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C A N C E R

Splicing modulators impair DNA damage response and 
induce killing of cohesin-mutant MDS and AML
Emily C. Wheeler1,2†, Benjamin J. E. Martin3†, William C. Doyle1,2, Sofia Neaher1,2,  
Caroline A. Conway1,2, Caroline N. Pitton1,2, Rebecca A. Gorelov1,2, Melanie Donahue2,  
Johann C. Jann1,2, Omar Abdel-Wahab4, Justin Taylor5, Michael Seiler6‡, Silvia Buonamici6‡,  
Yana Pikman7, Jacqueline S. Garcia1, Roger Belizaire8, Karen Adelman2,3,9, Zuzana Tothova1,2,9*

Splicing modulation is a promising treatment strategy pursued to date only in splicing factor-mutant cancers; how-
ever, its therapeutic potential is poorly understood outside of this context. Like splicing factors, genes encoding 
components of the cohesin complex are frequently mutated in cancer, including myelodysplastic syndromes (MDS) 
and secondary acute myeloid leukemia (AML), where they are associated with poor outcomes. Here, we showed that 
cohesin mutations are biomarkers of sensitivity to drugs targeting the splicing factor 3B subunit 1 (SF3B1) H3B-8800 
and E-7107. We identified drug-induced alterations in splicing, and corresponding reduced gene expression, of a 
number of DNA repair genes, including BRCA1 and BRCA2, as the mechanism underlying this sensitivity in cell line 
models, primary patient samples and patient-derived xenograft (PDX) models of AML. We found that DNA damage 
repair genes are particularly sensitive to exon skipping induced by SF3B1 modulators due to their long length and 
large number of exons per transcript. Furthermore, we demonstrated that treatment of cohesin-mutant cells with 
SF3B1 modulators not only resulted in impaired DNA damage response and accumulation of DNA damage, but it 
sensitized cells to subsequent killing by poly(ADP-ribose) polymerase (PARP) inhibitors and chemotherapy and led 
to improved overall survival of PDX models of cohesin-mutant AML in vivo. Our findings expand the potential thera-
peutic benefits of SF3B1 splicing modulators to include cohesin-mutant MDS and AML.

INTRODUCTION
Cohesin is a multisubunit protein complex that is essential for sister 
chromatid cohesion, three-dimensional chromosome organization, 
and gene regulation (1). It forms a ring around DNA, with three struc-
tural subunits, structural maintenance of chromosomes 1A (SMC1A), 
structural maintenance of chromosomes 3 (SMC3), and RAD21 
cohesin complex component (RAD21) bound to either STAG1 cohe-
sin complex component (STAG1) or STAG2 cohesin complex compo-
nent (STAG2) proteins. Cohesin is one of the most frequently mutated 
protein complexes in cancer, and mutations in genes encoding compo-
nents of the cohesin ring and its modulators are frequent and recurrent 
drivers in myeloid malignancies. These include myelodysplastic syn-
dromes (MDS) and acute myeloid leukemia (AML), where cohesin 
mutations are associated with poor overall survival (2–5). Loss-
of-function mutations in STAG2 are the most common mutations 
found in cohesin subunits and result in altered cellular functions in-
cluding longer loop extrusion, altered gene expression, replication fork 

stress, and accumulation of DNA damage (6–10). There are currently 
no targeted therapies available for patients with cohesin-mutant can-
cers. However, our recent work describing DNA damage accumulation 
and the genetic dependency on DNA repair proteins in cohesin-
mutant MDS and AML (6) has led to the development of a pilot proof-
of-concept clinical trial of the poly(ADP-ribose) polymerase (PARP) 
inhibitor talazoparib treatment as monotherapy and in combination 
with decitabine (ClinicalTrials.gov identifier NCT03974217).

Splicing factor 3B subunit 1 (SF3B1) is the most frequently mu-
tated gene in MDS, and splicing factor mutations in general comprise 
the most common class of genetic alterations found in MDS and sec-
ondary AML (11–14). Widespread alternative splicing and reliance 
on proper splicing function is a common feature of cancer cells that 
has been implicated in disease progression and exploited for thera-
peutic targeting (15–18). Cancer cells accumulate mis-spliced RNAs 
through a variety of mechanisms, including the acquisition of hotspot 
point mutations or alterations in the expression of splicing factor pro-
teins (19–21). Therapeutic targeting of the spliceosome is of particular 
interest in myeloid malignancies such as MDS, AML, and chronic 
myelomonocytic leukemia (CMML), where splicing factor mutations 
are common (22). H3B-8800 and E-7107 are first-in-class compounds 
that modulate splicing function through targeting of SF3B1, which is 
a component of the U2 small nuclear ribonucleoprotein involved in 
branch point recognition (23). These compounds have shown prom-
ise in preclinical studies and phase 1/2 clinical trials where treatment 
with H3B-8800 resulted in transfusion independence in a subset of 
MDS patients with splicing factor mutations (24–26). However, the 
mechanisms mediating response to SF3B1 modulators are not well 
understood, and it remains unclear whether these drugs will provide 
therapeutic benefit beyond splicing factor-mutant cancers.

In this work, we identified widespread mis-splicing of DNA 
repair genes in cells treated with SF3B1 modulators, leading to an 
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accumulation of DNA damage. Further, given the intrinsically elevated 
amount of DNA damage that occurs in cohesin-mutant cancer cells, 
treatment of these cells with H3B-8800 or E-7107 resulted in an in-
creased therapeutic vulnerability to chemotherapeutic agents target-
ing DNA repair. We used human cell–derived in  vitro and in  vivo 
models of cohesin-mutant AML and patient samples from splicing 
factor-mutant patients enrolled in the H3B-8800 clinical trial to dem-
onstrate that mis-splicing of DNA damage repair genes results in re-
duced expression of DNA damage response proteins and accumulation 
of DNA damage in cells. Although the splicing changes caused by 
SF3B1 modulators are genotype agnostic, we found that cohesin-
mutant cells are specifically targeted for killing because of their de-
pendence on proper DNA damage repair for survival (6, 27). We 
leveraged this vulnerability to develop a new therapeutic strategy in 
which treatment of cohesin-mutant cancer cells with low-dose splic-
ing modulation markedly increased sensitivity to compounds that 
induce DNA damage or inhibit proper DNA damage repair, including 
PARP inhibitors and chemotherapeutic agents. We propose that splic-
ing modulation in combination with inhibition of DNA damage re-
pair may be an effective therapeutic strategy to target cohesin-mutant 
MDS and AML, as well as other cancers that exhibit an accumulation 
of DNA damage or selective reliance on the DNA repair machinery.

RESULTS
Cohesin-mutant cells are sensitive to 
SF3B1-targeting compounds
To generate cell line models of cohesin-mutant AML, we used CRISPR-
Cas9 editing to establish a panel of isogenic single-cell–derived 
clones from parental U937 and K562 cells, which are wild type for 
all cohesin complex subunits and modulators (6). We engineered 
these cells to contain loss-of-function mutations in STAG2 and 
SMC3 commonly found in patients (Fig.  1A). We had previously 
used these cell lines to perform genome-wide CRISPR screens with 
the goal of identifying mutant-specific genetic dependencies and 
potential therapeutic vulnerabilities (6). In addition to a preferential 
dependency of STAG2-mutant cells on STAG1 and DNA damage 
and replication machinery, we identified STAG2-mutant cells to be 
more sensitive to knockout of genes involved in mRNA processing. 
To further explore the interaction of these mutations in patients, we 
analyzed comutation patterns in patients in our clinical MDS cohort 
and publicly available datasets (11, 12). We identified that mutations 
in STAG2 tend not to co-occur with SF3B1 mutations, suggestive of 
synthetic lethality (Fig. 1B and fig. S1A). To further probe this pos-
sibility, we tested whether loss-of-function cohesin mutations were 
tolerated in the background of the most frequently mutated SF3B1 
codon K700E. We performed CRISPR-mediated depletion of STAG2 
or SMC3 in isogenic SF3B1-K700E and SF3B1–wild-type (SF3B1-​
K700K) K562 cells and found that loss of any of the cohesin subunits 
reduced cell viability of SF3B1-K700E mutant relative to wild-type 
cells (fig. S1B). These data were consistent with our observation that 
STAG2 and SF3B1 mutations co-occur less frequently than predicted 
by chance and raised the possibility that cohesin-mutant cells may 
be vulnerable to splicing modulation.

To understand whether splice-modulating compounds may pro-
vide therapeutic benefit in cohesin-mutant MDS and AML, we 
treated cohesin-mutant U937 and K562 AML cell lines with the 
SF3B1-targeting compounds H3B-8800 and E-7107 at increasing 
concentrations in vitro. Cohesin-mutant cells were more sensitive to 

both splicing modulators as compared with the isogenic, wild-type 
controls (Fig. 1, C to E, and fig. S1, C to E). In competition assays, 
STAG2-mutant cells were outcompeted by wild-type cells in the pres-
ence of low-dose H3B-8800 even when present at a 10-fold excess 
(Fig. 1F). We also performed in vivo competition experiments using 
mouse xenograft models injected with a mixture of wild-type and 
STAG2-mutant AML cells and observed both selective killing of the 
STAG2-mutant cells by H3B-8800 and a survival benefit in animals 
treated with the drug (Fig. 1, G and H). These results demonstrated 
that cohesin-mutant AML cell lines exhibit sensitivity to SF3B1-
targeted splicing modulation and led us to further interrogate the 
mechanism driving this response.

To determine whether the sensitivity to SF3B1-modulating com-
pounds in cohesin-mutant cells is driven by common splicing altera-
tions in cohesin-mutant and SF3B1 K700E-mutant cells at baseline, 
we compared the splicing events altered upon mutation in each of 
these models. First, we compared RNA sequencing (RNA-seq) from 
U937 cell clones of each cohesin-mutant genotype with wild-type 
control cells (Fig. 1A). We quantified a total of 3740 splicing events 
that were significantly altered in any of the three cohesin-mutant lines 
[false discovery rate (FDR) < 0.05, delta percent spliced in (ΔPSI) 
> 5%]. K-means clustering of these events revealed highly similar pat-
terns of splicing among the cohesin-mutant cells, with many exon 
skipping and exon inclusion events in common (fig. S1F). Next, we 
analyzed publicly available RNA-seq data from K562 cells with SF3B1 
K700E mutations (26) or with STAG2-KO (28) and identified 2874 
splicing events that were significantly altered in either genotype 
as compared with wild-type K562 cells (FDR < 0.05, ΔPSI > 5%). 
K-means clustering performed on these events demonstrated little 
overlap between the splicing changes observed in the SF3B1 K700E-
mutant versus STAG2-KO cells (fig. S1G). These results suggested that 
the reliance of cohesin-mutant cells on proper splicing does not re-
flect a common set of disrupted splicing events in cohesin-mutant 
and SF3B1 K700E-mutant cells. Instead, we speculated that disrup-
tion of splicing with SF3B1 inhibitors targets cancer cells through a 
shared therapeutic vulnerability that exists downstream of splicing 
regulation in both cohesin-mutant and SF3B1 K700E-mutant cells.

H3B-8800 treatment induces mis-splicing and 
down-regulation of DNA damage repair genes
To understand the mechanism by which splicing modulating drugs 
target cohesin-mutant cells, we treated our panel of 10 isogenic U937 
cell lines with increasing concentrations of the SF3B1 modulator 
H3B-8800 and quantified splicing and gene expression changes rela-
tive to dimethyl sulfoxide (DMSO) treatment using RNA-seq. We hy-
pothesized that treatment with H3B-8800 may target cohesin-mutant 
cells by either (i) selectively modulating splicing of essential genes in 
cohesin-mutant but not wild-type cells or (ii) leading to similar splic-
ing changes in all genotypes but targeting genes that are selective de-
pendencies for the survival of cohesin-mutant cells. We identified 
more than 13,000 splicing changes in H3B-8800–treated cells relative 
to DMSO, the majority of which were exon skipping events that were 
alternatively spliced in a dose-dependent manner (Fig. 2A and fig. S2, 
A and B). We used k-means clustering to group splicing events on the 
basis of the percent change in splicing and observed that H3B-8800–
induced splicing changes were largely conserved in all cells, including 
both wild type and cohesin-mutant (Fig.  2B). In general, splicing 
changes induced by H3B-8800 occur in exons that are normally fully 
included (PSI = 1) and are spliced out uniquely in the presence of the 
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drug (Fig. 2C, top). Conversely, we found that introns retained upon 
H3B-8800 treatment were usually fully spliced out (PSI = 0) (Fig. 2C, 
bottom). Thus, rather than reflecting alternative splicing, the changes 
observed in H3B-8800–treated cells may represent mis-splicing and 
the formation of aberrant mRNA products. In agreement with this 
model, the median gene expression of H3B-8800 target genes de-
creased in a dose-dependent manner, suggesting that drug-induced 
alterations in splicing result in impaired gene expression (fig. S2C). 
These results suggested that H3B-8800 causes similar splicing changes 
in all genotypes and that the preferential killing of cohesin-mutant 

cells by H3B-8800 is driven by mis-splicing of genes that are selec-
tively essential for survival in cohesin-mutant but not wild-type cells.

Having established that H3B-8800–induced splicing changes are 
shared by cohesin wild-type and mutant cells, we next investigated can-
didate genes whose mis-splicing could lead to preferential killing 
of cohesin-mutant cells. We started by quantifying enrichment of 
gene ontology (GO) terms among the genes in each cluster of 
H3B-8800–induced splicing changes from Fig. 2B. DNA repair was the 
only GO category among the top five enriched terms in all three clusters 
(fig. S2D and table S1). Cohesin-mutant cells are known to accumulate 

Fig. 1. Cohesin-mutant cells are sensitive to SF3B1-targeting compounds. (A) Schematic of isogenic AML cell lines used in this study. U937 cells expressing Cas9 were 
nucleofected with single-guide RNAs (sgRNAs) targeting STAG2, SMC3, or nontargeting (NTG) sgRNAs. Two independent sgRNAs were used for STAG2 (KO1 and KO2) and 
NTG, and a single sgRNA was used to target SMC3. Independent single-cell–derived clones were used as biological replicates in this study. (B) Co-occurrence of SF3B1 and 
STAG2 mutations in a cohort of patients with MDS from the Dana-Farber Cancer Institute. Expected and observed probability of co-occurrence is listed. Blue color indicates 
a significant mutually exclusive relationship between SF3B1 and STAG2 mutations. *P < 0.05 (Z test). WT, wild type; mut, mutant. (C) Drug dose-response curves of E-7107–
treated WT and STAG2-KO U937 clones on day 12 of treatment. Error bars represent SD of measurements of three technical replicates. (D) Drug dose-response curves of a 
representative set of wild-type and cohesin-mutant U937 cells treated with H3B-8800 for 8 days. Error bars represent SD of measurements in technical triplicates. 
(E) Quantification of IC50 among biological replicates (n = 2 or 3) of wild-type and cohesin-mutant U937 cells on day 8 of treatment with H3B-8800 tested in technical 
triplicates. STAG2-KO1 and STAG2-KO2 clones have a significantly lower IC50 than wild-type cells with H3B-8800 treatment (Kruskal-Wallis with post hoc test, P = 0.05). Error 
bars represent the 95% confidence interval of the IC50 calculated from technical triplicates of each cell line. (F) Competition assay with wild-type (mCherry) and STAG2-KO2 
(GFP) U937 cells mixed in a 1:10 ratio in the presence of DMSO or H3B-8800 (30 nM) in vitro. % Live GFP+ or mCherry+ cells were determined using flow cytometry. Error 
bars represent SD of measurements of technical triplicates. (G) Schematic of the in vivo drug treatment of NSGS mice injected with wild-type (mCherry+) and STAG2-KO2 
(GFP+) U937 cells mixed in a 1:1 ratio. Treatment with H3B-8800 or vehicle control was started 7 days posttransplant. Kaplan-Meier survival analysis was performed; 
P = 0.01. n = 4 mice per group. (H) Leukemia burden in mice treated with H3B-8800 or vehicle was assessed in the spleens of animals at the time of sacrifice. % Live GFP+ 
or mCherry+ cells were determined using flow cytometry. Mean ± SD is shown. P < 0.05 (Student’s t test). n = 4 mice per group.
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DNA damage and rely on proper DNA repair for survival (6, 27), mak-
ing this category of genes particularly interesting for further study.

DNA damage repair genes tend to be significantly longer, contain 
more exons per transcript, and are more often found to have skipped 
exons compared with all other expressed genes in the Cancer Genome 
Atlas (TCGA) dataset (P < 0.0001) (Fig. 2D and fig. S2, E to H) (29). 
We proposed that these features make DNA damage repair genes 
highly dependent on accurate splicing for their expression, rendering 
them more sensitive to splicing changes induced by H3B-8800. An 
example of H3B-8800–induced exon skipping is shown for exon12 of 

BRCA2, which is skipped in 40 to 45% of transcripts in wild-type and 
STAG2-KO2 cells treated with 30 nM H3B-8800 for 6 hours (Fig. 2E). 
Among the 454 annotated DNA damage repair genes (30) expressed 
in U937 cells, 70% contained H3B-8800–induced splicing changes, 
and ~40% of those contained a reduction in gene expression (Fig. 2F 
and fig. S2I). Therefore, the splicing changes observed in DNA dam-
age repair genes in cells treated with H3B-8800 may lead to loss of 
proper DNA repair, a process that is shared between wild-type and 
mutant cells but is particularly critical for survival of cohesin-
mutant cells.

Fig. 2. H3B-8800 treatment induces mis-splicing and down-regulation of DNA damage repair genes. (A) Total number and directionality of splicing alterations in-
duced by 6-hour H3B-8800 treatment in all U937 cell lines. Events are categorized by event type and direction of regulation in H3B-8800–treated relative to DMSO-treated 
cells. SE, skipped exon; A3SS, alternative 3′ splice site; A5SS, alternative 5′ splice site; MXE, mutually exclusive exon; RI, retained intron. (B) Heatmap of ΔPSI scores for 
H3B-8800–regulated exons [from (A)] across all conditions separated into three k-means clusters. Each comparison consists of two (STAG2-KO1 and SMC3-heterozygous) 
or three (STAG2-KO2 and wild type) independent single-cell clones for each concentration of drug compared with DMSO controls within the same genotype. Columns are 
organized by genotype and concentration of H3B-8800. Color bar on the left indicates the type of splicing event that was called. PSI, percent spliced in. (C) Violin plots 
showing the distribution of PSI scores for H3B-8800–regulated skipped exons (top) and retained introns (bottom) under each treatment condition tested. Dot represents 
the median, and bars extend from the first to third quartile range. (D) Violin plots depicting the gene length, number of exons, and number of skipped exons in TCGA 
comparing DNA repair genes (n = 454) with all expressed protein-coding genes (n = 11,442). Pan-cancer TCGA exon skipping events collated from ExonSkipDB (29). 
Horizontal lines in violin plots depict the median and first and third quartiles. ****P < 0.0001, Mann-Whitney test. (E) RNA-seq–normalized read density and splice junc-
tion track of exon skipping in BRCA2 exon12 from one representative replicate of wild-type and STAG2-KO2 cells treated with DMSO and 10 or 30 nM H3B-8800 for 6 hours. 
Average PSI scores from three biological replicate samples of exon12 are shown. Average number of reads supporting exon skipping (orange line) and exon inclusion 
(black line) are reported. (F) Volcano plot of gene expression changes in DNA repair genes in STAG2-KO2 cells treated with 30 nM H3B-8800 relative to DMSO-treated 
controls. Average log2 fold change of three biological replicates of STAG2-KO2 versus wild-type U937 cells is shown. DNA repair genes that contain H3B-8800–regulated 
splicing changes are highlighted in red.
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Mis-splicing of DNA repair genes alters protein function and 
results in accumulation of DNA damage
Among the top mis-spliced and down-regulated genes with H3B-
8800 treatment were BRCA1 DNA repair associated (BRCA1) and 
BRCA2 DNA repair associated (BRCA2) (Fig. 3A and fig. S3A), pro-
teins that play a critical role in homology-directed DNA damage re-
pair and whose loss of function is known to correlate with sensitivity 
to PARP inhibitors (31–33). We confirmed that cells treated with 
H3B-8800 nearly completely lost protein expression of both BRCA1 

and BRCA2 72 hours after treatment (Fig. 3B). Mis-splicing in other 
DNA damage repair genes, such as checkpoint kinase 2 (CHEK2), did 
not lead to major changes in RNA expression but resulted in splicing 
out of amino acid residues in key functional domains (Fig. 3C and 
fig. S3A), which has been previously shown to alter the protein activ-
ity (34). H3B-8800–induced skipping of CHEK2 exon2 spliced out the 
T68 amino acid targeted for phosphorylation and initiation of down-
stream signaling, as well as exon10, a portion of the kinase domain 
required for phosphorylation of its substrates (Fig.  3C). H3B-8800 

Fig. 3. Mis-splicing of DNA repair genes alters protein function and results in accumulation of DNA damage. (A) Average PSI scores of BRCA2 exon12 and BRCA1 
exon9 are plotted for each genotype and drug condition. Data points represent the mean of biological triplicates (wild type and STAG2-KO2) or duplicates (STAG2-KO1 and 
SMC3-heterozygous) for each treatment condition. (B) Western blot analysis of BCRA1 and BRCA2 protein expression in wild-type and STAG2-KO2 cells treated with 50 nM 
H3B-8800 or DMSO for 3 days. Each lane represents an independent single-cell clone of U937 cells transduced with a nontargeting sgRNA (wild type) or sgRNA targeting 
STAG2. Actin was used as a loading control. (C) Schematic of CHEK2 exon structure (top) with the Thr68 phosphorylation residue highlighted in red and the annotated ki-
nase domain shown in green. Percent spliced in scores of exon2 and exon10 are shown for each treatment condition. Data points represent the mean of biological tripli-
cates (wild type and STAG2-KO2) or duplicates (STAG2-KO1 and SMC3-heterozygous) for each treatment condition. (D) Western blot analysis of pCHK2 and total CHK2 
protein in wild-type and STAG2-KO2 cells treated for 3 days with 50 nM H3B-8800 or DMSO. Each lane represents an independent single-cell clone of U937 cells transduced 
with a nontargeting sgRNA (wild type) or sgRNA targeting STAG2. Vinculin and actin were used as loading controls. (E) Western blot analysis of γH2AX protein in wild-type 
and STAG2-KO2 cells treated for 3 days with 50 nM H3B-8800 or DMSO. Each lane represents an independent single-cell clone of U937 cells transduced with a nontarget-
ing sgRNA (wild type) or sgRNA targeting STAG2. Actin was used as a loading control. (F) Representative images of cells treated with 50 nM H3B-8800 or DMSO control for 
24 hours and stained for DNA/nuclei (DAPI, blue) and RAD51 (green).
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treatment partially depleted total CHK2 and pCHK2 protein abun-
dance (Fig.  3D and fig.  S3B), thus impairing the ability to initiate 
proper DNA repair through signaling of the CHK2 DNA damage 
checkpoint. As evidence of accumulating DNA damage after 
H3B-8800 treatment, Western blotting for the marker of DNA 
damage gamma H2A.X variant histone (γH2AX) showed a substan-
tial increase in signal in both cohesin-mutant and wild-type U937 
cells, with the greatest accumulation of γH2AX in cohesin-mutant 
cells treated with H3B-8800 (Fig. 3E and fig. S3C). Furthermore, we 
observed a functional defect in homology-directed repair (HDR) 
using the RAD51 foci formation assay. At baseline, STAG2-mutant 
cells exhibited a significantly reduced ability to form RAD51 foci in 
response to γ-irradiation as compared with wild-type cells (P < 0.05) 
(Fig. 3F and fig. S3D), consistent with their increased baseline sensi-
tivity to PARP inhibition (6, 27). Treatment with H3B-8800 reduced 
the ability of wild-type and STAG2-​KO cells to form RAD51 foci, ren-
dering STAG2 KO cells HDR deficient (Fig. 3F and fig. S3C). These 
results supported a model in which H3B-8800 inhibits DNA repair 

through mis-splicing of key DNA repair genes, resulting in the stron-
gest accumulation of DNA damage and defect in HDR in cells with 
inherent dysfunction in DNA repair.

Splicing modulation sensitizes cohesin-mutant AML cell 
lines to killing by talazoparib and chemotherapy
One prediction of this model is that treatment of cells with H3B-8800 
or E-7107 impairs DNA damage repair and therefore renders cells 
more sensitive to subsequent treatment with DNA damage repair in-
hibitors or DNA damage–inducing agents. Having established drug-
induced mis-splicing and loss of expression of BRCA1 and BRCA2, 
two key regulators of HDR and biomarkers of PARP inhibitor sensi-
tivity, we then tested whether sequential treatment of cells with an 
SF3B1 modulator followed by the PARP inhibitor talazoparib potenti-
ates killing of cohesin-mutant cells. In agreement with our previous 
work (6), STAG2-KO U937 cells were more sensitive than wild-type 
cells to treatment with talazoparib (Fig. 4A, shown here after pretreat-
ment with DMSO). Pretreatment of cohesin wild-type U937 cells 

Fig. 4. Splicing modulation sensitizes cohesin-mutant AML cell lines to killing by talazoparib and chemotherapy. (A) Drug dose-response curves of wild-type and 
STAG2-KO2 cells pretreated with 50 nM H3B-8800 or DMSO for 3 days, followed by drug washout and 8 days of treatment with talazoparib. Error bars represent SD of 
technical triplicate measurements for each biological triplicate sample (n = 3 per genotype and condition). (B) Growth curves depicting total number of wild type (left) or 
STAG2-KO2 cells (right) pretreated with DMSO or H3B-8800 (50 nM) for 3 days, followed by treatment with talazoparib (50 nM) or DMSO for 8 days. Error bars represent SD 
of technical duplicate measurements for each biological replicate sample (n = 2 per genotype and condition). (C) Drug dose-response curves of wild-type and STAG2-KO2 
cells pretreated with 50 nM H3B-8800 or DMSO for 3 days, followed by drug washout and 8 days of treatment with imatinib. Error bars represent SD of technical triplicate 
measurements for each biological replicate sample (n = 2 per genotype and condition). (D) Heatmap of cell viabilities for wild-type and STAG2-KO2 cells pretreated with 
DMSO (top) or 50 nM H3B-8800 (bottom) for 3 days, followed by treatment with a combination of daunorubicin and cytarabine for 8 days. Cell viabilities are normalized 
to DMSO-treated controls on each plate (0 nM cytarabine and 0 nM daunorubicin). Values shown are the average of two technical replicate samples for one representative 
biological replicate sample. (E) Bar plot of percent viable cells after combination treatment with 1.6 nM daunorubicin and 1.8 nM cytarabine relative to DMSO-treated 
controls. Cells received either 3 days of 50 nM H3B-8800 (dark bars) or DMSO control (light bars) before chemotherapy. Data points show technical replicates n = 2 per 
condition (except biological replicate 2 of H3B-8800 treated STAG2-KO2 cells n = 1). Each bar represents an independent biological replicate sample. P = 0.008 (Kruskal-
Wallis), *P < 0.05, ***P < 0.001 in post hoc analysis using the Dunn’s test.
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with either of the two available SF3B1 modulators, H3B-8800 or 
E-7107, followed by treatment with talazoparib, resulted in a modest 
decrease in cell viability (Fig. 4, A and B). Pretreatment of STAG2-KO 
U937 cells with DMSO, followed by treatment with talazoparib, reca-
pitulated increased sensitivity of STAG2-KO versus wild-type cells to 
talazoparib, as we have previously reported (6). However, pretreat-
ment of STAG2-KO U937 cells with either of the two splicing modula-
tors markedly increased their sensitivity to talazoparib with up to a 
10-fold increase in killing (Fig. 4, A and B, and fig. S4A). Further-
more, cells accumulated more DNA damage when subjected to se-
quential treatment of H3B-8800 followed by talazoparib than with 
either drug alone, as assessed by γH2AX Western blot (fig. S4, B and C).

We next determined whether treatment of cells with an SF3B1 
splicing modulator could sensitize cells to additional DNA damage–
inducing agents, such as chemotherapy. We tested a panel of chemo-
therapeutic drugs, including single-agent and combination treatment 
of cytarabine and daunorubicin commonly used in the treatment of 
AML, as well as etoposide, cisplatin, and mitomycin C. Pretreatment of 
cells with H3B-8800 followed by treatment with any of these chemo-
therapeutic agents resulted in increased killing of both cohesin-mutant 
and wild-type cells, with preferential sensitivity of cohesin-mutant 
cells over wild-type cells (fig.  S4D). In contrast, pretreatment with 
H3B-8800 had no effect on viability of cells treated with imatinib, an 
ABL proto-oncogene 1 (ABL1) kinase inhibitor used to treat chronic 
myeloid leukemia (CML) and CML blast crisis, which does not induce 
DNA damage (Fig. 4C). Furthermore, treatment of cells with a combi-
nation of daunorubicin and cytarabine, the standard-of-care regimen 
for AML, resulted in 80 to 90% depletion of cohesin-mutant cells after 
a single dose pretreatment with H3B-8800 compared with only 25 to 
30% killing in wild-type cells (Fig. 4, D and E, and fig. S4E). Therefore, 
short-term treatment with a splicing modulator may be an effective 
method to increase the therapeutic window of many DNA damage–
inducing chemotherapeutic agents, particularly in subsets of cancer 
with an underlying DNA damage repair defect, such as cohesin-
mutant AML.

Low-dose splicing modulation combined with talazoparib or 
chemotherapy targets PDX AML in vivo
To test whether treatment with splicing modulators sensitizes primary 
patient samples to DNA damage repair inhibitors in vivo, we gener-
ated four serially transplantable patient-derived xenograft (PDX) 
models of AML from two different human STAG2-mutant and two 
cohesin wild-type AML samples (Fig. 5A and fig. S5A) (6). We first 
tested whether treatment with E-7107 could reproduce the effect on 
splicing and down-regulation of DNA damage repair genes in vivo. To 
do this, we performed RNA-seq on human bone marrow cells isolated 
from one of the STAG2-mutant and one cohesin wild-type AML PDX 
model after 3 or 5 days of E-7107 treatment. Consistent with our cell 
line results, we observed widespread exon skipping and splicing 
changes that were conserved at the event-level among genes that were 
detected in the PDX cells (Fig. 5, B and C, and fig. S5, B and C). DNA 
repair genes, including BRCA1 and BRCA2, were down-regulated in 
both PDX models tested (Fig. 5D and fig. S5, D to G). These data sup-
ported that our initial observations from AML cell lines were con-
served in primary patient cell–derived xenograft models.

To determine the efficacy of single-agent splicing modulation 
using these PDX models, we treated two STAG2-mutant and two 
cohesin and splicing factor wild-type AML PDX models with H3B-
8800 or E-7107 in vivo for two weeks (fig. S5H). We assessed leukemia 

burden by quantifying the total number of human leukemia cells in 
the bone marrow relative to vehicle-treated control mice. Consistent 
with the cell line data, treatment with either of the two splicing modu-
lators reduced the leukemia burden in both STAG2-mutant PDX 
models but not in the cohesin wild-type PDX model 1, characterized 
by mutations in FLT3-ITD, NPM1, DNMT3A, and PTPN11 (fig. S5H).
The cohesin wild-type PDX model 2, characterized by the lysine 
methyltransferase 2A (MLL)/calmodulin (CALM) fusion and NRAS 
proto-oncogene NRAS(Q61L) mutation, also demonstrated reduc-
tion of the leukemia burden with E-7107 treatment. This prompted us 
to explore potential biomarkers of sensitivity to SF3B1 splicing modu-
lators. On the basis of our observations that SF3B1 modulator in-
duced mis-splicing and subsequent loss of expression of DNA damage 
repair genes, including BRCA1 and BRCA2, involved in homologous 
recombination, we sought to examine whether the RAD51 foci for-
mation assay, a functional readout of homologous recombination ef-
ficiency in a setting of γ-irradiation–induced dsDNA breaks, could (i) 
demonstrate the functional consequence of SF3B1 splicing modulation 
on homologous recombination activity and (ii) predict sensitivity 
to treatment with SF3B1 inhibitors. We quantified γ-irradiation–
induced RAD51 foci formation across all four PDX models and found 
reduced RAD51 foci formation in the three models that were sensitive 
to splicing modulation, including the two STAG2-mutant, and 
cohesin wild-type PDX model 2, but not in the cohesin wild-type 
PDX model 1, which was resistant to splicing modulation (fig. S5, I 
and J). These data further support that the increased sensitivity of 
cohesin-mutant cells to SF3B1 splicing modulation is driven by their 
underlying defects in DNA damage repair, and we propose the use of 
the RAD51 foci formation assay as a marker of sensitivity to SF3B1 
modulation.

We next sequentially treated our STAG2-mutant and cohesin wild-
type AML PDX models with splicing modulation and talazoparib or 
chemotherapy to determine whether the addition of splicing modula-
tion could improve overall survival. First, we treated two separate co-
horts of STAG2-mutant PDX mice with 3 or 5 days of E-7107, followed 
by talazoparib, talazoparib alone, or vehicle control. We observed a 
significant benefit in overall survival in both E-7107–containing 
treatment arms, with the longer splicing modulator pretreatment 
time contributing to the strongest benefit in overall survival (Fig. 5E 
and fig. S6, A and B) (P < 0.005, P < 0.05, P < 0.05, and P < 0.005, as 
presented in the figures). Pretreatment with E-7107 also reduced the 
disease-associated thrombocytopenia, circulating human peripheral 
blood cells, total human leukemia cells in the bone marrow, and dis-
ease infiltration into spleen and liver (fig. S6, C to G). Treatment of 
this model with E-7107 and combination chemotherapy of daunoru-
bicin and cytarabine also increased overall survival and reduced 
disease-associated thrombocytopenia (Fig.  5F and fig.  S6H). We 
treated a second STAG2-mutant model (PDX 2) with 5 days of E-7107 
followed by talazoparib, talazoparib alone, or vehicle control. After 
6 weeks of treatment, we euthanized all animals and observed a re-
duction in the total number of human cells in the bone marrow and 
spleens of animals treated with E-7107 and talazoparib compared 
with vehicle controls (fig. S6I). These results confirm that low-dose 
SF3B1 splicing modulation provides a therapeutic benefit in combi-
nation with PARP inhibition or chemotherapy in vivo and could 
be considered as a potential treatment strategy for cohesin-mutant 
cancers.

To test the specificity of this approach to cohesin-mutant models, 
we performed sequential treatment of splicing modulation and PARP 
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inhibition in the two cohesin wild-type models that we had tested 
with single-agent splicing modulation (fig. S5H). The cohesin wild-
type PDX model 1 (FLT3-ITD, NPM1, DNMT3A, and PTPN11-
mutant) showed no difference in overall survival between animals 
treated with combination chemotherapy or E-7107 followed by com-
bination chemotherapy (fig. S6J). The cohesin wild-type PDX model 
2 (MLL/CALM and NRAS-mutant) showed a trend toward increased 
survival with H3B-8800 and talazoparib compared with talazoparib 
alone (fig. S6K). Furthermore, we tested the effect and toxicity of our 
combination treatment in healthy primary human hematopoietic 
stem and progenitor cells, which would be expected to have normal 
baseline DNA damage repair capacity. We engrafted CD34+ hemato-
poietic stem and progenitor cells isolated from mobilized peripheral 

blood of healthy donors into NSG-SGM3 (NSGS) mice and tested the 
effect of sequential treatment with the splicing modulator E-7107 fol-
lowed by talazoparib after establishing engraftment. After 4 weeks of 
treatment, we noted no effect on the number of engrafted human cells 
in the bone marrow or spleen, with only a mild reduction of circulat-
ing human cells in peripheral blood (fig. S6L). We then examined the 
effect on differentiation and quantified numbers of mature and 
immature cells in the bone marrow. We observed a mild increase in 
the number of CD34+CD38− hematopoietic stem and progenitor 
cells and CD33+ myeloid cells, with no significant effect on the 
CD34−CD38+ progenitor compartment, CD11B+ myeloid, or CD71+ 
erythroid compartments (fig.  S6L) with sequential treatment com-
pared to vehicle (P >  0.05). These results suggested that healthy 

Fig. 5. Low-dose splicing modulation combined with talazoparib or chemotherapy targets PDX AML in vivo. (A) Morphologic evaluation of bone marrow of STAG2-
mutant AML1 patient–derived xenograft shows infiltration with human leukemia blasts. Images were stained using hematoxylin and eosin (H&E) (top) and hCD45-
targeting antibody (bottom) and imaged at ×10 and ×40 (scale bars, 0.125 mm) original magnification. (B) Total number and directionality of significant (FDR < 0.05, ΔPSI >5%) 
splicing alterations differentially called in STAG2-mutant human AML1 PDX cells isolated from bone marrow of NSGS mice treated with E-7107 compared with vehicle for 
5 days in vivo. Splicing events are categorized by event type and direction of regulation in E-7107 versus vehicle-treated mice. SE, skipped exon; A3SS, alternative 3′ splice 
site; A5SS, alternative 5′ splice site; MXE, mutually exclusive exon; RI, retained intron. N = 3 mice per condition. (C) Heatmap of ΔPSI scores for H3B-8800–regulated exons 
called from U937 cells (Fig. 2B) that are expressed in STAG2-mutant AML PDX1 treated with E-7107 in vivo. Each comparison consists of two (STAG2-KO1 and SMC3-
heterozygous) or three (STAG2-KO2, wild type, and STAG2-mutant PDX) independent biological replicates compared with either DMSO or vehicle-treated controls. Color 
bar on the left indicates the type of splicing event that was called, and column colors are labeled by genotype and drug treatment on the right. (D) Volcano plot depicting 
differential gene expression of DNA repair genes in STAG2-mutant human AML1 PDX cells isolated from the bone marrow of NSGS mice treated with E-7107 versus vehicle 
for 5 days in vivo. N = 3 mice per condition. (E) Schematic of in vivo E-7107 drug treatment and survival analysis of STAG2-mutant AML1 PDX model (other mutations in-
clude BCOR/RUNX1/U2AF1/DNMT3A). Treatment of mice assigned to two treatment arms was initiated 3 weeks after bone marrow transplantation: talazoparib only (n = 8) 
or E-7107 for 5 days followed by talazoparib (n = 8). Survival data were combined from two independent experiments. P < 0.005 (log-rank test). (F) Survival analysis of 
STAG2-mutant AML1 PDX mice treated with 3 days of E-7107 followed by combination chemotherapy (5 + 3 doxorubicin + cytarabine) or combination chemotherapy 
alone (n = 5 mice per arm). P < 0.005 (log-rank test).
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human hematopoiesis or PDX models of AML without an underlying 
defect in DNA damage repair are not affected by sequential treatment 
of low-dose short-term splicing modulation followed by PARP in-
hibition.

Splicing changes and down-regulation of DNA repair genes 
are conserved in patients with MDS/AML
Having established that SF3B1 modulator treatment leads to mis-
splicing of DNA damage repair genes and sensitization of cohesin-
mutant cells and PDX models to DNA damage–inducing drugs, we 
next sought to confirm that these effects were conserved in patient 
samples. We first interrogated splicing and gene expression changes 
among the 11 genes that were assessed using a custom nanostring 
panel as on-target biomarkers in the phase 1 clinical trial of H3B-8800 
in splicing factor-mutant MDS and AML (25). Ten of 11 genes were 
expressed in U937 cells, and eight contained H3B-8800–regulated 
splicing changes that met our stringent threshold for significance 
(fig. S7A). Moreover, seven of the eight mis-spliced genes showed a 
dose-dependent effect on gene expression (fig. S7B). The remaining 
two genes, F-box and WD repeat domain containing 5 (FBXW5) and 
dynein light chain Tctex-type 1 (DYNLT1), contained multiple in-
trons that were retained in a dose-dependent manner throughout the 
gene body but did not reach statistical significance (FDR  >  0.05) 
(fig. S7, C and D). These data confirm on-target activity of H3B-8800 
in our in vitro AML cell line models.

Next, we addressed whether H3B-8800 treatment in patients led to 
mis-splicing of DNA damage repair genes. Because comprehensive 
RNA-seq analysis on patients from the H3B-8800 clinical trial has not 
been reported, we performed total RNA-seq on peripheral blood 
samples collected from patients pretreatment and 2 to 4 hours after 
receiving their first oral dose of H3B-8800 (Fig.  6A and table  S2). 
Splicing changes relative to the pretreatment sample were quantified 
for three patients independently, given the variable doses adminis-
tered. Consistent with our in vitro data, exon skipping was the most 
common alternative splicing event detected after H3B-8800 treat-
ment, and the number of events increased in a dose-dependent man-
ner among the three patients (Fig. 6B). We then asked whether the 
drug-induced splicing changes identified in U937 cells (Fig. 2B) were 
conserved in patient samples. We observed a dose-dependent in-
crease in splicing alterations that mirrored the splicing changes ob-
served in U937 cells (Fig. 6C and fig. S7E). In the patient who received 
the highest dose of H3B-8800, 35% of expressed DNA repair genes 
contained at least one drug-induced splicing change, including the 
same event that was detected in BRCA1 in U937 cells (Fig. 6D). To 
examine whether splicing changes that occurred within 2 to 4 hours 
of H3B-8800 administration could affect gene expression, we per-
formed a paired differential expression analysis comparing each pa-
tient pre- and posttreatment. As expected from the short time frame 
of treatment, changes in gene expression were generally small in mag-
nitude. However, a trend toward down-regulation of DNA repair 
genes was observed in all patients after treatment with H3B-8800 
(Fig. 6E). These results support that there is conservation at the splic-
ing event-level with H3B-8800 treatment in vivo and in vitro and that 
DNA repair genes are targeted in patient samples.

DISCUSSION
Our studies established a role for RNA splicing modulation in the ther-
apeutic targeting of cohesin-mutant MDS and AML. We demonstrated 

increased sensitivity of cohesin-mutant cells to splice-modulating drugs 
that target the SF3B complex and proposed to include SF3B1 modula-
tion in combination with chemotherapy or PARP inhibition to target 
cohesin-mutant cells. Although E-7107 and H3B-8800 were first de-
signed to treat MDS and AML patients harboring splicing factor muta-
tions, this work suggests that patients with MDS and AML with cohesin 
mutations may also derive therapeutic benefit from this class of drugs.

We characterized a mechanism by which H3B-8800 and E-7107 
induce cell death through mis-splicing of DNA repair proteins, a class 
of genes that are enriched for long genes with many exons. We showed 
that treatment with H3B-8800 results in accumulation of γH2AX and 
reduced function and expression of key DNA damage response genes 
including CHEK2, BRCA1, and BRCA2, which we have previously de-
scribed as an important genetic dependency in cohesin-mutant cells 
(6). Although there are currently no targeted therapies approved for 
cohesin-mutant patients, clinical testing of single-agent PARP inhibi-
tion and combination with the hypomethylating agent decitabine in 
cohesin-mutant MDS and AML is ongoing (ClinicalTrials.gov identi-
fier NCT03974217). We propose to expand this effort by using a dual-
agent strategy in which low-dose splicing modulation is used to 
further sensitize cohesin-mutant cells to PARP inhibition or standard 
chemotherapy. We showed that this approach increases survival in 
primary patient-derived STAG2-mutant AML xenografts.

Although splicing modulators that target the SF3B complex were 
first developed to treat patients with splicing factor mutations, cur-
rent research suggests that they may have widespread utility beyond 
this subset of patients with cancer. Other cancer types, including 
MYC-driven triple-negative breast cancer, T cell acute lymphoblastic 
leukemia (T-ALL) with up-regulation of SRSF7, DNMT3A-mutant 
AML, CLL irrespective of SF3B1 mutation status, and aggressive 
prostate cancer, have shown efficacy of SF3B1-targeting drugs in pre-
clinical models (35–39). Our findings suggest that cohesin-mutant 
cancers may similarly benefit from splice-modulating therapies, par-
ticularly those targeting the SF3B complex. Furthermore, we identi-
fied the RAD51 foci formation assay as a potential marker to predict 
sensitivity to SF3B1 splicing modulation of additional DNA damage 
repair–deficient cancer types. We therefore suggest that the ongoing 
single-agent study with H3B-8800, which is currently limited to 
lower-risk transfusion-dependent MDS may benefit from additional 
evaluation in higher risk MDS and AML subtypes with underlying 
DNA damage repair defects in combination with PARP inhibition or 
chemotherapy. Our data suggest that the addition of short-term 
splicing modulation to PARP inhibition does not lead to major toxic-
ity to healthy human hematopoietic stem and progenitor cells. It re-
mains to be seen whether this sensitivity will extend to other types of 
splice-modulating drugs that are undergoing clinical development, 
including SR protein kinase inhibitors, RNA binding motif protein 
39 degraders, and protein arginine methyltransferase (PRMT) in-
hibitors (22, 40). RNA processing defects have been previously 
shown to lead to genomic instability as a consequence of R loop for-
mation (41). Because our study did not focus on R loop formation, 
we cannot rule out that an additional mechanism by which SF3B 
splicing modulators lead to accumulation of DNA damage is due to 
accumulation of R loops.

Our study has some limitations. None of the patient samples 
available for analysis from the H3B-8800 clinical trial contained 
mutations in STAG2 or other cohesin genes. However, we did ob-
serve a strong conservation of on-target splicing changes and down-
regulation of DNA repair genes in cohesin wild-type and mutant 
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PDX models and cell line models. These results highlight the reli-
ance on inherent vulnerabilities of proper DNA repair in cancer 
cells as a critical determinant in our proposed model of SF3B1 splic-
ing modulator–induced selective killing (fig. S8). More broadly, we 
propose that any cancer cells that are addicted to proper DNA repair 
for survival may be selectively targeted with a treatment strategy of 

splicing modulation followed by PARP inhibition or chemotherapy 
(42). These include BRCA-mutant breast and ovarian cancers char-
acterized by a “BRCA-ness” phenotype of dysfunctional HDR and 
resulting sensitivity to PARP inhibition (43, 44). For example, treat-
ment with pladienolide B has been previously shown to sensitize 
ovarian and breast cancer cell lines to cisplatin (45). Recent work 

Fig. 6. Splicing changes and down-regulation of DNA repair genes are conserved in patients with MDS and AML. (A) Schematic of samples collected from patients with 
MDS and AML treated with three different doses of H3B-8800 on clinical trial (ClinicalTrials.gov identifier NCT02841540). (B) Total number and directionality of significant 
(FDR < 0.05, ΔPSI >5%) splicing alterations differentially called in each patient sample pre– and post–H3B-8800. Patients are sorted on the x axis according to increasing doses of 
H3B-8800. Splicing events are categorized by event type and direction of regulation in H3B-8800 versus pretreatment sample. SE, skipped exon; A3SS, alternative 3′ splice site; 
A5SS, alternative 5′ splice site; MXE, mutually exclusive exon; RI, retained intron. (C) Heatmap of ΔPSI scores for H3B-8800–regulated splicing changes called from U937 cells 
(Fig. 3A) that are expressed in patient samples. Patient samples are sorted by increasing dose of H3B-8800 received. Color bar on the left indicates the type of splicing event that 
was called, and column colors are labeled by genotype and drug treatment. (D) RNA-seq–normalized read density and splice junction track of exon skipping in BRCA1 exon9 from 
the pre- and posttreatment sample in the patient who received 20 mg of H3B-8800. Black lines indicate constitutive splicing junctions, and orange lines indicate splice junctions 
that contain exon skipping. (E) Volcano plot depicting differential gene expression of DNA repair genes from a paired analysis of all patients pre– and post–H3B-8800 treatment.
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has suggested that spliceosome-mutant MDS cell line models are 
also sensitive to PARP inhibition, making this class of cancers an-
other candidate for dual splicing and PARP inhibition therapy (46).

A major challenge with single-agent PARP inhibitor treatment is 
acquired resistance through escape mechanisms in which cells repair 
HDR defects (44). However, targeting cancer dependency pathways 
with multiple, non-overlapping agents is a proven strategy to prevent 
acquisition of resistance. Our study identifies a critical connection be-
tween cohesin mutations and splicing modulation in AML, creating a 
therapeutic strategy for cohesin-mutant patients with very limited 
treatment options and poor outcomes. In summary, we propose low-
dose splicing modulation followed by PARP inhibition or standard 
chemotherapy as a therapeutic strategy to be considered in cohesin-
mutant MDS and AML and suggest a potential benefit of this strategy 
in other cancer types that are deficient in proper DNA damage repair.

MATERIALS AND METHODS
Study design
The objective of this study was to determine the role of RNA splicing 
modulation in the survival of cohesin-mutant MDS/AML. Isogenic 
cell line models with multiple independent single-cell clones per 
genotype were used for all in vitro work. Two or three independent 
biological replicates were used for each individual experiment, many 
of which also included additional technical replicates. For in  vivo 
studies, the primary endpoint was overall survival, and the secondary 
endpoint was depletion of cohesin-mutant cells. Animals were eutha-
nized according to the predetermined endpoints of 20% weight loss 
from the beginning of treatment or a body condition score of 2 or 
lower. For animal studies, treatment groups were assigned to normalize 
blood counts per group before treatment. The studies were not 
performed in a blind fashion.

U937 and K562 cell lines and culture
U937 and K562 cell lines used in this study were previously published 
(6). Cells were grown in RMPI + 10% fetal bovine serum + 1% peni-
cillin/streptomycin/glutamine at 37°C with 5% CO2.

U937 cell transplantation mouse model
Eight- to 10-week-old female NSGS mice [NOD-SCID; IL2Rγ null; 
Tg(IL3, CSF2, KITL)] were obtained from the Jackson Laboratory 
(strain 013062). Recipient mice were sublethally irradiated using a 
Gamma cell irradiator (Best Theratronics) at a dose of 250 rads and 
injected by tail vein with 500,000 green fluorescent protein–positive 
(GFP+) or mCherry+ STAG2-mutant or WT U937 cells. Mice were 
dosed daily with H3B-8800 (8 mg/kg) or an equivalent volume of ve-
hicle in 0.5% methylcellulose solution daily by oral gavage, starting on 
day 7 after transplantation. Treatment continued for 15 to 30 days un-
til the mice were euthanized upon disease development. All mice 
were housed in a pathogen-free animal facility in microisolator cages, 
and experiments were conducted according to an institutional animal 
care and use committe (IACUC)–approved protocol 19-020 at the 
Dana-Farber Cancer Institute.

PDX mouse models
The PDX models used in this study were generated using serial trans-
plantation of human AML samples in adult female NSGS mice 
[NOD-SCID; IL2Rγ null; Tg(IL3, CSF2, KITL), the Jackson Labora-
tory, strain 013062]. Details of the PDX mouse models and in vivo 

drug treatments used in the study are included in the Supplementary 
Materials and Methods.

RNA sequencing
U937 cells were treated with H3B-8800 at 10 and 30 nM or DMSO for 
6 hours. One million cells were collected in 350 μl of TRizol and flash-
frozen. RNA was extracted with Zymogen Direct-Zol columns. One 
hundred nanograms of input RNA was used for library preparation 
with the KAPA RNA hyper prep kit with RiboErase treatment accord-
ing to the manufacturer’s instructions. Libraries were sequenced on 
the Illumina NOVASeq in PE100 mode to a depth of 100 M reads per 
sample at the Dana-Farber Cancer Institute. For patient sample analy-
sis, blood samples were collected from patients immediately before 
and 2 to 4 hours after their first dose of H3B-8800. RNA was extracted 
from whole blood and quantified, and 100 ng was used as the input 
for total RNA-seq. Details of the RNA-seq and splicing analyses are 
included in the Supplementary Materials and Methods.

In vitro drug treatment and in vitro competition assays
All drug dose response assays were conducted in 96-well plates. 
For U937 and K562 cell lines, 10,000 cells were plated per well at 
0.05 × 106 cells/ml. For pretreatment with DMSO, H3B-8800 (50 nM), 
or E-7107 (1.14 nM), cells were cultured in bulk for 3 days before plat-
ing in 96-well format for secondary drug dosing. Viability was mea-
sured every 4 days using the CellTiter-Glo luminescent cell viability 
assay (Promega, G7573). Drug dose-response curves were fitted, 
and median inhibitory concentrations (IC50) were calculated using 
GraphPad Prism. For competition experiments, mCherry-labeled 
wild-type and GFP-labeled STAG2-KO2 U937 cells were mixed in a 
1:10 ratio and plated in 96-well plates with three technical replicates. 
Cells were stained for viability with 4′,6-diamidino-2-phenylindole 
(DAPI), and % mCherry+DAPI− and GFP+DAPI− cells were deter-
mined by flow cytometry. Additional details are provided in the Sup-
plementary Materials and Methods.

Western blotting
Primary antibodies used in our studies include the following: vinculin 
(V9131 Sigma-Aldrich, 1:1000), CHK2 (MP 05-649, 1:5000), pCHK2 
[Cell Signaling Technology (CST) 2661, 1:1000], y-H2AX (CST9718, 
1:1000), actin (CST8H10D10, 1:10,000), BRCA2 (EMD Milipore 
OP95, 1:500), and BRCA1 (gift from D. Livingston at the Dana-Farber 
Cancer Institute, MS110, 1:1000). Details of the Western blotting pro-
tocol used are included in the Supplementary Materials and Methods.

RAD51 foci detection
U937 and PDX cells were treated in culture with 50 nM H3B-8800 or 
DMSO for 24 hours. Cells were then collected and treated with irra-
diation (5 Gy), cultured for an additional 4 hours, and collected and 
spun onto coverslips for immunofluorescence staining. Cells were 
fixed in 4% paraformaldehyde, permeabilized, and stained for RAD51 
(ab63801). Slides were mounted with DAPI mounting medium and 
imaged on a confocal microscope. Data were analyzed using a Cell 
Profiler pipeline.

Statistical analysis
Primary data are presented in data file S1. Statistical analysis was per-
formed in GraphPad Prism 8 and with the Scipy Stats module in Py-
thon (v1.5.0). Data with two groups were analyzed using unpaired 
Student’s t test, Mann-Whitney test, or Welch’s t test. Data with 

D
ow

nloaded from
 https://w

w
w

.science.org at H
arvard U

niversity on A
ugust 04, 2024



Wheeler et al., Sci. Transl. Med. 16, eade2774 (2024)     3 January 2024

S c i e n c e  T r a n s l at i o n a l  M e d i c i n e  |  R e s e a r c h  A r t i c l e

12 of 13

multiple groups were analyzed using one-way analysis of variance 
(ANOVA) or Kruskal-Wallis test with Dunn’s post hoc test. Co-
occurrence and mutual exclusivity of STAG2 and SF3B1 mutations 
were analyzed using a Z test. Kaplan-Meier analysis and the log-rank 
test were used to determine overall survival differences. Data are 
shown as mean ± SD. Significance is shown as *P < 0.05, **P < 0.01, 
***P < 0.005, ****P < 0.001, and nonsignificant (NS). Additional 
details of statistical tests used, sample size, and technical replicates for 
each experiment are described in the figure legends. No outliers were 
removed from data analysis.

Supplementary Materials
The PDF file includes:
Materials and Methods 
Figs. S1 to S8
Table S2
Reference (47–53)

Other Supplementary Material for this manuscript includes the following:
Table S1
Data file S1
MDAR Reproducibility Checklist
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