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Activating mutations in c-KIT are associated with the mast cell
(MC) clonal disorders cutaneous mastocytosis and systemic
mastocytosis and its variants, including aggressive systemic
mastocytosis, MC leukemia, and MC sarcoma. Currently, ther-
apies inhibiting KIT signaling are a leading strategy to treat
MC proliferative disorders. However, these approaches may
have off-target effects, and in some patients, complete remis-
sion or improved survival time cannot be achieved. These lim-
itations led us to develop an approach using chemically stable
exon skipping oligonucleotides (ESOs) that induce exon skip-
ping of precursor (pre-)mRNA to alter gene splicing and intro-
duce a frameshift into mature KIT mRNA transcripts. The
result of this alternate approach results in marked downregula-
tion of KIT expression, diminished KIT signaling, inhibition
of MC proliferation, and rapid induction of apoptosis in
neoplastic HMC-1.2 MCs. We demonstrate that in vivo admin-
istration of KIT targeting ESOs significantly inhibits tumor
growth and systemic organ infiltration using both an allograft
mastocytosis model and a humanized xenograft MC tumor
model. We propose that our innovative approach, which
employs well-tolerated, chemically stable oligonucleotides to
target KIT expression through unconventional pathways, has
potential as a KIT-targeted therapeutic alone, or in combina-
tion with agents that target KIT signaling, in the treatment
of KIT-associated malignancies.
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INTRODUCTION
c-KIT is a proto-oncogene that is highly conserved between species
and encodes the receptor tyrosine kinase, KIT (CD117). KIT is criti-
cally required for the proliferation, survival, and differentiation of
bone marrow-derived hematopoietic stem cells including mast cell
(MC) progenitors.1 Expression of KIT in most hematopoietic cells
is lost during differentiation, but MCs retain KIT expression
throughout their lifespan, and KIT signaling remains essential for
mature MC survival and proliferation.2–5 The oncogenic potential
of c-KIT was initially realized when its viral counterpart, v-KIT, was
found to be responsible for the transforming activity of the Hardy-
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Zuckerman IV feline sarcoma virus.6 Since then, activating gain-of-
function c-KIT mutations have been associated with the initiation
and progression of several human malignancies, but there is a partic-
ularly high occurrence in gastrointestinal stromal tumors (GISTs)
and MC proliferative disorders, which include MC leukemia (MCL)
and MC sarcoma.7

Mastocytosis is an unusual neoplastic condition with a number of var-
iants, all of which demonstrate aberrant expansion and accumulation
ofMCs.8 The disease can be difficult to treat in part due to the extensive
biological heterogeneity of mastocytosis subtypes, which exhibit
distinct clinicalmanifestations and require therapy adjusted to the dis-
ease variant.8 Patients with non-advanced mastocytosis generally do
not require cytoreductive or KIT-targeting therapies, while patients
with aggressive disease require intervention. Current frontline treat-
ments for advanced systemic mastocytosis (ASM) include cladribine
and KIT-targeting tyrosine kinase inhibitors (TKIs).9,10 In some cases,
interferon-alpha is prescribed, and in rapidly progressing ASM and
MCL, poly-chemotherapy and stem cell transplantation may be
considered. However, these treatments are not always effective in
advanced disease, in which complete remission is infrequent and
improvement in prognosis is variable. Moreover, due to the non-
specific nature of chemotherapeutics and TKIs, there is a risk of off-
target toxicity, including bone marrow suppression, immunological
dysfunction, and cardiotoxicity.11 Although hematopoietic stem cell
transplantation is possible for some patients, there remains an unmet
clinical need for additional and novel therapeutic approaches that will
selectively target and induce apoptosis of neoplastic MCs.

With a strong connection to cancer development and aberrant MC
growth, KIT represents a desirable but challenging therapeutic target.
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Human c-KIT is located on chromosome 4q12 and contains 21
exons.12 KIT-stem cell factor (SCF) interactions are necessary for
the survival, proliferation, and differentiation of MCs, but in the pres-
ence of activating mutations, SCF dependence is less important and
oncogenic KIT signaling drives neoplastic MC growth.7,13 Although
mutations can occur throughout the gene, many cluster in hotspots,
which are associated with specific diseases.7 For example, mutations
in exon 11, which encodes the juxtamembrane domain of KIT,
commonly occur in GISTs,14,15 while the D816V point mutation in
exon 17,16 encoding the second kinase domain of KIT, is present in
most patients with systemic mastocytosis.13 Identifying these muta-
tions within patients is important for assessing disease prognosis
and determining treatment approaches, as the type of mutation and
the occurrence of additional mutations in part dictate the success of
therapies for KIT-associated malignancies. In particular, the KIT
D816V mutation found in >80% of adult systemic mastocytosis
cases13,17 causes a conformational change in KIT that renders it resis-
tant to some TKIs such as imatinib mesylate (Gleevec)18,19 that target
the inactive ATP-binding site conformation of KIT. Therefore, in
these patient populations, there is an unmet need for therapeutics.
Recent and emerging compounds that can more selectively target
KIT, and inhibit KIT with the D816V mutation, such as avapritinib,
hold promise,20 but a critical need for selective therapeutics that target
KIT remains.

Due to the heterogeneity of c-KITmutations in mastocytosis, and the
occurrence of mutations that confer resistance to TKIs, we proposed
that targeting KIT expression would prove an effective additional
approach to therapy. Conventionally, the therapeutic development
of oligonucleotides to target gene expression within many diseases
has followed either classic antisense or small interfering RNA
(siRNA) approaches that rely on RNase H or RNA-induced silencing
complex (RISC)-mediated pathways of transcript degradation (re-
viewed in Lundin et al.21). These approaches have had some success
in early stage clinical trials for treatment of some diseases such as
age-related macular degeneration.22 This has contributed to increased
attention for antisense oligonucleotide (ASO) therapy (reviewed in
Lundin et al.21 and Potaczek et al.23). In recent decades, several
ASOs have been approved by both the US Food and Drug Adminis-
tration (FDA) and European Medicines Agency (EMA) for various
applications.24,25 Most recently, two vaccines containing oligonucleo-
tides of RNA with modified nucleobases designed to introduce non-
native gene expression of viral spike protein have received worldwide
attention as vaccination against SARS CoV-2 CoVID-19.26,27 These
examples highlight the potential for therapeutic oligonucleotides to
temporarily alter protein expression in a variety of settings and
demonstrate that they are a well-tolerated and viable therapeutic
approach.

Splice switching oligonucleotides (SSOs) are a type of oligonucleotide
that are emerging as promising therapeutics in personalized
medicine. The short synthetic single strands of nucleic acids that
are typically less than 50 nt long provide a targeted approach to
gene modification by manipulating RNA splicing. Compared to
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classic ASO-mediated mRNA transcript degradation, SSOs comprise
a different type of ASO therapy that alters normal splicing of the tar-
geted transcript, which may prove more versatile and exhibit high
sequence specificity (reviewed in Havens and Hastings28). SSOs are
a class of oligonucleotides that have altered backbone chemistry.
Some SSO chemistries, such as phosphorodiamidate morpholino ol-
igonucleotides (PMOs), are substantially different from DNA and
RNA backbones, with a neutral charge that increases stability and
apparent evasion of recognition by pattern recognition receptors,
such as Toll-like receptors in the immune system.29–32 SSOs can be
used to promote inclusion of exons or to induce exon skipping.
With respect to exon skipping, SSOs can prevent the inclusion of a
specific exon in mature mRNA by binding to specific splice sites in
precursor (pre-)mRNA molecules, which has the effect of sterically
shielding the splice site from the spliceosome machinery. These spe-
cific types of SSOs are termed exon skipping oligonucleotides (ESOs).
Importantly, chemical modifications of SSOs prevent the degradation
of pre-mRNA-SSO complexes by RNase H, allowing transcription of
an altered mRNA sequence to continue (reviewed in Havens and
Hastings28). In genetic diseases in particular, this has important clin-
ical implications, since exon exclusion or inclusion can correct an
aberrant splicing pattern, or skip an exon containing a frameshift mu-
tation to restore expression of a functional protein. For instance, ther-
apeutic splice switching in Duchenne muscular dystrophy (DMD)
aims to reestablish the correct reading frame to permit production
of a truncated but partially functional dystrophin protein, which
reduces the clinical severity of the DMD phenotype (reviewed in
Nakamura and Takeda33 and Nakamura 34). A number of other ge-
netic diseases may also benefit from SSO-based therapy, as earlier
reviewed.21,23

We thus employed chemically stable antisense oligonucleotides that
induce exon skipping of pre-mRNA to alter gene splicing. These
ESOs contain various chemical modifications to their backbones
that prevent recognition by RNA degradation pathways. Targeting
pre-mRNA with ESOs thus provides a more versatile and chemically
stable approach to gene targeting compared to conventional siRNA
approaches. Rather than induce RNA degradation through energetic
enzymatic pathways, ESOs prevent inclusion of a specific exon in
mature mRNA by binding to splice sites in pre-mRNA molecules,
which has the effect of sterically shielding the splice site from the spli-
ceosome machinery.28 Therefore, transcription is not perturbed, but
rather an altered mRNA sequence is translated to produce an alterna-
tive splice variant. In genetic diseases in particular, this has important
clinical implications, since exon exclusion can partially correct aber-
rant mRNA caused by a frameshift mutation.35,36

We utilized this exon skipping approach to induce a frameshift into
mature KIT mRNA transcripts. Our ESO, which we abbreviate in
this report as KitStop, results in an immediate stop codon and loss-
of-function culminating in rapid neoplastic MC death in vitro and
in vivo, and inhibition of tumor growth with systemic injection in
both an allograft model of mastocytosis and a humanized xenograft
MC tumor model. These data act as a proof of principle for the
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Figure 1. ESO-mediated alternative splicing of exon

4 in c-KIT pre-mRNA

(A) KitStop ESO was designed to target the donor splice

site of exon 4, which led to exclusion of exon 4 by the

spliceosome. This is predicted to introduce a premature

stop codon due to a frameshift in the open reading frame

of the mRNA transcript, even in the presence of G560V

and D816V activating mutations, which are located

downstream of the target site of KitStop. The resulting

premature stop codon was predicted to induce degra-

dation of transcripts by NMD. If the NMD pathway be-

comes saturated, it was predicted that a truncatedmRNA

transcript encoding a non-functional protein would be

produced. Yellow boxes represent exons; thick black bar

represents introns. FL-c-KIT, full-length c-KIT; t-c-KIT,

truncated c-KIT. (B) Gel electrophoresis data demon-

strating splice switching of c-KIT by KitStop ESO in

comparison to standard control (Stndcon) in HMC-1.2 as

assessed by analysis of total RNA by RT-PCR. Black ar-

row indicates full-length c-KIT; orange arrow indicates

alternatively spliced truncated c-KIT mRNA. Each lane of

the gel represents a paired replicate for Stndcon- and

KitStop-treated cells in sequence. Gel electrophoresis

RT-PCR images were acquired using a LI-COR Odyssey

Fc imaging system. (C) qRT-PCR of c-KIT transcripts in

HMC-1.2 cells demonstrates a significant reduction in

KIT mRNA transcripts with KitStop relative to Stndcon-

treated cells after correction against the housekeeping

gene b-actin. (D) Gel electrophoresis data demonstrating

splice switching of wild-type c-KITmRNA by KitStop ESO

in comparison to Stndcon ASO in LAD2 cells. (E) qRT-

PCR of c-KIT transcripts in LAD2 cells demonstrates a

significant reduction with KitStop relative to Stndcon cells.

Data include mean ± SEM from three independent ex-

periments. *p < 0.05, one-sample t test against hypo-

thetical mean of 1.
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therapeutic utility of a frameshifting KitStop ESO in KIT-associated
malignancies. Given the recent approval of the ESO eteplirsen by
the FDA for the treatment of DMD,35,36 we propose that our KitStop
approach shows similar promise for a novel KIT-targeted therapeutic.

RESULTS
Exon skipping of c-KIT exon 4 in HMC-1.2 cells

We previously reported >95% transfection efficiency of ESOs for
FcεRIb in human and mouse MCs with no evidence of cytotoxicity,
as determined by propidium iodide (PI) and Live/Dead staining.37

We similarly designed a stable 25-mer morpholino ESO to target
the donor splice site of exon 4 in c-KIT pre-mRNA that we termedKit-
Stop, with the prediction that ESO-induced skipping of exon 4 would
introduce a frameshift into thematuremRNAopen reading frame and
a premature termination (or stop) codon.We selected exon 4 of c-KIT
Mole
based on the gene sequence andmRNA product
after analysis of the sequence revealed that exon
4 was the first exon that would result in a frame-
shift when skipped, and this frameshift would
introduce an immediate premature stop codon
that should trigger a nonsense-mediated mRNA decay (NMD)
response to degrade transcripts. Exon 4 is very early in the transcript,
and so if transcripts evade NMD, or if saturation of NMD occur, the
protein product would most likely be non-functional. Thus, frame-
shifting with ESOs would either induce early termination of KIT
mRNA translation, resulting in a severely truncated protein, or induce
NMD of mRNA transcripts (Figure 1A). Either outcome should elim-
inate expression of the KIT receptor.

To test this predicted outcome, we transfected HMC-1.2 cells exhib-
iting V560G and D816V mutations with KitStop or an oligonucleo-
tide control. KitStop induced exon skipping as indicated by the
appearance of an additional, truncated band of KIT-mRNA by RT-
PCR, compared with cells transfected with an equivalent 25-mer stan-
dard control antisense oligonucleotide (Figure 1B). Exon 4 is 137 bp
cular Therapy Vol. 30 No 1 January 2022 297
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B C Figure 2. KitStop ESO reduces KIT expression and

loss of function in human MCs

(A) Flow cytometry histograms of total KIT expression in

HMC-1.2 cells at 24 h following transfection with KitStop

ESO. (B) Mean flow cytometry data for total KIT expres-

sion calculated from the geometric mean fluorescence

intensity (MFI) (B) and expressed as a percentage of

Stndcon ASO (C). KIT expression data were taken from

only the viable cells, and the total number of viable cells in

the KitStop-treated HMC-1.2 cells was low. (D) Immu-

noblots of constitutive phosphorylation of KIT and ERK in

HMC-1.2 cells after 24 h of KitStop treatment from three

independent experiments shown from left to right. (E and

F) Combined phosphorylation data for phosphorylated (p)

KIT (E) and pERK (F) after correction against b-actin or

total ERK, respectively, and normalized to phosphoryla-

tion in control cells. (G) Combined data from flow cy-

tometry assessing annexin V surface staining expressed

as geometric MFI. (H) Combined geometric MFI of Live/

Dead staining in HMC-1.2 cells at each time point. (I) Total

number of viable HMC-1.2 cells cultured under normal

conditions assessed by trypan blue counts. Graphical

representation of data includes mean ± SEM from three

independent experiments. *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001, using ANOVA with Sidak’s post-

test (B, C, and G–I) or Student’s paired t test (E and F).
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long. RT-PCR products were designed with primers spanning exons
3–6, and PCR product from the full-length transcript should be
577 bp, and 440 bp for exon 4-skipped KIT mRNA. On occasion
with exon skipping, more than one exon can be skipped. Our primer
design would detect transcripts with exon 4 and exon 5 removed, but
we did not detect any of these transcripts. In addition, quantitative
RT-PCR targeting exons upstream of exon 4 indicated that total c-
KIT mRNA was reduced by about 30% in HMC-1.2 cells transfected
with KitStop (Figure 1C). In order to establish whether efficacy of Kit-
Stop was comparable in slowly dividing human MCs with non-
mutant KIT, we performed the same experiments in the human
MC line LAD-2, which is a transformed cell line that more closely
represents “normal” MCs.38 We found comparable results in exon
skipping in the LAD-2 cells with evidence of skipped transcripts (Fig-
ure 1D) and a reduction in total mRNA transcript number (Fig-
ure 1E). Because introduction of a stop codon early in an exon can
induce NMD,39,40 our data are consistent with the conclusion that a
proportion of KIT transcripts are degraded by NMD. However,
298 Molecular Therapy Vol. 30 No 1 January 2022
even if the NMD pathway becomes saturated,
or transcripts evade NMD, the produced trun-
cated transcript of the first three exons would
not be functional as a receptor as it would
code only for a segment of the extracellular
domain (Figure 1A).

Loss of KIT expression and downstream

signaling with KitStop exon skipping

We then used flow cytometry to measure KIT
expression in HMC-1.2 cells transfected with
KitStop. MCs express KIT on their cell surface, but KIT is rapidly
internalized following activation by its ligand, SCF. After endocytosis,
KIT signals within intracellular compartments before degradation.41

In neoplastic MCs such as the HMC-1.2 cell line, oncogenic KIT
signaling occurs within intracellular compartments, independently
of SCF.7,42 Consequently, we measured total KIT expression in
HMC-1.2 cells (for gating strategies, see Figure S1) and found that
it was significantly reduced by KitStop (Figures 2A–2C). The reduc-
tion in KIT protein expression was also demonstrated by western
blot (Figure 2D). Unlike KIT, KitStop ESO did not affect the expres-
sion of the kinase extracellular signal-regulated kinase (ERK) or the
cytoskeletal protein b-actin (Figure 2D). However, transfection of
the KitStop ESO reduced by comparable amounts the phosphoryla-
tion of both KIT (Figure 2E) and ERK (Figure 2F), which are consti-
tutively phosphorylated in HMC-1.2 cells (Figure 2D). Thus, this
reduction in phosphorylation of KIT and the downstream signaling
protein ERK are likely a direct result of reduced expression of the
constitutively active KIT protein. Taken together, these data are
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consistent with the conclusion that KitStop frameshifting ESOs effi-
ciently deplete KIT expression by reducing mRNA expression, and
thus silence constitutive KIT signaling.

Frameshifting KIT mRNA induces neoplastic MC death

In neoplastic MC diseases and cell lines such as HMC-1.2, constitu-
tive KIT activation enables continuous SCF-independentMC survival
and growth. Therefore, we examined whether KitStop treatment can
eliminate the pro-survival effects of imatinib-insensitive activating
c-KIT mutations in neoplastic HMC-1.2 cells.

First, we assessed HMC-1.2 cell apoptosis and cell death using fluo-
rescein isothiocyanate (FITC)-conjugated annexin V and PI co-stain-
ing (Figures S2A and S3). In comparison to cells transfected with the
standard control oligonucleotide, KitStop-treated cells exhibited
increased annexin V-FITC staining during the course of 72 h (Fig-
ure 2G; Figures S2A and S2B). KitStop reduced the number of non-
apoptotic cells during 72 h (Figure S2C) with a corresponding
increase in early (Figure S2D) and late (Figure S2E) apoptotic cells
as assessed by annexin V and PI staining. To examine cell viability,
HMC-1.2 cells stained with PI were analyzed (Figures S4A and S5).
In contrast to the standard control oligonucleotide, KitStop caused
increased PI staining during 72 h (Figures S4A–S4C). A similar
pattern of staining was also seen with Live/Dead staining (Figure 2H;
Figures S4D, S4E, and S6) with an increase in dead cells at each time
point measured. Taken together, these findings demonstrate that
ESO-mediated frameshifting of the KIT mRNA transcript rapidly in-
duces apoptosis and cell death in neoplastic MCs.

Frameshifting c-KIT prevents neoplastic MC proliferation

We next examined the effects of KIT mRNA frameshifting on
neoplasticMCproliferation, given that the activating c-KITmutations
expressed by HMC-1.2 cells facilitate SCF-independent prolifera-
tion.43,44 In contrast to cells transfected with the standard control anti-
sense oligonucleotide that increased in numbers during 72 h, KitStop
preventedHMC-1.2 growth, as demonstrated by amarked decrease in
viable cell number with trypan blue cell counts (Figure 2I). In addition
to total viable cell counts, we performed a proliferation assay using
CellTrace dilution and Live/Dead staining. Similar to the cell counts,
the population of viable KitStop-treated cells, as determined by
Live/Dead staining, retained the CellTrace dye, whereas CellTrace
fluorescence in standard control oligonucleotide-treated cells was
increasingly diluted at each time point (Figures S7A–S7C). The
reduced cell proliferation is consistent with reduced KIT expression
and the decrease in ERK phosphorylation, a pathway activated by
KIT with a critical role in proliferation. KitStop treatment also
increased the number of non-viable cells, which retained the CellTrace
dye and thus had not proliferated (Figures S7B and S7D). Longer time
courses were not evaluated in detail due to lack of viable cells in
culture, which died off by 5–7 days. Taken together, these findings
indicate that the ESO-induced frameshifting of KIT mRNAmarkedly
suppressesmutantKIT-mediated neoplastic cell proliferation and sur-
vival. Consequently, frameshifting oligonucleotides targeting KIT
could represent an efficient approach to reduce MC burden in vivo.
Frameshifting c-KIT markedly reduces KIT expression in slowly

dividing and primary MCs

To examine the effects of KitStop ESO on an MC line with less prolif-
erative capacity than HMC-1.2 cells, we employed the human LAD-2
MC line that is SCF responsive and expresses non-mutated KIT.38 Kit-
Stop ESO rapidly reduced both surface and total KIT expression in
LAD-2 cells with >95% reduction by 2 days, which lasted for at least
7 days (Figure S8). Functionally, the almost complete loss of KIT
expression had no effect on apoptosis or cell death by 2 days, but it re-
sulted in a trend toward induction of apoptosis and cell death by 7 days
(Figures S9A–S9D). These data suggest that slowly dividing MCs with
non-mutated KIT are slower to respond to KitStop and loss of KIT
expression compared to rapidly dividing mutant KIT cells. To further
explore the delayed effects of KitStop in these cells, we examined the
effects of removing and washing out SCF in LAD-2 cells and staining
the cells with Live/Dead stain. In agreement with the KitStop data,
LAD-2 cells were resistant to removal of SCF during 7 days (Figures
S9E and S9F). We then examined the effects of KitStop on prolifera-
tion of LAD-2 cells, which have a slower doubling time.38 We found
that KitStop appeared to inhibit proliferation as evidenced by reten-
tion of CellTrace dye (Figure S9G), but given the slow division of these
cells, the difference did not reach significance (Figure S9H).

Finally, we also examined the efficacy of KitStop in primary MCs
from mouse bone marrow-derived MCs (BMMCs) to establish
whether KitStop reduced Kit expression in mouse cells to enable
in vivo assessment. To target mouse Kit, we examined the sequence
of c-Kit and Kit mRNA, and compared it to human c-KIT and KIT
mRNA, to establish that in both species, exon 4 was the first exon
in the transcript to result in a frameshift in mRNA when the exon
was skipped and an immediate stop codon was introduced in both
species. Therefore, we designed a comparable mouse KitStop ESO
and found that the mouse version resulted in exon skipping and
markedly reduced Kit expression in mouse BMMCs (Figure S10).
Taken together, these results suggest that KitStop functions compa-
rably in both human and mouse MCs, and that the effects of KitStop
are conserved across cell types. However, neoplastic MCs may be
more rapidly affected by KitStop and more susceptible to apoptosis.

KitStop systemic administration inhibited human neoplastic MC

growth in vivo in a humanized xenograft MC neoplasia model

In order to establish efficacy in vivo, we utilized Vivo-Morpholinos for
KitStop ESO. Vivo-Morpholinos have an octa-guanidine dendrimer
around a triazine core to act as a cell-penetrating delivery moiety for
in vivo applications.45 We based our dosing protocol on knowing the
maximum suggested dose of 12.5 mg/kg daily from the supplier, and
the efficacy of in vitro testing onHMC-1.2 cells during 72 h, which sug-
gested that administration every 3 days would be effective. Using a con-
servative treatment protocol of 8.3 mg/kg every 3 days (Figure 3A) and
groups of fivemice per cohort, we established that systemic intravenous
(i.v.) administration of KitStop significantly reduced tumor growth, as
measured by assessing tumor volume after inoculation of NSG female
mice with 1� 106 human neoplastic HMC-1.2 cells into a primary site
at the right flank, subcutaneously (Figures 3B and 3C). After 14 days of
Molecular Therapy Vol. 30 No 1 January 2022 299
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Figure 3. Systemic delivery of human KitStop ESO

inhibits tumor growth in a humanized xenograft MC

neoplasia model

(A) Schematic representation of the protocol design for

the humanized xenograft model used. (B) Examples of

tumors in NSG female mice that were injected with 1 �
106 HMC-1.2 cells into a primary site at the right flank

subcutaneously. The red arrows indicate the tumor and

the green arrows show a secondary growth caused by

drag of the needle during inoculation. (C) Measurements

of tumor volume over time during treatment (n = 5 mice

per group). Arrows indicate days that KitStop or vehicle

control was administered. (D) Photograph of tumors after

mice were euthanized at day 14. Measurements are in

centimeters. (E) Weight of excised tumors after mice were

euthanized on day 14. (F) Spleen weight at the conclusion

of the experiment. (G) Liver weight at the conclusion of the

experiment. (H) Weight of mice was monitored during the

course of the experiment. No significant differences were

observed during the course of the experiment. Data are

themean ± SEM from fivemice per group. *p < 0.05, **p <

0.01, ***p < 0.001, using ANOVAwith Dunnett’s post-test

(B) or an unpaired t test (D and E).
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treatment, mice were euthanized and the tumors were excised and
weighed (Figures 3D and 3E). The tumors from the KitStop i.v. group
were significantly smaller than those of the vehicle control group. The
spleens showed a trend for reduced size in the KitStop i.v. group (Fig-
ure 3F), but liver weight (Figure 3G) and mouse weight during the
course of the experiment were not different (Figure 3H), suggesting
300 Molecular Therapy Vol. 30 No 1 January 2022
it is well tolerated. Taken together, these data
support the conclusion that systemic (i.e., i.v.)
administration of KitStop significantly inhibits
tumor growth in an aggressive humanized MC
neoplasia model.

We found evidence of reduced MC infiltrates in
the livers of the mice with almost no lesions in
the liver of KitStop i.v.-treated mice (Figures
4A and 4C). Immunohistochemistry (IHC) for
KIT receptor confirmed that these lesions
were human KIT+ MCs (Figures 4B and 4D).
Histopathological assessment of neoplastic liver
infiltration as a percentage of tissue (Figure 4E)
and as foci size (Figure 4F) both demonstrated a
significantly reduced neoplastic burden in the
liver. Taken together, these results suggest that
KitStop treatment to reduce MC burden in vivo
effectively targets MC proliferation and survival
in different tissues.

KitStop ESO reduced primary tumor growth

in an aggressive isograft model of MC

neoplasia

We have established that KitStop is effective
in vitro and in vivo using HMC-1.2 cells
(Figures 1, 2, and 3). We first tested a mouse version of KitStop to
reduce KIT expression using mouse BMMCs and found that KitStop
was very effective in mouse cells (Figure S10). We next sought to
further characterize KitStop efficacy in vivo using an established
isograft model of aggressive SM and MCL.46,47 The DBA/2 P815
model produces a solid but diffuse tumor with ill-defined borders,
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Figure 4. KitStop ESOs reduce liver infiltration of

neoplastic MCs in a humanized xenograft model of

MC neoplasia

(A–D) Examples of liver sections from NSG mice showing

neoplastic MC infiltrates with H&E (A) and IHC for human

KIT (B) in the vehicle control liver and almost no infiltrates

in the KitStop-treated livers (C and D). (E) Histopatho-

logical assessment of% of neoplastic infiltration in liver. (F)

Histopathological assessment of neoplastic foci size in

livers. Graphical representation of data includes boxplots

where middle bar represents median and whiskers

represent minimum and maximum. All data are derived

from five NSG female mice per group. The p value

was determined by a Fisher’s least significant difference

(LSD) test with ordinary one-way ANOVA or an uncor-

rected Dunn’s test with a Kruskal-Wallis one-way

ANOVA. *p % 0.05. Scale bars, 2 mm.
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makingmeasurements of tumor volume difficult. Therefore, we stably
transduced P815 cells with luciferase to enable measurement of biolu-
minescence using i.v. injection of D-luciferin and an in vivo imaging
system (IVIS).

Using the P815 model of aggressive SM and MCL (Figure 5A), DBA/
2J female mice were injected with 5 � 105 bioluminescent P815 cells
into a primary site at the right flank. Vehicle control or KitStop ESO
was administered every 3 days for 24 days to groups of six mice per
treatment cohort. We observed that vehicle control animals had
marked signs of primary tumor growth as measured by IVIS (Figures
5B and 5C). Bioluminescence from P815 neoplastic cells was signifi-
cantly reduced by both intratumoral (i.t.) (p = 0.0007) (Figure 5D)
and i.v. (p = 0.0220) (Figure 5E) injection of KitStop ESO when
Mole
compared to controls. Tumor mass was signifi-
cantly reduced for i.t. (p = 0.0132) and a trend
for reduction in the i.v. (p = 0.0674) KitStop
ESO treatment group compared to controls
(Figure 5F). Tumor volume was measured
with calipers after tumors were excised post-
mortem, and these measurements were also
reduced for i.t. (p = 0.0188) and i.v. (p =
0.0530) KitStop ESO treatment groups (Fig-
ure 5G). Tumor depth, measured by caliper
measurements of excised tumor, was signifi-
cantly reduced for i.t. (p < 0.0001) and i.v.
(p = 0.0008) KitStop ESO treatment groups
compared to controls (Figure 5H). Finally, tu-
mor necrosis was assessed and expressed as
the percent of area of tissue affected bymorpho-
logical changes characteristic of cell death as
assessed by a veterinary pathologist (D.B.S.),
and was increased for i.t. (p = 0.0434) and i.v.
(p = 0.0588) use with KitStop ESO treatment
groups (Figure 5I). Taken together, these data
demonstrate that KitStop effectively reduces
MC burden in vivo, demonstrating an inverse relationship between
tumor size and necrosis induced by KitStop treatment.

KitStop ESO administration reduced hepatosplenomegaly

Having established that KitStop ESO administration reduces the pri-
mary tumor growth in the DBA model, we next assessed neoplastic
MC burden in organs. IVIS imaging of organs after necropsy demon-
strated that luciferase-positive P815 cells spread from the primary
inoculation site to infiltrate organs commonly involved in advanced
cases of systemic mastocytosis (Figures 6A–6F). Bioluminescence
from P815 neoplastic cells revealed that liver infiltration was signifi-
cantly reduced by i.t. KitStop ESO compared to controls (Figures 6A,
6B, and 6G). However, the i.v. treated group did not show statistical
significance for overall liver luminescence (Figures 6A, 6C, and 6G).
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Figure 5. KitStop ESO administration reduced primary tumor growth in an isograft model ofMC neoplasia carrying D814Y auto-activatingmutation of the c-

Kit proto-oncogene

P815 cells, which have the mouse equivalent of the D816V mutation, D814Y, were transduced to make intracellular firefly luciferase providing a bioluminescent reporter that

increased relative to neoplastic cell proliferation. (A) DBA/2J femalemice (n = 6 per treatment group) were injectedwith 5� 105 bioluminescent P815 cells into a primary site at

the right flank followed by IVIS to confirm tumor size and subsequent euthanasia for tissue collection at day 24. Vehicle control or KitStop ESOwas administered every 3 days

for 24 days. (B) Bioluminescence from P815 neoplastic cells was significantly reduced in the i.t. (p = 0.0007) and i.v. (p = 0.0220) KitStop ESO treatment groups compared to

controls. (C–E) IVIS images overlay primary site tumor where bioluminescent P815 neoplastic cells were detected. Representative images show equal-sized regions of

interest (ROIs) over the primary tumor site standardized area for photon flux (total counts) detected from all mice in the study. (F–I) Tumor weight (F), volume (G), and depth (H)

collectively represent decreased primary site tumor burden (F and G) and penetration into underlying structures (H) for the i.t. and i.v. KitStop treatment groups compared to

controls. (F) Tumor mass was reduced for the i.t. (p = 0.0132) and i.v. (p = 0.0674) KitStop ESO treatment groups compared to controls. (G) Tumor volume was reduced for

the i.t. (p = 0.0188) and i.v. (p = 0.0530) KitStop ESO treatment groups compared to controls. (H) Tumor depth was significantly reduced for the i.t. (p < 0.0001) and i.v. (p =

0.0008) KitStop ESO treatment groups compared to controls. (G) Tumor necrosis was increased for the i.t. (p = 0.0434) and i.v. (p = 0.0588) KitStop ESO treatment groups

compared to controls. (B and F–H) Graphical representation of data includes boxplots where middle bar represents median and whiskers represent minimum andmaximum.

The p value was determined by a Fisher’s LSD test with an ordinary one-way ANOVA or uncorrected Dunn’s test with a Kruskal-Wallis one-way ANOVA. *p% 0.05, ***p%

0.001, ****p % 0.0001.
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Hepatic mass was significantly reduced for i.t. KitStop ESO treatment
group compared to controls, which could be related to neoplastic cell
infiltration (Figure 6H). Comparable results were found for spleen
bioluminescence (Figures 6D–6F and 6I) and weight (Figure 6J).

Analysis of multiple tissues at necropsy confirmed that cells in multi-
centric neoplasia spread from the primary tumor site to infiltrate or-
gans commonly involved in advanced cases of systemic mastocytosis,
302 Molecular Therapy Vol. 30 No 1 January 2022
including liver, spleen, the gastrointestinal tract, lymph nodes, and
occasionally other tissues. Grossly detectable neoplastic MC infiltra-
tion replaced hepatic parenchyma (Figures 7A–7C, inset, arrow-
heads) in a pale cream-colored multifocal to coalescing distribution
(i.e., irregular areas) (Figure 7A) and discrete nodules (Figure 7C).
Quantification revealed that the percent of liver surface replaced by
neoplastic MCs was significantly reduced for the i.t. (p = 0.0153) Kit-
Stop ESO treatment group compared to controls. Histopathology
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Figure 6. KitStop ESO administration reduced hepatosplenomegaly and infiltration in an isograft model of MC neoplasia carrying D814Y auto-activating

mutation of the c-Kit proto-oncogene

Luciferase-positive P815 cells spread from the primary injection site to infiltrate organs commonly involved in advanced cases of systemic mastocytosis. (A–F) IVIS images

overlay bioluminescence detected from luciferase-positive P815 neoplastic cells. Representative images show equal-sized ROIs over the liver and spleen to standardize the

area of photon flux (total counts) detected. (G) Bioluminescence from P815 neoplastic cells infiltrating the liver was significantly reduced by the i.t. (p = 0.0330) KitStop ESO

treatment group compared to controls. (H) Hepatic mass was significantly reduced for the i.t. (p = 0.0317) KitStop ESO treatment group compared to controls. (I) Biolu-

minescence from P815 neoplastic cells infiltrating the spleen was reduced by the i.t. (p = 0.0116) and i.v. (p = 0.0716) KitStop ESO treatment groups compared to controls. (J)

Splenic mass was reduced for the i.t. (p = 0.0019) and i.v. (p = 0.0570) KitStop ESO treatment groups compared to controls. (A–F) Luminescence scale is 5–25 counts. (G–J)

Graphical representation of data includes boxplots where middle bar represents median and whiskers represent minimum and maximum. The p value was determined by a

Fisher’s LSD test with ordinary one-way ANOVA or an uncorrected Dunn’s test with a Kruskal-Wallis one-way ANOVA. *p % 0.05, **p % 0.01. Scale bars, 0.5 cm.

www.moleculartherapy.org
sections of liver showed infiltration by neoplastic cells in multifocal to
coalescing distribution (Figure 7E) and multiple discrete variable-
sized foci (Figures 7F and 7G), with occasional neoplastic MCs
evident within blood vessels. Infiltrates were significantly reduced
for i.t. (p = 0.0067) and i.v. (p = 0.0042) KitStop ESO treatment
groups compared to controls (Figure 7H). Histopathology sections
of spleen revealed infiltration by neoplastic cells as individualized cells
and multifocal coalescing distribution infiltrating red (Figures 7I–7K)
and white (Figures 7I and 7K) pulp with occasional neoplastic MCs
within vessels (Figure 7I, inset). The infiltration of neoplastic MCs
into spleen was significantly reduced for the i.t. (p = 0.0201) KitStop
ESO treatment group compared to controls (Figure 7L).
KitStop ESO administration reduced MCL

Next, we examined the P815 neoplastic MC involvement in bone
marrow (Figures 8A–8D). We identified marked infiltration
of neoplastic MCs within the bone marrow, and the percent
of bone marrow infiltrated by P815 neoplastic cells was signifi-
cantly reduced in the i.t. (p = 0.0149) KitStop ESO treatment
group compared to controls. High numbers of neoplastic MCs
infiltrated, replaced, and effaced bone marrow for the vehicle
control (Figure 8B) compared to less apparent infiltration for i.t.
(Figure 8C) and i.v. (Figure 8D) KitStop ESO administration.
Displacement of hematopoietic bone marrow tissue (myelophthi-
sis) by neoplastic MCs was reduced for i.t. (p = 0.0095) and i.v.
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Figure 7. KitStop ESO administration reduced multicentric spread to organs and tissues in an isograft model of mast cell neoplasia carrying D814Y auto-

activating mutation of the c-Kit proto-oncogene

Multicentric neoplasia cells spread from the primary tumor site to infiltrate organs commonly involved in advanced cases of systemic mastocytosis, including liver, spleen,

gastrointestinal tract, lymph nodes, and occasionally other tissues. (A–C) Representative images show grossly detectable neoplastic mast cell infiltration-replaced hepatic

parenchyma (inset, arrowheads) as pale cream-colored irregular zones and nodules. (D) Percent of liver surface replaced by neoplastic mast cells was reduced for the i.t. (p =

0.0153) KitStop ESO treatment group compared to controls. (E–G) Histopathology sections of liver show infiltration by neoplastic cells in multifocal coalescing distribution in

vehicle mice (E) and with KitStop treatment hadmultiple discrete foci (F and G). (H) Infiltration of neoplastic mast cells into liver was reduced for the i.t. (p = 0.0067) and i.v. (p =

0.0042) KitStop ESO treatment groups compared to controls. (I–K) Histopathology sections of spleen had infiltration by neoplastic cells as individualized cells and multifocal

coalescing distribution infiltrating red (I–K) and white (I and K) pulp. (L) Infiltration of neoplastic mast cells into spleen was reduced for the i.t. (p = 0.0201) KitStop ESO

treatment group compared to controls. (D, H, and L) Graphical representation of data includes boxplots where middle bar represents median and whiskers represent

minimum and maximum. The p value was determined by a Fisher’s LSD test with an ordinary one-way ANOVA or uncorrected Dunn’s test with a Kruskal-Wallis one-way

ANOVA. *p % 0.05, **p % 0.01. Scale bars, 0.5 cm.
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(p = 0.0333) KitStop ESO treatment groups compared to controls
(Figure 8E).

Because c-KIT is involved in hematopoiesis and erythropoiesis,48 we
assessed basic factors that represent these processes. Packed red blood
cell volume (hematocrit) was not significantly different for i.t. or i.t.
treatment groups compared to controls (Figure 8F). Bone marrow he-
matopoiesis as measured by themyeloid progenitor-to-erythroid pro-
genitor (M:E) ratio was within reference intervals and not signifi-
cantly different between groups (Figure 8G).

We also determined that the blood and MC numbers exceeding the
World Health Organization criteria for diagnosis of MCL in humans
were present in the vehicle control group (Figure 8H). Circulating
neoplastic MCs on differential counts were significantly reduced by
i.t. KitStop ESO treatment compared to controls (Figure 8H).
304 Molecular Therapy Vol. 30 No 1 January 2022
Neoplastic emboli, neoplasm encroachment on vessels, and circu-
lating neoplastic MC prevalence was reduced on H&E histopathology
sections of organs for the i.t. (p = 0.0238) and i.v. (p = 0.0022) KitStop
ESO treatment groups compared to controls (Figures 8I and 8K).
Intravascular clusters and individual neoplastic MCs and emboli
filling the vascular lumen in pulmonary vessels were evident in
H&E histopathology sections from vehicle control lungs (Figure 8K),
and lymphatics carried neoplastic MCs to the subcapsular sinus (ar-
rowheads) of draining lymph nodes (Figure 8L). These features were
rarely observed in KitStop-treated mice (Figure 8J).

DISCUSSION
This study presents and summarizes an innovative approach to treat
MC neoplastic diseases by targeting KIT mRNA splicing with an ESO
we term KitStop, markedly reducing KIT protein levels and function
in neoplastic MCs. By employing chemically stable ESOs that
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Figure 8. KitStop ESO administration reduced cardinal signs of mast cell leukemia in an isograft model of mutant mast cell neoplasia

(A) Percent of bonemarrow infiltrated by P815 neoplastic cells. (B) Representative micrograph of bonemarrow from vehicle controls (B) compared to i.t. (C) and i.v. (D) Kitstop

ESO administration. (E) Displacement of hematopoietic bone marrow tissue (myelophthisis) by neoplastic mast cells. (F) Packed red blood cell volume (hematocrit). Some

animals from each group had a hematocrit below the lower 2SD reference interval (dotted line) for female DBA/2J mice. (G) Bone marrow hematopoiesis as measured by the

myeloid progenitor-to-erythroid progenitor (M:E) ratio. (H) Circulating neoplastic mast cells on differential counts. (I) Blood smear of neoplastic mast cells with Romanowsky

stain (representative image shown from vehicle control animal blood). (J) H&E histopathology assessment of neoplastic emboli and circulating neoplastic cells in organs. (K–L)

Emboli of neoplastic mast cells in pulmonary vessels from H&E histopathology sections from control (K) and i.v. KitStop ESO (L) treatment groups. (A and F–H) Graphical

representation of data includes boxplots where middle bar represents median and whiskers represent minimum and maximum. The p value was determined by a Fisher’s

LSD test with an ordinary one-way ANOVA or uncorrected Dunn’s test with a Kruskal-Wallis one-way ANOVA. (E and J) Graphical representation of data includes mean and

SEM. The p values were determined independently by a Mann-Whitney test. *p % 0.05, **p % 0.01. Scale bars, 100 mm.
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introduce a frameshift into maturemRNA, we propose that we induce
both degradation of mRNA by NMD and production of a truncated
mRNA variant that encodes a small non-functional peptide. Thus, if
saturation of mRNA degradation does occur, or if the transcripts
evade premature termination codon-dependent NMD, it would not
reduce efficacy because the result would be production of non-func-
tional mRNA and protein. We established that KitStop is effective
in vitro and reduces neoplastic MC numbers in vivo in two separate
MC tumor models without obvious associated pathologies or defects
in hematopoiesis.

Using the P815 model of aggressive SM andMCL, we observed vehicle
control animals that had multiple measurable signs of primary tumor
proliferation and proliferation of neoplastic MCs at distant sites
including liver, spleen, gastrointestinal tract, lymph nodes, and other
tissues. Vehicle control mice had consistently larger tumors at the pri-
mary site with increased tumor bioluminescence, increased hepatic
bioluminescence, measurable hepatomegaly, increased neoplastic cell
infiltration into liver, increased splenic bioluminescence, measurable
splenomegaly, increased neoplastic cell infiltration into spleen, and
infiltration into multiple organs, when compared to KitStop-treated
mice. Notably, vehicle controls had MCL when measured by World
Health Organization (WHO) criteria for human samples, including
the bonemarrowandblood smears. Additionally, histopathology slides
from multiple tissues had neoplastic MCs in vessels and lymph node
subcapsular sinus confirming neoplastic MC circulation in afferent
lymphatic fluid-draining tissues. These histopathological features of
this model were all improved with KitStop treatment.
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MC proliferative diseases are heterogeneous and difficult to treat
relating to variation in age of onset, patient age, organ involvement,
co-morbidities, and disease aggressiveness.8 While conservative treat-
ment is appropriate for cutaneous mastocytosis, increasingly specific
treatments are necessary for aggressive forms of mastocytosis and are
generally directed at inhibiting commonmutations found within KIT.
However, the diversity of c-KIT mutations that underlie oncogenic
KIT signaling makes targeting such mutations a challenge. Among
these mutations, KIT D816V, which is present in most systemic mas-
tocytosis patients, confers resistance to the TKI imatinib mesylate
(Gleevec) by inducing a conformational change in the tyrosine kinase
domain of KIT.49,50 This has led to the development of additional
TKIs that target KIT D816V. One such TKI approved for use is mid-
ostaurin, which exhibits high response rates. However, there remains
risk of disease progression and transformation into leukemia even af-
ter treatment withmidostaurin.8,10 An emerging therapeutic that may
also provide promise is avapritinib, which has been demonstrated to
more selectively target KIT, can inhibit KIT with the D816V muta-
tion, and resulted in a reduction of >50% neoplastic colony formation
in 64% of patients with ASM.20 However, 36% of the cohort were
resistant to avapritinib.

Other neoplastic disorders such as GISTs, in which somatic gain-of-
function mutations in c-KIT are common and predictive of the risk of
metastasis,51,52 can be treated with imatinib. However, similarly to
mastocytosis, imatinib sensitivity can be lost over time with the acqui-
sition of additional c-KIT mutations.51,53 Combinations of TKIs can
have synergistic inhibitory effects on neoplasticMC growth and could
have therapeutic benefit. However, the risk of acquired resistance to
TKIs and off-target toxicity remain.54,55 Consequently, given the
strong association between aberrant MC proliferation and survival
with activating c-KIT mutations, another and additional desirable
approach for treatment of these diseases would be one capable of spe-
cifically targeting KIT expression with high efficacy, regardless of the
many possible mutations and conformations of the receptor.

For selective targeting of KIT expression, ESO technology represents
a promising approach if the challenge of efficient delivery with ther-
apeutic ESOs can be overcome. Although further development is
needed for ASO delivery, progress with new generations of chemical
modifications that improve oligonucleotide stability, bioavailability,
efficacy, and delivery are exciting advances in ESO technology.56–58

Antisense oligonucleotides, including ESOs, are versatile and, de-
pending on their design, are capable of performing a wide range of
gene-manipulating applications. For example, some applications of
antisense oligonucleotides are to block protein translation, promote
exon inclusion, or induce exon skipping of mature mRNA. In this
study, we used ESOs to achieve the latter and utilized this unconven-
tional approach to cause a frameshift in the mRNA and introduce a
premature stop codon. In doing so, we have not only prohibited
KIT expression, but also significantly inhibited KIT-dependent
neoplastic MC growth and survival in vitro and in vivo. In neoplastic
HMC-1.2 cells, KitStop downregulated intracellular KIT expression,
which is particularly significant because the D816V mutation elimi-
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nates the need for surface expression of KIT. Instead, oncogenic
KIT signaling occurs intracellularly and independently of ligand
binding,7,42 and thus lack of mutant KIT expression at the surface ne-
gates antibody-based therapeutic approaches. In addition to our
in vitro findings, we established that i.t. and i.v. administration of Kit-
Stop reduced tumor growth and, in the case of intratumoral admin-
istration, could actually eliminate the tumors. Furthermore, we estab-
lished that systemic administration of KitStop significantly reduced
tumor development in a humanized xenograft MC neoplasia model,
suggesting that the approach would translate to humans. Oligonucle-
otides have some weaknesses in distributing to tissues. While the i.v.
administration did not eliminate the tumor, i.t. delivery did eliminate
the tumor and shows that with effective delivery of the ESOs to MCs,
we could further improve efficacy.

Two key reasons for choosing to modify pre-mRNA splicing, rather
than target KIT mRNA using conventional siRNA approaches are,
first, the sheer abundance of KIT transcripts expressed by MCs
and, second, the inefficacy of siRNA approaches on MCs, particularly
in vivo. Although KitStop targeting of KIT mRNA did not result in a
full switch into skipped transcripts in human and mouse MCs when
measured by standard RT-PCR, this level of exon skipping was suffi-
cient to reduce by 30% KIT mRNA species (including skipped and
truncated mRNA transcripts), as well as a markedly reduced KIT pro-
tein expression, loss of proliferation, and induction of apoptosis and
cell death. These effects on reduction of KITmRNA levels and protein
expression were even more marked in slowly dividing MCs, as evi-
denced in LAD-2 cells. While it is not yet clear whether KitStop re-
sults in production of a truncated protein, RT-PCR data suggest
that there is production of truncatedmRNA transcripts, and only par-
tial reduction in total transcripts despite a marked reduction in pro-
tein expression, possibly after NMD is saturated or transcripts evade
NMD. Therefore, if the splicing-dependent NMD pathway is evaded
or saturated, KitStop may then result in production of a severely trun-
cated C-terminal protein that would be difficult to detect, similar to
what has been observed in CRISPR-Cas systems that introduce a
frameshift into transcripts.59 With high copy number non-desirable
transcripts, such as mutant KIT, this phenomenon could be critical
for therapeutic success.

Further reasoning for our choice to use ESOs to target gene expres-
sion rather than conventional gene silencing approaches are the ther-
apeutic and safety profile and prior success of therapeutic SSOs for
genetic diseases such as DMD. Multiple relevant examples to our
choice of PMO chemical backbone for KitStop have been recently
approved by the FDA as new drugs. Eteplirsen (Exondys 51),35,36 go-
lodirsen (Vyondys 53),60 casimersen (Amondys 45),61 and viltolarsen
(Viltepso 53)62 are all PMOs that cause exon skipping of various
target exons in the dystrophin gene to treat specific exon mutations
in DMD. The basis of these drugs is to utilize splice switching and
exon skipping to partially restore protein function in the dystrophin
gene mutated in DMD by restoring the reading frame in the mRNA.
While these examples provide strong support for therapeutic utility of
PMOs and i.v. administration, they also highlight the burden on
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development of the classic personalized medicine approach with
ESOs, where each exon mutation requires a different drug. Our un-
conventional use of ESOs reported in this study to introduce a frame-
shift, rather than correct a frameshift, would be less personalized and
thus developing the approach would be more direct.

In summary, our in vitro and in vivo data are a proof of concept for
developing ESO-induced frameshifting of KIT mRNA as an addi-
tional therapeutic approach for the treatment for MC neoplastic dis-
eases. As we have discussed,37 ESOs represent reversible gene-target-
ing therapies, thereby avoiding irreversible alteration of the genome.
The nonsense frameshift induced by KitStop exemplifies a promising
additional approach for treatment of MC neoplasia and possibly
GISTs. This KIT-specific therapeutic strategy has translational poten-
tial for clinical applications. Furthermore, c-KIT plays a role in other
types of cancer, including those that are KIT driven, such as certain
melanomas, and those that acquire secondary c-KIT mutations,
such as small cell lung cancer and brain tumors, in which c-KIT mu-
tations subsequently contribute to tumor progression.1 Further study
is required to optimize dosing, establish whether resistant clones can
be developed after longer treatment regimens, and determine the ef-
fects of longer treatment on hematopoiesis. However, this study pro-
vides proof-of-concept data for the application of KitStop ESOs as a
therapeutic approach. The therapeutic potential of ESOs used to alter
mRNA splice variants and protein isoforms have already been
highlighted in diseases such as hypercholesterolemia and cardiovas-
cular disease,63 breast cancer,64 and allergy.37 Although improve-
ments can be made toward specific delivery platforms for ESOs, the
recent approval of the ESO for the treatment of DMD (eteplirsen)35,36

demonstrates the increased likelihood that other ESOs will emerge as
personalized and targeted therapeutics.

MATERIALS AND METHODS
Animal studies

Mice were housed in American Association for the Accreditation of
Laboratory Animal Care (AAALAC)-accredited National Institute
of Allergy and Infectious Diseases (NIAID) or North Carolina State
University animal facilities, and experimental protocols with live
mice were performed under an animal study proposal (LAD2E)
approved by the NIAID Division of Intramural Research (DIR) An-
imal Care and Use Committee under the guidance of the Office of
Animal Care and Use of the National Institutes of Health and North
Carolina State University laboratory animal care protocol (17-108-B)
approved by an Institutional Animal Care and Use Committee
(IACUC).

Transfection of MCs with ESOs

The HMC-1.2 human MC line was purchased from MilliporeSigma
(Burlington, MA, USA) and cultured according to the manufacturer’s
instructions. For transfection of MCs with ESOs, 2 � 106 HMC-1.2
cells were used for each transfection. The human MC line LAD2
was obtained from Dr. A.S. Kirshenbaum from the Laboratory of
Allergic Diseases (NIAID, NIH) and cultured as described.38 BMMCs
were obtained as described.65 Transfection was performed as
described,66 and efficiency was determined using FITC-conjugated
ESOs (Gene Tools). Cell viability was monitored during experiments,
and there was no evidence of cytotoxicity with control (non-target-
ing) ESO transfection.

ESO design

KitStop ESO was designed to target exon 4 of human c-KIT
(GenBank: NM_000222.2). A region within the splicing donor site
was targeted with the following sequence for human c-KIT: 50-
GAATGAAGCGATTCACTCACCTGAC-30. For murine c-Kit, the
following ESO was used: 50-AGGACTTAAACAGCACTCACCT
GAG-30. All oligonucleotides sequences were BLAST searched for
specificity and were purchased from Gene Tools. The unconjugated
standard control ESO provided by Gene Tools had the following
sequence: 50-CCTCTTACCTCAGTTACAATTTATA-30. For in vivo
studies, morpholino ESOs linked through the terminal 30-N to an oc-
taguanidinium dendrimer (Vivo-Morpholino) were purchased from
Gene Tools.

RT-PCR

Total RNA was harvested using the RNeasy plus mini-kit (QIAGEN)
according to the manufacturer’s instructions with inclusion of the
QIAshredder step. The primers used were designed to amplify exon
4 and the surrounding exons and spannedmultiple exons. For human
c-KIT mRNA, the following primers were used: forward, 50-GAA
GCCTCTTCCCAAGGACT-30, reverse, 50-GTGTTCAGGTTTGGG
GAATG-30. For murine c-Kit mRNA, the following primers were
used: forward, 50-TCATCGAGTGTGATGGGAAA-30, reverse, 50-
TCACAGGGGAGATGTTGATG-30.

Receptor expression

For human MCs, flow cytometry for total KIT expression was per-
formed at each time point with allophycocyanin (APC)-conjugated
anti-human CD117 monoclonal antibodies (clone 104D2) alongside
APC-conjugated mouse IgG1, k, isotype control antibodies (Bio-
Legend, San Diego, CA, USA).

Apoptosis and viability assays

At each time point, cells were pelleted and analyzed for apoptosis with
FITC-annexin V (eBioscience). To assess viability, cells were stained
with Live/Dead green dead cell stain (Invitrogen), according to the
manufacturer’s instructions, or PI. Flow cytometry was performed
on a CytoFLEX flow cytometer (Beckman Coulter).

Proliferation assays

Cells were stained with 1 mMCellTrace Far Red (Invitrogen) at a con-
centration of 1 � 106 cells/mL, according to the manufacturer’s in-
structions. Briefly, cells were stained for 20 min at 37�C, followed
by an addition of 5� vol of culture media for 5 min. Cells were pel-
leted, then resuspended in complete medium and incubated for
10 min at 37�C to allow the CellTrace reagent to undergo acetate hy-
drolysis. Stained cells were transfected with standard control ASO or
KitStop ESO. At each designated time point, cells were stained with
Live/Dead green dead cell stain. Proliferating cells were identified
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with an additional gate set for the single-cell population. Flow cytom-
etry was performed on a CytoFLEX flow cytometer. Trypan blue was
also used routinely to assess viable cell counts across different time
points.

Bioluminescence assay in isograft model of aggressive SM and

MCL

The neoplastic mouse MC line derived from DBA/2 mouse liver,
P815, was selected for the isograft model because these cells contain
a c-KitD814Y mutation. The mutation at c-Kit codon 814 is the mouse
equivalent of human c-KIT codon 816 mutation, and both result in
constitutive signaling of the Kit/KIT receptor present in the over-
whelming majority of clinical cases of SM and nearly 100% of aggres-
sive SM/MCL. P815 cells were transduced to make intracellular firefly
luciferase, providing a bioluminescent reporter that increased relative
to neoplastic cell proliferation. Cytomegalovirus (CMV)-firefly lucif-
erase lentivirus with neomycin selection marker (Cellomics Technol-
ogy) was applied to rapidly dividing P815 cells cultured to 5 � 105 to
1 � 106 cells/mL of routine culture media composed of DMEM and
10% fetal bovine serum (FBS) (v/v) in the presence of 2 mg/mL Poly-
brene for 12 h. Cells were pelleted by gentle centrifugation at 100 � g
for 5 min at room temperature and subsequently cultured without an-
tibiotics for 48 h in routine culture media composed of DMEM and
10% FBS (v/v). The G418 antibiotic kill curve was established by
culturing non-transduced cells in media ranging from 0.5 to
1.5 mg/mL to select for transduced cells with complete killing of all
non-transduced cells, including controls (1.4 mg/mL G418 in this
case). After transduction, cells were maintained in 1 mg/mL G418
added to DMEM-based culture media that included 10% FBS (v/v)
along with glutamine, pyruvate, and essential amino acids.

DBA/2J female mice were injected with 5� 105 bioluminescent P815
cells into a primary site at the right flank. Vehicle control or KitStop
ESO was administered every 3 days for 24 days. More specifically,
12.5 mg/kg KitStop ESO was administered by either i.v. injection or
i.t. injection for mice in each respective treatment group. The hair
was gently removed with clippers over the primary tumor site to allow
visualization and subsequent photon fluxmeasurements. Biolumines-
cence from P815 neoplastic cells was measured by IVIS (Perki-
nElmer), an imaging system that measures photon flux, 15 min after
i.v. injection with 100 mL of 100 mg/mL solution containing D-lucif-
erin (Pierce, Thermo Fisher Scientific) and produces bioluminescence
measurements low in background compared to other in vivo visuali-
zation modalities.

IVIS images confirmed tumor size at 16 days and organ infiltration at
24 days. After bioluminescence detection, mice were euthanized for
tissue collection at day 24 to include organ weights and preparation
of tissues for histopathology.

Xenograft model of aggressive SM

HMC-1.2 cells were selected because the cell line contains the
c-KitD816V mutation that leads to auto-activation of KIT receptor pre-
sent in the overwhelming majority of clinical cases of SM and nearly
308 Molecular Therapy Vol. 30 No 1 January 2022
100% of aggressive SM/MCL. NSG female mice were injected with
1 � 106 HMC-1.2 cells into a primary site at the right flank subcuta-
neously. Once the tumor volume reached 50 mm3 (day 0), KitStop
was administered by i.v. injection of 8.3 mg/kg once a day every
3 days and compared to vehicle control. Tumor volumes were
measured daily. Mice were euthanized for tissue collection at
day 14 to include organ weights and preparation of tissues for
histopathology.
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 Supplementary Materials:  

 

Fig. S1. Representative flow cytometry gating strategies and plots of HMC-1.2 cells labeled 
with anti-human CD117 antibodies. Representative density plots and gates of fixed and 
permeabilized HMC-1.2 cells transfected with 10 µM KitStop SSOs and labeled with APC-
conjugated anti-human CD117 antibody after (A) 24 h, (B) 48 h and (C) 72 h. Stndcon = 
standard control antisense oligonucleotide. 
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Fig. S2. Transfection of KitStop ESO increases HMC-1.2 cell apoptosis. Following transfection of 
HMC-1.2 cells with 10 µM standard control ASO (Stndcon) or KitStop ESO, HMC-1.2 cells were 
assessed by flow cytometry for apoptosis by staining with Annexin V-FITC. (A) Histograms showing the 
shift in Annexin V positive staining of KitStop-transfected cells in comparison to Stndcon and unstained 
cells.  (B) Combined data from flow cytometry for Annexin V expressed as the geometric MFI.  (C) 
Percentage of HMC-1.2 cells within non-apoptotic (C), early apoptotic (D) and late apoptotic (E) gates at 
each time point, determined by dual staining for Annexin V and PI as shown in Figs S3-S5. Data are the 
mean ± SEM from 3 independent experiments. *p<0.05, **p<0.01, ***p<0.001, ANOVA with Sidak’s 
post-test. 
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Fig. S3. Representative flow cytometry gating strategies and plots of HMC-1.2 cells stained 
with Annexin V-FITC. (A) Gating strategy and representative density plots of live, untreated 
HMC-1.2 cells, either unstained or stained with Annexin V-FITC. (B) Flow cytometry density 
plots of Annexin V staining intensity of HMC-1.2 cells at each time point after transfection with 
standard control antisense oligonucleotide (Stndcon) or KitStop SSOs. Apoptotic cells are 
smaller when measured by forward scatter (X axes) and annexin V positive (Y axes). 
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Fig. S4. Transfection of KitStop ESO decreases HMC-1.2 cell viability. Following transfection of 
HMC-1.2 cells with 10 µM standard control ASO (Stndcon) or KitStop ESO, HMC-1.2 cell viability was 
assessed by flow cytometry by staining with propidium iodide (PI). Percentage of PI negative and 
positive cells at 24 h (A), 48 h (B),  and 72 h (C). (D) Flow cytometry histograms at 24 h (left panel), 48 
h (middle panel) and 72 h (right panel) of HMC-1.2 cells stained with LIVE/DEAD Green Dead Cell 
stain. (E) Combined geometric MFI of LIVE/DEAD staining in HMC-1.2 cells at each time point. Data 
are the mean ± SEM from 3 independent experiments. *p<0.05, **p<0.01, ***p<0.001, ANOVA with 
Sidak’s post-test. 
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Fig. S5. Representative flow cytometry gating strategies and plots of HMC-1.2 cells stained 
with propridium iodide. (A) Representative density plots of live HMC-1.2 cells stained with 
propridium iodide (PI). Flow cytometry density plots of PI staining intensity of HMC-1.2 cells at 
each time point after transfection with (B) standard control antisense oligonucleotide (Stndcon) 
or (C) KitStop SSOs. 
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Fig. S6. Flow cytometry gating strategies for HMC-1.2 cells with LIVE/DEAD stain. (A) 
Representative density plots demonstrating A) gating of live HMC-1.2 cells and single cell 
populations and (B) gating of untreated cells following application of LIVE/DEAD Green Dead 
Cell stain. 
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Fig. S7. Transfection of KitStop ESO decreases HMC-1.2 cell proliferation. Following transfection of 
HMC-1.2 cells with 10 µM standard control ASO (Stndcon) or KitStop ESO, HMC-1.2 cell proliferation 
was assessed by cell counts and flow cytometry. (A) Total number of viable HMC-1.2 cells cultured 
under normal conditions assessed by Trypan blue counts. (B) Representative density plots of HMC-1.2 
cells loaded with CellTrace prior to transfection with Stndcon ASO (top panels) or KitStop ESO (bottom 
panels), and stained with LIVE/DEAD Green Dead Cell stain at 24 h (left panels) 48 h (middle panels) 
and 72 h (right panels). Cells transfected with Stndcon demonstrated a loss of CellTrace fluorescence 
intensity due to dye dilution between daughter cells, indicating cell proliferation. In contrast, KitStop-
transfected cells retained CellTrace fluorescence, except for a small population at 72 h, and exhibited 
increased LIVE/DEAD staining intensity. (C) Percentage of total cells in bottom left quadrants 
(CellTracelow; LIVE/DEADnegative) corresponding to proliferating cells. (D) Percentage of total cells in 
top left and right quadrants (LIVE/DEAD+), corresponding to non-viable cells. Data are the mean ± SEM 
from 3 independent experiments. *p<0.05, ***p<0.001, ****p<0.0001, ANOVA with Sidak’s post-test.  
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Fig. S8. Transfection of KitStop ESO markedly reduces surface and total wild-type KIT expression 
in LAD-2 cells. Following transfection of LAD2 cells with 10 µM KitStop SSOs, LAD2 cells were 
assessed by flow cytometry for KIT expression. Representative density plots and gates of (A) live and (B) 
fixed and permeabilized LAD2 cells labeled with APC-conjugated anti-human CD117 antibody. (C) 
Mean flow cytometry data for surface (C) and total (D) KIT expression calculated from the geometric 
MFI and expressed as a percentage of Stndcon at 2 and 7 days post-transfection. Stndcon = standard 
control antisense oligonucleotide. Data are the mean ± SEM from 3 independent experiments. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001 ANOVA with Sidak’s post-test. 
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Fig. S9. Transfection of KitStop ESO results in modest apoptosis and cell death and inhibition of 
proliferation in the slowly dividing LAD-2 human MC line. Following transfection of LAD-2 cells 
with 10 µM standard control ASO (Stndcon) or KitStop ESO, LAD-2 cells were assessed by flow 
cytometry for apoptosis by staining with Annexin V-FITC. (A) Combined data from flow cytometry for 
Annexin V expressed as the percent of cells either positive or negative for surface Annexin V at either 2 
days (A) or 7 days (B) after transfection. (C) LAD-2 cell viability was assessed by flow cytometry by 
staining with propidium iodide (PI). Percentage of PI negative and positive cells at 2 days (C) and 7 days 
(D) after transfection were analyzed. (E) The effects of SCF withdrawal on LAD2 cell viability were 
established using a commercial LIVE/DEAD stain at 4 days (E) and 7 days (F) after transfection. (G) 
Proliferation was assessed using CellTrace dilution proliferation assay. Histogram showing unstained 
cells (black line) compared to CellTrace loaded cells that were treated with either standard control AON 
(red line) or KitStop ESO (Blue line) for 7 days. Left shifts in populations represent proliferated cells and 
dilution of CellTrace dye. (H) Quantification of data from CellTrace experiments expressed as the 
geometric MFI of the total cell populations. A higher value represents less proliferation. Data are the 
mean ± SEM from 3 independent experiments.  
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Fig. S10. KitStop ESO reduces Kit expression in mouse MCs. (A) RT-PCR demonstrating splice-
switching of wild-type c-KIT in bone marrow-derived MCs (BMMCs) by mouse KitStop ESO in 
comparison to standard control ASO (Stndcon). Black arrow = full-length c-Kit, orange arrow = 
alternatively spliced c-Kit. (B) Flow cytometry histogram of surface wild-type Kit expression in BMMCs 
following transfection with KitStop ESO. Data are representative of 3 independent experiments on 
separate mice. (C) Mean flow cytometry data for surface KIT expression calculated from the geometric 
MFI and expressed as a percentage of Stndcon antisense oligonucleotide. Data are the mean ± SEM from 
3 independent experiments on separate mice. **p<0.01, paired t-test. 

Mouse #           1      2     3     1     2     3 
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