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Figure 4. SF3B1 gene suppression decreases the viability of SF3B1 copy loss cells.
(A) Immunoblot of CRISPRCOPY 10ss ce|| lysate with expression of either GFP or exogenous

SF3BL1 protein after incubation with 250 nM sense or antisense LP-SF3B1 in the presence of
50 nM PA. (B) Cell viability of CRISPRCOPY 105s cells expressing either GFP or exogenous
SF3B1 protein upon incubation with varying concentrations of sense or antisense LP-SF381
in the presence of 50 nM PA. Cell viability was measured as the change in luminescence
relative to 50 nM PA control (with no LFn-PNA) using a CellTiter-Glo viability assay. Data
represent the mean of three replicate wells + SD. (C) Cartoon illustration of luciferase
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reporters of pre-mRNA splicing: Luc-ORF contains a luciferase open-reading frame that
does not require splicing for activity; Luc-I contains a luciferase open-reading frame with an
intron sequence that requires splicing for activity. (D) Splicing activity after incubation with
250 nM sense (black) or antisense (red) LP-SF3B1 in the presence of 50 nM PA. Splicing
activity was quantified as the ratio of Luc-I to Luc-ORF signal after normalizing to the
control with 250 nM sense LP-SF3B1 (with no PA). Data represent the mean of three
replicate wells = SD. For all panels, *p<0.05, **p<0.01 and ***p<0.001.
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Figure 5. Cytosolic delivery of antisense SF3B1 PNAs promotes the death of SF3B160PY 10SS g,
(A) Dose-response curve for relative cell viability of CRISPRMeUtal (black) and

CRISPRCOPY 10ss (red) cells incubated with varying concentrations of antisense LP-SF3B1 in
the presence of 50 nM PA. Cell viability calculated as the change in luminescence relative to
the treatment with LP-SF3B1 alone (not shown). Data represent the mean of two replicate
wells £ SD. (B) Cell viability of cells incubated with 1 uM sense or antisense LP-SF3B1in
the presence of 50 nM WT PA. (C,D) Breast and blood cell lines with SF3B81meural or
SF3B1°PY 10ss incubated with 100 nM sense or antisense LP-SF3B1 in the presence of 50
nM WT PA. Cell viability was measured by CellTiter-Glo viability assay, which was
normalized to untreated cells. Data represent the mean of three replicate wells = SD;
*p<0.05, **p<0.01, and ***p<0.001.
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Figure 6. Retargeting antisense SF3B1 PNAs.
(A\) Viability of HER2Meutral or HER22MP cells after incubation with 250 nM sense or

antisense LP-SF3B1 in the presence of 50 nM WT PA or mPA-ZHERZ2; (B) Viability of
CRISPRCOPY 10ss ce||s after incubation with 100 nM antisense LP-SF381 with 50 nM of
either WT PA or mPA-ZHER2. (C, D) Viability of SF3B1¢°PY 105 cel|s after incubation with
antisense PNA-SF3B1, TAT-PNA-SF3B1, or LP-SF3B1 (with 50 nM WT PA or mPA-
ZHER?2). The cell lines are indicated in the figure panels. Data for all panels represent the
mean of three replicate wells + SD; *p<0.05, **p<0.01 and ***p<0.001.
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Figure7.

Cancer gene dependency targets. (A) Pie chart indicating the IUPHAR target classification
for the 486 cancer gene dependencies identified. (B) Violin plot quantifying the number of
potent gene dependencies per cell line. Candidate gene dependencies that belonged to an
existing IUPHAR target class were considered “draggable”. Width of plots represents
relative sample density, dots represent sample median. A t-test was used for comparing the
gene dependencies in the two groups, which indicated that the number of druggable
dependencies is significantly different (p<10715).
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