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Abstract

MYC is a prolific proto-oncogene driving the malignant behaviors of numerous common cancers, 

yet potent and selective cell-permeable inhibitors of MYC remain elusive. In order to ultimately 

realize the goal of therapeutic MYC inhibition in cancer, we have initiated discovery chemistry 

efforts aimed at inhibiting MYC translation. Here we describe a series of conformationally 

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic 
research, subject always to the full Conditions of use: <uri xlink:href="https://www.springernature.com/gp/open-research/policies/
accepted-manuscript-terms">
1To whom correspondence may be addressed: Christopher J. Ott, christopher.ott@mgh.harvard.edu; James E. Bradner, 
james.bradner@novartis.com.
Contributions
T.G. designed and performed experiments, analyzed data; H.W., J.T. performed animal experiments; R.B. synthesized reagents; M.L. 
performed bioinformatics analysis; C.L., L.T.N. performed immunohistochemistry analysis; Y.Z., D.G.A., D.T.T., X.C. supervised and 
planned research; Y.Z., J.E.B., C.J.O conceptualized study, supervised and planned research. T.G., J.E.B, C.J.O wrote the paper.

HHS Public Access
Author manuscript
Oncogene. Author manuscript; available in PMC 2022 April 14.

Published in final edited form as:
Oncogene. 2021 November ; 40(47): 6527–6539. doi:10.1038/s41388-021-02053-4.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stabilized synthetic antisense oligonucleotides designed to target MYC mRNA (MYCASOs). To 

support bioactivity, we designed and synthesized this focused library of MYCASOs incorporating 

locked nucleic acid (LNA) bases at the 5’- and 3’-ends, a phosphorothioate backbone, and 

internal DNA bases. Treatment of MYC-expressing cancer cells with MYCASOs leads to a potent 

decrease in MYC mRNA and protein levels. Cleaved MYC mRNA in MYCASO-treated cells 

is detected with a sensitive 5’ Rapid Amplification of cDNA Ends (RACE) assay. MYCASO 

treatment of cancer cell lines leads to significant inhibition of cellular proliferation while 

specifically perturbing MYC-driven gene expression signatures. In a MYC-induced model of 

hepatocellular carcinoma, MYCASO treatment decreases MYC protein levels within tumors, 

decreases tumor burden, and improves overall survival. MYCASOs represent a new chemical 

tool for in vitro and in vivo modulation of MYC activity, and promising therapeutic agents for 

MYC-addicted tumors.

Introduction

The transcription factor MYC is among the most activated genes in cancer. MYC 

deregulation can occur genetically, epigenetically, and post-transcriptionally through a 

wide variety of mechanisms (1). MYC mRNA can be transcriptionally upregulated by 

genomic copy number amplification (2), by activation of trans factors such as mutant 

NOTCH1 in T-cell leukemia (3), and by chromosomal rearrangement of the MYC locus 

to enhancers within the IgH or TCR loci (4,5). Functionally MYC heterodimerizes with 

the transcription factor MAX and together they bind to the genome via E-box motifs, 

leading to the recruitment of histone acetyltransferases and other chromatin regulators (6,7). 

With greater than 10 000 binding sites throughout the human genome, MYC coordinates a 

vast transcriptional regulatory network that controls the hallmark gene expression programs 

responsible for cancer cell proliferation, growth, metabolism, and evasion from apoptosis 

(8).

While deregulated MYC can dramatically alter cellular transcriptional programs, the precise 

mechanism for its oncogenic activity remains an area of intense investigation. Evidence 

suggests a model of oncogenic MYC as a global transcriptional amplifier that when 

highly expressed engages all active promoters and enhancers in a cancer cell (9). Others 

have proposed a model of oncogenic MYC that activates and represses transcription of 

discrete gene sets (10,11). Nevertheless, MYC-driven pleiotropic transcriptional changes 

act to potently transform cells to an oncogenic phenotype. Indeed, tumor cells with high 

levels of MYC are ‘addicted’ to its expression (12). Experiments modelling systemic MYC 

inhibition with engineered dominant negative constructs in mice have revealed that directly 

blocking MYC binding to MAX leads to potent tumor regression with an evident therapeutic 

window, suggesting that pharmacologic MYC inhibition may be a viable cancer therapeutic 

strategy (13). Yet realizing MYC-directed therapeutics has been a challenge due in part 

to its intrinsically disordered structure that has historically been difficult to disrupt with 

small molecules (14). While some compounds have been identified that block MYC/MAX 

dimerization, to date these chemical tools exhibit low potency, poor selectivity, and a lack 

of antitumor efficacy in vivo (15–20). More recently the development of advanced small 

molecule and peptide MYC/MAX dimerization inhibitors with apparent in vivo antitumor 
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activity, and small molecule MAX stabilizers, has expanded opportunities for anti-MYC 

therapeutics (21–23).

To further advance the toolbox of MYC-directed agents, we investigated an orthogonal 

strategy to target MYC by inhibiting MYC mRNA translation with antisense 

oligonucleotides (ASOs). ASOs targeting the MYC translational start site (the first 15 bases 

of the MYC mRNA coding sequence) have previously been investigated. In these pioneering 

studies, ASO treatment resulted in inhibition of MYC protein expression in human T 

lymphocytes and promyelocytic leukemia cells (24–26). Subsequently, phosphorothioate 

bonds were introduced between nucleosides to enhance stability (27). These improved 

compounds inhibited the growth of human melanoma cells in vitro through induction of 

apoptosis and with evident efficacy in a murine melanoma model (27). An investigational 

ASO was translated to human clinical investigation by Inex Pharmaceuticals for the 

treatment of solid tumors and lymphoma. However, it was subsequently discovered that 

the anti-tumor effects of this ASO was likely due to immune stimulatory activity of a CpG 

motif within the molecule (28).

Advances in the chemistry of ASOs create a new opportunity to revisit this therapeutic 

strategy. Second generation ASOs incorporate 2’-alkyl ribose modifications, including 2’-O­

methyl or 2’-O-methoxyethyl moieties, to enhance nuclease resistance and increase binding 

affinity (29,30). Third generation ASOs incorporate chemical modifications elsewhere in the 

sugar ring to further enhance target affinity and stability. This includes the locked nucleic 

acid (LNA), a conformationally restricted nucleotide containing a 2’-O,4’-C-methylene 

bridge, which serves to lock the sugar into a C3’-endo, or northern, conformation. 

Incorporation of LNA bases into ASOs increases nuclease resistance and dramatically 

improves affinity for target mRNA (31,32). Many second and third generation ASOs also 

employ a ‘gapmer’ design with a central gap region of 2’-deoxynucleotides flanked on 

both sides by several modified nucleotides. This allows for the recruitment of RNase H, 

the endogenous cellular enzyme responsible for DNA/RNA duplex recognition and target 

mRNA cleavage (29,33,34).

Here we describe the synthesis and characterization of 23 distinct LNA/DNA gapmer 

ASO molecules that effectively ‘scan’ the entire length of the human MYC mRNA coding 

region. These MYC-targeting ASOs (MYCASOs) potently and selectively decrease MYC 

expression in a variety of MYC-expressing cancer cell lines from distinct lineages. This 

potent MYC knockdown is associated with decreased cancer cell viability and proliferation. 

We also establish an RNase H-mediated mechanism of MYC mRNA degradation, use 

comprehensive transcriptomic profiling to decipher global MYCASO effects on cellular 

gene expression signatures, and use intermittent dosing in a murine tumor model to establish 

proof of concept for MYCASOs as a potential strategy for MYC-targeted therapy.

Results

MYCASOs potently decrease MYC protein expression in cancer cell lines

Our MYCASO library includes 23 distinct antisense oligonucleotides that target selected 

sites along the coding region of the full-length mature human MYC mRNA transcript 
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(Figure 1a and 1b). MYCASOs are single-stranded 16-mers, a size shown to be optimal 

both for sequence-specific target knockdown and for cellular penetration (35). Notably, 

MYCASOs do not contain CpG dinucleotides or polyguanosines shown to be problematic 

with previous anti-MYC ASO investigation (28,36,37). We incorporated specific chemical 

features shown to improve ASO activity. The first and last three nucleotides on each 

MYCASO are comprised of LNA bases, and all bases are linked with phosphorothioate 

bonds. We also synthesized a LNA-containing gapmer oligonucleotide of randomized bases 

previously described as an effective non-targeted control in ASO studies (herein referred to 

as NT-ASO) (38).

We first tested the capacity of each MYCASO to decrease MYC protein expression 

in MYC-overexpressing HeLa cells, derived from a cervical adenocarcinoma in which 

integration of the HPV-18 virus genome upstream of MYC amplifies its expression (39) 

(Figure 1c). Many cell types including cancer cell lines can take up ASOs in the absence of 

transfection reagents or other delivery formulations, and so we compared MYCASO effects 

using the transfection reagent Lipofectamine 2000 with that of gymnotic (unformulated, 

dissolved in saline) delivery (40,41). Most MYCASOs potently decrease MYC protein 

expression at 10 nM after 24 hours when delivered with lipid-based formulation (Figure 1c). 

With gymnotic-based delivery, only select MYCASOs decrease MYC protein expression 

when dosed at 10 μM for 72 hours revealing that structural or physicochemical properties of 

some ASOs preclude their uptake or target engagement in some cancer cell lines.

To investigate the activity of MYCASOs in other MYC-driven cell contexts, we treated 

with MYCASOs by gymnotic delivery three additional cancer cell lines representing 

distinct tumor types: MM1.S, a multiple myeloma cell line that harbors an IgH-MYC 
translocation that results in MYC overexpression driven by IgH enhancers (42); CUTLL1, 

a T-cell leukemia line that harbors a TCR-NOTCH1 rearrangement in which activated 

intracellular NOTCH1 transcriptionally upregulates MYC expression (43); and HLF 

cells, derived from a non-differentiated hepatoma, that have been shown to be highly 

dependent on MYC expression as part of the Broad Institute cancer cell line dependency 

mapping projects (44,45) (Figure 2a). Selected MYCASO treatment of CUTTL1, HLF, 

and MM1.S cells significantly decreased MYC protein expression when dosed at 10 μM 

for 72–120 hours. The dynamics of MYC protein knockdown varied between cell lines, 

likely because of different uptake dynamics (40). The molecules exhibiting the greatest 

average MYC knockdown activity across the four cell lines tested were MYCASO-3, 

MYCASO-9, MYCASO-12, and MYCASO-13 (Figure 2a, bottom). Because MYCASO-12 

and MYCASO-13 target overlapping sites on the MYC mRNA, we chose to pursue further 

study of these compounds using three lead candidates: MYCASO-3, MYCASO-9, and 

MYCASO-13. Treatment with these three molecules led to decreased MYC protein and 

mRNA in both dose- and time-responsive manners in all four cancer cell lines (Figure 2b 

and 2c, Supplemental Figure 1a and 1b). Thus, our library of MYCASOs introduces novel 

and potent cell-active MYC-targeting agents.
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MYCASOs downregulate MYC expression through RNase H-mediated cleavage of MYC 
mRNA

We next investigated the mechanism by which MYCASOs mediate MYC knockdown. 

To determine MYCASO capability to induce MYC mRNA cleavage, we employed a 5’ 

Rapid Amplification of cDNA Ends (RACE) assay to capture MYC transcript fragments 

(Figure 3a). With this assay we observed MYC transcript fragments in RNA isolated 

from MYCASO-treated cells but not in vehicle-treated or NT-ASO-treated cells. Consistent 

with the mechanism of RNase H, the sizes of the fragments suggest cleavage of the 

MYC transcript at or near the sites of specific MYCASO binding with the dominant 

fragment generated by the more 3’-targeting MYCASO-13 smaller than those generated 

by MYCASO-3 and MYCASO-9. Interestingly, we observed multiple fragments following 

MYCASO-3 and MYCASO-9 treatment, which may reflect additional mechanisms by 

which ASOs mediate target mRNA cleavage outside their seed sites that complement the 

canonical RNase H1-mediated pathway (46).

For further evidence of RNase H-mediated transcript knockdown, we utilized a validated 

RNASEH1 ASO previously employed to establish the role of RNase H1 in targeted ASO 

activity (34). ASO-mediated decrease in RNASEH1 levels suppresses MYCASO-mediated 

knockdown of the MYC transcript suggesting that the decrease in MYC transcript and 

protein levels we observe with MYCASO treatment is achieved, at least in part, through 

RNase H-mediated cleavage of MYC mRNA (Figure 3b).

MYCASO treatment reduces proliferation of human cancer cells

Perturbation of MYC transcript levels in cancer cells with RNA interference and genetic 

manipulation leads to a loss of cell viability and survival both in vitro and in vivo (47). To 

assess the phenotypic effects of MYCASO treatment, we treated cell lines in both short-term 

and long-term cell proliferation and survival assays. MYCASO treatment is results in a 

decrease in cell viability when dosed gymnotically in CUTLL1, HLF, and MM1.S cancer 

cell lines. This decrease in viability is both dose-dependent as determined by cellular ATP 

content (Figure 4a), and time-dependent as determined via flow cytometry-enabled cell 

counting (Figure 4b). In MM1.S cells, this decrease in viability was coincident with an 

increase in apoptotic cells in MYCASO-treated cells as measured by Annexin V staining 

(Figure 4c). MYCASO treatment also leads to decreased cell viability when delivered to 

HeLa cells by lipid-based transfection (Figure 4d). To determine if decreased viability is a 

result of decreased MYC expression, we generated a HeLa cell line that stably, constitutively 

overexpresses a MYC construct containing silent mutations in the MYCASO-3, −9, and −13 

seed sites, designed to abrogate MYCASO binding to the mutant MYC transcript while still 

producing wild-type MYC protein. Overexpression of this mutant MYC leads to a partial 

but significant rescue of MYCASO-induced cytotoxicity (Figure 4e and 4f). Lipid-based 

transfection of MYCASO was used for these experiments to efficiently deliver MYCASO 

to HeLa cells, for which gymnotic delivery was found to be inefficient (data not shown). 

Notably, a higher dose of MYCASO (100 nM) led to a more attenuated rescue effect of our 

MYC-expression system, suggesting that MYCASOs may lose some specificity at higher 

intracellular concentrations.
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Selective perturbation of the MYC gene expression program by MYCASOs

To better understand the specificity and global effects of MYCASO treatment, we performed 

quantitative assessments of the global transcriptome using total mRNA sequencing. For 

these studies we focused on MYCASO-3, which showed both in vitro efficacy and 

a high degree of in vivo tolerability (discussed below). HeLa cells were treated with 

MYCASO-3 or NT-ASO by transfection with lipid-based reagent formulation, and samples 

were harvested at both 4 hours and 18 hours post-transfection. Lipid-based delivery 

was again used for these experiments to reliably assess the acute intracellular effects 

of MYCASO treatment. Vehicle treated cells were included as controls at both time 

points and we observed high concordance of mRNA expression between replicate samples 

(Supplemental Figure 2). In both NT-ASO and MYCASO-3 treated cells, significant effects 

on the transcriptome were observed (Figure 5a). Four hours of NT-ASO treatment induced 

downregulation of 771 genes and upregulation of 308 genes, while after 18 hours 4319 

genes were downregulated and 4047 genes were upregulated (log2 fold change < −0.2, > 

0.2, p-value < 0.01). With 4 hours of MYCASO-3 treatment we observed downregulation 

of MYC (p = 8.09e−16) in addition to 354 other genes; 166 genes were upregulated. With 

18 hours of MYCASO-3 treatment, 3975 genes were downregulated; MYC ranked 23 in 

significance among downregulated genes (p = 5.18e−261); 4075 genes were had increased 

expression with MYCASO-3 treatment including CDKN1A, a gene negatively regulated by 

MYC (p = 6.32e−240) (48). While many genes are affected by NT-ASO treatment, MYC 
mRNA levels were not affected. The observed broad transcriptional effects of MYCASO-3 

are consistent with the biology of MYC as prolific transcriptional control factor; moreover, 

the broad effects of NT-ASO treatment on the transcriptome emphasizes that ASO treatment 

in general can have consequences on mRNA expression irrespective of specific gene 

targeting.

To define transcriptional programs most affected by MYCASO-3 treatment specifically 

and ASO treatment generally we used gene set enrichment analysis (GSEA) to query for 

effects on all curated gene sets available in the Molecular Signatures Database (MSigDB 

‘C2’, n = 3678 gene sets) (49). Global distributions of enrichment scores for MYCASO-3 

treated samples are shown in Figure 5b, with 38 experimentally defined MYC-specific gene 

sets highlighted. Among the gene sets that are most negatively enriched with MYCASO-3 

treatment are genes validated to be positively regulated by MYC (MYC ‘up’); 18 of 25 

MYC ‘up’ gene sets had a negative enrichment score. Conversely, all gene sets associated 

with negative regulation by MYC (MYC ‘down’) were positively enriched with MYCASO-3 

treatment. Next we assessed gene set enrichment scores across MSigDB for all ASO treated 

samples (MYCASO-3 and NT-ASO) compared to vehicle-treated control samples (Figure 

5c). Nine of the top 12 enriched gene sets in ASO-treated samples were annotated as 

activated interferon signatures. Included in the MYC ‘up’ signatures found in MYCASO-3 

treated samples are from studies from Coller et al. and Schuhmacher et al. (50,51) (Figure 

5d); exemplary interferon signatures were described by Browne et al. and Zhang et al. 
(52,53) (Figure 5e). These studies reveal that while some unique gene expression programs 

may be activated non-specifically with ASO treatment, MYCASO-3 treatment has selective 

effects on both MYC and MYC-driven gene expression programs.
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MYCASO treatment decreases tumor burden and prolongs survival in vivo

Motivated by selective anti-MYC effects of MYCASO treatment in vitro, we assessed 

the effects of MYCASO treatment in mice. To determine the tolerability of MYCASO 

treatments, C57BL/6J mice were dosed with vehicle (sterile saline), NT-ASO, MYCASO-3, 

MYCASO-9, or MYCASO-13. Two dosing regimens were tested with one cohort receiving 

25 mg per kilogram by tail vein injection every three days. A lower dose cohort was also 

assessed, with mice receiving a single starting dose of 25 mg per kilogram, followed by 

maintenance dosing of 5 mg per kilogram every three days. To assess tolerability, mice were 

weighed at the time of each injection (Supplemental Figure 3). Notably, all doses were well 

tolerated over the course of 7 injections except for a high dose of MYCASO-13 which led to 

rapid weight loss in treated mice.

To determine if MYCASOs may have anti-tumor effects in vivo, we utilized an established 

model of MYC-induced hepatocellular carcinoma (54). In this model, FVB/N mice are 

hydrodynamically perfused via tail vein with both MYC-expressing and Sleeping Beauty 

transposase-expressing plasmids. Following perfusion hepatocytes are rapidly transformed 

and tumors form within 3 weeks; euthanasia is typically required around 6–10 weeks 

because of significant tumor burden. Tumors were established in a cohort of 25 mice, and 

five weeks following perfusion 10 mice were treated with MYCASO-3 or NT-ASO at a 

dose of 25 mg per kilogram every three days. Mice were treated for two weeks (a total 

of 5 injections). MYCASO-3 was well-tolerated with minimal effects on mouse weight 

(Supplemental Figure 4a). Five weeks post-perfustion we randomly selected and euthanized 

6 mice and livers were harvested to assess pre-treatment tumor burden. Following treatment, 

3 mice per treatment group were euthanized and livers were harvested to assess post­

treatment tumor burden (Figure 6a). Notably, gross observation of MYCASO-3 treated 

tumors revealed decreased tumor volume compared to NT-ASO treated tumors (Figure 

6b). Mice treated with NT-ASO had tumor burdens similar to untreated mice 7 weeks 

following perfusion, suggesting that in this model general ASO treatment does not have 

a significant effect on tumor growth (Supplemental Figure 4b,c). The remaining mice (7 

per treatment group) were euthanized when moribund or until the end of observation, 

and livers were harvested to assess pharmacodynamic effects of MYCASO treatment. 

The liver weight to body weight ratios of mice treated with MYCASO-3 were similar 

to those of pretreatment mice, whereas NT-ASO treated mice had significantly increased 

liver weight to body weight ratios, suggesting that MYCASO-3 treatment reduces tumor 

burden (Figure 6c). MYCASO-3 treatment also led to a decrease in MYC protein expression 

compared to NT-ASO treatment (Figure 6d). Quantified assessments of MYC protein 

levels by immunohistochemistry revealed dark, MYC-positive staining in NT-ASO treated 

mice. MYCASO-3 treated mice showed smaller patches of MYC-positive tumors, with 

relatively less intense MYC expression when assessed visually and digitally (Figure 

6e,f,g). MYCASO-3 treated tumors had fewer Ki67-positive cells, suggesting MYCASO-3 

treatment slows tumor cell proliferation (Figure 6e). Notably, MYCASO-3 treatment 

significantly increased overall survival compared to NT-ASO treatment (Figure 6h). Taken 

together, our results suggest that MYCASO-3 has direct anti-MYC and anti-tumor effects in 
vivo, warranting future studies to assess biodynamic distribution and other pharmacokinetic 

parameters.
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Discussion

As a historically ‘undruggable’ oncogene, MYC has proven exceptionally difficult to 

selectively inhibit with traditional pharmacology, making ASO-mediated targeting of 

MYC mRNA a promising strategy for development of MYC-directed therapeutics. The 

MYCASOs we describe here are LNA/DNA gapmer molecules that employ third-generation 

chemistry utilized for its ability to impart enhanced stability and target affinity (55–

59). MYCASOs induce decreased MYC protein levels and MYC mRNA degradation, 

demonstrating the potential for MYC-directed ASOs to function as tools to assess anti-MYC 

effects in vitro and in vivo, and as potential therapeutics for MYC-addicted cancers.

We designed MYCASOs with target seed sites distributed along the mature MYC mRNA 

coding region, effectively ‘scanning’ the target mRNA. Delivery of each MYCASO into 

HeLa cells by transfection resulted in almost uniform knockdown of MYC. However, 

unformulated gymnotic delivery of MYCASOs in vitro resulted in variable MYC protein 

knockdown in all tested cell lines suggesting that cellular uptake is a significant factor 

in MYCASO activity. ASO uptake can be highly variable across cell types and has been 

shown to be sequence-dependent (40). Our observations with MYCASOs highlight the 

need to further understand mechanisms of ASO uptake, including identification of cell 

surface receptors that mediate internalization of ASO molecules, and both productive and 

non-productive mechanisms of ASO trafficking.

We also report here comprehensive transcriptomics by mRNA sequencing to decipher 

global MYCASO-specific and non-specific effects. Inclusion of a non-targeting control 

ASO allowed us to separate MYCASO-specific activity from a generalized ASO response, 

revealing that MYCASO treatment decreases MYC levels and MYC-associated gene 

expression signatures specifically, along with leading to generalized ASO responses such 

as activation of interferon pathways. Notably, MYC serves as a regulator of immune-related 

genes, promoting an immunosuppressive state in general in cells and tumors in which it is 

overexpressed, and suppressing interferon response in particular (60–62). Specific inhibition 

of MYC is expected to abrogate these immunosuppressive effects and lead to activation 

of immunostimulatory pathways, including interferon pathways. Thus, a generalized ASO 

effect may enhance the targeted anti-MYC effects of MYCASO treatment, although further 

studies will be required to fully understand the consquences of ASO-mediated inteferon 

responses as it relates to anti-tumor effects.

Despite demonstrating an anti-MYC effect in an established model of hepatocellular 

carcinoma, we recognize that efficacy in a murine model of this indication is likely 

bolstered by the known hepatotropism of this agent class. Yet the unique pharmacologic 

characteristics of MYCASOs may allow for use in cancers that arise in tissues that may 

be amenable to therapeutic oligonucleotides, including central nervous system tumors 

where intrathecal delivery is possible, or renal tumors. Further studies will be required to 

assess MYCASO profiles on hepatotoxicity and more general aspects of biodistribution to 

potentially nominate other oncologic indications for which they may prove useful agents. 

Further therapeutic development will also require consideration of immune-stimulatory 
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effects of MYCASO treatment, and how this activity may cooperate with anti-MYC effects 

in tumors (possibly even favorably).

Recent studies have highlighted the capabilities of ASOs manufactured with next generation 

stabilizing chemistries of inducing anti-tumor effects in preclinical in vivo experiments and 

in patients (59). Moreover, while our studies here highlight the capabilities of MYCASOs 

without formulation agents, we predict that efficient MYCASO absorption, distribution, 

and metabolism kinetics could be greatly enhanced with either specialized nanoparticle or 

other optimized delivery modality. Notably, MYC deregulation is often a characteristic of 

hematologic malignancies, often with disease localized to the bone marrow. Recent evidence 

in mouse models of multiple myeloma suggest that bone marrow-targeting of ASOs may 

be feasible with possible therapeutic benefit, which may be enhanced by additional tissue­

targeting methods (66). Enhanced anti-MYC efficacy may also be achieved by controlling 

the stereochemical conformation of phosphorothioate linkers in MYCASOs (67).

Oligonucleotide therapeutics including ASOs have been studied for several decades. Recent 

regulatory approvals of ASO molecules for use by patients suffering from rare diseases 

such as homozygous familial hypercholesterolemia, spinal muscular atrophy, and Duchenne 

muscular dystrophy provide invigoration for continued dedicated efforts to synthesize and 

study novel compounds of this class (68,69,70). MYCASOs represent an important addition 

to the anti-cancer toolbox of ASOs, with demonstrated anti-MYC effects in a variety of 

cell types. Further study and optimization of MYCASOs in cancer models will reveal their 

potential as therapeutics, and the clinical context for which they may provide the most 

benefit.

Materials and Methods

MYCASO synthesis

Synthesis of MYCASO oligonucleotides was performed as previously described (61). 

Briefly, the phosphoramidite approach was carried out on an OligoPilot automated 

synthesizer (GE Healthcare). Oligos were then cleaved from the solid support, purified by 

filtration followed by ion-exchange high-performance liquid chromatography. Material was 

then desalted by ultrafiltration, lyophilized and powder was stored at −20°C. Sequences and 

characteristics of all MYCASOs are listed in Supplemental Table 1.

Cell Culture

HeLa and HEK293T cells (ATCC) were grown in Dulbecco’s Modified Eagle’s Medium 

(DMEM, + 4.5 g/L D-glucose, + L-Glutamine, Sigma) supplemented with 10% FBS. HLF 

cells (Broad Institute CCLE) were grown in DMEM with 5% FBS. CUTLL1 (generously 

provided by J. Aster, Brigham and Women’s Hospital) and MM1.S (ATCC) cells were 

grown in RPMI 1640 (+ L-Glutamine, Sigma) supplemented with 10% FBS. Cells were 

maintained at 37°C and 5% CO2. HeLa, HLF, and HEK293T cells were harvested by 

discarding used media, washing with PBS, adding 0.25% trypsin (Sigma) to just cover 

the vessel surface, placing cells at 37°C to detach, quenching trypsin with fresh media, 

and collecting the cell suspension. Semi-adherent MM1.S cells were harvested by both 
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collecting media containing cells in suspension and detaching adherent cells using trypsin. 

Suspension CUTLL1 cells were harvested by collecting media. For passaging, cells were 

spun at 200×g for 3 minutes, resuspended in fresh medium, and seeded in new flasks. Cells 

were split 1:4 or 1:5 every 2–3 days.

MYCASO Treatments

Lyophilized MYCASO powders were suspended in 0.5% saline to a concentration of 5 

mM as confirmed spectroscopically. The day before treatment, HeLa and HLF cells were 

seeded at a density of 100,000 cells/mL and CUTLL1 and MM1.S cells at 250,000 cells/mL; 

cells were then allowed to adhere and/or recover overnight. For gymnotic treatments, the 

saline solution was added directly to cell culture media. For transfection, MYCASOs were 

mixed with Lipofectamine 2000 in serum-free Opti-MEM (Sigma) and added to cell culture 

medium at a final concentration of 2.5 μL Lipofectamine 2000 / 1 mL medium.

Immunoblotting

Cells were plated in 6-well dishes, allowed to recover overnight, treated as described above, 

and harvested after a treatment time of 1 hour to 5 days. Harvested cells were placed 

on ice, centrifuged at 500×g at 4°C for 5 minutes, washed with cold PBS, centrifuged 

again, resuspended in cold RIPA buffer (Sigma) containing Halt Protease Cocktail Inhibitor 

(Sigma), and placed on ice. After 45 minutes, cells were centrifuged at 13,000×g at 4°C for 

15 min. Protein concentration in the supernatant was determined via BCA assay. Western 

blotting was performed using the ThermoFisher Bolt system. Forty μg protein in Bolt 

Sample Buffer with 5% beta-mercaptoethanol was loaded per lane into Bolt 4–12% Bis-Tris 

gels. Gels were submerged in Bolt MES running buffer and run at 165 V for 35 min. Gels 

were transferred onto nitrocellulose membranes at 10 V for 60 minutes in Bolt Transfer 

Buffer. Membranes were blocked in Odyssey Blocking Buffer for 30 minutes at room 

temperature. Primary antibody incubation was done overnight in Odyssey Blocking Buffer at 

4°C. Secondary antibody incubation was done for 1 hour at room temperature. Membranes 

were washed 3 times in TBS-T between antibodies. Primary antibodies: c-MYC (Santa 

Cruz N-262, 1:500); α-tubulin (Sigma T5168, 1:4,000). Secondary antibodies: LI-COR 

IRDye 800CW goat anti-rabbit (1:7,000); LI-COR IRDye 680RD goat anti-mouse (1:7,000). 

Membranes were imaged on a LI-COR Odyssey CLx using Image Studio software.

RT-PCR

Cells were seeded in 6-well dishes, allowed to recover overnight, treated as described above, 

and harvested after a treatment time of 1 hour to 5 days. Harvested cells were placed on 

ice, centrifuged at 500×g at 4°C for 5 minutes, washed with cold PBS, and centrifuged 

again. RNA was isolated using a QIAGEN RNeasy Mini Kit and eluted in RNAse-free 

water. cDNA synthesis was carried out using the SuperScript VILO cDNA synthesis kit 

(ThermoFisher): 1 μg RNA, 4 μL of 5X VILO™ Reaction Mix, and 2 μL of 10X SuperScript 

Enzyme Mix were diluted in DEPC-treated water to a final volume of 20 uL in 8-strip PCR 

tubes. Samples were placed in a thermal cycler that ran the following program: 25°C for 10 

min., 42°C for 60 min., 85°C for 5 min. Each RT-PCR reaction consisted of 0.1 μL cDNA, 

10 μL SYBR Select Master Mix, 1 μL of each primer at 10 μM, and nuclease-free water 

to a total volume of 20 μL in a MicroAmp Optical 384-well plate (Applied Biosystems). 
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The following PCR protocol was run on an Applied Biosystems ViiA 7 RT-PCR instrument: 

50°C for 2 minutes, 95°C for 2 minutes, 40 cycles of 95°C for 15 seconds followed by 

60°C for 1 minute with a SYBR Green fluorescence measurement made after every cycle, 

followed by a melting curve measurement. Ct thresholds were determined automatically 

by the instrument software. Ct values were converted to transcript abundance relative to 

vehicle-treated controls.

5’ Rapid Amplification of cDNA Ends (RACE)

Cells were seeded in 6-well dishes, allowed to recover overnight, treated as described above, 

and harvested after a treatment time of 1 hour to 5 days. Harvested cells were placed on ice, 

centrifuged at 500×g at 4°C for 5 min., washed with cold PBS, and centrifuged again. RNA 

was isolated using a QIAGEN RNeasy Mini Kit and eluted in RNAse-free water. The 5’ 

RACE assay was carried out as described by Invitrogen using their 5’ RACE kit. All primers 

used are listed in Supplemental Table 2. A thermal cycler was used for all incubations.

First Strand cDNA Synthesis: In 8-strip PCR tubes, 5 μg total RNA and 2.5 pmol 

gene specific primer 1 (GSP1) were diluted to 15.5 μL in DEPC-treated water, incubated 

for 10 minutes at 70°C, then chilled for 1 minutes on ice. Next, 2.5 μL 10X PCR buffer, 

2.5 μL 25 mM MgCl2, 1 uL 10 nM dNTP mix, and 2.5 μL 0.1 M DTT were added to the 

sample, followed by a 1 minute incubation at 42°C. 1 μL SuperScript II RT was added to the 

reaction, followed by incubation at 42°C for 50 minutes, then 70°C for 15 min. 1 μL RNase 

mix was then added, followed by incubation at 37°C for 30 minutes. The cDNA reaction 

was purified using a Qiagen PCR purification kit and eluted in nuclease-free water.

TdT Tailing of cDNA: The following components were added to an 8-strip PCR tube: 

6.5 μL DEPC-treated water, 5 μL 5X tailing buffer, 2.5 μL 2 mM dCTP, and 10 μL cDNA 

sample. Reactions were incubated for 2.5 minutes at 94°C, then chilled for 1 minute on ice. 

1 μL TdT was added, followed by incubation for 10 minutes at 37°C, then 10 minutes at 

65°C.

PCR of dC-tailed cDNA: The following components were added to an 8-strip PCR tube: 

32 μL nuclease-free water, 5 μL 10X PCR buffer, 3 μL 25 mM MgCl2, 1 μL 10 mM dNTP 

mix, 2 μL nested gene specific primer 2 (GSP2, 10 μM), 2 μL Abridged Anchor Primer 

(AAP, 10 μM), 5 μL dC-tailed cDNA. 0.25 μL Taq DNA polymerase (5 units/μL) was added 

immediately before mixing the reaction and placing in a thermal cycler pre-equilibrated to 

95°C to run the following PCR protocol: 95°C for 2 minutes; 30 cycles of 95°C for 15 

seconds, 58°C for 15 seconds, and 68°C for 1 minute; and final extension at 68°C for 5 

minutes.

Nested Amplification: For improved visualization of PCR products, a second PCR 

reaction was carried out using another nested gene specific primer (GSP3) and the 5’ RACE 

abridged universal anchor primer (AUAP). The PCR products from the previous step were 

diluted 1:100 in TE buffer. The following components were added to an 8-strip PCR tube: 

34 μL nuclease-free water, 5 μL 10X PCR buffer, 3 μL 25 mM MgCl2, 1 μL 10 mM 

dNTP mix, 1 uL GSP3 (10 mM), 1 μL AUAP, 5 μL diluted primary PCR product. 0.25 
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μL Taq DNA polymerase (5 units/μL) was added immediately before mixing the reaction 

and placing in a thermal cycler pre-equilibrated to 95°C to run the following PCR protocol: 

95°C for 2 minutes; 30 cycles of 95°C for 15 seconds, 57°C for 15 seconds, and 68°C for 1 

minutes; and final extension at 68°C for 5 minutes.

Gel Visualization of PCR Products: 10 μL PCR product was loaded onto an E-Gel 

1.2% with Ethidium Bromide Agarose Gel (Invitrogen). Gels were run using an E-Gel iBase 

Power System (Invitrogen) set to program 1 for 20 min. 5 μL of E-Gel 1 kb Plus DNA 

Ladder (Invitrogen) was loaded into one lane per gel.

RNASEH1 Knockdown

HeLa cells were seeded in 6-well dishes at 250,000 cells/mL and allowed to recover 

overnight. The following day, cells were co-transfected with an anti-RNASEH1 ASO (36) 

(Supplemental Table 2) (TriLink) and MYCASO using Lipofectamine 2000 as described 

above. Cells were harvested after 24 hours for RT-PCR.

Viability and Apoptosis Assays

For viability assays, ATPlite substrate was reconstituted in buffer as described by 

PerkinElmer and diluted 1:1 in PBS. Cells were plated in white-bottom 96-well plates 

(PerkinElmer), allowed to recover overnight, and treated as described above for 1 hour to 

5 days. Following treatment, 100 μL diluted ATPlite solution was added to each well, and 

luminescence was read using a PerkinElmer EnVision microplate reader. Apoptosis analysis 

was performed by staining with a Cy5-conjugated anti-Annexin V antibody (BioVision) and 

read out by flow cytometry on a Beckman CytoFLEX per the manufacturers instructions.

Growth-over-time Assays:

Growth-over-time assays were carried out using Guava ViaCount Reagent and a Guava 

easyCyte HT flow cytometer (Millipore). Briefly, cells were plated in 48-well plates, 

allowed to recover overnight, and treated as described above. At each time point following 

treatment, cells were harvested and mixed 1:1 with Guava ViaCount Reagent. 100 μL 

sample was plated in a clear 96-well plate, and the plate was loaded onto the flow cytometer. 

Each time point was performed in triplicate. The ViaCount program in the Guava software 

was used to count cells. Gating for live and dead cells was performed manually for each cell 

line.

Generation of mutant MYC-overexpressing cell line

Plasmid Design: A mutant MYC cDNA construct was designed containing 17 silent 

mutations in the MYCASO-3, MYCASO-9, and MYCASO-13 seed sites and a T58A 

mutation, shown to impair MYC degradation by the proteasome. The construct was 

synthesized by GENEWIZ, LLC (South Plainfield, NJ, USA). The cDNA was cloned 

into the pLenti6.3/V5-DEST plasmid using Gateway Cloning. First, mutant MYC cDNA 

was amplified using custom primers containing Gateway attB sequences on either end 

to generate an attB-PCR product. The reverse primer includes a stop codon to prevent 

translation of C-terminal tags encoded in destination vectors. Next, a Gateway BP 
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recombination reaction was carried out to generate an entry clone: 100 fmol mutant MYC 
attB-PCR product, 300 ng pDONR221 plasmid, and 4 μL 5X BP Clonase Reaction Buffer 

were diluted to 16 μL in TE buffer. 4 μL BP Clonase enzyme mix were added, and the 

reaction was incubated at room temperature for 1 hr. After completion of the reaction, 1 

μL reaction mix was mixed into 50 μL DH5α competent cells (Invitrogen) on ice. The 

cell mixture was placed on ice for 30 minutes, heat-shocked at 42°C for 45 sec., and 

placed back on ice for 2 minutes. 500 μL of SOC media was added to the cells and they 

were placed in a shaker at 37°C for 45 minutes. The cell mixture was then spread on an 

agar plate containing 50 μg/mL Kanamycin and placed at 37°C overnight. The next day, 

individual bacterial colonies were picked from the agar plate and sequenced for inclusion 

of the mutant MYC sequence in the pDONR221 plasmid. A positive clone was grown up 

in 2 mL LB media containing 50 μg/mL Kanamycin shaking at 37°C overnight, then scaled 

up to 50 mL the next day and placed at 37°C shaking overnight again. The next day, the 

plasmid was isolated from bacterial cells using a Qiagen Plasmid Midi Kit. Next, a Gateway 

LR recombination reaction was carried out to generate the final expression clone: 300 ng 

mutant MYC entry clone, 300 ng pLenti6.3/V5-DEST plasmid, and 4 μL 5X LR Clonase 

Reaction Buffer were diluted to 16 μL in TE buffer. 4 μL LR Clonase enzyme mix were 

added, and the reaction was incubated at room temperature overnight. The next day, DH5α 
competent cells were transformed with the reaction mixture as described above and the 

bacterial cell mixture was spread on an agar plate containing 100 μg/mL Ampicillin and 

placed at 37°C overnight. Individual colonies were picked and sequenced for inclusion of 

the mutant MYC construct in the pLenti6.3/V5-DEST plasmid. A positive clone was grown 

up in LB media containing 100 μg/mL Ampicillin as described above, and the plasmid was 

isolated from bacterial cells using a Qiagen Plasmid Midi Kit. This plasmid will be referred 

to as pLenti6.3.mycASOmut.

Lentiviral Production: HEK293T cells were plated in a 10 cm dish and co-transfected 

with 600 ng pMD2.G (envelope plasmid), 1 μg psPAX2 (packaging plasmid), and 5 

μg pLenti6.3.mycASOmut using Xfect Transfection Reagent (Clontech). After 48 hours, 

virus-containing media was collected, filtered through a 0.45-μM filter (Millipore), and 

concentrated using Lenti-X Concentrator (Clontech).

Lentiviral Transduction: HeLa cells were plated in a 24-well dish at 60,000 cells/well. 

The next day, 10 μL of concentrated virus was added per well. Polybrene (Millipore) was 

added to half of the wells to a final concentration of 8 μg/mL. The plate was spun at 250×g 

for 1 hour at room temperature, then placed in an incubator at 37°C and 5% CO2. After 24 

hours cells were harvested, pooled, and plated in fresh media. After 24 hours, Blasticidin 

was added to the media at a final concentration of 1 μg/mL. Cells were maintained in 

DMEM with 10% FBS + 1 μg/mL Blasticidin, refreshed every 2–3 days.

mRNA sequencing

HeLa cells were seeded in 6-well dishes, allowed to recover overnight, treated as described 

above, and harvested after treatment times of 0, 4, and 18 hours. Harvested cells were placed 

on ice, centrifuged at 500×g at 4°C for 5 min., washed with cold PBS, and centrifuged 

again. For each sample, 10 μL cells were mixed with 10 μL trypan blue dye, loaded onto 
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a Countess cell counting chamber slide, and counted using a Countess II Automated Cell 

Counter. Each sample was adjusted to contain 400,000 cells. RNA was isolated using a 

QIAGEN RNeasy Mini Kit and eluted in RNAse-free water, and ERCC synthetic spike-ins 

were added per the manufacturer’s instructions (Ambion). RNA samples were quantified 

using Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) and RNA integrity 

was checked with Agilent TapeStation (Agilent Technologies, Palo Alto, CA, USA). RNA 

library preparations and sequencing reactions were conducted at GENEWIZ, LLC (South 

Plainfield, NJ, USA). RNA sequencing library preparation used the NEBNext Ultra RNA 

Library Prep Kit for Illumina by following manufacturer’s recommendations (NEB, Ipswich, 

MA, USA). Briefly, mRNA was first enriched with Oligod(T) beads. Enriched mRNAs were 

fragmented for 15 minutes at 94 °C. First strand and second strand cDNA were subsequently 

synthesized. cDNA fragments were end repaired and adenylated at 3’ends, and universal 

adapter was ligated to cDNA fragments, followed by index addition and library enrichment 

with limited cycle PCR. Sequencing libraries were validated on the Agilent TapeStation 

(Agilent Technologies, Palo Alto, CA, USA), and quantified by using Qubit 2.0 Fluorometer 

(Invitrogen, Carlsbad, CA) as well as by quantitative PCR (Applied Biosystems, Carlsbad, 

CA, USA).

The sequencing libraries were multiplexed and clustered on two lanes of a flowcell. 

After clustering, the flowcell was loaded on the Illumina HiSeq instrument according 

to manufacturer’s instructions. The samples were sequenced using a 2×150 Paired End 

(PE) configuration. Image analysis and base calling were conducted by the HiSeq Control 

Software (HCS). Raw sequence data (.bcl files) generated from Illumina HiSeq was 

converted into fastq files and de-multiplexed using Illumina’s bcl2fastq 2.17 software. One 

mismatch was allowed for index sequence identification.

For differential expression analysis, transcripts were quantified from raw paired-end 

FASTQs using Salmon 0.8.2 with automatic library type detection and default parameters. 

The index used was built from RefMrna sequences obtained from hg19 (Feb. 2009, 

GRCh37 (GCA_000001405.1)). Transcript-level counts were imported and merged to gene­

level counts via the Tximport v1.4.0 Bioconductor package using a transcript-to-gene key 

generated from the UCSC RefGene database. DESeq2 v1.14 was used with single-factor 

design formula (“~ condition”) to find differentially expressed genes. Raw and processed 

data is available the in the Gene Expression Omnibus, GEO accession GSE183535.

To generate MYCASO-3 and ASO signatures, transcripts were quantified and merged to 

the gene-level as described above. Prior to analysis with DESeq2 v1.14, zero-hour samples 

were excluded and a three-factor design formula was used to test for expression changes 

attributable to the presence of a MYCASO-3 while controlling for treatment time as well 

as the presence of any ASO (MYCASO-3 or NT-ASO). We also used this approach to test 

for expression changes attributable to ASOs in general while controlling for time and the 

presence of MYC-targeted ASO. For each of these comparisons, all genes and associated 

Wald statistics were exported for use with the GSEA Preranked function.
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In vivo tolerability study

Thirty-six 7-week old female C57BL/6 mice (Jackson Labs) were divided into 

nine treatment groups (n = 4 mice per group): Vehicle, NT-ASO (low), NT-ASO 

(high), MYCASO-3 (low), MYCASO-3 (high), MYCASO-9 (low), MYCASO-9 (high), 

MYCASO-13 (low), MYCASO-13 (high). Low dose treatment included an initial dose 

of 25 mg per kilogram, followed by maintenance dosing of 5 mg per kg every three 

days. High dose treatments were performed with 25 mg per kilogram doses every three 

days. ASOs were resuspended in 0.9% sterile saline solution prior to dosing. Body weight 

measurements were recorded for each mouse immediately prior to each dose. All treatments 

were administered via intravenous injection in the lateral tail vein over a period of 21 days (7 

total injections per mouse). MYCASO tolerability study was performed at the Lurie Family 

Imaging Center, Dana-Farber Cancer Institute under an approved protocol by the Animal 

Care and Use Committee.

In vivo HCC study

Tumor formation, treatments: MYC-induced HCC tumor models were performed as 

previously described (54,71). Briefly, 20 μg of plasmid encoding MYC and transposon 

were mixed with 0.8 μg plasmid encoding the Sleeping Beauty transposase in 2 mL PBS 

and injected into the lateral tail vein of 6- to 8- week old female FVB/N mice (Jackson 

Labs). Mice were randomly selected to receive five doses of MYCASO-3 (or NT-ASO 

control) five weeks following plasmid perfusion; no investigator blinding was performed. 

Mice were treated with a total of five doses, 25 mg/kg every three days. Following the final 

dose, three mice from each group were euthanized and liver samples were harvested for 

subsequent analysis. Remaining mice were observed and euthanized when predetermined 

survival endpoints were reached. This model and study was approved by the Committee for 

Animal Research at the University of California, San Francisco.

Histology, Immunohistochemistry, and Immunofluorescence: Liver samples were 

fixed 24 hours with Zinc Formal-Fix (Thermo Shandon Ltd, Runcorn) at 4 °C before 

paraffin-embedding. Sections were done at 5 μm in thickness. For immunohistochemistry, 

sodium citrate buffer (10 mmol/L, pH 6.0) was utilized for antigen retrieving. Slides 

in sodium citrate buffer were heated in a microwave on high level for 10 minutes, 

followed by cooling down for 20 minutes. Subsequently, goat serum (5% diluted in 

PBS) and Avidin-Biotin blocking kit (Vector Laboratories, Burlingame, CA) were applied 

for blocking. Specimens were then incubated with designated primary antibody at 4 

°C overnight. The primary antibodies against Ki-67 (Thermo Fisher Scientific; 1:150) 

and MYC (ab32072, 1:200) were used. The following day, 3% hydrogen peroxide 

was used to quench endogenous peroxidase activity for 10 minutes, followed by biotin­

conjugated secondary antibody at a 1:500 dilution for 30 minutes at room temperature. The 

immunoreactivity was visualized with the Vectastain Elite ABC kit (Vector Laboratories) 

and 3,30-diaminobenzidine as the chromogen. Slides were counterstained with hematoxylin. 

Images were acquired using a Leica Aperio CS-O slide scanning microscope at 40x 

magnification. Image quantification was performed using the Multiplex IHC v2.0.1 module 

in Halo digital pathology software Indica Labs). Representative regions were chosen 

for analysis that avoided debris, folds and any other artifacts. Color deconvolution was 
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performed to separate the color components of hematoxylin and DAB (MYC). The optical 

density (O.D.) of the DAB was determined for each cell object. The total number of cells 

in a region of interest ranged between 8,000–53,000 cells. Statistical comparison between 

the NT-ASO images and the MYCASO-3 images was performed with GraphPad Prism 

software. Quantification of MYC+ area was performed as described (71).

Protein extraction and Western blot analysis: Protein extraction was conducted 

according to manufacturer’s protocol by using the M-PER mammalian protein extraction 

reagent (Cat. N. 78501; Thermo Fisher Scientific, Rockford, IL) and the Complete Protease 

Inhibitor Cocktail. Aliquots of 30 μg protein lysate were denatured by boiling in Tris­

Glycine SDS Sample Buffer (Invitrogen, Grand Island, NY). Proteins were separated by 

SDS-PAGE gel and transfected onto nitrocellulose membranes by using RTA transfer kit 

(Cat. N. 1704271, Biorad, Hercules, CA). Membranes were blocked in 5% non-fat dry 

milk in Tris-buffered saline containing 0.1% Tween 20 for 1 h and incubated with specific 

primary antibodies. The primary antibodies against MYC (Abcam, ab32072, 1:5000) and 

Gapdh (Cell Signalling Technology, 2118, 1:5000) were used. Subsequently, a horseradish 

peroxidase-secondary antibody diluted 1:10,000 for 1 h was applied and was revealed with 

the Super Signal West Pico Chemiluminescent Substrate (Pierce Chemical Co., New York, 

NY). Image-J software (http://imagej.nih.gov/ij/) was used for densitometric analysis of the 

blots.

Statistical analysis: GraphPad Prism version 6.0 (GraphPad Software Inc.) was used to 

evaluate statistical significance by the Tukey–Kramer test. Comparisons between two groups 

were performed with two-tailed unpaired t test. P values < 0.05 were considered statistically 

significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Design and characterization of a library of MYC-targeting antisense oligonucleotides.
(a) Schematic of the MYCASO library with approximate seed site locations of each of 23 

oligonucleotides along the MYC transcript. Arrow represents the major translational start 

site. (b) Sequences of MYCASOs and NT-ASO used as control. Locations of LNA bases 

are highlighted in red. (C) Immunoblotting for MYC and alpha-tubulin in HeLa cells. Top 

panel shows whole cell extracts from HeLa cells treated with 10 nM MYCASO formulated 

in Lipofectamine 2000 (Lipo) for 24 hours. Bottom panel shows HeLa cells with 10 μM 

gymnotic-treated MYCASO for 72 hours.
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Figure 2: MYCASOs decrease MYC protein expression in cancer cell lines.
(a) Immunoblotting for MYC and alpha-tubulin in three MYC-expressing cancer cell lines 

after treatment with the full MYCASO library. Panels show CUTLL1 and MM1.S cells 

with 10 μM gymnotic-treated MYCASO for 72 hours. HLF cells were treated gymnotically 

at 10 μM for 120 hours. The bar graph shows average percent knockdown of MYC of 

gymnotic-treated cells across all four cell lines including HeLa. Highlighted MYCASOs 

(3, 9, and 13) were chosen for further study due to their superior knockdown activity and 

non-overlapping seed sites along the MYC mRNA. (b) Dose-proportional knockdown of 

MYC protein expression with MYCASO treatment. CUTLL1, MM1.S, and HLF cells were 

treated with 0, 0.5, 1, 5, 10, and 20 μM MYCASO (gymnotic) for 72 hours (CUTLL1 and 

MM1.S) or 120 hours (HLF). (c) Time-proportional knockdown of MYC protein expression 

with MYCASO treatment. CUTLL1 and HLF cells were treated with 10 μM MYCASO 
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(gymnotic) for 24, 48, 72, 96, and 120 hours. MM1.S cells were treated with 10 μM 

MYCASO (gymnotic) for 24, 48, and 72 hours.
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Figure 3: MYCASOs downregulate MYC expression through RNase H1-mediated cleavage of 
MYC mRNA.
(a) MYCASOs induce cleavage of MYC mRNA. Top: schematic of 5’ Rapid Amplification 

of cDNA Ends (RACE) assay. Gene specific primers (GSPs) are used to capture and amplify 

MYC mRNA fragments from total cellular RNA for visualization on an agarose gel. Bottom: 

5’ RACE PCR products following MYCASO treatment. MYCASO-treated samples contain 

fragments consistent with mRNA cleavage at MYCASO binding sites, whereas vehicle- and 

NT-ASO-treated cells produce no fragments. HeLa cells were treated with 10 nM MYCASO 

in Lipofectamine for 24 hours. CUTLL1, MM1.S, and HLF cells were treated with 10 μM 

MYCASO (gymnotic) for 72 hours (CUTLL1 and MM1.S) or 120 hours (HLF). (b) RNase 

H1 knockdown rescues MYCASO-mediated MYC mRNA knockdown. Top: RT-PCR for 

RNASEH1 in HeLa cells following treatment with an anti-RNASEH1 ASO (ISIS194178) 

in Lipofectamine for 24 hours normalized to vehicle-treated control. Bottom: RT-PCR for 

MYC in HeLa cells following co-transfection with the indicated doses of anti-RNASEH1 
ASO and MYCASO-3 in Lipofectamine 2000 for 24 hours normalized to vehicle-treated 

control. Values represent quadruplicate means +/− SD.
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Figure 4: Phenotypic response to MYCASO treatment.
(a) Dose-proportional effect of MYCASO treatment on cellular viability as approximated 

by ATP-dependent luminescence normalized to vehicle-treated control. CUTLL1, MM1.S, 

and HLF cells were treated with MYCASO (gymnotic) for 72 hours (CUTLL1 and MM1.S) 

or 120 hours (HLF). Values represent quadruplicate means +/− SD. (b) Cell numbers over 

time with MYCASO treatment. Cells were stained using Guava ViaCount reagent and 

counted by a Guava flow cytometer. CUTLL1, MM1.S, and HLF cells were treated with 

10 μM MYCASO (gymnotic). Values represent triplicate means +/− SD. (c) Annexin V 

(AV) positive MM1.S cells as measured by flow cytometry following 72 hours of treatment 

with 10 μM MYCASO or NT-ASO (gymnotic). Values represent triplicate means +/− SD. 

(d) Effects of MYCASO treatment on HeLa cells. Top panel shows dose-proportional 

effects on cellular viability as described above. HeLa cells were treated with MYCASO 

in Lipofectamine for 24 hours. Bottom panel shows cell numbers over time as described 

above. HeLa cells were treated with 10 nM MYCASO in Lipofectamine 2000. (e) Rescue 
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of MYCASO-mediated MYC protein knockdown. Immunoblot for MYC and alpha-tubulin 

following MYCASO treatment (10 nM in Lipofectamine 2000 for 24 hours) in HeLa 

cells (pLenti.MYC –) and in a HeLa-derived cell line stably expressing a MYC construct 

containing silent mutations in MYCASO seed sites designed to abrogate MYCASO binding 

(pLenti.MYC +). (f) Rescue of MYCASO-mediated viability effects. Cellular viability 

as approximated by ATP-dependent luminescence following MYCASO treatment (10 nM 

(left) or 100 nM (right) in Lipofectamine 2000 for 24 hours) in HeLa and mutant MYC 

over-expressing cells normalized to vehicle-treated control. Values represent triplicate means 

+/− SD, asterisks represent p values based on t-test (* < 0.05, *** < 0.001, **** < 0.0001).
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Figure 5: Transcriptomic analysis of MYCASO-3 treated cells.
(a) RNA-sequencing was performed on HeLa cells transfected with NT-ASO or 

MYCASO-3 (10 nM) using Lipofectamine 2000 as delivery vehicle. Volcano plots of 

gene expression differences comparing NT-ASO and MYCASO-3 treated cells with vehicle 

after 4 and 18 hours. (b) Gene set enrichment analysis (GSEA) normalized enrichment 

scores for MYC-associated gene sets (red and blue) and the total C2 gene sets as part of 

MSigDB in MYCASO-3 treated cells. Differential expression analysis was performed with 

DESeq2 as described in Methods. (c) GSEA normalized enrichment scores for interferon 

(IFN)-associated gene sets and the total C2 gene sets as part of MSigDB in ASO-treated 

cells (NT-ASO and MYCASO-3 samples). Differential expression analysis was performed 

with DESeq2 as described in Methods. (d) GSEA signatures for two example gene sets of 

genes positively regulated by MYC (MYC ‘UP’). (e) GSEA signatures for two example 

gene sets of the interferon response.

Gill et al. Page 27

Oncogene. Author manuscript; available in PMC 2022 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6: In vivo effects of MYASO-3 in a MYC-induced model of hepatocellular carcinoma.
(a) Schematic of HCC tumor model used to assess MYCASO-3 effects. A plasmid 

expressing human MYC is co-injected with a plasmid expressing the Sleeping Beauty 

transposase by hydrodynamic injection. Liver tumor formation is observed by three weeks 

following perfusion, with large tumor masses observable by 6 weeks. MYCASO-3 was 

dosed at 25 mg/kg in mice beginning 5 weeks after perfusion, and dosing was performed 

every 3 days for a period of 2 weeks (a total of 5 doses). (b) Example harvested livers from 

pre-treatment (5 weeks after perfusion; n=6), NT-ASO treated (7 weeks after perfusion; 

n=3), and MYCASO-3 treated mice (7 weeks after perfusion; n=3). (c) Ratios of liver 

weight to body weight in pre-treatment (n=5), NT-ASO treated (n=3), and MYCASO-3 

treated mice (n = 3). Bars represent mean values. Statistical analysis performed by t 
test. (d) MYC immunoblotting on extracts from wild-type (WT) liver tissue, tumor tissue 

from NT-ASO treated mice, and tumor tissue from MYCASO-3 treated mice. (e) HE 
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and immunohistochemistry showing Ki67+ and MYC+ cells in livers of NT-ASO and 

MYCASO-3 treated mice. (f) Quantification of MYC+ area in (e). Error bars represent +/− 

SD of the mean of 8 separate tumor sections. Statistical analysis performed by t test. (g) 
Quantification of MYC+ cell staining in (e). MYC positivity grades on a per cell basis was 

assigned using automated Aperio Digital Pathology software. Bars represent median values. 

Statistical analysis performed by t test. (h) Survival of NT-ASO treated and MYCASO-3 

treated mice over time (n=10). P value generated by log-rank Mantel-Cox test.
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