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Abstract

Many cancers carry recurrent, change-of-function mutations affecting RNA splicing factors. Here, 

we describe a method to harness this abnormal splicing activity to drive splicing factor mutation-

dependent gene expression to selectively eliminate tumor cells. We engineered synthetic introns 

that were efficiently spliced in cancer cells bearing SF3B1 mutations, but unspliced in otherwise 

isogenic wild-type cells, to yield mutation-dependent protein production. A massively parallel 

screen of 8,878 introns delineated ideal intronic size and mapped elements underlying mutation-

dependent splicing. Synthetic introns enabled mutation-dependent expression of herpes simplex 

virus thymidine kinase (HSV-TK) and subsequent ganciclovir (GCV)-mediated killing of SF3B1-

mutant leukemia, breast cancer, uveal melanoma, and pancreatic cancer cells in vitro, while 

leaving wild-type cells unaffected. Delivery of synthetic intron-containing HSV-TK constructs 
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to leukemia, breast cancer, and uveal melanoma cells and GCV treatment in vivo significantly 

suppressed the growth of these otherwise lethal xenografts and improved mouse host survival. 

Synthetic introns provide a means to exploit tumor-specific changes in RNA splicing for cancer 

gene therapy.

Keywords

synthetic introns; myelodysplastic syndromes; leukemia; RNA splicing; SF3B1; synthetic biology

INTRODUCTION

Recurrent mutations affecting an RNA splicing factor occur in many cancer types1–6, with 

frequencies ranging from 65-83% in myelodysplastic syndromes with ring sideroblasts 

(MDS-RS)1,2 and 14-29% in uveal melanoma7–10 to 15-35% in acute myeloid leukemia 

(AML)11 and 2-3% in breast adenocarcinoma12. These lesions are attractive targets 

for therapeutic development thanks to their pan-cancer nature, frequent occurrence as 

initiating or early events, presence in the dominant clone, and enrichment in diseases 

with few effective therapies5,13. Accordingly, several studies have demonstrated that 

cancer cells bearing spliceosomal mutations are preferentially sensitive to further splicing 

perturbation, including treatment with compounds that inhibit normal spliceosome assembly 

or function14–17. However, the therapeutic indices of drugs that inhibit global splicing are 

not yet known. Moreover, therapeutic approaches that target the mutant splicing machinery 

itself have not yet been identified.

Spliceosomal mutations alter splice site and exon recognition to cause dramatic mis-splicing 

of a restricted set of genes, while leaving most genes unaffected10,18–23. Although these 

splicing changes promote aberrant self-renewal, transformation, and other pro-tumorigenic 

phenotypes11,19,24, we hypothesized that we could exploit this splicing dysregulation for 

therapeutic development. We therefore sought to develop synthetic constructs that were 

differentially spliced in cells with or without recurrent mutations in SF3B1, the most 

commonly mutated spliceosomal gene in cancer1,5, to allow for cancer cell-specific protein 

production.

RESULTS

Synthetic introns recapitulate mis-splicing characteristic of SF3B1-mutant cells.

We first identified endogenous genes that responded most strongly and consistently to 

SF3B1 mutations, which are near-universally present as heterozygous, missense changes 

affecting a few residues1–3,6–10. We queried the transcriptomes of 35 cancer cohorts to 

identify 20 cancer types with >1 SF3B1-mutant sample, with a total of 271 patient samples 

carrying SF3B1 mutations (sample origins in Data availability). 1,608 splicing events were 

significantly differentially spliced between samples bearing no spliceosomal mutations 

(wild-type; WT) and SF3B1-mutant samples in at least one cohort, with a subset exhibiting 

highly consistent differential splicing in SF3B1-mutant samples relative to WT cancers as 

well as tissues from healthy donors (Fig. 1a–b, Extended Data Fig. 1a–b, and Supplementary 
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Table 1). SF3B1 mutations were associated with diverse splicing changes, including altered 

3’ splice site (3’ss) selection, exon recognition, and intron retention.

We selected six introns representing two classes of splicing events for further study. SF3B1 
mutations activate intron-proximal cryptic 3’ss in MAP3K7, ORAI2, and TMEM14C and 

promote intron removal in MTERFD3, MYO15B, and SYTL1 (Fig. 1c). These were among 

the strongest and most consistent mis-splicing events and preferentially caused either open 

reading frame disruption (MAP3K7, ORAI2, and TMEM14C) or preservation (MTERFD3, 

MYO15B, and SYTL1) in SF3B1-mutant samples. We confirmed that the mutant SF3B1-

associated mis-splicing observed in RNA-seq data from primary MDS and AML patient 

samples was recapitulated by RT-PCR assays in isogenic erythroleukemic (K562) and 

B-cell acute lymphoblastic leukemia (NALM-6) cells engineered to have SF3B1K666N or 

SF3B1K700E in the endogenous locus24; in uveal melanoma cells with (MEL202) or without 

(MEL270) a naturally occurring SF3B1R625G mutation; in pancreatic cancer cells with 

(Panc05.04) or without (Panc-1, Capan-2) a naturally occurring SF3B1K700E mutation; and 

in samples from orthogonal cohorts of AML and MDS patients with no SF3B1 mutation, 

SF3B1K666N/M/R/T, or SF3B1K700E (Fig. 1d, Extended Data Fig. 1c–e, and Supplementary 

Table 2). Mis-splicing of these events was consistent across the diverse SF3B1 mutations 

represented in these cell lines and patient samples. These experiments revealed particularly 

complex splicing for MTERFD3; we observed three distinct spliced isoforms in addition to 

the intron retention isoform evident from RNA-seq. We therefore cloned and sequenced each 

isoform to identify three competing 3’ splice sites within the MTERFD3 intron (Extended 

Data Fig. 1f).

These six endogenous introns served as starting points for the development of synthetic 

introns that functioned as compact and modular molecular switches. We reduced each 

intron to 250 nucleotides (nt) in length by taking the first 100 and last 150 nt and inserted 

each intron into the mEmerald coding sequence in a location that preserved the 5’ss and 

3’ss strengths of the endogenous genes while generating exons of comparable sizes. These 

choices were guided by the increased complexity of the 3’ss versus 5’ss25, SF3B1’s role 

in 3’ss recognition26, and the importance of exon length in splicing27. We cloned each 

split mEmerald sequence into a vector with constitutive expression of mCardinal (Fig. 

1e). The resulting vectors permitted quantitative assessment of mutation-dependent protein 

production by measuring the mEmerald:mCardinal ratio via flow cytometry.

We transfected each construct into isogenic WT or SF3B1-mutant K562 cells and 

measured mutation-dependent splicing and protein production. Of the six initial synthetic 

introns, three exhibited mutation-dependent specificity of ≥2-fold (synMAP3K7i4-250, 

synTMEM14Ci1-250, and synMTERFD3i1-250) and two others drove modestly mutation-

dependent protein production (synORAI2i1-250 and synMYO15Bi4-250; Fig. 1f–g). 

Mutation-dependent protein production arose from mutation-dependent splicing changes 

(Extended Data Fig. 1g–h). These proof-of-principle studies confirmed the feasibility of 

using synthetic introns for mutation-dependent gene expression.
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Synthetic introns enable selective targeting of cancer cells.

We next tested the therapeutic potential of using synthetic introns to achieve mutation-

dependent killing of cancer cells. We selected the herpes simplex virus thymidine kinase 

(HSV-TK) system, in which treatment of HSV-TK-expressing cells with the prodrug 

ganciclovir (GCV) causes cytotoxic metabolite production28. As GCV is an FDA-approved 

antiviral therapy with low toxicity for cells lacking HSV-TK, HSV-TK is an attractive 

system for cancer gene therapy.

We inserted the MTERFD3-derived synthetic intron, which was more efficiently excised in 

SF3B1-mutant cells, into the HSV-TK coding sequence (Fig. 2a and Extended Data Fig. 1i). 

We cloned this split HSV-TK sequence or an intronless HSV-TK into a lentiviral expression 

vector, infected isogenic WT or SF3B1-mutant K562 cells, selected positive integrants, 

and treated with GCV (Fig. 2b). Untransduced cells exhibited minimal loss of viability, 

while cells transduced with an intronless HSV-TK construct died rapidly, independent of 

SF3B1 mutational status. SF3B1-mutant cells expressing synthetic intron-containing HSV-

TK exhibited a rapid and dose-dependent loss of viability, indistinguishable to that caused 

by intronless HSV-TK. In contrast, WT cells expressing the same construct exhibited no 

significant differences in viability from untransduced cells (Fig. 2c).

We next identified sequence features that conferred mutation responsiveness to our synthetic 

intron. The intron has a simple 5’ss region, with a near-consensus 5’ss followed by a 

pyrimidine-rich region of unknown function. In contrast, its 3’ss region is complex. It has 

two cryptic 3’ss at positions −11 and −22 relative to the canonical (frame-preserving) 3’ss, 

with an unusual TG dinucleotide at the most intron-proximal site. The cryptic 3’ss at −22 

nt is followed immediately by a short poly(A) sequence of unknown function, which in turn 

is followed by a thymine-rich region that resembles a polypyrimidine tract interrupted by 

branchpoints. We identified five branchpoints at positions −32, −43, −48, −55, and −61, all 

adenines within the thymine-rich region. This thymine-rich, branchpoint-containing region 

is followed by a long, purine-rich region of unknown function (Fig. 2d). Because of the 

intron’s complexity, the sequence features that govern mutation responsiveness were not 

obvious.

We therefore developed a massively parallel splicing assay29,30 to map and functionally 

interrogate sequence features within our synthetic intron. We first synthesized a pilot mini-

library of eight synthetic introns, seven of which were much shorter (lengths of 100-158 

nt) than the parent synthetic intron (synMTERFD3i1-250), and each with one or more 

perturbations to potentially critical features (Fig. 2e). We cloned this mini-library into 

HSV-TK, introduced it into WT or SF3B1-mutant K562 cells with a lentiviral vector at a 

low multiplicity of infection, treated with GCV, and measured relative depletion of each 

construct by high-throughput sequencing of the entire introns from genomic DNA after six 

days of treatment (Supplementary Table 3).

This pilot experiment demonstrated the utility of parallel screening for functional 

interrogation (Fig. 2f). The parent synthetic intron (synMTERFD3i1-250) was markedly 

depleted in SF3B1-mutant, but not WT, cells. Shortening the intron to 150 or 100 nt 

resulted in robust or modest mutation responsiveness, respectively. Mutation responsiveness 
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was maintained even after ablating all four commonly used branchpoints or inserting a 

single consensus branchpoint at the 5’ end of the thymine-rich, branchpoint-containing 

region upstream of the 3’ss. Removing either the 5’ss or canonical (frame-preserving) 3’ss 

prevented introns from becoming depleted even in SF3B1-mutant cells, as expected for 

abolition of splicing. In contrast, removing the cryptic 3’ss at position −11 resulted in strong 

depletion irrespective of genotype. This feature’s importance arises from the complexity 

of synMTERFD3i1-250 splicing. Mutant SF3B1 is uniquely associated with canonical 3’ss 

usage in this intron, while in the absence of an SF3B1 mutation, this intron is either 

unspliced or spliced using cryptic (not frame-preserving) 3’ss. Removing the cryptic 3’ss at 

position −11 enables WT SF3B1 alone to promote recognition of the canonical 3’ss.

We validated mini-screen results by introducing individual constructs from our mini-library 

into WT or SF3B1-mutant K562 cells and measuring relative depletion, confirming that 

our parallelized functional screen yielded accurate estimates of fitness costs following 

GCV treatment (Fig. 2g). We then tested the generalizability of our approach to 

additional cell types. We selected isogenic WT and SF3B1K700E knockin MCF10A breast 

epithelial cells, as well as T47D breast cancer and MOLM-13 AML cells engineered to 

express doxycycline-inducible SF3B1WT or SF3B1K700E, which recapitulated the expected 

mutation-driven mis-splicing of endogenous genes31 (Extended Data Fig. 2a–b). Expressing 

synthetic intron-containing HSV-TK and administering GCV resulted in strongly mutation-

dependent death of each of these cell types (Fig. 2h and Extended Data Fig. 2c–d), 

confirming that our synthetic intron enables targeting of multiple cell types. Similar effects 

were seen in Panc05.04 pancreatic adenocarcinoma cells, which bear a naturally occurring 

SF3B1K700E mutation, as compared to SF3B1-wild-type Panc-1 cells (Extended Data 

Fig. 2e). The synthetic intron was efficiently excised from HSV-TK pre-mRNA in SF3B1-

mutant cells, but not in SF3B1-wild-type cells, confirming that GCV sensitivity arose from 

mutation-dependent splicing (Fig. 2i and Extended Data Fig. 2c–e). This effect was not 

seen in isogenic K562 cells expressing cancer-associated hotspot mutations affecting other 

RNA splicing factors, such as SRSF2 or U2AF1 (Extended Data Fig. 2f), underscoring the 

specificity of mutation-dependent splicing.

Massively parallel screening permits intron optimization.

We next expanded our approach to a massively parallel assay. We designed 8,878 distinct 

introns to test the functional consequences of perturbing diverse features, including 

intron length, 5’ss and canonical 3’ss strengths, cryptic 3’ss position and multiplicity, 

pyrimidine and purine contents, branchpoint position and multiplicity, and nucleotide and 

dinucleotide identity (Supplementary Table 4 and Supplementary Information). Each intron 

was derived from a “parent” synthetic intron from the mini-screen (synMTERFD3i1-250, 

synMTERFD3i1-150, or synMTERFD3i1-100). We synthesized these 8,878 introns as 

an oligonucleotide array, cloned this array into HSV-TK, infected K562 cells, and then 

sequenced entire introns from genomic DNA to estimate how each affected cell viability 

upon GCV administration (Supplementary Table 5).

The resulting data illuminated features governing mutation responsiveness. Iteratively 

deleting each consecutive 100 nt of the synMTERFD3i1-250 intron revealed that shortening 
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the original 250 nt synthetic intron to 150 nt while maintaining mutation responsiveness 

required preserving the first 25 and last 125 nt (Fig. 3a). Shortening to 100 nt required 

preserving the first 15 and last 85 nt, although as in the mini-screen, 100 nt introns 

exhibited modestly reduced mutation responsiveness relative to 150 nt introns. Extreme 

shortening to 75 nt was possible, although with further reduced mutation responsiveness 

(Fig. 3b). These unbiased data indicate that the rationally designed deletions used to 

construct synMTERFD3i1-150 and synMTERFD3i1-100 were close to optimal.

Both canonical and cryptic splice sites were critical for mutation-dependent behavior, 

with significant perturbations not tolerated. On average, constructs with single-nucleotide 

mutations within 10 nt of the 5’ss were rarely depleted in either genotype, suggesting that 

the strong, consensus nature of the 5’ss is required for intron recognition. Constructs with 

single-nucleotide mutations near any 3’ss (within the last 26 nt of the intron) had reduced 

mutation responsiveness. In contrast, single-nucleotide mutations distal to any splice site 

frequently maintained responsiveness (Fig. 3c). Mutation responsiveness required keeping 

the canonical 3’ss modestly stronger than the most intron-distal cryptic 3’ss; splice site 

strengths could be shifted as long as this imbalance was maintained, but not exaggerated 

(Fig. 3d). Interior intronic features were also important. While single-nucleotide mutations 

within the intron interior (>10 nt from the 5’ss and >30 nt from the canonical 3’ss) were 

generally tolerated, randomly shuffling all nucleotides within this region was not. Such 

interior-randomized constructs typically exhibited no depletion in any genotype (Fig. 3e).

Our screen yielded high-resolution insight into critical sequence features (Fig. 3f–g). 

Deletion scanning with windows ranging from 5-50 nt revealed that loss of either cryptic 

3’ss caused genotype-independent depletion, while most deletions affecting the thymine-

rich, branchpoint-containing region or adjacent poly(A) sequence abolished depletion for 

both genotypes. In contrast, the purine-rich region upstream of those features was largely 

dispensable. Sliding creation of an additional cryptic 3’ss or conversion of pyrimidine-

rich sequence to purines generally maintained mutation responsiveness, as long as the 

critical ~30 nt upstream of the canonical 3’ss were preserved. In contrast, inserting a 

consensus branchpoint sequence typically reduced mutation responsiveness, with genotype-

independent depletion resulting from insertion of a branchpoint in between the two cryptic 

3’ss, unless this insertion was performed concordantly with ablation of all four commonly 

used, endogenous branchpoints. In that context, branchpoint insertion frequently maintained 

mutation responsiveness, even when the new branchpoint was located deep within the intron.

Saturation mutagenesis revealed that the intron is remarkably robust to single-nucleotide 

mutations, with most constructs maintaining excellent mutation responsiveness (Fig. 3h). 

The 3’ss were notable exceptions. Mutations affecting the AG dinucleotide of the canonical 

3’ss prevented depletion in SF3B1-mutant cells, as did purine mutations at the −3 position. 

The cryptic 3’ss at position −11 was similarly important, with mutations affecting the 

AG dinucleotide strongly depleted in both WT and SF3B1-mutant cells. Several positions 

proved unexpectedly important in SF3B1-mutant cells, including +6 of the 5’ss and −6 and 

−10 of the canonical 3’ss. Mutations of many positions to adenine within the pyrimidine-

rich, branchpoint-containing region were associated with strong depletion, while mutations 
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that ablated branchpoints within this region preserved mutation responsiveness, confirming 

that variable branchpoint multiplicity is tolerated.

These and other observations were generally highly similar when the same modifications 

were applied to synMTERFD3i1-100, indicating that most critical sequence elements are 

independent of intron length (Extended Data Fig. 3a–g). Almost all variants of this very 

short intron exhibited more modest mutation-dependent splicing than did corresponding 

synMTERFD3i1-150-derived variants. Simultaneously inserting a strong polypyrimidine 

tract and 3’ss immediately upstream of the canonical 3’ss and one or more consensus 

branchpoints further upstream resulted in genotype-independent depletion, as expected 

(Extended Data Fig. 3h). However, this depletion was still frequently more modest than 

that observed for synMTERFD3i1-150-derived variants, suggesting that overly short introns 

may not be efficiently spliced even when they have consensus splice sites. Depletion was 

similar when one to four consensus branchpoints were inserted, suggesting that increasing 

branchpoint multiplicity has few effects on splicing when a consensus branchpoint is 

present. This same insertion scanning revealed genotype-independent depletion when an 

extremely strong polypyrimidine tract and 3’ss was inserted 3 nt upstream of the canonical 

3’ss—but not at any other position—suggesting that insertion of a single glutamine residue 

at the exon-exon junction that we created may not disrupt HSV-TK activity (Extended Data 

Fig. 3h).

Finally, we searched for possible epistatic interactions within the critical 4 and 20 nt of the 

5’ss and 3’ss regions. We performed saturation mutagenesis of all 54 and 1,710 nucleotide 

pairs that did not disrupt the GT or AG of the 5’ss and canonical 3’ss and searched for 

enrichment or depletion exceeding that expected based on single-nucleotide mutagenesis by 

≥2-fold (Fig. 3i). For WT cells, only a single interaction at the 3’ss met this threshold: the 

G and following nucleotide of the unusual TG cryptic 3’ss at −22 nt. SF3B1-mutant cells 

exhibited more complex interactions, particularly for positions between the two cryptic 3’ss, 

reinforcing the complex and essential nature of this region. No epistatic interactions met our 

threshold at the 5’ss for either genotype.

We selected eight synMTERFD3i1-150-derived variants representing different modification 

classes for single-construct study. These studies confirmed the essentiality of the immediate 

sequence context of the cryptic 3’ss at −11 nt; demonstrated that variants with far-distal 

consensus branchpoints gave rise to enhanced splicing in SF3B1-mutant cells; and indicated 

that select combinatorial mutations fully eliminated splicing in WT cells (Extended Data 

Fig. 4a–d). Interestingly, while synMTERFD3i1-150 was efficiently spliced in cells with 

SF3B1K700E, this intron was less efficiently recognized in cells bearing a mutation affecting 

R625, a mutational hotspot enriched in uveal melanoma (Extended Data Fig. 4e). We 

therefore tested the splicing of eight additional synMTERFD3i1-150-derived variants in 

uveal melanoma cells with an endogenous SF3B1R625G mutation and identified one variant 

(synMTERFD3i1-150-v6700) with combinatorial mutations (A>C at −7; A>C at −19) that 

was efficiently spliced in those cells (Extended Data Fig. 4f). We confirmed the specificity 

of synMTERFD3i1-150-v6700 across a panel of uveal melanoma cells: as expected, 

synMTERFD3i1-150-v6700 permitted HSV-TK expression and GCV-mediated cell killing 

in SF3B1R625-mutant, but not WT, uveal melanoma cells (Extended Data Fig. 4g–h).
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Synthetic introns mediate selective cancer cell killing in vivo.

We next extended our in vitro experiments to in vivo tumorigenesis. We focused on 

synMTERFD3i1-150, as it was the parent synthetic intron for most of the full library. 

We introduced Luciferase-GFP constructs into WT or SF3B1-mutant K562 cells expressing 

HSV-TK interrupted by synMTERFD3i1-150, performed tail vein injections of these cells 

into NOD-scid IL2Rgnull (NSG) mice, treated with PBS or GCV, and monitored leukemia 

burdens with live imaging (Fig. 4a). Both genotypes formed aggressive leukemias which 

rapidly resulted in lethality for PBS-treated animals, independent of genotype. GCV 

administration, in contrast, drove immediate and sustained suppression of SF3B1-mutant 

leukemic burden, with no effects on WT leukemias (Fig. 4b–c). GCV treatment resulted 

in correspondingly significantly increased survival (p = 1.7e-4 for GCV- vs. PBS-treated 

SF3B1-mutant leukemias; Fig. 4d). We then extended these experiments to the MOLM-13 

AML model. We engineered MOLM-13 cells to express doxycycline-inducible SF3B1WT or 

SF3B1K700E as well as Luciferase-GFP and HSV-TK interrupted by synMTERFD3i1-150 

(Extended Data Fig. 5a). We engrafted these cells by tail-vein injection into NSG mice, 

which were fed doxycycline-containing chow throughout the experiment and randomized 

to receive GCV or PBS at day 11 after engraftment. We observed a statistically significant 

survival benefit and leukemia suppression only for GCV treatment of mice engrafted with 

SF3B1K700E-expressing cells (Fig. 4e–f and Extended Data Fig. 5b).

We then evaluated the therapeutic impact and specificity of HSV-TK interrupted by 

synMTERFD3i1-150 on a mixed population of Sf3b1-mutant and WT hematopoietic stem 

and progenitor cells, as would be encountered in patients with MDS. To accomplish this, 

we utilized genetically engineered conditional knockin mice expressing Sf3b1K700E from the 

endogenous Sf3b1 locus (Mx1-cre Sf3b1K700E/WT mice). In these animals, hematopoietic 

cells are marked by the congenic cell surface marker CD45.2. Bone marrow (BM) cells 

from mice treated with polyinosinic:polycytidylic acid (pIpC) to express the mutant allele 

were mixed 3:1 with BM cells from wild-type C57BL/6 mice whose hematopoietic 

cells are marked by a different congenic marker (CD45.1). We then infected a mixed 

population of c-Kit+ hematopoietic precursors from Sf3b1K700E mutant and WT mice 

with a lentiviral vector expressing GFP and HSV-TK, where HSV-TK expression was 

regulated by synMTERFD3i1-150 (Extended Data Fig. 5c). Treating these cells in vitro 

with increasing concentrations of GCV allowed us to track GFP+ cells in distinct Sf3b1-

mutant and WT hematopoietic cells. GCV treatment specifically resulted in depletion of 

Sf3b1-mutant cells, but not WT hematopoietic cells, in this mixed population (Fig. 4g–h). 

Similar results were seen when mice were engrafted with hematopoietic precursors with 

or without Sf3b1K700E, with GCV treatment in vivo only impacting hematopoietic cells 

bearing Sf3b1K700E (Extended Data Fig. 5d–g). The effect of GCV treatment on suppressing 

Sf3b1-mutant cells was evident in peripheral blood as well as BM, with the HSV-TK 

synthetic intron construct nearly eradicating Sf3b1-mutant cells in BM (Extended Data Fig. 

5g).

In order to evaluate whether similar tumor-suppressive effects could be achieved in vivo 

for solid tumor models where SF3B1 mutations are also recurrent, we tested synthetic 

intron-regulated HSV-TK in models of SF3B1-mutant breast cancer and uveal melanoma. 
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We introduced HSV-TK interrupted by synMTERFD3i1-150 into human estrogen receptor-

positive T47D breast cancer cells with doxycycline-inducible expression of SF3B1K700E or 

SF3B1WT and engrafted these cells into female NSG mice implanted with estrogen pellets 

(Fig. 5a). Mice were then randomized to receive GCV or PBS starting at day 7. As with 

the leukemia models described above, growth suppression was only seen in SF3B1K700E-

expressing tumors when animals were administered GCV (Fig. 5b and Extended Data Fig. 

6a). We next tested the impact of synthetic intron-regulated HSV-TK expression on the 

in vivo growth of human uveal melanoma cells with a naturally occurring SF3B1R625G 

mutation (MEL202) or no SF3B1 mutations (MEL285). We utilized HSV-TK interrupted 

by synMTERFD3i1-150-v6700 for in vivo experiments in uveal melanoma cells given the 

maximal responsiveness of this intron to SF3B1R625G (Extended Data Fig. 4f). While GCV 

treatment had no impact on tumor growth or survival of SF3B1-WT MEL285 cells, mice 

engrafted with SF3B1-mutant MEL202 cells experienced strong tumor growth suppression 

and improved survival when treated with GCV (Fig. 5c–d and Extended Data Fig. 6b–c).

As the above proof-of-concept data illustrate the therapeutic efficacy of SF3B1 mutation-

responsive synthetic introns across distinct cancer types as well as distinct SF3B1 hotspot 

mutations, we next evaluated the therapeutic impact of delivering synthetic intron-regulated 

therapeutic constructs to animals bearing already established SF3B1-mutant cancers. To 

accomplish this, two million MEL202 cells (SF3B1R625G) were engrafted on both flanks of 

NSG mice. Upon visible tumor establishment on day 5, mice were randomized to receive 

GCV or PBS treatment. We simultaneously delivered lentiviral particles encoding HSV-TK 

interrupted by synMTERFD3i1-150-v6700 via direct intratumoral injection on days 5-7 and 

18-20 to all mice. Despite the fact that all mice received the HSV-TK construct, only those 

animals also receiving GCV experienced tumor regression (Fig. 5e–f). RT-PCR analysis 

at time of sacrifice revealed expression of the synthetic intron-containing construct (both 

spliced and unspliced isoforms) within tumoral tissue, confirming cellular delivery via 

direct lentiviral intratumoral injection. HSV-TK mRNA was virtually absent from non-tumor 

tissues, with the exception of a faint signal of unspliced HSV-TK mRNA in skin overlying 

the tumor, consistent with an absence of undesired, off-target effects on WT cells following 

local delivery in vivo (Fig. 5g).

DISCUSSION

Our study demonstrates the feasibility and therapeutic potential of harnessing recurrent, pro-

tumorigenic splicing alterations to engineer new molecular therapeutics. Synthetic introns 

have several attractive characteristics for further therapeutic development. First, they can 

be rationally designed to respond to cancer-initiating mutations. Second, their small size 

facilitates delivery. Third, as their mechanism of action is post-transcriptional, they are not 

subject to constraints frequently imposed by transcriptional control methods of achieving 

cancer-specific expression, such as a comparatively weak promoter32.

As SF3B1 mutations are common across diverse cancer types, synthetic introns may 

facilitate the development of pan-cancer gene therapies. Furthermore, because synthetic 

intron function exploits a fundamental property of SF3B1 mutations from which their 

pro-oncogenic activity arises, resistance to mutation-dependent splicing may be unlikely to 
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develop. Synthetic introns will thereby complement other synthetic biology-based methods 

for targeted protein expression in response to molecular signals33,34. Prior examples of 

therapeutic splicing-based devices include the use of RNA aptamers to sense NF-κB and 

Wnt signaling35, trans-splicing ribozymes that are engineered to restore wild-type p53 

activity36 or target hTERT to express HSV-TK in an hTERT-dependent manner37–39, and 

protease-based devices that sense pro-oncogenic ErbB receptor activity40.

Synthetic introns can be used to achieve mutation-dependent expression of diverse anti-

cancer payloads, such as cytokines, chemokines, and cell-surface proteins41, with potentially 

few consequences for healthy cells. Rigorous testing of therapeutic efficacy and effects 

on non-tumor tissues will be facilitated by the continued development of syngeneic tumor 

models, particularly for the myeloid malignancies and non-cutaneous melanomas where 

spliceosomal mutations are especially common. Our synthetic intron-containing fluorescent 

reporters (Fig. 1) could be used to screen for genes and compounds which suppress cancer-

specific alterations in RNA splicing. Finally, our study illustrates the power of massively 

parallel assays for functional interrogation of splicing29,30, including the derivation of 

rational rules governing mutation-dependent splicing that will facilitate the future design 

and improvement of these and other synthetic introns.

METHODS

Expression vector cloning.

mCardinal-pBiCMV-mEmerald: Oligonucleotides containing the endogenous GAPDH 5’ 

UTR (from genomic DNA), mEmerald coding sequence (from mEmerald-N1; Addgene 

Plasmid 53976), and mCardinal coding sequence (from mCardinal-N1; Addgene Plasmid 

54590) were synthesized and cloned into the pRRLSIN.cPPT.PGK-GFP.WPRE (Addgene 

Plasmid 12252) backbone, along with the pBiCMV promoter (from pBi-CMV1 (Clontech); 

Addgene Vector 6166), to replace the PGK-GFP sequence. The GAPDH 5’ UTR sequence 

is: 

gcctcaagaccttgggctgggactggctgagcctggcgggaggcggggtccgagtcaccgcctgccgccgcgcccccggtttcta

taaattgagcccgcagcctcccgcttcgctctctgctcctcctgttcgacagtcagccgcatcttcttttgcgtcgccagccgagccaca

tcgctcagacacc. Orientation of fragments was as illustrated in Fig. 1e. hPGK-HSV-TK-P2A-

mCherry: The HSV-TK coding sequence (from pAL119-TK; Addgene Plasmid 21911) was 

cloned into the pRRLSIN.cPPT.PGK-SF3B1 WT-FLAG-P2A-mCherry.WPRE backbone44 

to replace the SF3B1 WT-FLAG sequence. The hPGK-HSV-TK-P2A-mCherry sequence 

was flipped using XhoI and SalI enzymes so that the intron is not spliced out during 

lentivirus production. hPGK-PuroR-P2A-HSV-TK: The puromycin resistance coding 

sequence (from pLenti CMV GFP Puro; Addgene Plasmid 17448) with P2A was cloned into 

the hPGK-HSV-TK-P2A-mCherry backbone after excising the P2A-mCherry sequence. 

PCR primers for cloning are specified in Supplementary Table 6. hPGK-GFP-P2A-HSV-TK 

was obtained by cloning the GFP coding sequence amplified from MLSE-shREN (Addgene 

plasmid 105583) into the hPGK-PuroR-P2A-HSV-TK to replace the puromycin resistance 

coding sequence. All pieces were amplified with Phusion or Q5 polymerase (New England 

Biolabs). Assembly was performed with NEBuilder HiFi (New England Biolabs) according 
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to the manufacturer’s instructions. All truncated intron sequences were initially synthesized 

as gBlocks (Integrated DNA Technologies).

Cell lines and tissue culture.

K562 (CCL-243), NALM-6 (CRL-3273), MCF10A (CRL-10317), 293T (CRL-3216), T47D 

(HTB-133), Panc05.04 (CRL-2557), Panc-1 (CRL-1469), and Capan-2 (HTB-80) cells 

were obtained from the American Type Culture Collection (ATCC). MOLM-13 (ACC 

554) cells were obtained from DSMZ. Isogenic K562, NALM-6, and MCF10A cells with 

or without defined SF3B1, SRSF2 and U2AF1 mutations were generated by Horizon 

Discovery using adenoviral-mediated homologous recombination and previously described 

(ref24,31,45). T47D and MOLM-13 cells ectopically expressing SF3B1WT or SF3B1K700E 

were generated using a doxycycline-inducible expression system as previously described 

(ref31) and doxycycline (1 ug/mL) was added every 3 days to the media for induction. Uveal 

melanoma cell lines (MEL202, MEL270, MEL285, 92-1, and UPMD1) were obtained from 

Dr. Boris Bastian and previously described (ref24,46). K562 cells were grown in IMDM 

with 10% FBS (Gibco). MCF10A cells were grown in DMEM/F12 supplemented with 5% 

horse serum (Gibco), 20 ng/mL EGF (MilliporeSigma), 10 μg/mL insulin (MilliporeSigma), 

0.5 μg/mL hydrocortisone (MilliporeSigma), 0.1 μg/mL cholera toxin (MilliporeSigma). 

T47D were grown in RPMI1640 with 10% FBS (Gibco) supplemented with 1% Insulin-

Transferrin-Selenium (ITS-G, Gibco). NALM-6, MOLM-13, MEL270, MEL285, 92-1 and 

MEL202 cells were grown in RPMI1640 with 10% FBS (Gibco). MEL202 and 92-1 cells 

were additionally supplemented with 1% GlutaMAX (Gibco). UPMD1 were grown in Ham 

F-12 with 10% FBS. Panc05.04 were grown in RPMI1640 with 20% FBS and 20 U/mL 

human recombinant insulin (Sigma). Panc-1 cells were grown in DMEM with 10% FBS. 

Capan-2 cells were grown in McCoy’s 5A Medium with 10% FBS. All cell lines were 

grown at 37°C and 5% atmospheric CO2 in the presence of 100 μg/mL penicillin, and 100 

mg/mL streptomycin.

Transfection and flow cytometry.

K562 cells were transfected with fluorescent reporters using a Lonza Cell Line Nucleofector 

V Kit as described in the kit protocol. Cells were spun down and resuspended in PBS 

72 hours after transfection, after which flow cytometry was performed using the GFP and 

APC wavelengths. Gates were first set to capture all live cells, then set to only analyze 

mCardinal+ cells, after which mEmerald / mCardinal was computed for each cell.

Lentivirus production and transduction.

Expression vector plasmids were co-transfected with psPAX2 (Addgene plasmid 12260) 

and envelope vector pMD2.G (Addgene plasmid 12259) into 293T cells. Lentivirus was 

collected from the supernatant 48 and 72 hours after transfection. Stable cell lines were 

made by transducing cells with lentivirus at multiplicities of infection (MOIs) of 1, 0.3 

(mini-library), and 0.1 (full library). Positive integrants were selected by treating with 

puromycin (hPGK-PuroR-P2A-HSV-TK) or flow sorting for mCherry (hPGK-HSV-TK-

P2A-mCherry). Corresponding non-transduced cells for each cell line were used as positive 

control for puromycin selection. Lentiviruses for direct intratumoral delivery of HSV-TK 

interrupted by synMTERFD3i1-150-v6700 were 200X concentrated by ultracentrifugation 
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(19,000g, 100 min at 4°C), resuspended in Opti-MEM (Gibco) and quantified using a qPCR 

Lentivirus Titer Kit (Applied Biological Materials).

Cell viability measurements.

Cell viability was measured for single-construct experiments in cell culture by the CellTiter-

Glo Luminescent Cell Viability Assay (Promega). For Fig. 2c, K562 cells expressing 

HSV-TK interrupted by the indicated synthetic introns were seeded at a density of 10,000 

cells/100 μL/well in a 96-well plate in biological triplicate and then treated with 0-100 

μg/mL GCV or untreated (negative control). Viability measured after 3 days of treatment. 

For Fig. 2g, K562 cells expressing HSV-TK with the indicated synthetic introns were seeded 

at a density of 5,000 cells/100 μL/well in 96-well plate in biological triplicate and then 

treated with 100 μg/mL GCV or PBS (negative control). Viability was measured after 

11 days of treatment. MCF10A, T47D, MOLM-13, Panc05.04, Panc-1, 92-1, UPMD1, 

MEL285 and MEL202 cell lines stably expressing HSV-TK interrupted by the indicated 

synthetic introns were seeded at a density of 1,000 cells/100 μL/well in 96-well plates in 

biological triplicate and then treated with indicated GCV doses for 12 days before viability 

measurement.

Primary human MDS and AML samples.

Studies were approved by the Institutional Review Boards of Memorial Sloan Kettering 

Cancer Center and conducted in accordance to the Declaration of Helsinki protocol. Patients 

provided samples after their informed consent, and primary human de-identified MDS and 

AML samples derived from bone marrow mononuclear cells were utilized.

RT-PCR to study splicing of endogenous and synthetic introns.

Total RNA was extracted using Direct-zol RNA Miniprep (Zymo Research) or RNeasy 

Mini Kit (Qiagen) and cDNA was synthesized using Superscript IV Reverse Transcriptase 

(Thermo Fisher Scientific) using the manufacturer’s protocol. Gene-specific primers used 

for amplifications are listed in Supplementary Table 6. Amplicons were analyzed using 

agarose gel electrophoresis and quantified using ImageJ (Fiji). Branchpoints were identified 

from lariat-spanning sequences as previously described47.

Bone marrow hematopoietic stem and progenitor cells in vitro assay.

Primary mouse bone marrow (BM) cells were isolated from CD45.1+ wild-type mice, 

CD45.2+ Mx1-Cre+ wild-type and CD45.2+ Mx1-Cre+ Sf3b1K700E/+ mice four weeks 

after treatment with 3 doses of polyinosinic:polycytidylic acid (pIpC; 12mg/kg/day; GE 

Healthcare) every other day via intraperitoneal injection to induce the conditional alleles 

on the Mx1-Cre background. c-Kit+ hematopoietic precursors were magnetically separated 

using murine CD117 MicroBeads according to the manufacturer’s instructions (Miltenyi 

Biotech). c-Kit+ BM cells from CD45.2+ and CD45.1+ mice were mixed at a 3:1 ratio 

and cultured overnight in IMDM with 20% FBS supplemented with mSCF (20 ng/ml) 

+ mFLT3L (10 ng/ml) + mTPO (20 ng/ml). The next two days, cells were subjected 

to spinfection at 2,300 rpm for 90 min at 32°C with lentiviral supernatant containing 

hPGK-GFP-P2A-HSV-TK interrupted by synMTERFD3i1-150 in the presence of 8 μg/mL 
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polybrene (Millipore). 48h after transduction, cells were checked by flow cytometry for GFP 

expression and treated with 0, 1 and 10 μg/mL of GCV for 4 days. Viability of Sf3b1WT 

and Sf3b1K700E cells expressing HSV-TK was measured by flow cytometry analysis of GFP, 

CD45.1 and CD45.2.

Bone marrow hematopoietic stem and progenitor cells in vivo assay.

Primary mouse bone marrow (BM) cells were isolated from CD45.2+ Mx1-Cre+ wild-type 

and CD45.2+ Mx1-Cre+ Sf3b1K700E/+ mice and c-Kit+ hematopoietic precursors were 

magnetically separated using murine CD117 MicroBeads according to the manufacturer’s 

instructions (Miltenyi Biotech). c-Kit+ BM cells from CD45.2+ and CD45.1+ mice were 

cultured overnight in IMDM with 20% FBS supplemented with mSCF (20 ng/ml) + 

mFLT3L (10 ng/ml) + mTPO (20 ng/ml). The next two days, cells were subjected 

to spinfection at 2,300 rpm for 90 min at 32°C with lentiviral supernatant containing 

hPGK-GFP-P2A-HSV-TK interrupted by synMTERFD3i1-150 in the presence of 8 μg/mL 

polybrene (Millipore). 48h after transduction, cells were checked by flow cytometry for 

GFP expression and intravenously injected into sub-lethally irradiated (450 cGy) C57BL/6 

CD45.1+ wild-type mice (1×106 cell/mouse). Three weeks after transplant, mice were 

intraperitoneally treated with 3 doses of polyinosinic:polycytidylic acid (pIpC; 12mg/kg/

day; GE Healthcare) every other day to induce the conditional alleles on the Mx1-Cre 

background. Mice were also treated with ganciclovir (GCV; 80 mg/kg) via intraperitoneal 

(IP) injection three times per week starting the same day of pIpC injections. Peripheral 

blood and bone marrow cells from femoral aspiration were analyzed by flow cytometry 

for GFP content in CD45.2+ cells at indicated times. Flow cytometry assays for these 

experiments utilized APC/Cyanine7 anti-mouse CD45.1 antibody (BioLegend, 110716) and 

PE anti-mouse CD45.2 antibody (eBioscience, 12-0454-82). All antibodies were used at 1 

ug/mL for staining.

Animal use.

All animal procedures were conducted in accordance with the Guidelines for the Care 

and Use of Laboratory Animals and approved by the Institutional Animal Care and Use 

Committees (IACUC) at Memorial Sloan Kettering Cancer Center (protocols 13-04-003 and 

18-05-008). NOD-scid IL2Rgnull (NSG) mice were obtained from the Jackson Laboratory. 

Animals were monitored daily for survival and weighed twice weekly. Experimental 

endpoints mandating euthanasia were approved by the IACUC and included: animal 

lethargy, severe kyphosis or evidence of pain, difficulty with ambulation or feeding, 

tumor ulceration > 1 cm or bleeding tumor, evidence of infected tumor, total tumor 

volumes exceeding 2.5 cm3, or animal total body weight loss > 10% from baseline. 

A total tumor volume of 2.5 cm3 is the maximal tumor volume permitted by IACUC 

guidelines; this volume was not exceeded in the experiments. All mice were housed at 

Memorial Sloan Kettering Cancer Center with 12 hour light/dark cycles and controlled 

temperature (20-22°C) and humidity (40-70%). 6-8 week female NOD-scid IL2rgnull (NSG) 

and C57BL/6 Cd45.1+ mice were purchased from The Jackson Laboratory (stock #005557 

and #002014, respectively). 6-8 week male and female CD45.2+ Mx1-Cre wild-type and 

CD45.2+ Mx1-Cre Sf3b1K700E/WT mice (all on C57BL/6 background) were also analyzed 

and used as bone marrow donors.
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K562, MOLM-13, T47D, and uveal melanoma xenografts.

Luciferase-expressing K562 and MOLM-13 cells were established by infecting cells with 

lentivirus created from pMSCV-Luciferase-PGK-GFP (Addgene plasmid 18782; HygR 

replaced by GFP). GFP+ cells were isolated by flow sorting 7 days after infection. K562 

(2 million cells/mouse) and MOLM-13 (100,000 cells/mouse) cells expressing Luciferase 

and HSV-TK interrupted by synMTERFD3i1-150 were intravenously injected into sub-

lethally irradiated (250 cGy) NSG mice. Leukemic cells were allowed to grow for 11 days 

before mice were treated with PBS (negative control) or ganciclovir (GCV; 80 mg/kg) via 

intraperitoneal (IP) injection three times per week. Bioluminescence imaging was carried 

out weekly with 150 mg/kg of D-Luciferin. Xenografted tumors derived from T47D cells 

expressing HSV-TK interrupted by synMTERFD3i1-150 were established in NSG mice 

by subcutaneously implanting 0.72 mg sustained release 17β-estradiol pellets (Innovative 

Research of America) with a 10 g trocar on the lateral side of the neck followed by bilateral 

flank subcutaneous injection of 3 × 106 cells suspended in 100 μL of a 1:1 mix of Opti-

MEM (Gibco) and Matrigel (Corning) 3 days later. For doxycycline-regulated expression of 

WT or mutant SF3B1 in MOLM-13 and T47D xenografts, we used doxycycline-containing 

diets (625 mg/kg diet, Envigo). MEL202 and MEL285 xenograft tumors expressing HSV-

TK interrupted by synMTERFD3i1-150-v6700 were established in NSG mice by bilateral 

flank subcutaneous injection of 2 × 106 cells suspended in 100 μL of a 1:1 mix of Opti-

MEM (Gibco) and Matrigel (Corning). For direct intratumoral lentivirus delivery of HSV-

TK interrupted by synMTERFD3i1-150-v6700, parental MEL202 cells were xenografted 

and 3.37×106 IU lentivirus in 50 μL was injected into each tumor on days 5 to 7 and 18 to 20 

after xenograft. T47D and uveal melanoma tumor dimensions were measured with vernier 

calipers, and tumor volumes were calculated as (length x width x height) / 2.

Mini-library construction, screen, and analysis.

Each synthetic intron used in the mini-library was ordered individually as a 

gBlock (Integrated DNA Technologies), consisting of the desired intron flanked by 

homology arms for cloning (5’ arm: TCGACCAGGGTGAGATATCGGCCGG; 3’ arm: 

GGACGCGGCGGTGGTAATGACAAGC; Supplementary Table 6). The gBlocks were then 

mixed in equal proportions before being cloned into hPGK-PuroR-P2A-HSV-TK using a 

previously published strategy for pooled cloning48. This intron mix was then amplified 

using NEBNext High Fidelity Ready Mix (New England Biolabs) and purified using 1.8X 

AMPure XP SPRI beads (Beckman Coulter). The backbone for the library was amplified 

using Q5 polymerase (New England Biolabs). The library was transformed and amplified 

using Endura ElectroCompetent Cells (Lucigen, 60242-2) and large LB plates. The library 

was maxiprepped using a Macherey-Nagel MaxiPrep kit (Thermo Fisher Scientific, Cat 

740414.10).

WT or SF3B1-mutant K562 cells were infected with lentivirus encoding the mini-library 

at an MOI of 0.3 and untreated or treated with GCV (100 ug/mL) for 6 days. Genomic 

DNA was collected at day 6 and the resulting Illumina libraries were sequenced with 

2×150 bp reads (Illumina MiSeq). Depletion/enrichment of each construct was estimated as 

follows. For each sample, reads were normalized to the total reads mapped. The relative 

fraction of reads mapping to each intron was then estimated by dividing the numbers 
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of normalized reads mapped to an intron by the total reads mapped in the sample. The 

standard deviation was calculated using the sample proportion P for each intron (σ = sqrt 

[ P(1 - P) / n ]). A fold-change was calculated for each intron by dividing the proportion 

of the intron in the treated GCV samples by the fraction of the intron in the untreated 

samples. Error propagation was used to estimate the standard deviation. The final relative 

fold-changes were computed by normalizing fold-changes such that the fold-change of 

synMTERFD3i1-250 in the pilot screen was identical to the experimentally measured fold-

change in a single-construct experiment (Fig. 2c, 100 μg/mL of GCV).

Full library construction, screen, and analysis.

Introns constituting the full library were synthesized as an oligonucleotide array (Twist 

Bioscience). Each oligonucleotide consisted of a desired intron flanked by homology arms 

for cloning, where the homology arms consisted of the 3’ end of the first HSV-TK exon 

and the 5’ end of the second HSV-TK exon. The homology arms for each intron were 

selected such that the final oligonucleotide was 200 nt long, so that each homology arm 

had length ((200 nt - intron length) / 2). 10 ng of the library was amplified using primers 

cattgttatctgggcgcttgtcattaccaccgccgcgtcc and ccacacaacaccgcctcgaccagggtgagatatcggccgg 

(Supplementary Table 6) using NEBNext Master Mix (New England Biolabs) for 2 cycles 

at 63°C and 10 cycles at 72°C (for a total of 12 cycles); this amplification resulted in 

homology arms of consistent lengths across the whole library. After amplification, the 

library was cleaned up with a 1.8X SPRI bead cleanup (Beckman Coulter). The backbone 

was separately amplified using NEBNext Master Mix (New England Biolabs) with primers 

ggacgcggcggtggtaatgacaagcgcccagataacaatg and ccggccgatatctcaccctggtcgaggcggtgttgtgtgg 

(Supplementary Table 6) using a two-step PCR (annealing and extension steps were 

combined into one step at 72°C). The amplified library and backbone were assembled using 

NEBuilder HiFi (New England Biolabs) in 8 identical separate reactions, each incubated 

for an hour and then cleaned up with a 0.8X SPRI bead cleanup (Beckman Coulter). 

The insert to backbone ratio was 5:1. The resulting library was transformed and amplified 

using Endura ElectroCompetent Cells (Lucigen, 60242-2) and large LB plates. The library 

was maxiprepped using a Macherey-Nagel MaxiPrep kit (Thermo Fisher Scientific, Cat 

740414.10).

WT or SF3B1-mutant K562 cells were infected with lentivirus encoding the full library at an 

MOI of 0.1 and treated with GCV (100 ug/mL) for 8 days. Genomic DNA was collected at 

day 0 and day 8 and the resulting Illumina libraries (triplicates) were sequenced with both 

2×150 bp and 2×250 bp reads (Illumina MiSeq).

After sequencing, reads were first trimmed using cutadapt v2.149 to remove sequenced 

Illumina adapters (acgcggcggtggtaatgacaa for the 3’ end and ggccgatatctcaccctggtc for the 

5’ end), and additionally remove sequences corresponding to portions of the HSV-TK 

cDNA. Each pair of trimmed reads was then combined into a single read using FLASH 

v1.2.1150 with a minimum sequence length of 70. Merged reads were then mapped using 

bowtie251 with the --very-sensitive setting, and subsequently filtered to restrict to reads with 

a minimum MAPQ score of 1. The numbers of reads mapping to each synthetic intron in the 

library were then computed.
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Depletion/enrichment of each synthetic intron in the library was estimated similarly as 

described above for the mini-screen, with modifications to take advantage of the six 

replicates available for the full screen. The procedure was:

• Compute fractional representation for each intron by normalizing the number of 

reads mapping to that intron to the total number of mapped reads for a given 

sample.

• Compute a standard deviation for the fractional representation of each intron 

using the sample proportion standard deviation.

• Compute the mean of the fractional representation of each intron across all six 

replicates.

• Compute the standard deviation for the mean fractional representation of each 

intron using error propagation rules for multiplication and division (e.g., http://

ipl.physics.harvard.edu/wp-uploads/2013/03/PS3_Error_Propagation_sp13.pdf)

• Compute the mean relative fold-change for each intron as its mean fractional 

representation at the day 8 time point divided by its mean fractional 

representation at the day 0 time point. Compute standard deviation for this mean 

relative fold-change using error propagation.

Because of the relative, rather than absolute, nature of fold-changes estimated via 

sequencing, depletion of one intron necessarily implies that at least one other intron must be 

enriched (e.g., if one intron has few assigned reads because it has dropped out due to cell 

death, then another intron must have more assigned reads, simply because a fixed number of 

cells are collected from each sample, and then a fixed number of reads is sequenced from 

each sample). We accordingly observed that although longer (~150 nt) introns exhibited both 

enrichment and depletion that was concordant with single-construct studies, all very short 

introns exhibited relative enrichment for both genotypes, including 100 nt control introns 

which lacked splice sites. We therefore further normalized relative fold-changes for very 

short (length < 115 nt) introns by dividing by the mean of fold-changes associated with four 

100 nt control introns which lacked splice sites (no 5’s, cryptic 3’ss at −11, or canonical 

3’ss) in each genotype individually.

Relationships between differences in 3’ splice site strengths and mutation-dependent 

responses (Fig. 3d, Extended Data Fig. 2c) were analyzed as follows. All AG dinucleotides 

that occurred in each intron sequence were identified. The corresponding 23 nt of context 

(20 nt before the intron-exon junction and 3 nt after) that define each such candidate 3’ss 

were extracted and used to compute a 3’ss strength with MaxEntScan25. After computing 

these MaxEntScan scores for all candidate 3’ss in an intron, the difference in strength 

between the two most intron-distal 3’ss was computed as (score for most intron-distal 3’ss 

- score for next most intron-distal 3’ss). This is equivalent to comparing the difference in 

splice site strength between the most intron-distal cryptic 3’ splice site with the canonical 

3’ splice site, unless the canonical 3’ splice site is ablated by the mutation, in which case 

two cryptic 3’ splice sites will be compared. This analysis was restricted to introns derived 

by introducing one or two single-nucleotide mutations to synMTERFD3i1-150 (Fig. 3d) or 

synMTERFD3i1-100 (Extended Data Fig. 3c).
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Single nucleotide-level analyses (Fig. 3g, Extended Data Fig. 3f) were performed as follows. 

Introns derived from deletion scanning, 3’ss conversion, Y>G conversion, and consensus 

branchpoint insertion:

• At each position where a modification was performed, compute the geometric 

mean and geometric standard deviation over the corresponding construct and its 

two closest neighbors (three constructs total). Geometric standard deviation is 

calculated over the fold-changes for the three relevant constructs.

• Compute a confidence interval (illustrated by shading on ribbon plot) as the 

geometric mean scaled by the geometric standard deviation.

Introns derived by single-nucleotide mutations:

• Compute log2 (mean fold-change) for each construct. For a construct with the 

mutation X>Y, illustrate this value as the corresponding height of the nucleotide 

Y in the sequence logo.

Arc diagrams of combinatorial mutations:

• For a given combinatorial mutation X1>Y1;X2>Y2, compute the expected fold-

change based on the corresponding two single-nucleotide mutations X1>Y1 and 

X2>Y2 as (fold-change for single-nucleotide mutation construct X1>Y1) x (fold-

change for single-nucleotide mutation construct X2>Y2).

• For a given pair of positions (X1, X2), compute the geometric mean over all 

fold-changes for with each associated combinatorial mutation (X1>Y1;X2>Y2, 

where X1 and X2 are fixed and Y1 and Y2 vary over all 4 × 4 combinations 

of mutations). Similarly, compute the geometric mean over all expected fold-

changes based on the corresponding single-nucleotide mutations (X1>Y1 and 

X2>Y2, where X1 and X2 are fixed and Y1 and Y2 vary over all 4 × 4 

combinations of mutations).

• Estimate dinucleotide interaction (synergy) between nucleotides X1 and X2 

as (geometric mean over observed fold-changes for combinatorial mutations 

affecting those positions) / (geometric mean over expected fold-changes based on 

single-nucleotide mutations affecting those positions).

gDNA PCR for sequencing.

gDNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen) following the 

manufacturer’s protocol. Intronic regions of interest were amplified using primers listed 

in Supplementary Table 6 and analyzed using agarose gel electrophoresis to verify library 

size after amplifying from gDNA, adding Illumina adapters and adding Illumina barcodes.

SF3B1 mutation identification.

Samples bearing recurrent SF3B1 mutations (Fig. 1a–b) were identified by searching for 

RNA-seq reads with single-nucleotide variants corresponding to known, high-frequency 

mutations in SF3B1 with rnaseqmut (https://github.com/davidliwei/rnaseqmut).
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RNA-seq analysis.

Splicing events that were particularly responsive to SF3B1 mutations (Fig. 1b, 

Supplementary Table 1) were identified as follows. Transcriptome-wide alternative splicing 

analysis was performed as previously described20. In brief, a gene and isoform annotation 

of the GRCh37/hg19 genome assembly was created by merging annotations from Ensembl 

v71.152, UCSC knownGene53, and MISO v2.054 annotations. RNA-seq reads were mapped 

to this transcriptome annotation with RSEM v1.2.455, and remaining unaligned reads were 

mapped to the genome and a database of all possible junctions between annotated 5’ 

and 3’ splice sites within single genes with TopHat v2.0.8b56. Isoform expression was 

computed with MISO v2.0, and candidate SF3B1 mutation-responsive events were identified 

as previously described24. The resulting initial list of SF3B1 mutation-responsive events was 

then further filtered to those that exhibited the most consistent responses across cancer types 

by restricting to events with an absolute mean change in isoform ratio > 0.1 and standard 

deviation of isoform ratio < 0.17. This loose standard deviation cutoff was chosen to permit 

some variability in SF3B1 mutation-dependent differential splicing across cohorts, while 

still eliminating splicing events that exhibited unwanted large variation. Cassette exons, 

competing 5’ or 3’ splice sites, or annotated retained introns for which no isoform ratio 

could be computed due to insufficient read counts in >15% of individual samples were 

eliminated from further consideration. The final set of six events selected for experimental 

studies (Fig. 1f) were chosen based on manual inspection of RNA-seq read coverage across 

patient samples (to confirm robust differential splicing and eliminate events whose splicing 

was very complex, such as those involving multiple linked types of differential splicing).

Data availability

RNA-seq data from 16 normal human tissues (Illumina Body Map 2.0, illustrated in Fig. 

1a) was downloaded from EMBL-EBI ArrayExpress (accession E-MTAB-513). RNA-seq 

data from published studies was downloaded from CGHub (TCGA cohorts), the Genomic 

Data Commons (accession BEATAML1.0-COHORT for the Beat AML cohort43), the 

Gene Expression Omnibus (accession GSE72790 for chronic lymphocytic leukemia22, 

GSE49642 for acute myeloid leukemia57, GSE63569 and GSE85712 for myelodysplastic 

syndromes15,42), and dbGaP (myelodysplastic syndromes58), or obtained directly from 

the authors (uveal melanoma10). High-throughput sequencing data generated as part of 

this study was deposited in the Gene Expression Omnibus (GEO accession GSE163217). 

All RNA-seq data was analyzed using the GRCh37/hg19 human genome assembly 

(GCF_000001405.13), as described above. All other data that support this study’s findings 

are available as Source Data for Fig. 1–6 and Extended Data Fig. 1–6 and in Supplementary 

Tables.

Code availability

Software and algorithms used for analyzing alternative splicing in RNA-seq data, identifying 

SF3B1-mutant samples, and mapping reads from the screens are published and described 

with citations in the relevant sections in Methods.
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Statistics and reproducibility

For Fig. 3c, sample sizes are n=342, 26, and 30 distinct introns for neither, any 3’ss (26 

3’-most nt), and 5’ss (10 5’-most nt); p computed using a two-sided Wilcoxon rank-sum 

test; n=6 replicates (n=3 independent collections x n=2 independent sequencing strategies). 

Multiple testing corrections were not used as only three tests were performed. For Fig. 3d, 

sample sizes are n=264, 1,508, and 382 distinct introns for ≤0, 0-7, and ≥7; p computed 

using a two-sided Wilcoxon rank-sum test; n=6 replicates (n=3 independent collections x 

n=2 independent sequencing strategies). Multiple testing corrections were not used as only 

three tests were performed. All other sample sizes and statistical tests are specified in figure 

legends and in relevant sections in Methods. For all box plots, the middle line, hinges, 

notches, whiskers, and points indicate the median, 25th/75th percentiles, 95% confidence 

interval for the median, most extreme data points within 1.5× the interquartile range from 

the hinge, and outliers.
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Extended Data

Extended Data Fig. 1: Validation of SF3B1 mutation-dependent differential splicing for 
endogenous and synthetic introns.
(a) As Fig. 1b, but additionally illustrating splicing patterns for normal bone marrow 

(n = 3) and cancer samples lacking SF3B1 mutations from each studied cohort. n = 3 

randomly chosen SF3B1-WT samples illustrated for each cohort, with the exceptions of 

uveal melanoma, acute myeloid leukemia, and MDS, for which additional samples were 

illustrated given the high frequency of SF3B1 mutations in these disorders.
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(b) As Fig. 1b, but additionally including all samples with SF3B1K666E/N/R/T mutations with 

mutant allele expression >= 25%.

(c) RT-PCR analysis of competing 3’ splice site (3’ss) usage within endogenous introns 

of ORAI2 and TMEM14C in K562 cells engineered to bear the indicated mutations in 

endogenous SF3B1. n = 4 biologically independent cell lines.

(d) As (c), but for intron retention within endogenous introns of MYO15B and SYTL1.

(e) RT-PCR analysis of endogenous MAP3K7 and MTERFD3 splicing in primary samples 

from patients with acute myeloid leukemia (AML, n=8) as well as myelodysplastic 

syndromes (MDS, n=9) and pancreatic ductal adenocarcinoma (PDAC) cell lines (n=3) 

wild-type (WT) or mutant for SF3B1. The specific SF3B1 mutations present in each sample 

are indicated. Experiment repeated independently n=3 times with similar results.

(f) Sanger sequencing illustrating three distinct MTERFD3 isoforms arising from three 

competing 3’ss (two cryptic 3’ss and one canonical, frame-preserving, 3’ss). The three lower 

bands for the MTERFD3 RT-PCR illustrated in Fig. 1d were isolated, cloned, and sequenced 

to identify the specific 3’ss that were used for splicing of each isoform.

(g) RT-PCR analysis of synthetic intron splicing for the indicated introns following 

transfection of the fluorescent reporter construct into isogenic K562 cells with the indicated 

SF3B1 genotypes. n = 2 biologically independent cell lines and n = 3 biologically 

independent experiments.

(h) As (f), but for the indicated introns. n = 2 biologically independent cell lines.

(i) Schematic of split HSV-TK construct with mCherry. This construct was used for the 

experiment illustrated in Fig. 2c.

Uncropped gels are available as source data.
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Extended Data Fig. 2: Hallmark SF3B1 mutation-responsive events are specific to SF3B1 
mutations and recapitulated in breast epithelial cells.
(a) RNA-seq read coverage plot for K562 cells (top) and MCF10A cells (bottom) engineered 

to have the illustrated genotypes, illustrating specificity of mutant SF3B1-dependent usage 

of an intron-proximal cryptic 3’ss in MAP3K7. Each indicated mutant allele is present as 

a single copy in the endogenous locus in otherwise WT cells. Neither SRSF2 nor U2AF1 
mutations induce the splicing changes caused by SF3B1 mutations. These RNA-seq data 

complement the related RT-PCR studies in Fig. 1d.
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(b) As (a), but for mutant SF3B1-dependent mis-splicing in MTERFD3. The MTERFD3 
intron contains two specific splicing changes in SF3B1-mutant cells: increased intron 

excision (left) and increased usage of an intron-distal competing 3’ss (right).

(c) Top, RT-PCR demonstrating mutation-dependent excision of the indicated synthetic 

introns in T47D cells expressing inducible SF3B1WT or SF3B1K700E (top). Bottom, relative 

viability of cells from top panel following treatment with ganciclovir. Data represented as 

mean ± s.d. n = 3 biologically independent experiments.

(d) As (c), but for MOLM-13 cells.

(e) As (c), but for Panc-1 (SF3B1WT) and Panc05.04 (SF3B1K700E) cells.

(f) Relative viability of U2AF1S34F/+ or SRSF2P95H/+ knockin cells expressing the indicated 

synthetic introns. Data represented as mean ± s.d. n = 3 biologically independent 

experiments.

Uncropped gels are available as source data.
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Extended Data Fig. 3: Massively parallel screening reveals critical elements governing the 
function of very short synthetic introns.
(a) As Fig. 3b, but restricted to deletions resulting in an intron of length 100 nt.

(b) As Fig. 3c, but for mutations to synMTERFD3i1-100. n=180 (neither), 90 (any 3’ss), 

or 30 (5’ss) distinct introns. p computed using a two-sided Wilcoxon rank-sum test. n=6 

replicates (n=3 independent collections x n=2 independent sequencing strategies). Multiple 

testing corrections were not used as only three comparisons were performed.
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(c) As Fig. 3d, but for mutations to synMTERFD3i1-100. n=4, 274, and 5 distinct introns 

for ≤0, 0-7, and ≥7; p computed using a two-sided Wilcoxon rank-sum test. n=6 replicates 

(n=3 independent collections x n=2 independent sequencing strategies). Multiple testing 

corrections were not used as only three comparisons were performed.

(d) As Fig. 3e, but for mutations to synMTERFD3i1-100.

(e) As Fig. 3f, but illustrates synMTERFD3i1-100.

(f) As Fig. 3g, but for mutations to synMTERFD3i1-100. Shading indicates error bars, 

calculated as the geometric standard deviation of the fold-changes over replicates. n=6 

replicates (n=3 independent collections x n=2 independent sequencing strategies).

(g) As Fig. 3h, but for mutations to synMTERFD3i1-100.

(h) Box plot illustrating relative fold-changes for introns derived by inserting a very strong 

3’ss and key upstream sequence elements (1-4 consensus branchpoints, inserted at positions 

+25 to +50 relative to the 5’ss, and TTTTTTTTTTTTTTTTTCAG, representing a long 

polypyrimidine tract immediately followed by a 3’ss) within synMTERFD3i1-100, with 

0-8 nt between the last nucleotide of the inserted TTTTTTTTTTTTTTTTTCAG and the 

canonical 3’ss. p computed using a two-sided Wilcoxon rank-sum test. n=100 introns per 

bin. n=6 replicates (n=3 independent collections x n=2 independent sequencing strategies).

For all box plots, the middle line, hinges, notches, whiskers, and points indicate the median, 

25th/75th percentiles, 95% confidence interval for the median, most extreme data points 

within 1.5× the interquartile range from the hinge, and outliers.
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Extended Data Fig. 4: Branchpoint manipulation and combinatorial 3’ss mutations enhance 
SF3B1 mutation-dependent splicing.
(a) Diagrams of modifications in each intron relative to synMTERFD3i1-150. Deletions are 

specified as open intervals. Branchpoints were inserted in between the indicated positions.

(b) Relative viability of K562 cells expressing the indicated constructs, measured in the 

full screen. Relative viability estimated as fold-change in representation of each construct, 

measured by full-length intron sequencing from genomic DNA, at day 8 for GCV-treated 

relative to untreated samples. GCV concentration, 100 ug/mL. Vector is hPGK-PuroR-
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P2A-HSV-TK. Data represented as mean ± s.d; s.d. estimated as sample proportion s.d. 

over counts. n=6 replicates (n=3 independent collections x n=2 independent sequencing 

strategies).

(c) Relative viability of K562 cells expressing the indicated constructs, measured in cells 

expressing each construct individually. Viability estimates from these single-construct 

experiments are concordant with estimates from parallelized screening in (b); note that 

fold-changes are greater in this experiment because of its longer duration (11 vs. 8 days). 

Relative viability measured by ATP after 11 days of treatment and normalized to PBS-

treated samples. GCV concentration, 100 ug/mL. Vector is hPGK-PuroR-P2A-HSV-TK. 

Data represented as mean ± s.d. n = 3 biologically independent experiments.

(d) RT-PCR demonstrating mutation-dependent excision of the synthetic intron in the 

experiments from (c).

(e) RT-PCR demonstrating mutation-dependent excision of the synMTERFD3i1-150 

synthetic intron or control synthetic introns in K562 cells with or without knockin of 

SF3B1K700E or SF3B1K666N, or MEL202 cells with an endogenous SF3B1R625G mutation. 

Experiment repeated independently n=3 times with similar results.

(f) RT-PCR of a series of synthetic introns in SF3B1R625G-mutant MEL202 cells. 

Experiment repeated independently n=2 times with similar results.

(g) RT-PCR of HSV-TK interrupted by synMTERFD3i1-150-v6700 or control synthetic 

introns in uveal melanoma cell lines that are wild-type or mutant for SF3B1. Experiment 

repeated independently n=3 times with similar results.

(h) Relative viability of the cells in (g) following treatment with 1 μg/mL GCV. Data 

represented as mean ± s.d. n = 3 biologically independent experiments.

Uncropped gels are available as source data.
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Extended Data Fig. 5: Synthetic introns enable mutation-dependent targeting of Sf3b1-mutant 
hematopoietic cells in vivo.
(a) Schematic of xenograft experiments with MOLM-13 cells expressing doxycycline-

inducible SF3B1WT or SF3B1K700E. MOLM-13 cells were intravenously injected into 

sub-lethally irradiated (250 cGy) NOD-scid IL2rgnull (NSG) mice (100,000 cells/mouse). 

Doxycycline was provided in feed one day before xenograft.
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(b) Radiance of experiment in (a). Each point represents an individual animal; bars represent 

means. n=11 to 15 mice/group. p computed with two-way ANOVA with Tukey’s multiple 

comparisons test.

(c) Schematic of mixed chimeric bone marrow (BM) hematopoietic stem and progenitor 

experiment. BM cells from CD45.2+ Mx1-cre Sf3b1WT or Sf3b1K700E/WT mice were 

mixed 3:1 with BM cells from CD45.1+ C57BL/6 wild-type mice. The mixed population 

was infected with a lentiviral vector encoding GFP-P2A-HSV-TK interrupted by 

synMTERFD3i1-150. Following two sequential days of infection, cells were treated with 

GCV in vitro, and GFP+ cell percentages were enumerated by FACS.

(d) Schematic of in vivo experiment with primary hematopoietic precursors from Mx1-cre 

Sf3b1K700E/WT or littermate Sf3b1WT mice. c-Kit+ cells from BM of CD45.2+ Mx1-cre 

Sf3b1WT or Sf3b1K700E/WT mice were infected with GFP-P2A-HSV-TK interrupted by 

synMTERFD3i1-150 and intravenously injected into sub-lethally irradiated CD45.1+ wild-

type mice. 3 weeks post BM transplantation, CD45.1+ recipient mice underwent pIpC and 

GCV treatment and were then bled for CD45.2+, CD45.1+, and GFP+ content in peripheral 

blood and BM. n=5 (WT) and n=4 (Sf3b1-mutant) mice per cohort.

(e) GFP+ cell percentages amongst CD45.2+ cells in peripheral blood post-pIpC and GCV 

treatment from cohort in (d). Data represented as mean ± s.d. n=5 (WT) and 4 (Sf3b1-

mutant) mice per cohort.

(f) Box plots of GFP+ percentages amongst CD45.2+ cells in peripheral blood at days 0 

and 39 post-pIpC and GCV treatment from cohorts in (d). Points depict individual mice. p 
computed by an unpaired, two-sided t-test.

(g) As (f), but for BM at day 39. Points depict individual mice. p computed by an unpaired, 

two-sided t-test.

For all box plots, the middle line, hinges, notches, and whiskers indicate the median, 25th/

75th percentiles, and min-max range.
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Extended Data Fig. 6: Synthetic introns enable mutation-dependent cancer cell targeting in vivo.
(a) Tumor volumes at day 20 post-xenograft from the experiment illustrated in Fig. 5b 

(T47D cells expressing doxycycline-inducible SF3B1WT or SF3B1K700E and HSV-TK 

interrupted by synMTERFD3i1-150 following PBS or GCV treatment). n=10 tumors/group. 

Data represented as mean ± s.d.

(b) Kaplan-Meier curves from the experiment illustrated in Fig. 5c–d (NSG mice 

subcutaneously engrafted with MEL285 or MEL202 cells expressing HSV-TK interrupted 

by synMTERFD3i1-150-v6700 following PBS or GCV treatment). n=5 mice/group. p 
computed with log-rank test.

(c) Tumor weights from (b) at day 27 (MEL285) or day 30 (MEL202) post-xenograft. n=10 

tumors/group. Data represented as mean ± s.d. p computed with two-sided t-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synthetic introns can mimic SF3B1 mutation-dependent mis-splicing in cancers.
(a) Workflow to identify differentially spliced events in SF3B1-mutant patient samples.

(b) Heatmap illustrating z score-normalized expression of the top-ranked, mis-spliced 

isoforms. Top-ranked isoforms were defined as those with |Δ(isoform expression)| >= 0.1 

and s.d. (isoform expression) <= 0.15 across all SF3B1-mutant samples, where isoform 

expression is the fractional expression of each isoform and Δ(isoform expression) is defined 

as the absolute difference in isoform expression between each SF3B1-mutant sample and 

the average for samples within the same cohort lacking any splicing factor mutations. For 
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normal tissue samples, Δ(isoform expression) defined as the absolute difference between 

each normal sample and all SF3B1-mutant cancer samples. Plot restricted to samples 

bearing the most common SF3B1K700E and SF3B1R625C/G/H/L mutations with mutant allele 

expression >= 25%. Samples clustered by Δ isoform expression of each event across all 

tissues and cancer types. Sample origins described in Data availability.

(c) RNA-seq read coverage plots, averaged over the indicated samples, for the six introns 

selected for follow-up studies. Samples from ref42,43.

(d) RT-PCR analysis of endogenous MAP3K7 and MTERFD3 splicing in cells engineered 

to bear the indicated mutations in endogenous SF3B1 (K562, NALM-6) or carrying them 

endogenously (MEL270, MEL202). MAP3K7 isoforms arise from cryptic 3’ splice site; 

MTERFD3 isoforms arise from both cryptic 3’ splice site usage and intron retention. n = 4 

(K562, NALM-6) and 2 (MEL270, MEL202) biologically independent cell lines.

(e) Schematic of the fluorescent reporter created to test synthetic intron function.

(f) Expected splicing outcomes, intron lengths, and mutation-dependent response for each 

tested intron. Mutation-dependent response defined as the ratio of the indicated isoforms in 

SF3B1-mutant:WT cells (mRNA) and median mEmerald:mCardinal signal (protein).

(g) Histograms of mEmerald:mCardinal signal, measured by flow cytometry. Arrows 

indicate medians (μ1/2) for each genotype. Representative images from n = 2 biologically 

independent experiments. Synthetic intron nomenclature specifies the original endogenous 

gene, the corresponding intron number, and synthetic intron length.

Uncropped gels are available as source data.
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Figure 2. Synthetic introns enable mutation-dependent cancer cell killing.
(a) Schematic of expression construct for HSV-TK interrupted by a synthetic intron.

(b) Diagram of experiments to measure genotype-dependent differences in viability.

(c) Relative viability of K562 cells expressing each individual indicated construct. Relative 

viability measured by ATP after 3 days of treatment and normalized to untreated samples. 

Experimental schema in (b). Vector is hPGK-HSV-TK-P2A-mCherry. Data represented as 

mean ± s.d. n = 3 biologically independent experiments.
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(d) Schematic of synMTERFD3i1-250 synthetic intron. Splice site scores estimated with 

MaxEntScan25 in HSV-TK exonic context. Lariats arising from branchpoints at positions 

−32, −43, −48, −55, and −61 were used with frequencies of 6%, 16%, 28%, 47%, and 3%.

(e) Diagrams of intron modifications relative to synMTERFD3i1-250. Deletions specified as 

open intervals. Branchpoint inserted between indicated positions.

(f) Relative viability of K562 cells expressing the indicated constructs, measured in the 

mini-screen. Relative viability estimated as fold-change in representation of each construct, 

measured by full-length intron sequencing from genomic DNA, at day 6 for GCV-treated 

(100 ug/mL) relative to untreated samples. Vector is hPGK-PuroR-P2A-HSV-TK. n=1 

replicate. Data represented as mean ± s.d; s.d. estimated as sample proportion s.d. over 

counts.

(g) Relative viability of K562 cells expressing each individual indicated construct. Viability 

estimates here are concordant with estimates from multiplexed screening in (f); note that 

fold-changes are greater in this experiment because of its longer duration (11 vs. 6 days). 

Relative viability measured by ATP after 11 days of GCV treatment (100 ug/mL) and 

normalized to PBS-treated samples. Vector is hPGK-PuroR-P2A-HSV-TK. Data represented 

as mean ± s.d. n = 3 biologically independent experiments.

(h) As (g), but for breast epithelial (MCF10A) cells with or without an SF3B1 mutation at 

the endogenous locus.

(i) RT-PCR demonstrating mutation-dependent excision of the synthetic intron in the 

experiments from (g) and (h).

Uncropped gels are available as source data.
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Figure 3. Massively parallel screening reveals critical elements governing synthetic intron 
function.
(a) Relative fold-change of introns derived from synMTERFD3i1-250 by deletion of 100 

consecutive nt. Each horizontal line indicates the nucleotides deleted in a variant. Plot 

restricted to introns with log2 (fold-change) < −0.5 (SF3B1-mutant) or > −0.1 (WT) cells. 

Dashed lines indicate synMTERFD3i1-150 deletion.
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(b) As (a), but for deletions in synMTERFD3i1-150 or synMTERFD3i1-100, resulting in 

introns of lengths 125, 100, 85 or 75 nt. Dashed lines indicate synMTERFD3i1-100 deletion. 

Colors as (a).

(c) Box plots illustrating relative fold-changes for introns derived from synMTERFD3i1-150 

by single-nucleotide mutations, grouped by effects on splice sites. Colors as (a).

(d) Box plots illustrating relative fold-changes for introns derived from synMTERFD3i1-150 

by one or two single-nucleotide mutations, grouped by differences in splice site strengths 

(computed by MaxEntScan25) between the most intron-distal and most intron-proximal 3’ss. 

Colors as (a).

(e) Histograms illustrating relative fold-changes for introns with randomly shuffling of the 

nucleotides [+10 of the 5’ss, −30 of the canonical 3’ss] of synMTERFD3i1-150 (top) or 

single-nucleotide mutations within the same region (bottom). Arrows, relative fold-changes 

for synMTERFD3i1-150. Colors as (a).

(f) Top, purine:pyrimidine ratio calculated with a 5 nt sliding window. Bottom, schematic of 

synMTERFD3i1-150.

(g) Line plots illustrating relative fold-changes for introns with the indicated perturbations 

to synMTERFD3i1-150. Data presented as geometric mean of fold-changes for the three 

closest introns (line) ± geometric s.d. from the mean (shading). All perturbations are sliding 

with 1 nt increments. For 3’ss conversion, position represents first G in CAGG; for Y>G 

conversion, position represents center of 6 nt window; for consensus branchpoint insertion, 

position represents point of insertion.

(h) Sequence logo plots illustrating relative fold-change for single-nucleotide mutations to 

synMTERFD3i1-150. Nucleotide height indicates fold-change for that mutation.

(i) Arc plot illustrating synergistic fold-changes for combinatorial mutations at the 5’ss or 

3’ss to synMTERFD3i1-150. Height indicates fold-change relative to expectation from the 

two underlying single-nucleotide mutations. Plot restricted to |log2 (synergy)| > 1.

Sample sizes, statistical tests, and box plot elements are defined in Methods.

North et al. Page 39

Nat Biotechnol. Author manuscript; available in PMC 2022 September 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Synthetic introns enable mutation-dependent targeting of hematopoietic cells in vivo.
(a) Schematic of xenograft experiments with K562 cells expressing Luciferase and HSV-

TK interrupted by synMTERFD3i1-150. K562 cells were intravenously injected into sub-

lethally irradiated (250 cGy) NOD-scid IL2rgnull (NSG) mice (2M cells/mouse). n=10 (WT) 

and 9 (SF3B1-mutant) mice per cohort.

(b) Quantification of tumor burden, estimated by whole-body bioluminescent signal. Each 

point represents a single mouse from cohorts in (a).

(c) Representative bioluminescence images from cohorts described in (a).
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(d) Survival of mice from cohort described in (a). p computed with log-rank test. 

Comparisons not illustrated on plot are not significant (p+/+ GCV vs. PBS = 0.534; 

pK700E/+ PBS vs. +/+ PBS = 0.823). The cause of death for the one GCV-treated animal 

engrafted with an SF3B1-mutant leukemia which died by experiment endpoint was unclear, 

as this animal had minimal leukemic burden by imaging or necropsy.

(e) Survival curves of NSG mice engrafted with MOLM-13 cells engineered to express 

doxycycline-inducible SF3B1WT (top) or SF3B1K700E (bottom) expressing Luciferase and 

HSV-TK interrupted by synMTERFD3i1-150 followed by treatment with either PBS or 

GCV. n=11 to 15 mice/group. pK700E PBS vs. K700E GCV = 0.0011, calculated by log-rank test.

(f) Representative bioluminescence images from cohorts described in (e).

(g) % GFP+ cells (normalized to no GCV) following in vitro lentiviral infection of a 

mixed population of CD45.1+ WT cells with CD45.2+ Mx1-cre Sf3b1WT or Mx1-cre 

Sf3b1K700E/WT cells expressing GFP-P2A-HSV-TK interrupted by synMTERFD3i1-150 and 

treatment with indicated doses of GCV for 4 days. Data represented as mean ± s.d. n = 3 

biologically independent experiments.

(h) Representative flow cytometry plots of the experiment in (g). Left column is CD45.2 

versus CD45.1 expression, while the right columns display GFP expression in CD45.1+ 

(middle) or CD45.2+ cells (right), specifically.
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Figure 5. Synthetic introns enable mutation-dependent targeting of solid tumor cancer cells in 
vivo.
(a) Schematic of xenograft experiments with T47D cells expressing doxycycline-inducible 

SF3B1WT or SF3B1K700E and HSV-TK interrupted by synMTERFD3i1-150. T47D cells 

were injected subcutaneously into both flanks of NSG mice (2M cells/mouse). 5 mice 

per group were used. Estrogen was provided via a subcutaneous estrogen implant, and 

intraperitoneal GCV or PBS was administered three times/week starting at day 7 post-

xenograft.

(b) Tumor volumes from experiment described in (a). Data represented as mean ± s.d. n=10 

tumors/group. p computed with two-sided Student’s t-test from data at day 20. Multiple 

testing corrections were not used as only three comparisons were performed.

(c) Tumor volumes of mice engrafted with SF3B1WT MEL285 (left) or SF3B1R625G 

MEL202 (right) cells expressing HSV-TK interrupted by synMTERFD3i1-150-v6700, 

followed by treatment with either PBS or GCV three times/week starting at day 6 post-

xenograft. All cells were engrafted subcutaneously into both flanks of NSG mice. 5 mice 

per group were used. Data represented as mean ± s.d. n=10 tumors/group. p computed with 
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two-sided Student’s t-test from data at day 27. Multiple testing corrections were not used as 

only three comparisons were performed.

(d) Representative gross images of tumors from (c) at day 27 (MEL285) or day 30 

(MEL202) post-xenograft. Scale bar, 1 cm.

(e) Tumor volumes of MEL202 tumor-bearing mice treated with direct intratumoral 

injection of lentiviral particles encoding HSV-TK interrupted by synMTERFD3i1-150-

v6700. Mice received intratumoral injections of virus on days 5-7 and 18-20 and were 

randomized to receive either GCV or PBS intraperitoneally at day 6 post-xenograft. 8 mice 

per group were used. Data represented as box-and-whisker plots depicting min-max range, 

four quartiles and median. Data points depict individual tumors. n=16 tumors/group. p 
computed with one-sided Student’s t-test.

(f) Representative photographs of mice from the experiment in (e) at final timepoint shown.

(g) RT-PCR analysis of RNA extracted from tumors and the illustrated tissues of one 

representative mouse at the endpoint of the experiment in (e). From top to bottom, the gels 

indicate RT-PCR for the HSV-TK construct, human GAPDH, and mouse Gapdh.

Uncropped gels are available as source data.
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