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Spliceosome-targeted therapies trigger an antiviral
immune response in triple-negative breast cancer
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stranded RNAs that activate downstream
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in breast cancer.
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Spliceosome-targeted therapies
trigger an antiviral immune response
in triple-negative breast cancer
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SUMMARY

Many oncogenic insults deregulate RNA splicing, often leading to hypersensitivity of tumors to spliceosome-
targeted therapies (STTs). However, the mechanisms by which STTs selectively kill cancers remain largely
unknown. Herein, we discover that mis-spliced RNA itself is a molecular trigger for tumor killing through viral
mimicry. In MYC-driven triple-negative breast cancer, STTs cause widespread cytoplasmic accumulation of
mis-spliced mRNAs, many of which form double-stranded structures. Double-stranded RNA (dsRNA)-
binding proteins recognize these endogenous dsRNAs, triggering antiviral signaling and extrinsic apoptosis.
In immune-competent models of breast cancer, STTs cause tumor cell-intrinsic antiviral signaling, down-
stream adaptive immune signaling, and tumor cell death. Furthermore, RNA mis-splicing in human breast
cancers correlates with innate and adaptive immune signatures, especially in MYC-amplified tumors that
are typically immune cold. These findings indicate that dsRNA-sensing pathways respond to global aberra-
tions of RNA splicing in cancer and provoke the hypothesis that STTs may provide unexplored strategies to
activate anti-tumor immune pathways.

INTRODUCTION such as hyperactivation of the transcription factor MYC, have

also been shown to broadly deregulate splicing and lead to

Tumor transcriptomes are replete with indications of deregulated
RNA splicing, such as aberrant retention of introns and alter-
ations in both canonical and alternative splicing (Venables,
2004; Zhang and Manley, 2013; Dvinge and Bradley, 2015;
Kahles et al., 2018). Many tumor features contribute to this
deregulation, including recurrent mutations to RNA splicing fac-
tors in both solid and hematologic malignancies (Darman et al.,
2015; DeBoever et al., 2015; Graubert et al., 2011; Kim et al.,
2015b; Seiler et al., 2018a; Wang et al., 2016; Zhang et al.,
2015). Non-spliceosome-associated oncogenic alterations,
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increased reliance on components of pre-mRNA splicing (David
etal.,, 2010; Das et al., 2012; Hubert et al., 2013; Hsu et al., 2015;
Koh et al., 2015), in part through elevated synthesis of pre-mRNA
and consequent burden on the spliceosome. As aresult, cancers
driven by MYC, spliceosome mutations, and other oncogenic
events are highly sensitive to further genetic and pharmacologic
perturbations of the spliceosome (Chan et al., 2017; Hsu et al.,
2015; Hubert et al., 2013; Koh et al., 2015; Lee et al., 2016;
Obeng et al., 2016; Seiler et al., 2018b; Shirai et al., 2017). This
has led to clinical evaluation of small-molecule spliceosome
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Figure 1. Spliceosome-targeted therapies stimulate antiviral signaling in MYC-driven triple-negative breast cancer

(A) Volcano plot of RNA-seq gene-expression changes due to spliceosome inhibition for two MYC-driven TNBC cell lines, SUM159 and LM2, treated with SD6 or
DMSO (n = 3 biological replicates).

(B and C) Spliceosome inhibition leads to activation of immune signatures in MYC* TNBC cells. (B) Scatterplot of gene sets enriched in SUM159 and LM2 after
SD6 treatment. Gene sets with FDR <0.01 in both cell lines are black. Immune-related gene sets are red. Pearson correlation between all pathways is shown as a
dashed gray line (R? = 0.45, p < 2.2e-16) and between pathways with FDR <0.01 as a black line (R? = 0.80, p < 2.2e-16). (C) Immune-related transcriptional

(legend continued on next page)
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modulators in patients (NCT02841540), the development of
additional classes of therapeutics targeting the spliceosome
(Berg et al., 2012; Pawellek et al., 2014; Han et al., 2017; Sidar-
ovich et al., 2017; Uehara et al., 2017), and the study of spliceo-
some-targeted therapies in aggressive and poor prognosis
tumors that lack targeted therapy options, like triple-negative
breast cancer (TNBC).

Small-molecule splicing modulators have been explored as
anti-cancer therapeutics for over 20 years (Nakajima et al.,
1996; Kaida et al., 2007), but their downstream mechanisms of
selective anti-tumor activity are not well understood. While
spliceosome modulators are known to induce transcriptome-
wide mis-splicing, previous work has focused on mis-splicing
of specific genes to explain tumor cell death and other pheno-
types associated with splicing perturbation. For instance, cell-
cycle arrest phenotypes have been attributed to mis-splicing of
genes encoding cell-cycle regulators such as p27 (Kaida et al.,
2007; Yoshimoto et al., 2017), Mdm4 (Bezzi et al., 2013), or cell
division cycle (CDC) proteins (Hubert et al., 2013). Likewise,
alternative splicing of BCL2 family genes is thought to induce
activation of apoptosis in some contexts (Aird et al., 2019; Lar-
rayoz et al., 2016; Moore et al., 2010). These important studies
highlight the impact of individual mis-spliced mRNAs and their
encoded proteins but also emphasize that culprit mis-spliced
genes may vary widely across individual tumors and their diverse
transcriptomes. This leaves open the question of whether there
are more generalized pathways that govern tumor cell response
to spliceosome-targeted therapies (STTs), especially in tumor
types that exhibit heightened dependency on RNA splicing.

The current study reveals that mis-spliced mMRNAs themselves
are a class of macromolecules that are sensed upon spliceo-
some inhibition, triggering an antiviral immune response and
TNBC cell death. We show that STTs cause widespread accu-
mulation of intron-containing transcripts and double-stranded
RNA (dsRNA) in the cytoplasm of TNBC cells. These endoge-
nous intron-containing dsRNAs trigger an antiviral immune
response via multiple dsRNA binding proteins, including those
that activate the signaling integrator MAVS. Notably, STTs
trigger both tumor cell-intrinsic antiviral signaling and adaptive
immune signaling in animal models of breast cancer. Moreover,
intrinsic defects in RNA splicing in primary human breast
malignancies correlate with evidence of immune engagement
and associate with improved disease-free survival in breast can-

Cell

cer patients. These findings point to dysregulated splicing as an
unanticipated approach by which to trigger tumor-intrinsic
dsRNA antiviral signaling and provide mechanistic insight to
explain, in part, the selective anti-cancer activity of STTs.

RESULTS

Spliceosome-targeted therapies stimulate antiviral
signaling in MYC-driven triple-negative breast cancer
Previous studies have demonstrated that MYC-driven cancers
such as TNBC are sensitive to partial pharmacologic and genetic
perturbation of the spliceosome (Hsu et al., 2015; Koh et al.,
2015). However, the pathways that are activated by and coordi-
nate cell-fate decision making in response to spliceosome
inhibition are largely unknown. We integrated two unbiased
approaches—gene-expression analysis and forward genetic
screening—to investigate these pathways. First, we character-
ized the transcriptional changes of two MYC-driven TNBC cell
lines, SUM159 and MDA-MB-231-LM2 (LM2) (Kessler et al.,
2012; Hsu et al., 2015), following treatment with the small-mole-
cule spliceosome modulator sudemycin D6 (SD6) (Lagisetti
et al., 2013) (Figure 1A). Gene set enrichment analysis (GSEA)
(Subramanian et al., 2005) revealed that transcriptional changes
in response to spliceosome inhibition were highly correlated
between the two cell lines (Figure 1B), suggesting that a
common set of cellular pathways may respond to acute splicing
perturbation. Consistent with previous reports, cell-cycle and
RNA-processing pathways were downregulated in response to
spliceosome inhibition (Hsu et al., 2015; Hubert et al., 2013;
Seiler et al., 2018b). Surprisingly, immune signaling pathways,
including interferon (IFN) alpha and beta signaling, were among
the most significant positively enriched pathways (Figure 1C).
Upregulation of both IFN-stimulated genes (e.g., OAS1, MXT)
and nuclear factor kB (NF-kB)-responsive genes (e.g., TNF,
IL1B) indicate activation of an antiviral transcriptional program
in response to spliceosome inhibition (Figure 1D). Induction of
IFNB expression preceded the expression of well-characterized
IFN-responsive genes, suggesting activation of IFN-responsive
antiviral signaling (Figure S1A). These results are not unique to
SD6, as treatment of SUM159 and LM2 cells with H3B-8800
(Seiler et al., 2018b), a structurally distinct spliceosome modu-
lator currently in clinical trials (NCT02841540), resulted in similar
upregulation of an antiviral transcriptional program of mRNAs

pathways are among the most positively enriched. Gene sets with FDR <0.01 in both cell lines are shown, with immune-related gene sets in red (7 of 10 positively
enriched pathways). The GSEA trace of interferon alpha and beta signaling is shown as an example.

(D) Spliceosome inhibition with SD6 leads to activation of interferon stimulated and NF-kB-responsive genes. A heatmap of RNA-seq data shows relative
expression (mean FPKM fold change versus DMSO) of leading-edge genes from enriched immune-related transcriptional pathways in (C).

(E) Spliceosome inhibition activates antiviral signaling in TNBC cells but not in non-transformed MECs. SUM159 and LM2 and non-transformed MECs (HME1)
were treated with the same dose of H3B-8800. Gene expression was assayed by qRT-PCR.

(F) Spliceosome inhibition leads to production of cytokines and chemokines. Conditioned media from SUM159 cells + H3B-8800 was measured for CCLS5, IL6,
and CXCL10 (mean + SEM, n = 2 technical replicates, two-tailed unpaired Student’s t test).

(G and H) MYC hyperactivation primes antiviral transcriptional changes in response to spliceosome inhibition. HME1s with inducible MYC were treated + 4-OHT
(to induce MYC) + H3B-8800. Transcription of (G) CXCL11 and (H) other antiviral signaling targets was assayed by qRT-PCR.

(Iand J) Chemical genetic degradation of SF3B1 upregulates interferon-stimulated and NF-kB-responsive genes. SUM159s engineered with endogenous SF3B1
knockout and exogenous SF3B71-FKBP127% cDNA expression were (l) treated with a dFKBP ligand to deplete SF3B1. (J) Gene expression assayed by
gRT-PCR.

Bar plots of gqRT-PCR data in (E), (G), and (J) are expressed relative to DMSO (mean + SEM, n = 3 biological replicates, two-tailed unpaired Student’s t test). **p <
0.01, **p < 0.001, ***p < 0.0001. See also Figure S1.
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Figure 2. Components of antiviral response pathways modulate sensitivity to spliceosome inhibition

(A and B) Immunity-related genes confer resistance to spliceosome inhibition. (A) shRNA screen for genes that modulate sensitivity to spliceosome-targeted
therapies. SUM159 cells were transduced with an shRNA library and cultured + SD6. Waterfall plot shows combined SD6-selective growth effect of each gene,
calculated as a weighted effect of knockdown by multiple shRNAs. SD6 resistance candidates are red. SD6-sensitizing candidates are blue. (B) MeSH term
enrichment analysis of top 50 resistance candidates. Enriched MeSH terms (FDR <0.1) grouped by related function. Node size represents number of shRNAs that
significantly conferred resistance (>4 significant shRNAs highlighted in yellow).

(legend continued on next page)
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(Figure 1E; Figures S1B and S1C) and secretion of their encoded
proteins (Figure 1F). Together, these data support the model
that inhibition of splicing induces an antiviral immune transcrip-
tional response.

Notably, H3B-8800 induced antiviral transcriptional programs
in MYC-driven TNBC cells to a much greater extent than non-
transformed mammary epithelial cells (Figure 1E). Given that
MYC hyperactivation has been shown to increase sensitivity to
spliceosome inhibition, we asked whether MYC hyperactivation
alone is sufficient to prime activation of such antiviral programs
upon spliceosome inhibition using human mammary epithelial
cells engineered with inducible MYC-ER transgene (MYC-ER
HME1) (Hsu et al., 2015; Kessler et al., 2012). Strikingly, the
combination of MYC hyperactivation and H3B-8800 treatment
induced robust activation of antiviral signaling programs (Figures
1G and 1H), but the individual perturbations did not, strongly
suggesting that oncogenic MYC can prime antiviral immune
response to spliceosome inhibition.

To confirm that activation of antiviral transcriptional signaling
was due to on-target inhibition of spliceosome activity, we
evaluated the effects of chemical-genetic depletion of SF3B1,
the protein target of SD6 and H3B-8800. Expression of SF3B7-
FKBP127%%V in SUM159 cells with knockout of endogenous
SF3B1 enabled selective and dose-dependent perturbation of
SF3B1 function (Figure S1D; Nabet et al., 2018). Similar to
treatment with STTs, degradation of SF3B1-FKBP127®Y
induced expression of IFN and NF-kB-responsive genes (Figures
11 and 1J). From these data, we conclude that spliceosome
perturbation induces an antiviral transcriptional response in
MYC-driven TNBCs.

Components of antiviral response pathways modulate
sensitivity to spliceosome inhibition

Second, we sought to identify genes required for sensitivity to
spliceosome inhibition in TNBC cells. We performed a forward
genetic screen with a short hairpin RNA (shRNA) library (18,370
shRNAs targeting 1,837 genes) targeting signal transducing
protein classes (kinases, phosphatases, and ubiquitin ligases).
SUM159 cells transduced with the retroviral shRNA library
were grown in the presence or absence of SD6 (Figure 2A).
The shRNA abundance in tumor cell genomic DNA was quanti-
fied in initial and treated samples by sequencing. We focused
our downstream analysis on shRNAs that increased in abun-
dance specifically in the SD6-treated state, referred to as “resis-
tance candidates” because candidate knockdown conferred
resistance to spliceosome inhibition (Table S1). MeSH term
enrichment analysis (Yu, 2018) of the top 50 resistance candi-
dates revealed a cluster of genes involved in immune response
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(Figure 2B; Table S2), suggesting that immune pathways may
regulate tumor cell response to spliceosome-targeted therapies
(STTs). StringDB analysis of resistance candidates revealed
enrichment of pathways related to immunity and regulation of
signaling downstream of double-stranded RNA (dsRNA) sensing
(Figure S2A). Notably, 5 of the top 30 resistance candidates were
documented modulators of dsRNA-sensing pathways (Fig-
ure S2B) (Arimoto et al., 2007; Zeng et al., 2009; Mallampalli
et al., 2013; Li et al., 2015; Song et al., 2016; Yu et al., 2017).
shRNAs targeting these modulators were consistently enriched
upon partial spliceosome inhibition (Figure 2C; Figures S2C
and S2D). These data suggest that activation of dsRNA-sensing
and signaling pathways contributes to sensitivity to spliceosome
inhibition. Indeed, independent competition-based assays
validated that depletion of RNF128, RNF125, and UBE2D1
increased resistance to spliceosome inhibition (Figure 2D;
Figures S2E-S2G). As these genes have been shown to
mediate activation of antiviral transcriptional programs, we
tested whether their depletion would suppress antiviral immune
transcriptional activation induced by spliceosome inhibition.
Knockout of RNF128 suppressed induction of immune signaling
transcriptional changes upon treatment with SD6 (Figure 2E).
Collectively, these unbiased transcriptomic and genetic ap-
proaches suggest that partial inhibition of the spliceosome in-
duces antiviral signaling in tumor cells and that these pathways
regulate tumor cell survival in response to STTs.

Spliceosome-targeted therapies cause cytoplasmic

accumulation of double-stranded RNA in TNBC cells

We next investigated the trigger of antiviral signaling in response
to spliceosome inhibition. Our genetic screen indicated that
dsRNA antiviral signaling pathways modulate cancer cell
response to STTs, suggesting that spliceosome perturbation
may lead to accumulation of dsRNA. Immunofluorescence stain-
ing using a dsRNA-specific antibody (J2 antibody) (Schénborn
et al., 1991) across multiple TNBC lines revealed that H3B-
8800 induced significant increases in cytoplasmic dsRNA (Fig-
ures 3A-3D; Figures S3A and S3B). The J2 signal was abolished
by dsRNA-specific RNase Il treatment, indicating that the J2
antibody specifically recognized accumulation of dsRNA struc-
tures (Figures 3A-3D). In contrast to these MYC-driven TNBC
models, non-transformed HME1 cells did not exhibit increased
J2 signal at the same dose of H3B-8800 (Figure S3C). Notably,
in the MYC-ER HME1 system, the combination of MYC hyperac-
tivation and H3B-8800 led to a significant increase in dsRNA
accumulation compared to MYC or H3B-8800 alone (Figure 3E),
indicating that MYC is sufficient to prime accumulation of
dsRNAs in response to spliceosome inhibition. Importantly, in

(C and D) Knockdown of UBE2D1, RNF128, and RNF125 confers resistance to spliceosome inhibition. (C) For each gene, the top five independent shRNAs from
the screen are plotted along with two negative control shRNAs. log; (fold change) calculated based on change in shRNA abundance in SD6 versus DMSO (mean +
SEM, n =4 biological replicates). shRNAs with log, (fold change) > 0.5 and p < 0.05 are shown. (D) SUM159 cells transduced with RNF128, RNF125, or UBE2D1-
targeting or control shRNAs were mixed (40%) with SUM159-E2 Crimson cells (60%) and cultured + SD6. Shown is the percentage of cells expressing a given
shRNA for DMSO and SD6-treated samples (mean + SEM, n = 6 biological replicates, two-tailed unpaired Student’s t test).

(E) RNF128 is required for SD6-induced antiviral signaling. SUM159 cells expressing two RNA128-targeting or negative control sgRNAs were tested for
expression of IFNB, CXCL10, and MX1 + SD6 treatment. Data are shown as expression relative to DMSO (mean + SEM, n = 3 biological replicates, two-tailed

unpaired Student’s t test).
*p < 0.05, ***p < 0.0001. See also Figure S2 and Tables S1 and S2.

388 Cell 184, 384-408, January 21, 2021



H3B-8800 N interferon / NF-kB-responsive genes —3 cell death
SD6 — (SF3B1) splicesome —\ RNF128 —> antiviral signaling

dTAG-13 —\ SF3B1 —FKBE1 2F36V / cytokine/ chemokine
/
SF3B1(R1074H) shRNA é C D
Ce“ R: arginine; H: SgRNA e“ ress
Hisdine)
A @ SUM159 B SUM159 Cc LM2
RNA (J2 Hoech = RNA (J2
* RNase A: commonly dsREA(12)  Merge w/tioechst 23 o dsRNA (J2)  Merge wiHoechst
used; cleaves single- e gz
£
stranded RNA at 3'-end 2 6
o SE o
of C&U 2 28 2
* RNase H: cleaves the a £3 w e
. o9
RNA in a DNA/RNA = 35 =
duplex to produce 2 S T T T 2
ssDNA E, H3B-8800 - + + é
* RNase lll: digests RNase lll - - +
double-strand RNA;
shRNA D ***I_MZ****
* RNase R: 3'-->5' = _ S
exoribonuclease; E 23 150 8
. . . zZ [2a]
differentiate circular or e gz ]
Sc
linear RNA = S g1 =
2 oy )
8 £8 8
53
w0 T T T
H3B-8800 =~ + +
RNase lll = - + rn
+MYC PR i S
Vehicle +MYC +H3B-8800 +H3B-8800
E
1204 .
§ 3 : :
= §3 1004 !
2 Zz i
x SZ 80 .
NE L
A S ¢
EE 60 .5
2 P
. g8 | %
5 38 40+ "“.S"
: ’ ;
]\;: 20 T T T T
qé) MmYC - + - +
2 H3B-8800 - - + +

dsRNA (J2) Merge w/DAPI

dsRNA (J2)

Merged w/DAPI

Kk

Hkkk ns

o) ~ g0 00
(2] ~3 100 <o
= <8 zZ7
e E> %»‘5 80
g2 80 25
~8 SE
SE Qa9 60
S - 3
£3 25
23 sh 28
5 23 =l 88 40
— = 22 o R 3S
5% &3 3 :
55 T ; 20 T T 20 T T
g DMSO  dFKBP ! Y H3B-8300 - + - +
+ SF3B1YT + SF3BRIOTH
SF3B1WT SF3B1R1074H

Figure 3. Spliceosome-targeted therapies cause cytoplasmic accumulation of dsRNA in TNBC cells

(A-D) Spliceosome inhibition induces cytoplasmic dsRNA accumulation. (A and C) Cellular dsRNA was evaluated with anti-dsRNA (J2) immunofluorescence (IF)
in (A) SUM159 and (C) LM2 cells + H3B-8800. RNase lll treatment used as negative control for dsRNA signal. Scale bars, 10 pm. Images representative of 3
experiments. (B and D) Quantification of cytoplasmic dsRNA signal intensity for (B) SUM159 and (D) LM2.

(E) Spliceosome inhibition in combination with MYC hyperactivation induces cytoplasmic dsRNA accumulation. HME1s with inducible MYC were treated + 4-
OHT (to induce MYC) + H3B-8800 and assessed for dsRNA with J2 antibody. Scale bars, 10 um. Right, quantification of cytoplasmic dsRNA signal.

(F) SF3B1 degradation induces cytoplasmic dsRNA accumulation. Left, IF labeling of dsRNA (J2) in SUM159 SF3B1-FKBP127%V cells + dFKBP. Images are
representative of 2 experiments. Scale bars, 20 pm. Right, quantification of cytoplasmic dsRNA signal.

(G) Expression of spliceosome modulator-resistant SF3B171974" mutant suppresses accumulation of dsRNA after H3B-8800 treatment. Left, IF labeling of
dsRNA (J2) in SUM159 cells expressing SF3B1"T and SF3B17°74H 1 H3B-8800. Scale bars, 10 um. Right, quantification of cytoplasmic dsRNA signal.

All quantification plots of dsRNA signal intensity are mean + SEM from >35 cells per group, two-tailed unpaired Student’s t test. ***p < 0.001, ***p < 0.0001. See
also Figure S3.
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both the TNBC and MYC-ER HME1 experimental systems,
dsRNA accumulated prominently in the cytoplasm (representa-
tive images in Figures 3A, 3C, and 3E; Figures S3A and S3B),
where dsRNA-sensing proteins have been shown to engage
dsRNA viruses and other dsRNA species.

Next, we established that direct perturbation of the spliceo-
some induced dsRNA accumulation. Degradation of exogenous
SF3B1-FKBP12™%V in an endogenous SF3B7 knockout back-
ground resulted in accumulation of cytoplasmic dsRNA (Fig-
ure 3F), phenocopying the effect of H3B-8800. To further confirm
the SF3B1-on-target effect of H3B-8800 as the source of dsRNA
accumulation, we utilized exogenously expressed SF3B7171074H
(Figures S3D and S3G), which confers resistance to small mole-
cules targeting SF3B1 (Seiler et al., 2018b; Yokoi et al., 2011)
(Figures S3E and S3H). SF3B171974H expression suppressed
H3B-8800-induced intron retention (Figure S3F) and increase
in J2 signal (Figure 3G; Figure S3I). These results indicate that
spliceosome inhibition leads to widespread accumulation of
cytoplasmic dsRNA in MYC-driven TNBC cells. Together with
activation of antiviral signaling by spliceosome inhibition (Figures
1 and 2), these observations support the model that STTs exert a
therapeutic effect, at least in part, via dsRNA sensing and down-
stream antiviral signaling.

Intron-retained RNAs accumulate in the cytoplasm and
form dsRNA in response to spliceosome-targeted
therapies
We then sought to investigate the source of cytoplasmic dsRNA
in response to acute spliceosome inhibition. Spliceosome per-
turbations induce transcriptome-wide defects in splicing,
including intron retention, but the extent to which these intron-re-
tained transcripts are exported and accumulate in the cytoplasm
is unclear. Some intron-containing gene isoforms have well-
characterized biological functions in the cytoplasm (Buckley
et al., 2014), and certain cancer-associated neoepitopes are
derived from intron-retained RNA (Smart et al., 2018). However,
the majority of intron-retained RNAs are predicted to be
degraded by quality-control mechanisms (Braunschweig et al.,
2014; Doma and Parker, 2007; Popp and Maquat, 2013; Wong
et al., 2013; Zhang and Manley, 2013). Surprisingly, we found
that acute spliceosome perturbation led to widespread accumu-
lation of intron-retained transcripts in the cytoplasm of TNBC
cells. Poly(A) RNA sequencing (RNA-seq) of cytoplasmic fraction
RNA of SUM159 cells treated with H3B-8800 (Figure S4A) re-
vealed a significant increase in intron retention (IR) across
24,883 introns (Figure 4A; Figure S4B). Investigation of individual
RNA localization using RNA fluorescence in situ hybridization
(FISH) revealed a significant increase in intron-containing RNA
in the cytoplasm after H3B-8800 treatment (Figures 4B and
4C; Figures S4C-S4F). Importantly, overlapping intronic and
exonic foci indicates these cytoplasmic introns are present in
the context of unspliced transcripts, as opposed to intron lariats
or off-target probe recognition. Based on these results, we
conclude that acute spliceosome inhibition induces global accu-
mulation of mis-spliced, intron-containing RNA in the cytoplasm.
Given that spliceosome inhibition induced substantial accu-
mulation of cytoplasmic intron-retained RNAs and dsRNA, we
hypothesized that intron-retained mRNAs were a source of cyto-
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plasmic dsRNA. Previous studies have shown that introns form
double-stranded structures in the nucleus (Saldi et al., 2014;
Sun et al., 2019) and that a large proportion of retrotransposable
elements (e.g., LINE, SINE/Alus) in the genome are located in in-
trons (Sela et al., 2007). Notably, there was a significant increase
in expression of over 9,000 intron-residing retrotransposons,
including LINE and SINE/Alu elements, after H3B-8800 treat-
ment (Figure 4D; Figure S4G). In contrast, expression of retro-
transposons residing outside of intronic regions did not substan-
tively change (Figure 4E; Figure S4H). Therefore, in contrast to
primarily intergenic endogenous retroviral elements induced by
DNA demethylating agents (Chiappinelli et al., 2015; Mehdipour
et al., 2020; Roulois et al., 2015), we conclude that acute pertur-
bation of splicing reveals a previously unexplored class of
endogenous double-stranded RNAs that may serve as triggers
of an antiviral response.

To directly assess the composition of dsRNAs that accumu-
late after spliceosome inhibition, we performed dsRNA immuno-
precipitation using the J2 antibody followed by poly(A) RNA-seq
(J2 dsRIP-seq). Introns retained after spliceosome inhibition
were significantly enriched by J2 dsRIP-seq (Figures 4F and
4G), suggesting pervasive formation of double-stranded sec-
ondary structure. Among those genes with highly J2-enriched
retained introns was RPL30 (Figure 4H), which contains inverted
Alu elements that contribute to a long stretch of predicted
dsRNA structure (Figure S4l). Interestingly, introns without retro-
transposons were also enriched by J2 and predicted to form
lengthy, continuous double-stranded structures (Figures S4J
and S4K), suggesting that introns broadly contribute to accumu-
lation of dsRNA. Probing of RNA structure using single-stranded
RNA (ssRNA) digestion followed by gqRT-PCR revealed J2-en-
riched introns were enriched 10- to 15-fold for dsRNA structure
(Figure 4l), supporting their contribution to the pool of dsRNA
following spliceosome inhibition. Collectively, these data sup-
port the hypothesis that spliceosome inhibition causes accumu-
lation of intron-retained RNAs, which form double-stranded
structures that accumulate in the cytoplasm.

Spliceosome-targeted therapies activate extrinsic
apoptosis via antiviral dsRNA-sensing pathways

Our data thus far indicate that STTs cause cytoplasmic accumu-
lation of dsRNA in MYC-driven TNBC. Recognition of cyto-
plasmic dsRNA has been shown to activate an antiviral tran-
scriptional response and, in some contexts, induce extrinsic
apoptosis (Kibler et al., 1997; Gil and Esteban, 2000; lordanov
et al., 2005; Takahashi et al., 2006; Sears et al., 2011; El Maadidi
et al., 2014). However, previous work has suggested that STTs
induce apoptosis through alternative splicing of BCL2 family
genes (Larrayoz et al., 2016; Moore et al., 2010), which mediate
the intrinsic apoptotic pathway (Elmore, 2007). Thus, we sought
to determine whether extrinsic or intrinsic pathways drive
apoptosis in response to STTs. Consistent with prior studies,
both H3B-8800 and SD6 activated downstream effector cas-
pases-3 and -7 (Figure 5A; Figure S5A). Notably, both STTs acti-
vated caspase-8 (Figure 5B; Figure S5B), an initiator caspase of
extrinsic apoptosis. Likewise, in MYC-ER HMET1 cells, the com-
bination of MYC hyperactivation and H3B-8800 led to robust in-
duction of both caspases-3 and -7 and caspase-8 activity
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Figure 4. Intron-retained RNAs accumulate in the cytoplasm and form dsRNA in response to spliceosome-targeted therapies

(A-C) Spliceosome inhibition leads to cytoplasmic intron retention in TNBC cells.

(A) RNA-seq was performed on cytoplasmic RNA from SUM159 + H3B-8800 and intron retention (IR) was assessed. Empirical cumulative distribution curves of
mean IR scores (n = 2 biological replicates) are shown. A rightward shift in the red curve indicates increased IR (p < 2.2e-16, Mann-Whitney U test).

(B) RNA fluorescence in situ hybridization (FISH) images of retained introns and surrounding exon sequences for SEC74L1 + H3B-8800. Arrows indicate
overlapped intron and exon foci. Scale bars, 10 pm.

(C) Quantification of cytoplasmic intron-retained mRNAs per cell (mean + SEM from >35 cells per group, two-tailed unpaired Student’s t test).

(D and E) Intron-residing retrotransposons increase in abundance in the cytoplasm of TNBC cells after H3B-8800. Empirical cumulative distribution curves of
mean RPKMs are plotted for (D) 9,349 intron-residing retrotransposons or (E) 38,456 non-intronic retrotransposons detected in RNA-seq. A rightward shift in the
red curve indicates increased expression in intronic retrotransposons (p < 2.2e-16, Mann-Whitney U test) but not non-intronic retrotransposons (p = 0.90, Mann-
Whitney U test).

(F-H) Retained introns induced by spliceosome inhibition form dsRNA. SUM159 cells + H3B-8800 (n = 2 biological replicates). dsRNA was enriched by J2
immunoprecipitation followed by poly(A) RNA-seq (J2 dsRIP-seq). (F) Scatterplot of intron expression fold changes + H3B-8800 of the top 1,000 introns ranked
by expression (RPKM). (G) Number of retained introns with >2 x increase in input or J2-dsRIP (compared to the other state). (H) Representative intron-embedded
retrotransposons (RPL30 gene).

() Introns retained after H3B-8800 form dsRNA structures. Lysates from SUM159 cells + H3B-8800 were treated + RNaseONE, a ssRNA-specific ribonuclease.
Relative RNA levels were quantified via gRT-PCR (mean + SEM, n = 3 biological replicates). Data shown are relative to ACTB mRNA, a well-characterized ssRNA.
****p < 0.0001. See also Figure S4.

Cell 184, 384-408, January 21, 2021 391


llai0
文字方塊
splicesome

llai0
文字方塊
SD6

llai0
鉛筆

llai0
文字方塊
interferon / NF-kB-responsive genes
antiviral signaling
cytokine/ chemokine

llai0
鉛筆

llai0
文字方塊
H3B-8800

llai0
鉛筆

llai0
文字方塊
(SF3B1)

llai0
文字方塊
dTAG-13

llai0
文字方塊
SF3B1-FKBP12F36V

llai0
鉛筆

llai0
文字方塊
shRNA
sgRNA

llai0
鉛筆

llai0
文字方塊
cell death

llai0
文字方塊
RNF128

llai0
鉛筆

llai
文字方塊
SF3B1(R1074H)R: arginine; H: Hisdine)

llai
鉛筆

llai
文字方塊
RNA-seq

llai
文字方塊
IR: intron retention

llai
文字方塊
Mann-Whitney U test

llai
文字方塊
Empirical cumulative distribution curves

llai
文字方塊
RNA fluorescence in situ hybridization (FISH)

llai
文字方塊
Intron-residing retrotransposons

llai
文字方塊
dsRNA was enriched by J2 immunoprecipitation followed by poly(A) RNA-seq 
(J2 dsRIP-seq)

llai
矩形

llai
文字方塊
RNaseONE: a ssRNA-specific ribonuclease

llai
文字方塊
dsRNA

llai
鉛筆

llai
鉛筆


ZVAD/ZIETD

\/
dsRNA —> MAVS —3 caspase

H3B-8800 N\ A interferon/NF-kB-responsm cell death
é Ce“:ressSD6 — (SF3B1) splicesome —\ RNF128 'ﬁ antiviral signaling Ce“

dTAG-13 —\ SF3B1—FKBE12F36V /\ cytokine/ chemokine

SF3B1(R1074H) shRNA

R: arginine; H:

Hisdine) SgRNA

A B .. c D
] - - Hours of N wr
4 H3B-8800 Treatment 0 12 18 24 36 48 .
DMSO

] Cleaved Caspase - [ N e | -

Vinculin|—- — i — -—-l

Relative Caspase 3/7 activation
Relative Caspase 8 activation
Relative Caspase 3/7 activation

= Cleaved Caspase 3 _ _
0 o VINGUI [ . . s s S
DMSO H38-8800 DMSO H3B-8800 None +ZVAD +ZIETD
(Pan Caspase)  (Caspase 8)
E F c 7 one-way ANOVA with Dunnett’s multiple comparison test
5 6 ] b
S ns T 104 ns o
© S N A g A SN SSEES  S S
0 - £0
T2 £2 7
<= o s |
© 0 4 . [\ werx
8 Q oo o Mo 2 2 E - wohex
Lo - Lo 1
S kkk S
@ . aQ . prn
83 gs S
O 7 8 ) E oknk
om 2 o .
> @ . oRrse} 4
=T 2T e
o © 1
[9] i
x 4
0
H3B-8800 - + + + + + + + + + + + + + + + + H3B-8800
121212121212 12
O & BN NS O B oD
\é« '@+ .o°+ (5\9/ Qj:b .Q\SF §Y ‘Z}O \5\?’
R A OO O R R O
) ) )
dsRNA-sensing complex  MAVS-interacting dsRNA-sensing complex ~ MAVS-interacting
MAVS: mitochondrial antiviral signaling protein
MAVS Merge w/Hoechst 0.03 5 _ SDD-AGE o ——
IB: MAVS
o
o . i
Q s
g 3 0.02 .
8
)
2 MAVS
[ .
Z 001 ogpete aggregates
S = ..%n: Ly es o1 (ke) i
2 : =
3 e e w oo
T 000 g DMSO H3B-8800 Poly(l:C) [— ¥ ‘m
DMSO  H3B-8800 . I A e
positive control 7 it st
J K L CXCL10 IFNB
*
*ax p=0.07 Y
L 3 - p=0.13 44 —
g ° 5" —
‘§ 210 24 1
B 6 3 oy oy
s N = v 2 21
@ @ o8 (S
& 4 26 To 14 & 1
g g £g £g
[ 84 A= °% o4
o 2 2 54 S
g -0 -F - 22 .
© © - - - -1 -
¢ o £o
-1 4 24
HOB-BB00 - 4 - * - * H3B-8B00 - + - * - + HIBBBOO - 4 - 4 - HIB-BBO0 - + - 4+ -+
shControl LhMsz shControl thszs sgControl MAVS sg1 MAVS sg2 sgControl MAVS sg1 MAVS sg2

Figure 5. Spliceosome-targeted therapies activate extrinsic apoptosis via antiviral dsRNA-sensing pathways

(A-D) Spliceosome inhibition activates apoptosis via extrinsic mechanisms. (A) Caspase-3 and -7 activity from SUM159s + H3B-8800. (B) Caspase-8 activity
from SUM159s + H3B-8800. (C) Immunoblotting time course shows cleavage of caspase-8 precedes cleavage of caspase-3 in response to spliceosome in-
hibition in SUM159 cells. (D) H3B-8800-induced apoptosis requires the extrinsic initiator caspase-8. SUM159s + H3B-8800 and no caspase inhibitor, pan-
caspase inhibitor (ZVAD), or caspase-8 inhibitor (ZIETD) were measured for caspases-3 and -7.

(E and F) Multiple dsRNA sensors contribute to activation of extrinsic apoptosis and downstream effector caspases upon spliceosome inhibition. SUM159 cells
were transfected with control (NTC) siRNA or siRNA targeting the indicated genes, treated + H3B-8800, and assessed for (E) caspase-8 and (F) caspases-3 and
-7 (mean + SEM, n > 3 biological replicates, one-way ANOVA with Dunnett’s multiple comparison test).

(G-1) Spliceosome inhibition causes aggregation of the mitochondrial antiviral signaling protein MAVS. (G) MAVS immunofluorescence (IF) of SUM159 cells +
H3B-8800. Scale bars, 10 um. (H) MAVS aggregation quantified by inverse dispersal of IF signal (mean + SEM, two-tailed unpaired Student’s t test). (I) P5
mitochondrial fraction was prepared from SUM159 cells + H3B-8800 or transfected with poly (I:C). MAVS aggregation analyzed by SDD-AGE.

(legend continued on next page)
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(Figures S5C and S5D). Additionally, expression of SF3B171074H
suppressed activation of both caspase-8 and caspases-3 and
-7, suggesting that apoptotic cell death is indeed due to on-
target spliceosome inhibition (Figures S5E and S5F). Caspase-
8 cleavage occurred within 12 h, preceding caspase-3 cleavage
(Figure 5C). Strikingly, inhibition of both caspase-8 and -10, ini-
tiators of extrinsic apoptosis, suppressed activation of down-
stream effector caspases by H3B-8800 and SD6 (Figure 5D; Fig-
ure S5G). In contrast, inhibition of caspase-9, an initiator of
intrinsic apoptosis, did not significantly suppress caspase-3
and -7 activation (Figure S5G), suggesting intrinsic mechanisms
do not play a primary role in activation of apoptosis, at least in the
context of TNBC. Additionally, necroptosis is not a primary
pathway of cell death as inhibition of RIPK3 did not impede
H3B-8800-induced cell death (Figures S5H-S5J). Together,
these results indicate that the induction of apoptosis by spliceo-
some inhibition occurs through extrinsic mechanisms in breast
cancer.

Extrinsic apoptosis can be activated through mechanisms that
are dependent on cell-surface death receptors. We observed
that after H3B-8800, death-receptor-related ligands and recep-
tors were not substantially upregulated (Figures S5K-S5N).
Additionally, cFLIP splicing and isoform expression were not
changed (Figures S50 and S5P). Knockdown of TNFR1 did not
significantly suppress induction of apoptosis (Figures S5Q-
S5S). These data suggest that extrinsic apoptosis is activated
in a death-receptor-independent manner.

Prior studies have shown that recognition of cytoplasmic
dsRNA can trigger death-receptor-independent extrinsic
apoptosis (Gil and Esteban, 2000; El Maadidi et al., 2014). Our
genetic screen (Figure 2) implicated the RIG-I-like Receptor
(RLR) dsRNA-sensing pathway in sensitivity to STTs, suggesting
that spliceosome inhibition activates extrinsic apoptosis via
dsRNA binding proteins, including RLRs. While there are several
dsRNA sensors in the human proteome (Andrejeva et al., 2004;
Kang et al., 2002; Liu et al., 2014; Sumpter et al., 2005; Yo-
neyama et al., 2004; Zhang et al., 2011a, 2011b), their potential
redundancy in sensing endogenous dsRNAs and/or stimulating
cell death is poorly understood. To systematically test their
role in H3B-8800-induced extrinsic apoptosis, we depleted indi-
vidual dsRNA binding proteins, including RLRs, using multiple
independent small interfering RNAs (siRNAs) (Figure S5T) and
tested STT-induced extrinsic apoptosis. Depletion of several
dsRNA binding proteins partially suppressed activity of cas-
pase-8 and downstream activation of apoptosis upon H3B-
8800 treatment (Figures 5E and 5F), while knockdown of others
had no effect, suggesting there may be selectivity of dsRNA
sensors that recognize endogenous dsRNA accumulation and
stimulate apoptosis. The observation that RIG-I and MDAS5,
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which recognize distinct pools of dsRNA (Hornung et al., 2006;
Kato et al., 2008; Schmidt et al., 2009; Goubau et al., 2014; Line-
han et al., 2018), both contribute to apoptosis suggests diversity
in the types of dsRNA that accumulate upon spliceosome pertur-
bation. Collectively, these results indicate that recognition of
dsRNAs induced by STTs contributes to downstream activation
of apoptosis. However, the observed partial suppression of
extrinsic apoptosis suggests there may be redundancy in
dsRNA-recognition pathways or that other pathways contribute
to apoptosis.

Several of these dsRNA sensors (MDA5, RIG-I, DHX9, and
DHX33) converge on activation of the mitochondrial antiviral-
signaling protein (MAVS) to induce two independent arms of
downstream antiviral signal transduction: transcriptional
changes and induction of apoptosis (Kawai et al., 2005; Lei
et al., 2009; Liu et al., 2014; Meylan et al., 2005; Seth et al.,
2005; Xu et al., 2005; Zhang et al., 2011b). We hypothesized
that spliceosome inhibition activates the signaling integrator
MAVS, resulting in initiation of an antiviral response. Activation
of MAVS results in its aggregation on the mitochondrial mem-
brane (Hou et al., 2011). Indeed, H3B-8800 induced aggregation
of MAVS in both SUM159 and LM2 cells, as assessed by
immunofluorescence imaging (Figures 5G and 5H; Figures S5U
and S5V) and SDD-AGE followed by immunoblotting (Figures
5land S5W). Knockdown of MAVS partially suppressed extrinsic
apoptosis (Figures 5J and 5K; Figure S5X). The observed partial
suppression of extrinsic apoptosis suggests there may be
additional pathways that initiate extrinsic apoptosis. Consistent
with this, the dsRNA sensors DHX36, DDX21, and DDX1 are
partially required for H3B-8800-induced extrinsic apoptosis but
have not, to our knowledge, been characterized to signal through
MAVS. Finally, knockout of MAVS impaired antiviral transcrip-
tional changes upon H3B-8800 treatment (Figure 5L; Figures
S5Y and S5Z). Taken together, these data support the model
that STTs induce accumulation of dsRNA and consequently
activate dsRNA-sensing pathways (likely MAVS-dependent
and -independent), leading to upregulation of an antiviral tran-
scriptional program and activation of extrinsic apoptosis.

RNA splicing inhibition induces antiviral and adaptive
immune signaling in immune-competent models of
breast cancer

Antiviral signaling through dsRNA pathways induces tumor cell
death through a variety of mechanisms, including cell-autono-
mous apoptosis (Der et al., 1997; Kibler et al., 1997) as well as
production of cytokines and type 1 IFNs that recruit an adaptive
immune response (Chiappinelli et al., 2015; Roulois et al., 2015;
Topper et al., 2017; Elion et al., 2018; Ishizuka et al., 2019). While
STTs trigger tumor cell death in a cell-autonomous manner

(J and K) Knockdown of MAVS suppresses activation of extrinsic apoptosis and downstream effector caspases upon spliceosome inhibition. SUM159 cells
expressing control or MAVS-targeted shRNA were treated + H3B-8800 and assessed for (J) caspase-8 and (K) caspases-3 and -7 (mean + SEM, n = 2 biological

replicates, two-tailed unpaired Student’s t test).

(L) MAVS knockout suppresses upregulation of antiviral signaling in TNBC cells treated with H3B-8800. SUM159 cells expressing two independent MAVS
sgRNAs were assessed for CXCL10 and IFNB expression = H3B-8800. Data shown are relative to DMSO (mean + SEM, n = 3 biological replicates, two-tailed

unpaired Student’s t test).

Bar plots in (A), (B), and (D) of caspase activity are shown as mean + SEM, n = 3 biological replicates, two-tailed unpaired Student’s t test. “p < 0.05, **p < 0.01,

***p < 0.001, ***p < 0.0001. See also Figure S5.
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Figure 6. RNA splicing inhibition induces antiviral and adaptive signaling in immune competent models of breast cancer

(A) H3B-8800 impairs tumor progression heterogeneously across syngeneic murine TNBC tumor models. 2208L and PyMT-M tumor progression was signifi-
cantly impaired (termed sensitive), while AT3 and T11 tumors progressed (termed resistant) (mean + SEM, number of animals plotted).

(B) H3B-8800 results in higher global intron retention in sensitive tumor models (p < 2.2e-16, Mann-Whitney U test). Boxplot (left) of transcriptome-wide IR scores.
Bar plot (right) indicates number of introns with >2-fold change in IR in H3B-8800 versus vehicle-treated tumors.

(legend continued on next page)
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(Figure 5), robust induction of antiviral transcriptional programs
by STTs prompts the hypothesis that such antiviral signaling
may also serve as a beacon for downstream host immune
surveillance. Therefore, we assessed the impact of spliceosome
inhibition on TNBC in an immune-competent host using multiple
transplantable syngeneic murine tumor models (2208L,
PyMT-M, AT3, and T11). Consistent with prior work (Seiler
et al., 2018b), H3B-8800 treatment was well tolerated. Notably,
the effect of spliceosome perturbation on tumor progression
varied significantly across these models. H3B-8800 significantly
impaired tumor progression in 2208L and PyMT-M tumor
models (“sensitive” models), while only modestly delaying tumor
growth in AT3 and T11 models (“resistant” models) (Figure 6A),
indicating H3B-8800 is differentially efficacious as a single agent
across TNBC models.

To investigate the mechanisms contributing to this differential
sensitivity, we performed bulk tumor RNA sequencing. Splicing
analysis showed that H3B-8800 induced widespread IR across
all models. Notably, H3B-8800 induced a significantly greater in-
crease in global IR in sensitive tumor models (Figure 6B)
compared to resistant tumor models. The underlying causes of
the increased global intron retention in sensitive models are
currently unknown but could be a consequence of multiple
mechanisms including partial defects in spliceosome function
(e.g., somatic spliceosome mutations (Lee et al., 2016; Obeng
et al., 2016; Seiler et al., 2018b; Shirai et al., 2017), increased
global transcription rates and corresponding burden on pre-
mRNA splicing machinery (e.g., MYC hyperactivation (Hsu
et al,, 2015; Lin et al., 2012)), impaired quality control of
mis-spliced mMRNA (e.g., defects in NMD), or other forms of
deregulation in RNA processing. Nonetheless, this observation
indicates that elevated levels of intron-retained mRNA correlates
with efficacy of spliceosome-targeted therapy in these immune-
competent models of TNBC.

To further study the underlying causes for differential sensi-
tivity, we queried the differential effects of H3B-8800 on tran-
scriptional programs in sensitive versus resistant models using
a DESeqg2 multifactor model (Love et al., 2014) followed by
enrichment analysis. Pathways upregulated in sensitive models
were almost exclusively immune-related pathways, in particular,
those related to antiviral signaling, cytokine and chemokine
signaling, and adaptive immunity (Figures S6A and S6B). H3B-
8800 significantly upregulated expression of antiviral signaling
genes in sensitive models, which had greater induction of IR
but not in resistant models (Figure 6C). As an orthogonal
approach, we performed GSEA on genes differentially ex-
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pressed in H3B-8800-treated compared to vehicle-treated
tumors. Hierarchical clustering of pathways commonly enriched
among models revealed a pronounced cluster comprised almost
exclusively of antiviral and adaptive immune pathways enriched
solely in sensitive tumor models (Figure 6D; Table S3). These
findings provide evidence that STTs activate not only tumor anti-
viral signaling but also adaptive immune signaling in models sen-
sitive to this single-agent regimen. Furthermore, these pathways
are negatively enriched in resistant tumor models, supporting the
hypothesis that activation of antiviral immune signaling is crucial
for the anti-tumor activity of STTs.

The observation that H3B-8800 induced strong antiviral
transcriptional patterns specifically in sensitive tumor models
supports the hypothesis that the STT-induced dsRNA-antiviral
response observed in human TNBC models (Figures 1, 2, 3, 4,
and 5) also occurs in these sensitive murine TNBC cells. To
confirm that gene-expression changes in non-tumor cells did
not confound our analysis, we derived in vitro cell lines from
these syngeneic models to investigate the tumor cell-intrinsic
response to STT. While H3B-8800 induced IR across all models
in vitro, H3B-8800 induced more IR in the 2208L and PyMT-M
cell lines (from sensitive tumor models) than in AT3 and T11
cell lines (from resistant tumor models) (Figure S6C), consistent
with results from bulk tumors in vivo. Additionally, H3B-8800
treatment induced significantly greater accumulation of dsRNA
in 2208L and PyMT-M cell lines than in AT3 and T11 cell lines
(Figure 6E). Importantly, H3B-8800 induced antiviral transcrip-
tional targets Cxcl10, Cxcl11, and TiIr9 (Figure 6F) and secretion
of CXCL10 protein (Figure S6D) in sensitive cell lines but had little
or no effect in resistant cell lines (Figure 6F), suggesting that
intron retention and dsRNA accumulation correlate with down-
stream induction of antiviral pathways in murine TNBC cells.
Notably, cell lines from resistant tumor models (AT3 and T11)
were largely recalcitrant to H3B-8800-induced cell death (Fig-
ure S6E). In contrast, H3B-8800 strongly induced apoptosis in
tumor cells from the 2208L tumor model, consistent with its
strong activation of dsRNA-antiviral programs and sensitivity to
H3B-8800 in vivo (Figure S6E). Interestingly, H3B-8800 did not
induce caspase-8 in tumor cells from the PyMT-M tumor model
despite a strong activation of dsRNA antiviral response, possibly
due to suppression of caspase-8 activity by the PyMT viral
oncoprotein (Courtneidge and Smith, 1983; Tsang et al., 2016).
Consistent with this observation, prior reports indicate that in-
duction of antiviral transcriptional programs and apoptotic
(caspase-8) mechanisms downstream of dsRNA sensing can
be independent (Lei et al., 2009) and that these two outputs

(C) H3B-8800 stimulates expression of antiviral signaling genes in sensitive tumor models. Genes shown are part of KEGG and Reactome antiviral signaling-
related pathways. Relative expression was calculated as mean FPKM fold change versus vehicle.

(D) Immune pathways are strongly induced by H3B-8800 in sensitive tumor models but not in resistant tumor models. The pathways shown from MSigDB C2
Canonical Pathways have GSEA FDR <0.05 in either both of the sensitive or both of the resistant models. Immune pathways (red) are annotated based on leading-

edge genes.

(E) Spliceosome inhibition leads to accumulation of cytoplasmic dsRNA in sensitive syngeneic models of TNBC in vitro. Cell lines derived from syngeneic mouse
TNBC models were assessed for cytoplasmic dsRNA using J2-immunofluorescence. Quantification of cytoplasmic dsRNA signal intensity is shown (mean + SEM

from >40 cells per group, two-tailed unpaired Student’s t test).

(F) H3B-8800 induces transcriptional activation of antiviral immune signaling in sensitive syngeneic models of TNBC in vitro. Cell lines were treated with H3B-
8800, and immune transcriptional activation was measured via qRT-PCR. Data are relative to DMSO (mean + SEM, n = 3 biological replicates, two-tailed unpaired

Student’s t test).

*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001, #p < 2.2e-16. See also Figure S6 and Table S3.
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may be disengaged in some contexts. These results raise the
possibility that H3B-8800-mediated tumor control in the
PyMT-M model (and perhaps other tumor contexts) may occur
through tumor cell non-autonomous mechanisms, a hypothesis
that requires further investigation. Together, these data further
support the model that accumulation of mis-spliced and
double-stranded RNA induces antiviral signaling pathways
within tumor cells.

Our RNA-seq analysis indicated that, in addition to antiviral
signaling, signatures associated with adaptive immune
engagement were upregulated in sensitive syngeneic models.
H3B-8800 treatment led to increased expression of several
T cell chemoattractants (such as Cxc/9 and Cxcl/10) and corre-
sponding adaptive immune gene sets (Figures 6C and 6D). On
closer examination, expression of Cd4 and multiple common
markers of T cell activation were increased in sensitive (but not
resistant) models with H3B-8800 treatment (Figures S6F-S6l),
which supports potential engagement of host T cells. We also
assessed the “cytolytic index,” the co-expression of both
granzyme A (Gzma) and perforin (Prf1), as a proxy for CD8"
T cell activity (Rooney et al., 2015). Notably, the cytolytic index
was increased following H3B-8800 selectively in sensitive
models (Figure S6J), suggesting CD8" T cell activation in
response to treatment with H3B-8800. Indeed, tumor infiltration
of CD8* T cells was significantly increased upon H3B-8800 treat-
ment in PyMT-M tumors (Figures S6K and S6L), consistent with
upregulation of gene sets related to T cell co-stimulation and
T cell receptor signaling (Figure 6D). Overall, these findings sup-
port the model that spliceosome inhibition induces upregulation
of both antiviral and adaptive immune signaling in tumor cells
and provoke the hypothesis that STTs may, in some contexts,
stimulate anti-tumor immunity, an area of study that requires
further investigation.

Defects in RNA splicing and MYC amplification correlate
with immune response in human breast cancer

The observations that global defects in tumor RNA splicing may
activate adaptive immune signaling in murine models of breast
cancer raise the question of whether similar effects occur in hu-
man breast cancer. While the effects of STTs have not yet been
evaluated in breast cancer patients, we hypothesized that tu-
mors with intrinsic global defects in splicing (as indicated by
widespread IR) may instigate an immune response. To evaluate
this hypothesis, we computed global IR levels across 983 TCGA
primary breast tumors (Koboldt et al., 2012) and tested whether
elevated IR correlates with expression signatures of tumor-infil-
trating immune cells using immune cell single-sample GSEA
analysis (Barbie et al., 2009). Remarkably, tumor IR levels signif-
icantly correlated with previously characterized T cell immune
infiltration signatures (Bindea et al., 2013), including helper,
memory, and effector T cells (Figure 7A; Table S4). When IR
was considered as a categorical variable (high being >1 SD
above and low being >1 SD below the cohort mean), IR
continued to associate significantly with the same signatures
(Figure 7A). We then used GSEA to more broadly query gene-
expression differences between tumors with high and low
intrinsic IR. Notably, immune signaling-related pathways made
up 36% of significantly positively enriched pathways (FDR <
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0.01) (Figure 7B). Tumor mutational burden (TMB), a feature of
cancers previously shown to be associated with immune recruit-
ment and anti-tumor immunity (Rizvi et al., 2015; Snyder et al.,
2014), was negatively correlated with IR levels in this cohort
(Figure S7A), suggesting tumor-intrinsic IR is a distinct feature
correlating with immune engagement. Importantly, high IR is
associated with improved patient disease-free survival (Fig-
ure 7C), suggesting that improved tumor control may be, in
part, due to increased immune engagement seen in tumors
with high levels of RNA mis-splicing.

MYC has been demonstrated to suppress immune engage-
ment (Bernards et al., 1986; Casey et al., 2018, 2017, 2016; Kort-
lever et al., 2017; Topper et al., 2017) and drive poor prognosis
breast cancers (Al-Kuraya et al., 2004; Aulmann et al., 2006; De-
ming et al., 2000; Robanus-Maandag et al., 2003; Schlotter et al.,
2003). However, this study has uncovered that oncogenic MYC
primes cancer cells to activate antiviral immune signaling in the
context of spliceosome perturbation. Therefore, we hypothe-
sized that MYC ampilification in tumor cells might augment the
immune signaling associated with high baseline RNA mis-
splicing. To test this, we divided tumors into four cohorts based
on MYC copy number (amplified or normal as measured by
GISTIC) and intron retention (IR high or low using aforemen-
tioned cutoffs). Utilizing GSEA, we compared gene-expression
patterns of tumors in each of these cohorts to determine enrich-
ment profiles unique to each group. Importantly, 7 of the top 10
enriched pathways in the high IR high MYC cohort were related
to immune signaling (Figure 7D), while high IR normal MYC
cohort exhibited enrichment of only 1 immune pathway. This
same pattern was not observed with CCNE1, another commonly
amplified gene in breast cancer (Figure 7E), suggesting a unique
interaction between MYC and IR to induce immune signaling.
These data are concordant with previous work (Hsu et al.,
2015) demonstrating that MYC drives sensitivity to spliceosome
inhibition. More broadly, this lends evidence to the idea that IR
burden may be a quantifiable intrinsic feature of tumors and
that IR burden above a threshold could promote immune
signaling in certain oncogenic contexts (like MYC amplification).
The strong correlation of defective RNA processing and T cell
recruitment could arise through multiple non-mutually exclusive
mechanisms like activation of antiviral signaling and consequent
recruitment of T cells, expression of neo-antigens, or others yet
to be elucidated. Nonetheless, these data provoke the hypothe-
sis that global RNA splicing defects, whether tumor intrinsic or
induced by acute spliceosome inhibition, may stimulate adaptive
immune responses.

DISCUSSION

Small-molecule modulators of the spliceosome exhibit potent
anti-tumor activity across many cancers, though the mecha-
nisms by which they kill tumors have been unclear. Important
studies have characterized the mis-splicing of single genes or
gene families in response to spliceosome inhibition, leading the
field to focus on these aberrant protein products to explain
sensitivity to spliceosome therapeutics. In contrast, we find
that mis-spliced RNA itself may have an unrealized, broader
function as a macromolecule in dictating tumor cell sensitivity
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Figure 7. Defects in RNA splicing and MYC amplification associate with immune response in human breast cancer

(A) Intron retention (IR) correlates with signatures of immune infiltration in human breast cancer. Scores from ssGSEA analysis of immune cell gene signatures
were computed and correlated to IR levels in BRCA tumors (n = 983) in TCGA. Heatmaps show IR level across tumors and ssGSEA scores for signatures that have
Pearson correlation g < 0.01, ranked by q value. Subset heatmaps show tumors with IR level >1 Z score from the mean.

(B) Immune-related gene sets are enriched in tumors with high IR. GSEA with MSigDB C2 Canonical Pathways was used to compare gene expression of tumors
with high versus low IR (>1 Z score from mean). Bar plot of NES of positively enriched gene sets (FDR <0.01). Red indicates immune-related gene set.

(C) Tumors with high IR have improved disease-free survival (DFS). Kaplan-Meier plot shows DFS for patients with breast tumors (TCGA). High IR tumors have

improved DFS (p = 0.026, log-rank test).

(D and E) MYC-amplified breast tumors exhibit increased IR-associated immune signaling pathway activity. GSEA was used to compare gene-expression
patterns of human tumors divided into cohorts based on IR levels and MYC amplification. (D) Pie charts represent the percentage of immune-related pathways
among the top 10 enriched pathways ranked by NES. In the high IR, high MYC cohort, 7 of 10 pathways are related to immune signaling. (E) In comparison,
CCNE1 amplified tumors do not exhibit increased IR-associated immune signaling.

See also Figure S7 and Table S4.

to spliceosome inhibition. Our results show that tumor cell death
is associated with accumulation and recognition of intron-resi-
dent dsRNA and subsequent activation of antiviral immune path-
ways. These results highlight endogenous mis-spliced RNA as
an unexpected substrate for dsRNA sensors that can be lever-
aged therapeutically to engage a tumor cell-intrinsic immune
response. Activation of tumor-intrinsic immune signaling via
dsRNA-recognition pathways has been studied recently in the
context of DNA methyltransferase inhibitors (Chiappinelli et al.,
2015; Luo et al., 2018; Roulois et al., 2015; Stone et al., 2017)

and ADAR perturbations (Gannon et al., 2018; Ishizuka et al.,
2019; Liu et al., 2019). However, in these scenarios it is unclear
whether there is selectivity in dsRNA induction across tumor
types or between tumor and non-malignant tissues. This study
identifies introns as a distinctive source of endogenous dsRNA
substrates that can be differentially induced in cancer cells,
particularly those with hyperactivation of the MYC oncogene.
As recent clinical trials have demonstrated profound albeit
heterogeneous success in modulating the immune system to
treat cancer (Sharma et al., 2017), the community has searched
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for tumor-intrinsic features that dictate whether the immune sys-
tem can be stimulated to recognize and eliminate cancer cells.
For instance, tumor mutational burden (TMB) and high burden
of clonal tumor neoantigens have been shown to drive T cell infil-
tration into the tumor (McGranahan et al., 2016), and these fea-
tures strongly associate with success of immune-checkpoint
blockade (Cristescu et al., 2018; Goodman et al., 2017; Hugo
et al., 2016; Rizvi et al., 2015; Yarchoan et al., 2017). However,
DNA aberrations (e.g., somatic mutations) are likely only one
among many characteristics of tumors that drive tumor recogni-
tion by the immune system. We provide evidence that a high
burden of RNA mis-splicing (in the form of intron retention)
may be an unexplored feature of some cancers that engages tu-
mor antiviral signaling and downstream adaptive immunity.
Indeed, analysis of primary breast cancers supports this hypoth-
esis, with tumors that harbor high levels of intron retention also
exhibiting overexpression of gene-expression programs en-
riched for immune pathways, especially in tumors with MYC
amplification. This observation suggests that inherent RNA-pro-
cessing defects, which are a pervasive but heterogeneous
feature of cancers, may induce tumor-intrinsic immune signaling
in some contexts. It also raises the therapeutic hypothesis that
RNA splicing defects may prime sensitivity to immune-check-
point blockade or other therapies that engage adaptive
immunity.

Finally, our results engender the idea that activation of cell-
intrinsic antiviral immunity may be a common mechanism that re-
sponds to widespread splicing defects across cancer and other
disease states. Aberrations in macromolecules such as DNA and
protein are recognized by well-established pathways, such as
the DNA damage response (DDR) and unfolded protein response
(UPR). These pathways regulate coordinated responses to these
aberrations to either restore cellular homeostasis or cause cell
death and, in some contexts, serve as potent oncogenic check-
points to prevent tumorigenesis. In contrast, while we are aware
of important quality-control mechanisms for RNA such as
nonsense-mediated decay, it has been unclear whether there
are signaling pathways that sense widespread mis-splicing of
RNA and dictate cell fate (e.g., apoptosis). We provide evidence
that dsRNA sensing and antiviral signaling may serve as such a
coordinated response for widespread mis-splicing of RNA,
with intron-resident dsRNAs serving as a trigger for this
response. Our data support the involvement of multiple dsRNA
sensors, including but not limited to those that interface with
MAVS, in dictating cell fate in response to widespread RNA
mis-splicing. Our data suggest the presence of diverse pools
of intron-containing dsRNA and concordant dsRNA sensors
that trigger this antiviral immune response. In the future, it will
be important to elucidate which pools of endogenous dsRNAs
stimulate dsRNA sensors, and how the varied genetic/epigenetic
context of cancer drivers like MYC may influence these dsRNA
pools and sensors and prime tumors to dsRNA antiviral immune
responses. More broadly, aberrantly spliced transcripts may be
similarly sensed as dsRNA triggers in other pathologies with
well-characterized RNA-processing defects such as Alzheimer
disease, which is characterized by broad accumulation of
mis-spliced RNA (Bai et al., 2013; Raj et al., 2018; Vaquero-
Garcia et al., 2016; Wyss-Coray, 2006). This raises the exciting
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possibility that antiviral immune signaling, a critical component
of Alzheimer disease pathogenesis, may be activated by surveil-
lance and sensing of aberrantly spliced RNAs. Overall, our find-
ings reveal dsRNA-mediated antiviral immunity as a sensing and
response mechanism for broad cellular splicing defects, sug-
gesting that deregulated RNA processing may contribute to
cellular antiviral pathway activation in cancer and other diseases.

LIMITATIONS OF STUDY

This study has focused on exploring the tumor cell-intrinsic re-
sponses to STTs, revealing that spliceosome inhibition triggers
accumulation of dsRNA and activation of antiviral signaling
pathways. Moreover, acute therapeutic spliceosome inhibition
is sufficient in some contexts to stimulate both antiviral and
adaptive immune signaling, as well as tumor T cell infiltration.
However, further studies are needed to investigate the contribu-
tion of the adaptive immune response to the anti-tumoral activity
of STTs. There are several outstanding questions requiring
investigation. How does tumor cell-intrinsic activation of antiviral
pathways in the context of STT treatment or other scenarios of
RNA misprocessing communicate to the host adaptive immune
compartment? What compartments of the adaptive immune
system, if any, are required for STT anti-cancer efficacy? What
are the effects of STTs on immune cell types and do they elicit
counter-balancing effects on anti-tumor immunity? These areas
of exploration will be critical to exploring whether STTs can be
leveraged to galvanize the immune system against aggressive,
immune-cold tumors like TNBC.
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STARXxMETHODS

KEY RESOURCES TABLE

Cell

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-SF3B1 Bethyl Cat#A300-996A; RRID:AB_805834
Mouse monoclonal anti-Vinculin Sigma Cat#V9131; RRID:AB_477629
Mouse monoclonal anti-FLAG M2 Sigma Cat#F1804; RRID:AB_262044
Mouse monoclonal anti-BActin Sigma Cat#A1978; RRID:AB_476692
Mouse monoclonal anti-oTubulin DM1A Cell Signaling Cat#3873; RRID:AB_1904178
Rabbit polyclonal anti-H3 Millipore Cat#07-690; RRID:AB_417398
Rabbit monoclonal anti-Cleaved Caspase 8 18C8 Cell Signaling Cat#9496; RRID:AB_561381
Rabbit polyclonal anti-Cleaved Caspase 3 Cell Signaling Cat#9661; RRID:AB_2341188

Mouse monoclonal anti-RAN Clone 20

BD Biosciences

Cat#610340; RRID:AB_397730

Rabbit monoclonal anti-DR5 D4E9 Cell Signaling Cat#8074; RRID:AB_10950817
Rabbit polyclonal anti-TNFR2 Cell Signaling Cat#3727; RRID:AB_659912
Rabbit monoclonal anti-DR4 D9S1R Cell Signaling Cat#42533; RRID:AB_2799223
Rabbit monoclonal anti-TNFR1 C25C1 Cell Signaling Cat#3736; RRID:AB_2241018
Rabbit monoclonal anti-DR6 E8D21 Cell Signaling Cat#93026; RRID:AB_2800198
Rabbit monoclonal anti-cFLIP D5J1E Cell Signaling Cat#56343; RRID:AB_2799508
Rabbit polyclonal anti-MAVS Cell Signaling Cat#3993; RRID:AB_823565
Mouse monoclonal J2 (anti-dsRNA) Scicons Cat#10010500; RRID:AB_2651015
Alexa Fluor 488 goat anti-mouse IgG Invitrogen Cat#A11029; RRID:AB_2534088
Alexa Fluor 594 goat anti-rabbit IgG Invitrogen Cat#A11012; RRID:AB_2534079
Rabbit monoclonal anti-CD8a D4W2Z Cell Signaling Cat#98941; RRID:AB_2756376
Bacterial and virus strains

N/A N/A N/A

Biological samples

Syngeneic mouse tumors Laboratory of Xiang H.-F. Zhang N/A

Chemicals, peptides, and recombinant proteins

H3B-8800 Seiler et al., 2018b N/A

SD6 Lagisetti et al., 2013 N/A

dTAG-51 Nabet et al., 2018 N/A

Z-VAD-FMK R&D Systems Cat#FMKO001

Z-IETD-FMK R&D Systems Cat#FMKO007

Z-AEVD-FMK R&D Systems Cat#FMKO009

Z-LEHD-FMK R&D Systems Cat#FMKO008

RNase Il Applied Biosystems Cat#A2290

RNaseOne Promega Cat#M4261

SuperScript Il ThermoFisher Scientific Cat#18080093

SYBR Select Master Mix Applied Biosciences Cat#4472908

Hoechst 33342, trihydrochloride, trihydrate Life Technologies Cat#H3570

Protease Inhibitor Cocktail Roche Cat#11836170001
Phosphatase Inhibitor Cocktail 2 Sigma Cat#P5726

Clarity ECL Substrate Bio-Rad Cat#170-5060

Q5 High-Fidelity 2X MasterMix New England Biosciences Cat#M04292

RNasin Plus Promega Cat#N2111
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REAGENT or RESOURCE SOURCE IDENTIFIER
Protein A Dynabeads Invitrogen Cat#10001D
Propidium lodide Sigma Aldrich Cat#P4864
Critical commercial assays

RT? Profiler PCR Array Human Antiviral Response QIAGEN Cat#330321
Milliplex Human Cytokine/Chemokine Panel 1 MilliporeSigma Cat#HCYTOMAG-60K
CellTiterGlo Promega Cat#G7570
Caspase-Glo 3/7 Promega Cat#G8090
Caspase-Gilo 8 Promega Cat#G8200
Pierce BCA Protein Assay Thermo Scientific Cat#23225
Deposited data

SUM159 SD6 RNA-Seq This manuscript GEO#GSE163414
LM2 SD6 RNA-Seq This manuscript GEO#GSE163411
SUM159 Cytoplasmic RNA-Seq This manuscript GEO#GSE163232
SUM159 J2 dsRIPseq This manuscript GEO#GSE163188
Syngeneic model RNA-Seq This manuscript GEO#GSE163181

TCGA RNA-Seq Data

TCGA RNA-Seq Clinical Data

Koboldt et al., 2012

The Cancer Genome Atlas
Research Network

dbGaP: phs000178.v10.p8;
https://www.ncbi.nlm.nih.gov/projects/
gap/cgi-bin/study.cgi?study_id=
phs000178.v10.p8

https://portal.gdc.cancer.gov/

Experimental models: cell lines

Human: 293T

Human: SUM159 (female)

Human: MDA-MB-231-LM2 (female)

Human: HME1 (female)

Human: HME1 MYC-ER

Human: SUM159 SF387~/~ SF3B1-FKBP12"¢V

ATCC

BiolVT

Minn et al., 2005
Infinity

Kessler et al., 2012
This manuscript

Cat#ATCC CRL-3216
Cat#SUM-159PT

N/A
Cat#hTERT-HME1
N/A

N/A

Human: MDA-MB-231 (female) ATCC Cat#ATCC HTB-122
Human: BT549 (female) ATCC Cat#ATCC HTB-26
Human: SUM159 SF3B1WT This manuscript N/A

Human: SUM159 SF3B1R1074H This manuscript N/A

Human: MDA-MB-231-LM2 SF3B1"T This manuscript N/A

Human: MDA-MB-231-LM2 SF3B1R1074H This manuscript N/A

Mouse: p53~/~ 2208L (female) Laboratory of Xiang H.-F. Zhang N/A

Mouse: p53~/~ T11 (female) Laboratory of Xiang H.-F. Zhang N/A

Mouse: MMTV PyMT-M (female) Laboratory of Xiang H.-F. Zhang N/A

Mouse: AT3 (female) Laboratory of Xiang H.-F. Zhang N/A

Experimental models: organisms/strains

Mouse: BALB/c AnNHsd (female) Envigo Cat#4701F

Mouse: C57BL/6J (female) Jackson Laboratory Cat#000664
Oligonucleotides

See Table S5 for shRNA sequences Rousseaux et al., 2018 N/A

See Table S5 for siRNA sequences

See Table S6 for Primer Sequences used
for RT-qPCR

ThermoFisher

Integrated Data Technologies

https://www.thermofisher.com/us/en/
home/life-science/rnai/synthetic-rnai-
analysis/ambion-silencer-select-
sirnas.html

N/A

(Continued on next page)
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https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000178.v10.p8
https://portal.gdc.cancer.gov/
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
See Table S7 for smFISH probe sequences Biosearch Technologies, Inc. N/A

shRNA Genomic Amplification Forward Primer: Integrated Data Technologies N/A
TCGTCGGCAGCGTCAGATGTGTATAAGAGAC

AGTAGTGAAGCCACAGATGTA

shRNA Genomic Amplification Reverse Primer: Integrated Data Technologies N/A

GTCTCGTGGGCTCGGAGATGTGTATAAGA
GACAGTATAAACGGTTGGTCTTCCAA

sgRNA Control Sequence:
GTCCTGGCAGGGCTGTGGTG

RNF128 sgRNA-1 Sequence:
CACGAATTTCACGGTGCCCA

RNF128 sgRNA-2 Sequence:
GAAATTCGTGTGCGGGTTAC

MAVS sgRNA-1 Sequence:
GTACTTCATTGCGGCACTGA

MAVS sgRNA-2 Sequence:
GGGTATTGAAGAGATGCCAG

SF3B1 crRNA-1 Sequence:
AAGAUCGCCAAGACUCACGA

Edit-tracrRNA

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

ThermoFisher

Dharmacon

Dharmacon

https://www.thermofisher.com/us/en/
home/life-science/genome-editing/
geneart-crispr/crispr-libraries/lentiarray-
crispr-libraries.html
https://www.thermofisher.com/us/en/
home/life-science/genome-editing/
geneart-crispr/crispr-libraries/lentiarray-
crispr-libraries.html

https://www.thermofisher.com/us/en/
home/life-science/genome-editing/
geneart-crispr/crispr-libraries/lentiarray-
crispr-libraries.html
https://www.thermofisher.com/us/en/
home/life-science/genome-editing/
geneart-crispr/crispr-libraries/lentiarray-
crispr-libraries.html
https://www.thermofisher.com/us/en/
home/life-science/genome-editing/
geneart-crispr/crispr-libraries/lentiarray-
crispr-libraries.html

Cat#CR-020061-01

Cat#U-002000

Recombinant DNA

pINDUCER20-Cas9
pHAGE-PGK-E2 Crimson
pHAGE-PGK-SF3B1-FKBP1273¢Y
pINDUCER20-SF3B1"T
pINDUCER20-SF3B1R1074H
pCW-Cas9

plnducer20

This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
Wang et al., 2014
Meerbrey et al., 2011

N/A
N/A
N/A
N/A
N/A
Addgene (Plasmid #50661)
Addgene (Plasmid #44012)

Software and algorithms

SAMtools (v1.4)
Hisat2 (v2.0.4)
Cufflinks (v2.2.1)

FeatureCounts (v1.6.2)
MSigDB

Mouse gene expression pathways
RefSeq Annotation
DESeq2

Pysam
RepeatMasker (open-4.0.5)
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Li et al., 2009
Kim et al., 2015a
Trapnell et al., 2010

Liao et al., 2014

Subramanian et al., 2005;
Liberzon et al., 2011

Baderlab
NCBI
Love et al., 2014

Li et al., 2009
Institute for Systems Biology

https://github.com/samtools/
https://daehwankimlab.github.io/hisat2/

https://github.com/cole-trapnell-lab/
cufflinks

http://subread.sourceforge.net/

https://www.broadinstitute.org/gsea/
msigdb

http://baderlab.org/GeneSets
https://www.ncbi.nlm.nih.gov/refseq/

https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html

https://github.com/pysam-developers/pysam
http://www.repeatmasker.org/
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Metascape Zhou et al., 2019 https://metascape.org/gp/index.html#/
main/step1

Cutadapt Martin, 2011 https://cutadapt.readthedocs.io/en/
stable/index.html

Bowtie2 Langmead and Salzberg, 2012 https://github.com/BenLangmead/bowtie2

Meshes (v1.8.0) Yu, 2018 https://bioconductor.org/packages/release/
bioc/html/meshes.html

StringDB (v11.0) Szklarczyk et al., 2019 https://string-db.org/

NIS-Element AR Nikon AR 4.30.01

ImagedJ NIH https://imagej.nih.gov/ij/index.html

RNAfold Institute for Theoretical http://rna.tbi.univie.ac.at/cgi-bin/

Cehmistry RNAWebSuite/RNAfold.cgi

Adobe Photoshop Adobe N/A

ssGSEA Barbie et al., 2009 https://github.com/broadinstitute/ssGSEA2.0

STAR aligner (v2.3.1) Dobin et al., 2013 https://github.com/alexdobin/STAR

TCGADbiolinks Colaprico et al., 2016 https://bioconductor.org/packages/release/
bioc/htmIl/TCGADbiolinks.html

Other

N/A N/A N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Thomas
Westbrook (thomasw@bcm.edu).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer
Agreement.

Data and code availability
The datasets generated during this study are available in GEO [GEO: GSE163411, GSE163414, GSE163181, GSE163188,
GSE163232].

EXPERIMENTAL MODEL AND SUBJECT DETAILS

For cell line studies, SUM159 (female) cells were cultured in F12 media supplemented with 5% FBS, 10mM HEPES, 5ug/mL insulin,
and 1ug/mL hydrocortisone. MDA-MB-231 (female), MDA-MB-231-LM2 (female) (Minn et al., 2005), and 293T cells were cultured in
DMEM media supplemented with 10% FBS. BT549 cells were cultured in RPMI 1640 media supplemented with 10% FBS. HME1
(female) cells were cultured in MEGM (Lonza, CC-3150). MYC-ER HME1 cells were cultured in MEGM and treated with 10uM
4-hydroxytamoxifen (4-OHT) where indicated to induce MYC hyperactivation. PyMT-M (female), 2208L (female), and AT3 (female)
cells were cultured in DMEM media supplemented with 10% FBS and 1% Penicillin Streptomycin. T11 (female) cells were cultured
in DMEM/F12 media supplemented with 10% FBS, 5ug/mL insulin, 1ug/mL hydrocortisone, 10ng/mL EGF, and 1% Penicillin Strep-
tomycin. These cell lines were routinely tested for Mycoplasma contamination in the laboratory. All cell lines were incubated at 37°C
and 5% CO..

For in vivo animal studies, all animal protocols related to mouse experiments were approved by the Baylor College of Medicine
Institutional Animal Care and Use Committee (protocol AN-6672). 4-5-week-old female C57BL/6J and BALB/c AnNHsd mice
were obtained from The Jackson Laboratory (000664) and Envigo (4701F), respectively. Mice were housed in ventilated cages in
a pathogen-free animal facility under a 14hr light/10hr dark cycle. 2208L, PyMT-M, and AT3 tumors were randomized onto vehicle
or H3B-8800 at 150-250mm? for long term response studies or 300-500mm? for short term studies. Animals were allocated into treat-
ment groups so that the average tumor size in both groups was similar. T11 tumors were randomized onto vehicle or H3B-8800 one
day post tumor transplant. Sample size was determined for each syngeneic model separately based on previous tumor kinetic data.
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METHOD DETAILS

Cell culture

Stable cell lines expressing shRNAs, sgRNAs, or cDNA were generated by retroviral or lentiviral transduction using 8ug/mL
polybrene. Cells were selected using puromycin (1ug/mL). Transient depletion of genes using siRNA was achieved by reverse trans-
fection of cell with 10pmol siRNA in RNAiMax for 12 hours. Depletion of target genes using shRNA or siRNA was confirmed using
RT-gPCR. Knockout of genes using sgRNAs or expression of exogenous cDNA was confirmed using western blotting. See Table
S5 for sequences of shRNAs used. See Table S5 for sequences of siRNAs used. See Key Resources Table for sgRNAs used.

Vectors and virus production
Lentiviruses and retroviruses were generated by transfection of 293Ts with appropriate shRNA, sgRNA, or cDNA construct with
packaging plasmids using Mirus Bio’s TransitlT transfection reagent. Viral supernatants were harvested 48 hours after transfection.

RNA isolation and library preparation

Total RNA (1ug/sample) was used as input for the TruSeq Stranded mRNA HT Prep Kit (lllumina). Libraries were made following
lllumina’s recommended protocol, except for dsRNA libraries. For library preparation of J2 enriched dsRNA, first stranded cDNA
synthesis was performed using SuperScript Ill (ThermoFisher Scientific) with the following modifications: RNA was heated to
70°C for 3 minutes to reduce secondary structure, followed by reverse transcription for 10 minutes at 25°C, 50 minutes at 50°C,
and 15 minutes at 70°C. Amplified libraries were purified and quantified using the KAPA quantification kit (Roche). Libraries were
sequenced on the lllumina NextSeq 500 instrument as 75-bp paired-end reads. In Figures 1A-1D SD6 gene expression analyses,
cells were treated with DMSO or SD6 Gl40 dose (200nM for SUM159 and 50nM for LM2).

Alignment of sequencing data

After demultiplexing, reads for both human and mouse samples were processed using SAMtools (v1.4) (Li et al., 2009) and aligned
using the splice aware aligner Hisat2 (v2.0.4) (Kim et al., 2015a) with default parameters. The coordinates and gene annotations used
in all subsequent analyses were based on the human (hg38/GRCh38) and mouse (mm10/GRCm38) reference genome builds and the
corresponding UCSC RefSeq genes unless otherwise noted.

Gene expression and retrotransposon expression analysis

Gene expression FPKM values used for downstream GSEA analyses were obtained using the cufflinks suite (v2.2.1) (Trapnell et al.,
2010). For analysis of differential gene expression changes in “sensitive” versus “resistant” syngeneic tumors after H3B-8800
treatment, the following pipeline was employed: featureCounts (v1.6.2) (Liao, Smyth and Shi, 2014) was used to quantify counts, fol-
lowed by interaction analysis using DESeq2 (Love, Huber and Anders, 2014) with the following design: ~response + treatment + re-
sponse:treatment. Annotations for repeat elements were obtained from RepeatMasker (open-4.0.5). Counting of reads mapped to
annotated repeat elements was performed using the Python module Pysam (Li et al., 2009). Expression was then RPKM normalized.

Pathway enrichment analysis

Gene set enrichment analysis (GSEA) was performed on genes differentially expressed after spliceosome inhibition in human cell
lines and syngeneic murine tumors (p > 0.05). Reactome pathways from the MSigDB database (Liberzon et al., 2011; Subramanian
et al., 2005) were used for human data analysis; the “Mouse_AllPathways_June_24_2016_symbol.gmt” pathway collection from the
Bader lab (http://baderlab.org/GeneSets), consisting of C2 Canonical Pathways (C2 CP) was used for mouse GSEA data analysis.
Pathway over-representation of genes with differential gene expression changes in “sensitive” versus “resistant” syngeneic tumors
after H3B-8800 treatment was performed using Metascape (Zhou et al., 2019) using C2 CP annotations.

Intron retention (IR) analysis

Hisat2-aligned reads were filtered for proper-paired reads (-f 2 flag in SAMtools). Intron annotations were parsed from UCSC RefSeq
gene annotation files and were filtered to exclude features that overlap genomic loci on the same strand. Reads mapping to introns
were counted using Pysam. For each intron feature, we defined the following two read classes: (1) “intronic” reads mapping at least 6
bases contiguously within the intron and (2) “spanning” reads with ends mapping to the flanking exons. The intron retention (IR) score
was then computed as the ratio of the RPKM-normalized “intronic” read density over the RPKM-normalized “spanning” read den-
sity. In order to compare commonly expressed IR events across samples, introns with < 10 spanning RPKM in any sample were
excluded from all analyses. Statistical analyses were performed using R. Empirical cumulative distributions of IR scores were
compared, and p values estimated using a Mann-Whitney U test.

Quantitative reverse transcription PCR (RT-qPCR)

Total RNA was isolated using the RNeasy Mini Kit (QIAGEN). Synthesis of cDNA was done using the High-Capacity RNA-to-cDNA Kit
(Applied Biosystems). RT-gPCR was performed using the SYBR Select Master Mix (Applied Biosystems) on 20ng of input cDNA.
Relative transcript abundance was normalized (GAPDH for human samples, 18 s for mouse samples) and assessed using the Applied
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Biosystems StepOne Software v2.1. Data were calculated as log,(fold change) relative to control data using the AACt method. All
experiments were performed in biological triplicate. For intron retention analysis, primer sets were designed to measure intron-con-
taining transcripts and fully spliced transcripts. Intron retention was calculated as the ratio of intron-containing transcripts over fully
spliced transcripts. Data were calculated as fold change relative to control data using the AACt method. For enzymatic dsRNA struc-
ture probing, relative transcript abundance was normalized (ACTB) and data were calculated as fold change relative to control data
using the AACt method. In Figures 1G and 1H, MYC-ER HME?1 cells were treated with 10nM 4-OHT and 10nM H3B-8800. In Fig-
ure 2E, SUM159 cells were treated with 200nM SD6. In Figures 5J and S5W, SUM159 cells were treated 15nM H3B-8800. In Figure 4,
SUM159 cells were treated with 100nM H3B-8800. In Figure S5F, SUM159 cells were treated with 100nM H3B-8800. In Figure 6l,
syngeneic tumor-derived cell lines were treated with 50nM H3B-8800. In Figure 6K, syngeneic tumor-derived cell lines were treated
with 25nM H3B-8800. See Table S6 for primer sequences.

RT2 Profiler PCR Array

Innate immune transcriptional changes in response to treatment with H3B-8800 were measured using RT? Profiler PCR Array Human
Antiviral Response (QIAGEN, 330231) following treatment of SUM159s (DMSO or 25nM H3B-8800) and LM2s (DMSO or 25nM H3B-
8800). Relative transcript abundance was normalized to B2M and assessed using the Applied Biosystems StepOne Software v2.1.
Data were calculated as fold change relative to control data using the AACt method. All experiments were performed in biological
triplicate.

Luminex Cytokine Analysis

SUM159 cells were treated with DMSO or 25nM H3B-8800 and conditioned media was collected for analysis using the Luminex
Assay. Conditioned media was incubated overnight with analyte targeted beads and analyte concentration was calculated based
on analyte standard curve. Concentration was normalized to cell number determined by Hoechst 33342 (Life Technologies) staining
of a duplicate plate, followed by nuclei counting using the Celigo Imaging Cell Cytometer (Brooks).

SUM159 SF3B1- FKBP1273¢V cell line generation and assays

The FKBP12™®" fragment (Nabet et al., 2018) was fused to the C terminus of SF387 cDNA and cloned into a pHAGE-PGK backbone.
Cas9 was amplified from pCW-Cas9 (Wang et al., 2014) and cloned into pINDUCER20 to allow for dox-inducible Cas9 expression
(Meerbrey et al., 2011). This vector was transduced into SUM159 cells and was selected with neomycin. A clone was selected to
generate SUM159-Cas9 cells with homogeneous Cas9 expression and inducibility. SUM159 cells stably expressing dox-inducible
Cas9 were transduced with the SF3B1- FKBP127®V |entivirus and then selected with puromycin. To knock out the endogenous
SF3B1 locus, Cas9 expression was turned on with 500 ng/mL of doxycycline for 24 hours, followed by 48 hour co-transfection of
Edit-R tracrBNA (Dharmacon) and crRNA targeting the first intron-exon junction of SF3B1. A single clone was then selected, and
western blotting was used to confirm knockout of the endogenous protein and expression of SF3B1- FKBP127%V_SF3B1 degrada-
tion was assayed using 10nM dTAG-51 (Nabet et al., 2018) for the stated durations. Gene expression analysis in Figure 1J was per-
formed following treatment with DMSO or 10nM dTAG-51. Immunofluorescence assay in Figure 3F were performed following 10nM
dTAG-51 treatment.

Western blot

Cell lysates were collected in RIPA Buffer + Protease Inhibitor Cocktail (Roche, 11836170001) + Phosphatase Inhibitor Cocktail 2
(Sigma, P5726), then mixed with 6x Laemmli SDS reducing buffer (Alfa Aesar, J61337) before incubation at 95°C for 10 minutes. Pro-
tein lysates were quantified using Pierce BCA Protein Assay (Thermo Scientific, 23225). Samples were loaded for SDS-PAGE using
homemade tris-glycine gels and run in SDS running buffer.

Proteins were transferred using wet transfer to 0.45 uM Nitrocellulose membrane (GE Healthcare Life Science, 10600007). The
membrane was blocked for 1 hours using 5% BSA in TBS-T (0.1% Tween-20 in 1x TBS) and incubated with primary antibody over-
night at 4°C. The membrane was then washed 3 times in TBS-T for 5 minutes before incubation with the secondary antibody at RT for
2 hours. The membrane was then washed 3 times with TBST before incubation with Clarity Western ECL Substrate (Bio-Rad, 170-
5060) and imaging with the ChemiDoc MP Imaging System (Bio-Rad).

shRNA screen

SUM159s were transduced with a MSCV-based retroviral library (Rousseaux et al., 2018) containing a total of 18,370 shRNAs divided
into two separate pools at a MOI of 0.5 and a target representation of 1000 cellular integrations for each shRNA. After transduction,
cells were selected for 3 days in puromycin, then split into parallel + SD6 arms (in quadruplicate) and cultured for 12 population dou-
blings. During this time, cells were passaged every 3 days (6 passages for DMSO treated, 7 passages for SD6 treated). After selection
(TO) and at each subsequent passage, 20 million cells were collected from each replicate and stored at —80°C. Cell pellets from TO
and the final passage were used for downstream analysis.
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Library preparation and sequencing

The QlAamp DNA Blood Midi kit (QIAGEN) was used to extract genomic DNA from cell pellets followed by ethanol precipitation
to clean and concentrate. Half-hairpin sequences were amplified from the genomic DNA (primers 5- TCGTCGGCAGCGTCAG
ATGTGTATAAGAGACAGTAGTGAAGCCACAGATGTA-3' and 5'- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTATAAACG
GTTGGTCTTCCAA-3') using Q5 High-Fidelity 2X Master Mix (NEB). PCR reactions were cleaned up using Agencourt AMPure XP
beads (Beckman Coulter) followed by measurement of the concentration of the target amplicon using the Agilent 4200 TapeStation.
DNA samples were indexed using the Nextera XT kit (lllumina) and size selected to remove spurious amplification products using the
PippinHT (Sage Science). Indexed and size-selected samples were quantified using the KAPA lllumina Library Quantification kit
(KAPA Biosystems) and pooled at equal concentration prior to sequencing using the HiSeq 2500 System (lllumina) in single-end,
100bp, high-output mode using v4 SBS reagents.

Data processing and analysis

Cutadapt (Martin, 2011) was used to remove adaptor sequences from reads, followed by alignment to the reference library using
Bowtie 2 (Langmead and Salzberg, 2012) in end-to-end mode, allowing up to a maximum of 3 mismatches/indels compared to
the reference sequence. The number of reads mapping to each shRNA in each sample was then extracted from the SAM files
and DESeq2 (Love, Huber and Anders, 2014) was used to determine the fold-change in abundance of each shRNA between the
vehicle and SD6-treated arms after 12 population doublings. shRNA-level fold-change estimates were combined to gene-level es-
timates by summing the individual fold-changes of all “significant” shRNAs (p value < 0.05 and absolute fold-change > 0.5) mapped
to a given gene. Gene-level p values were calculated by combining the individual p values of all “significant” shRNAs mapping to a
given gene using Fisher’s method. Gene-level weighted growth effects were calculated by multiplying the gene-level fold change by
the -log1o (gene-level p value).

Screen candidate MeSH and StringDB analysis

Analysis of over-represented Medical Subject Headings (MeSH) was performed using the R package “meshes” (v1.8.0) (Yu, 2018)
with the following parameters: MeSHDb = ‘MeSH.Hsa.eg.db’, database = ‘gene2pubmed’ and category = ‘C’. For Cytoscape
visualization, individual genes in MeSH term categories were set as nodes and common MeSH terms as edges. Pathway over-rep-
resentation for screen candidates was performed using StringDB (v11.0) (Szklarczyk et al., 2019).

Competition assays

SUM159 cells were transduced with MSCV retroviral shRNAs targeting Firefly luciferase (shControl), RNF128, RNF125, UBE2D1, or
USP1 and selected for three days with puromycin. After selection, these cells were mixed at a 40:60 ratio with SUM159 cells trans-
duced with pHAGE-PGK-E2 Crimson and grown in 96-well plates in the presence of DMSO or 200nM SD6. At seeding and when the
cells reached confluence, cells were passaged and the percentage of E2-Crimson-positive cells was measured by flow cytometry.
The percentage of shRNA knockdown cells was calculated as the percentage of non-E2 Crimson positive cells.

Fluorescent immunohistochemistry

Cells were washed with PBS, fixed with 4% (v/v) formaldehyde for 15 minutes at room temperature, washed 3 x with PBS, and per-
meabilized with 0.5% (v/v) Triton-X for 10 minutes at RT. Cells were blocked with 3% BSA in PBS for 15 minutes at RT before
incubating with primary antibody (monoclonal anti-dsRNA J2 (Scicons, 10010500) (Schonborn et al., 1991), monoclonal anti-
MAVS (Cell Signaling, 24930)) diluted in blocking buffer at 4°C overnight. Cells were washed 3 x with PBS before incubation with
secondary antibody (Alexa Fluor 488 goat anti-mouse IgG (Invitrogen, A11029) for J2 antibody and Alexa Fluor 594 goat anti-rabbit
IgG (Invitrogen, A11012) for MAVS antibody), Hoechst 33342 (Invitrogen, H3570), and Phalloidin (Invitrogen, A12381) for 1 hour at RT
in the dark. Cells were washed 3 x with PBS before mounting on coverslips with Vectashield (Vector Laboratories, H-1000).

J2 immunofluorescence imaging and analysis

SUM159, MDA-MB-231, and BT549 cells were treated with DMSO or 100nM H3B-8800 before processing. LM2 cells were treated
with DMSO or 50nM H3B- before processing. In Figure 3E, MYC-ER HME1 cells were treated with 10nM 4-OHT and 20nM H3B-8800.
In Figure S3C, SUM159 and HME1 cells were treated with DMSO or 50nM H3B-8800 before processing. In Figure 6J, syngeneic
tumor-derived cell lines were treated with DMSO or 20nM H3B-8800 before processing. When indicated, cells were incubated
with 4U RNaselll (Applied Biosystems, A2290) in reaction buffer at 37C for 4 hours as instructed after permeabilization. For J2 dsRNA
imaging, cells were imaged and analyzed on a Nikon Eclipse Ti-E inverted microscope with the NIS-Element AR 4.30 software.
Briefly, images were captured with Z stacked (0.3um) setting under 60X oil objective lens and Andor Zyla 4.2 sCMOS camera. For
quantification the cytoplasmic J2 intensity, a ROl defining cytoplasm was determined by the Hoechst and Phalloidin staining
for each cell. The average fluorescent intensity for defined ROIs and background from the same image were directly measured by
the NIS-Element AR software. J2 intensity for each cell was defined by difference between the ROl and background intensity. J2 in-
tensity was normalized to mean intensity in the DMSO treated state for each experiment. Plots shown in figures are from one repre-
sentative experiment of more than three independent experiments.
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SF3B1R1974H cell line generation and assays

The SF3B171974" mutant was generated in pDONR221 using the QuikChange Il Site Directed Mutagenesis Kit (Agilent). SF3B1"" and
SF3B1R1974H were FLAG-tagged then cloned into pINDUCER20 to allow for dox-inducible expression. This vector was transduced
into SUM159 and LM2 cells. H3B-8800 dose curve assay was performed by treating SUM159 and LM2 cells with 1ug/mL doxycycline
followed by the indicated concentration of H3B-8800. Cell numbers were determined by Hoechst 33342 staining, followed by nuclei
counting using the Celigo Imaging Cell Cytometer (Brooks). Western blot analysis of inducible protein expression was performed with
the same treatment conditions. Intron retention following treatment of SUM159 cells + 1 ug/mL doxycycline for 24 hours followed by
12 hours of treatment with 100nM H3B-8800 using RT-gPCR. Immunofluorescence assays were performed + 1 ug/mL doxycycline
for 24 hours followed by DMSO or 50nM H3B-8800 treatment.

Cellular fractionation

SUM159 cells were treated with 100nM H3B-8800 or DMSO, collected in biological duplicate in ice-cold PBS, then spun down at
180 g for 5 minutes at 4°C. Supernatant was removed, and cells were lysed in cytoplasmic lysis buffer (CLB: 10mM HEPES, pH
7.9, 10mM KCI, 1mM MgCI2, 0.5mM EDTA, 1mM DDT, 0.1% Igepal CA-630, 1 U/ul RNasin Plus) for 5 minutes on ice. Lysates
were spun down at 1000 g for 5 minutes at 4°C. The supernatant, or cytoplasmic fraction, was transferred to separate tubes for col-
lecting RNA and protein. The cell pellet was washed once with CLB and lysed on ice in high salt nuclear lysis buffer (50 mM Tris-ClI, pH
7.4, 300 mM NaCl, 1ImM MgCl2, 0.5% Igepal CA-630, 0.1% SDS) for 5 minutes on ice. The lysate was then divided for collecting RNA
and protein. Equal cell-normalized quantities of protein were analyzed by western blot to confirm fractional purity (total H3 for nuclear
fraction, «-Tubulin for cytoplasmic fraction).

RNA fluorescent in situ hybridization

Custom Stellaris® FISH probes were designed against SEC74L1 and SETD1A by utilizing the Stellaris® RNA FISH Probe Designer
(Biosearch Technologies, Inc., Petaluma, CA) available online at www.biosearchtech.com/stellarisdesigner (see Table S7 for probe
sequences). The probe sets were hybridized with TAMRA (intronic probe sets) and Quasar 670® (exonic probe sets). RNA FISH was
performed following the manufacturer’s instructions available online at http://www.biosearchtech.com/stellaris-designer. with minor
modifications. In brief, SUM159 cells were treated with DMSO or 100nM H3B-8800. Fixation and permeabilization were performed as
described for immunofluorescence. After permeabilization, cells were washed 2 x with PBS and 1x with Wash Buffer A (Bioresearch
Technologies, SMF-WA1-60) with 10% (v/v) formamide (Ambion, AM9342) at RT for 5 minutes. Coverslips were than incubated in the
Hybridization Buffer (Bioresearch Technologies, #SMF-HB1-10) with 10% (v/v) formamide containing indicated probes at 37°C over-
night in a humidified chamber. Coverslips were washed with Wash Buffer A at 37°C for 30 minutes, then incubated with Wash Buffer A
containing Hoechst for 37°C for 30 minutes. Samples were then washed with Wash Buffer B (Bioresearch Technologies, #SMF-WB1-
20) at RT for 5 minutes. Coverslips were mounted onto microscope slides with Vectashield (Vector Laboratories, H-1000). All steps
following hybridization were done protected from light. Imaging was performed and processed as previously described using a GE
Healthcare DVLive epifluorescence microscope. After imaging, Z stacks were transformed into a 2D image by maximal projection.
Cytoplasmic intron and exon foci for each cell were manually counted by the ImagedJ software. Plots shown in figures are represen-
tative of two independent experiments.

dsRNA immunoprecipitation (J2 dsRIP)

Protein A Dynabeads were washed and resuspended in NT-2 buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1 mM MgCI2, 0.1% Igepal
CA-630). Per sample, 100ul of beads were pre-bound to 5 ug of anti-dsRNA mAb (J2) overnight at 4°C. SUM159 cells were treated
with 100nM H3B-8800 or DMSO, collected in biological duplicate in ice-cold PBS, then spun down at 180 g for 5 minutes at 4°C.
Supernatant was removed, and cells were lysed in 1mL RIP buffer (25 mM HEPES pH 7.2, 150 mM NaCl, 5 mM MgCl2, 0.1% Igepal
CA-630, 1 U/ul RNasin Plus) for 5 minutes on ice. The supernatant was transferred to a new Eppendorf. Total RNA was harvested
from 10% input lysate using Trizol. For immunoprecipitation, 100 ul of J2-bound Protein A Dynabeads was added to the remaining
lysate and incubated for 3 hours at 4°C with constant mixing. Beads were washed three times with NT-2 buffer, transferred to a new
tube, and then washed three times with high salt wash buffer (50 mM Tris-Cl, pH 7.4, 300 mM NaCl, 1mM MgCl2, 0.5% Igepal
CA-630, 0.1% SDS). J2-bound dsRNA was harvested directly from beads with Trizol. Chloroform was added at a ratio of 1:5, and
RNA was isolated from the aqueous phase using the RNA Clean and Concentrator columns (Zymo).

RNA structure prediction
RNA structure prediction was done using the RNAfold web server (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) with
default options.

Enzymatic dsRNA structure probing

SUM159 cells were treated with 100nM H3B-8800 or DMSO, collected in biological triplicate in ice-cold PBS, then spun down at
180 g for 5 minutes at 4°C. Supernatant was removed and cells were snap frozen in liquid nitrogen. Cells were lysed in 1mL RIP buffer
(25 mM HEPES pH 7.2, 150 mM NaCl, 5 mM MgCI2, 0.1% Igepal CA-630, 1 U/ul RNasin Plus) for 5 minutes on ice. The supernatant
was transferred to a new Eppendorf. Lysates were treated with or without 5U RNaseOne (Promega, M4261) for 30 minutes at room
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temperature. RNA was harvested using Trizol. Chloroform was added at a ratio of 1:5, and RNA was isolated from the aqueous phase
using the RNA Clean and Concentrator columns (Zymo). First stranded cDNA synthesis was performed using SuperScript Ill (Ther-
moFisher Scientific) with the following modifications: RNA was heated to 70°C for 3 minutes to reduce secondary structure, followed
by reverse transcription for 10 minutes at 25°C, 50 minutes at 50°C, and 15 minutes at 70°C. Transcript abundance was measured
using RT-gPCR using the SYBR Green Master Mix (Applied Biosystems) on 20ng of input cDNA. Relative transcript abundance in
samples treated with and without RNaseOne was normalized (ACTB) and assessed using the Applied Biosystems StepOne Software
v2.1. The dsRNA/ssRNA fold enrichment was calculated using the AACt method comparing relative transcript abundance in the sam-
ple treated with RNaseOne to the sample treated without RNaseOne.

Cell viability assays

Pl positive cells were assessed by incubating cells with 1:100 dilution of Propidium lodide (Sigma Aldrich, P4864) for 15 minutes
before counting using the Celigo Imaging Cell Cytometer (Brooks). Number of Pl positive foci was normalized to cell number deter-
mined by Hoechst 33342 staining of a duplicate plate, followed by nuclei counting using Celigo Imaging Cell Cytometer (Brooks). Cell
viability was assessed by incubating CellTiterGlo (Promega, G7570) with cells for 10 minutes in a 96-well plate and measuring lumi-
nescence with a plate reader (Molecular Devices). SUM159 cells were treated with 50nM H3B-8800. Luminescence was normalized
to cell number as described above.

Luminescent apoptosis assays

Caspase-3/7 and Caspase-8 activity was assessed in breast cancer lines by incubating Caspase-Glo 3/7 (Promega, G8090) and —8
(Promega, G8200) reagent with cells for one hour in a 96-well plate and measuring luminescence with a plate reader (Molecular
Devices). SUM159 and LM2 cells were treated with 50nM H3B-8800 for 36 hours or with 200nM SD6 and 1ug/mL ZVAD, ZIETD,
Z-AEVD, or Z-LEHD (R&D Systems) as annotated. MYC-ER HME1 cells were treated with 10nM 4-OHT and 20nM H3B-8800.
2208L, PyMT-M, AT3, and 2208L cells were treated with 50nM H3B-8800. Luminescence was normalized to cell number determined
by Hoechst 33342 staining of a duplicate plate, followed by nuclei counting using the Celigo Imaging Cell Cytometer (Brooks).

MAVS immunofluorescence aggregation imaging and analysis

LM2 and SUM159 cells were treated with DMSO or 20nM H3B-8800. High resolution imaging was performed on a GE Healthcare
DVLive epifluorescence image restoration microscope using an Olympus PlanApo 60x/1.42 NA objective and a 1.9k x 1.9x sCMOS
camera. Z stacks (0.25um) were acquired before applying a conservative restorative algorithm for quantitative image deconvolution.
Max intensity projections were generated and used for image analysis. To quantify the spatial distribution of the MAVS signal, we
measured a dispersion index using a custom-made MATLAB script. Briefly, z stacks were transformed into a 2D image by maximal
projection. Single cells were then manually segmented using an interactive polygonal ROI. The dispersion index of the MAVS signal
for each cell was then determined as follows: first, the MAVS signal was segmented using an Otsu thresholding method, and the
weighted centroid location of the resulting mask was determined using the underlying pixel intensities. Then, the distance between
each pixel of the MAVS mask to the weighted centroid was calculated and the dispersion index was defined as the mean of these
distances. Aggregation was calculated as the inverse of the dispersion index.

Semi-Denaturing Detergent Agarose Gel Electrophoresis (SDD-AGE)

SUM159 and LM2 cells treated with DMSO, 20nM H3B-8800, or 0.5ug/mL p (I:C) (Sigma Aldrich, P1530) were washed with ice-cold
PBS and detached using a cell scraper. Cells were pelleted, resuspended in Buffer A (10mM Tris-HCI [pH 7.5], 10mM KCI, 1.5 mM
MgCl,, 0.25 M D-mannitol, and Roche EDTA-free protease inhibitor cocktail), and lysed by repeated douncing. Cellular debris was
removed by centrifugation at 1000 x g for 5 minutes, and the supernatant was centrifuged at 10,000 x g for 10 minutes at 4°C to isolate
the P5 mitochondrial fraction. SDD-AGE was performed according to a previously published protocol (Halfmann and Lindquist, 2008)
with slight modifications. Crude P5 mitochondria was resuspended in 1 x sample buffer (0.5 x TBE, 10% glycerol, 2% SDS, and
0.0025% bromophenol blue) and run on a vertical agarose gel (1.5% agarose with 0.1% SDS in 1 x TBE) in running buffer (1 x
TBE with 0.1% SDS) for 45 minutes at a constant 100 V in 4°C. Protein was transferred using capillary transfer overnight to a nitro-
cellulose membrane for immunoblotting.

In vivo tumor studies

Tumor chunks were transplanted into clear mammary fat pad of 4-5 week old female C57BL/6J or BALB/c AnNHsd female mice.
2208L, PyMT-M, and AT3 tumors were randomized onto vehicle or H3B-8800 (8 mg/kg in 0.5% methylcellulose daily) at 150-
250mm? for long term response studies or 300-500mm? for short term studies. T11 tumors were randomized onto vehicle or
H3B-8800 one day post tumor transplant. Tumor volume was measured using calipers three days per week. Tumors were harvested
between 1500 and 2000 mm?®. Tissue chunks were stored in RNAlater for gene expression profiling. Tissue for IHC analysis was fixed
in PFA, 70% EtOH, then paraffin embedded.
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Immunohistochemistry (IHC) and quantification

Tumor chunks were fixed in 10% formalin overnight at 4°C overnight, and subsequently transferred into 70% ethanol, embedded in
paraffin, and sectioned at regular intervals. Slides were deparaffinized and hydrated using xylene, graded ethyl alcohol, and dH20.
After antigen retrieval, 15 minutes of steaming at 90°C with pressure in 0.1M Tris-HCI, pH 9.0, sections were treated with 3%
hydrogen peroxide solution for 5 minutes. Sections were incubated with primary antibody (CD8a, Cell Signaling 98941 diluted
1:100) for 1hr at RT. Sections were then incubated with Envision Labeled Polymer-HRP (Dako) for 30 minutes at RT. DAB+ solution
(DakoCytomation) was then added to section, incubated for 15 minutes, followed by application of DAB Sparkle Enhancer (Biocare).
Sections were counterstained with Harris Hematoxylin. Counting of CD8a+ stained cells was done using the Count Tool in Adobe
Photoshop.

Immune signature single sample GSEA (ssGSEA)

Analysis of immune cell gene signatures was performed using single sample Gene Set Enrichment Analysis (Barbie et al., 2009).
Marker genes for immune cell types were obtained from (Bindea et al., 2013). Heatmaps display z-score normalized IR levels and
ssGSEA scores across samples, with “high” and “low” IR being defined as having an IR level outside one standard deviation of
the mean.

TCGA intron retention and immune pathway analysis

Intron retention analysis was performed on BRCA TCGA RNA sequencing datasets (Koboldt et al., 2012). TCGA fastq reads were
mapped using the STAR aligner (v2.3.1) (Dobin et al.,, 2013) onto the hg19/GRCh37 reference genome as previously
described (Hsu et al., 2015). Level of intron retention (IR level) within each sample was calculated as the number of introns with IR
scores > 0.01, as defined previously. “High” and “Low” IR were defined as having an IR level outside one standard deviation of
the mean. RSEM normalized gene expression data from TCGA was obtained from the Broad GDAC Firehose. Copy humber was ob-
tained from cBioPortal as GISTIC2.0 data. Copy number analysis was done by segregating tumors based on a score of > 1 (“High”)
versus < 0 (“Low” or normal). GSEA was performed using C2 Canonical Pathway annotations. TMB was obtained from GDC mu-
tation data using the TCGADbiolinks R package (Colaprico et al., 2016). Survival data was obtained from the GDC portal and KM curves
were plotted using the survminer R package. P values were calculated using log-rank test.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data are typically mean + SEM. Data were analyzed by two-tailed unpaired Student’s t test between two groups, one-way ANOVA
with Dunnett’s multiple comparison test, or Mann-Whitney U test as appropriate. GraphPad Prism or R were used to generate all

charts and statistical analyses. Statistical details of experiments, including statistical tests and sample sizes used, can be found
in the figure legends. All experiments were performed on biological replicates unless otherwise specified.
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Figure S1. Spliceosome-targeted therapies activate antiviral signaling, related to Figure 1

(A) Spliceosome inhibition induces IFNB transcription followed by induction of interferon-stimulated genes. SUM159 cells were treated with SD6 for the indicated
times and gene expression was measured using RT-gPCR. Data are shown as expression relative to DMSO treated samples (mean + SEM, n = 3 biological
replicates).

(B and C) Treatment with small molecule spliceosome inhibitor H3B-8800 induces activation of antiviral signaling genes. Gene expression of (B) SUM159s and (C)
LM2s was measured upon 48 h of H3B-8800 treatment using RT-qPCR. Gene expression changes (mean + SEM, n = 3 biological replicates, two-tailed unpaired
Student’s t test) are represented as relative to DMSO treated samples.

(D) Chemical genetic dTAG system can be used to specifically target SF3B1 for proteasomal degradation. Bifunctional dFKBP ligand targets exogenous SF3B1-
FKBP1273% for proteasomal degradation upon recruitment of the E3 ubiquitin ligase CRBN.

*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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Figure S2. Depletion of components of antiviral response pathways modulates sensitivity to the spliceosome modulator SD6, related to
Figure 2

(A) Immune signaling pathway components are enriched among genes that confer resistance to spliceosome inhibition. StringDB functional enrichment analysis
was performed on the top 50 SD6 resistance candidates identified by the shRNA screen. Functionally enriched Reactome Pathways with FDR < 0.001 are shown.
(B) Modulators of antiviral immune signaling response confer resistance to spliceosome inhibition. Combined SD6-selective growth effect (log,) of each gene is
plotted on the x axis. Graphed is the weighted gene level sum of the effect of knockdown by multiple shRNAs (represented by the size of the bubble). Candidates
with > 4 hairpins that confer resistance to spliceosome inhibition and are implicated in innate immune response are colored red.

(C and D) Knockdown of USP1 and FBXO3 confers resistance to SD6. shRNAs targeting (C) USP1 and (D) FBXO3 confer resistance to spliceosome inhibition. Five
independent shRNAs targeting these genes were enriched with SD6 treatment, as compared to negative control shRNAs (ZBTB1 and TBC1D1). log,(fold change)
is calculated based on the hairpin abundance in the SD6 treated samples as compared to DMSO (mean + SEM, n = 4 biological replicates). Hairpins with logx(fold
change) > 0.5 and p value < 0.05 are shown.

(E) Two independent UBE2D1-targeting shRNAs decreased expression of UBE2D1in SUM159 cells. UBE2D1 expression levels (mean + SEM, two-tailed un-
paired Student’s t test) are calculated relative to expression in the control shRNA cell line.

(F) Two independent RNF128-targeting shRNAs cause decreased expression of RNF128 in SUM159 cells. RNF128 expression levels (mean + SEM, two-tailed
unpaired Student’s t test) are calculated relative to expression in the control shRNA cell line.

(G) Two independent RNF125-targeting shRNAs cause decreased expression of RNF125 in SUM159 cells. RNF125 expression levels (mean + SEM, two-tailed
unpaired Student’s t test) are calculated relative to expression in the control shRNA cell line.

***p < 0.001, ***p < 0.0001
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Figure S3. Spliceosome inhibition leads to cytoplasmic dsRNA accumulation across TNBC models, related to Figure 3

(A and B) Cytoplasmic accumulation of dsRNA in TNBC cell lines after H3B-8800. (A) Left, immunofluorescent staining of dsRNA (J2), cytoskeleton (phalloidin),
and nuclei (Hoechst) in MDA-MB-231 cells treated with H3B-8800 for 24 h. Scale bars, 20 um. Right, quantification of cytoplasmic dsRNA signal intensity (mean +
SEM, two-tailed unpaired Student’s t test). (B) Left, immunofluorescent staining of dsRNA (J2), cytoskeleton (phalloidin), and nuclei (Hoechst) in BT549 cells
treated with H3B-8800 for 24 h. Scale bars, 20 um. Right, quantification of cytoplasmic dsRNA signal intensity (mean + SEM, two-tailed unpaired Student’s t test).
(C) Spliceosome inhibition causes cytoplasmic accumulation of dsRNA in TNBC cells but not in non-transformed mammary epithelial cells. Immunofluorescence
labeling of dsRNA using anti-dsRNA (J2) antibody in SUM159 and (non-transformed) HME1 cells treated with the same dose of H3B-8800 for 24 h. Quantification
of cytoplasmic dsRNA signal intensity is shown (mean + SEM, two-tailed unpaired Student’s t test).

(D—H) Expression of spliceosome modulator-resistant SF3B17%74" mutant mitigates sensitivity to spliceosome inhibition. (D—F) SUM159 and (G and H) LM2
cells were engineered with doxycycline-inducible FLAG-tag SF3B1"" or SF3B17'%7#H_ (D and G) Doxycycline-induced expression of exogenous SF3B1 (FLAG)
and endogenous SF3B1 was measured by western blot. (E and H) Doxycycline-induced expression of exogenous SF3B171974H mutant suppresses sensitivity to

(legend continued on next page)
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high doses of H3B-8800. (F) Doxycycline-induced expression of exogenous SF3B171%74" mutant suppresses intron retention of U2AF2 in response to 12 h of
treatment with H3B-8800.

() Expression of spliceosome modulator-resistant SF3B171974H mutant suppresses accumulation of dsRNA after spliceosome inhibitor treatment. Over-
expression of SF3B171974H syppresses accumulation of dsRNA after treatment with H3B-8800 for 24 h in LM2 cells. Quantification of cytoplasmic dsRNA signal
intensity in LM2 cells expressing SF3B1"WT or SF3B171974H js shown (mean + SEM from >50 cells per group, two-tailed unpaired Student’s t test).

*p < 0.05, *p < 0.01, ***p < 0.0001
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Figure S4. Intron-retained RNAs accumulate in the cytoplasm and form dsRNA, related to Figure 4

(A) Confirmation of purity of cytoplasmic and nuclear fractions by histone H3 and a-Tubulin immunoblots. Shown are two biological replicates per condition.
(B) Spliceosome perturbation leads to aberrant splicing, such as retention of introns. Schematic of intron retention (IR) analysis of RNA-seq data. IR score is
calculated as the ratio of intron read RPKM (unprocessed read coverage) to intron-spanning read RPKM (processed read coverage).

(C) Spliceosome inhibition leads to cytoplasmic intron retention of SEC74L1. Pileup of cytoplasmic reads mapping to the SEC74L1 intron and surrounding exons.
Data are representative of biological duplicates for each condition.

(D and E) Spliceosome inhibition leads to accumulation of intron-retained RNAs in the cytoplasm. (D) RNA fluorescence in situ hybridization (FISH) images of
retained introns and surrounding exon sequences for an intron in SETD1A after treatment with H3B-8800 for 12 h. Arrows indicate overlapped intron and exon
foci. Scale bars, 10 um. (E) Quantification of number of intron-retained mRNAs per cell is shown (mean + SEM from >35 cells per group, two-tailed unpaired
Student’s t test).

(F) Spliceosome inhibition leads to cytoplasmic intron retention of SETD1A. Pileup of cytoplasmic reads mapping to the SETD1A intron and surrounding exons.
Data are representative of biological duplicates for each condition.

(G) Intron-residing retrotransposons increase in expression after H3B-8800. Empirical cumulative distribution curves of mean retrotransposon RPKMs are plotted
for 9,349 expressed elements. A rightward shift in the red curve indicates increased expression. Subclasses of retrotransposons such as short (left) and long
(right) interspersed nuclear elements (SINEs and LINEs, respectively) also show increased expression after 12 h of treatment with H3B-8800 (p < 2.2e16 for all
comparisons by Mann-Whitney U test).

(H) Non-intronic retrotransposons show no change in expression after H3B-8800. Left, empirical cumulative distribution curves of mean retrotransposon RPKMs
are plotted for 22,410 expressed elements. Non-intronic SINEs (left) and LINEs (right) show no increase in expression after 12 h of treatment with H3B-8800.
(I) J2-enriched retrotransposon-containing introns are predicted to form double stranded secondary structure. Structure analysis using RNAfold predicts a long
stretch of double-stranded secondary structure comprised primarily of the inverted Alu-repeat regions of the J2-dsRIP enriched intron in RPL30.

(J and K) Introns not containing retrotransposons form double stranded secondary structure. (J) Pileup of J2 dsRIP-seq reads across an intron and exon in REXO1
and (K) predicted double-stranded secondary structure.

****p < 0.0001
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Figure S5. Spliceosome-targeted therapies activate extrinsic apoptosis via dsRNA-sensing pathways, related to Figure 5

(A) Spliceosome inhibition activates caspases-3 and —7. SUM159s treated with or without SD6 for 48 h were measured for activation of caspases-3 and —7 (mean
+ SEM, n = 2 biological replicates, two-tailed unpaired Student’s t test) using luminescent Caspase-Glo assay.

(B) Spliceosome inhibition activates caspase-8. SUM159s treated with or without SD6 for 48 h were measured for activation of caspase-8 (mean + SEM, n = 2
biological replicates, two-tailed unpaired Student’s t test) using luminescent Caspase-Glo assay.

(C and D) Spliceosome inhibition in combination with MYC hyperactivation activates extrinsic apoptosis. Human mammary epithelial cells engineered with
inducible MYC hyperactivation were treated for 4 h + 4-OHT (to induce MYC hyperactivation) followed by 32 h + H3B-8800 for a total treatment time of 36 h. Cells
were then assayed for (C) caspase-8 and (D) caspases-3 and —7 activation (mean + SEM, n = 3 biological replicates, two-tailed unpaired Student’s t test) using
luminescent Caspase-Glo assay.

(E and F) Expression of spliceosome modulator-resistant SF3B mutant suppresses activation of extrinsic apoptosis after H3B-8800 treatment. SUM159
cells expressing SF3B1"T and SF3B171974H were treated with H3B-8800 for 48 h. Cells were then assayed for activation of (E) caspase-8 and (F) caspases-3 and
—7 (mean + SEM, n = 3 biological replicates, two-tailed unpaired Student’s t test).

(G) Spliceosome inhibitor-induced caspases-3 and —7 activity is dependent on activation of extrinsic apoptosis. SUM159s treated with or without SD6 and no
caspase inhibitor, pan-caspase inhibitor (ZVAD), caspase-8 inhibitor (ZIETD), caspase-10 inhibitor (Z-AEHD), and caspase-9 inhibitor (Z-LEHD) for 48 h were
measured for activation of caspases-3 and —7 (mean + SEM, n = 2 biological replicates, one-way ANOVA with Dunnett’s multiple comparisons test) using
luminescent Caspase-Glo 3/7 assay.

(H) Three independent RIPK3-targeting siRNAs decrease expression of RIPK3 in SUM159s. RIPK3 expression levels (mean + SEM, two-tailed unpaired Student’s
t test) are calculated relative to expression in the control siRNA cell line.

(land J) RIPK3 does not contribute to sensitivity to spliceosome inhibition. SUM159 cells were transfected with either control (NTC) or RIPK3-targeting siRNA and
treated with H3B-8800 for 48 h. Cells were then assayed for (I) cell viability using CellTiterGlo and (J) cell death using Pl permeability (mean + SEM, n = 2 biological
replicates, two-tailed unpaired Student’s t test).

(K) Extrinsic apoptosis ligands or receptors are not induced within 24 h of spliceosome inhibition. Transcriptional changes upon treatment of SUM159s with H3B-
8800 were measured using RNA-seq. Gene expression is represented as fold change relative to DMSO (mean + SEM, n = 3 biological replicates).

(L) Spliceosome inhibition does not change protein levels of DR5 or TNFR2. SUM159 cells were treated with H3B-8800 for 12 h and expression of DR5 and TNFR2
was assessed using western blotting. Protein level relative to RAN shown.

(M) Spliceosome inhibition does not change protein levels of DR4. SUM159 cells were treated with H3B-8800 for 12 h and expression of DR4 was assessed using
western blotting. Protein level relative to Vinculin shown.

(N) Spliceosome inhibition does not change protein levels of TNFR1 or DR6. SUM159 cells were treated with H3B-8800 for 12 h and expression of TNFR1 and DR6
was assessed using western blotting. Protein level relative to RAN shown.

(O) Spliceosome inhibition leads to increased c-FLIP protein level. SUM159 cells were treated with H3B-8800 for 12 h and expression of c-FLIP isoforms was
assessed using western blotting. Protein level relative to Vinculin shown.

(P) Spliceosome inhibition does not lead to mis-splicing of c-FLIP. RMATS analysis of RNA-seq from SUM159 cells treated with H3B-8800 for 12 h reveals no
significant difference in c-FLIP exon 7 usage.

(Q) Three independent TNFR1-targeting siRNAs decrease expression of TNFR1 in SUM159s. TNFR1 levels were assessed using western blotting, with RAN
probed as a load control.

(R and S) Knockdown of TNFR1 does not suppress activation of extrinsic apoptosis. SUM159 cells were transfected with either control (NTC) or TNFR1 targeting
siRNA and treated with H3B-8800 for 48 h. Cells were then assayed for activation of (R) caspase-8 and (S) caspases-3 and —7 (mean + SEM, n = 2 biological
replicates, two-tailed unpaired Student’s t test).

(T) Independent siRNAs decrease expression of the indicated genes in SUM159s. PKR, DDX1, DDX21, DHX36, DHX9, MDAS, RIG-I, and DHX33 expression levels
(mean + SEM) are calculated relative to expression in the control siRNA cell line.

(U and V) Spliceosome inhibition causes aggregation of the mitochondrial antiviral signaling protein MAVS. (U) Immunofluorescence imaging of MAVS reveals that
12 h of H3B-8800 treatment of LM2s results in aggregation of MAVS. Scale bars, 10 um. (V) MAVS aggregation was measured by change in dispersal of MAVS IF
signal. MAVS aggregation (mean + SEM, two-tailed unpaired Student’s t test) is defined as the inverse dispersion factor, which is calculated based on the
dispersion of signal from the weighted centroid of MAVS signal.

(W) Spliceosome inhibition leads to aggregation of MAVS in LM2s, indicating activation. P5 mitochondrial fraction was prepared from LM2 cells treated with H3B-
8800 for 12 h or transfected with poly(l:C) and MAVS aggregation was analyzed by SDD-AGE.

(X) Two independent MAVS-targeting shRNAs decrease expression of MAVS in SUM159s. MAVS expression levels (mean + SEM, two-tailed unpaired Student’s t
test) are calculated relative to expression in the control shRNA cell line.

(Y) Two independent MAVS-targeting sgRNAs decrease protein level of MAVS in SUM159s. MAVS protein levels were measuring using western blotting.

(Z) MAVS knockout suppresses upregulation of antiviral transcriptional changes. SUM159 dox-inducible Cas9 cells transduced with two independent sgRNAs
targeting MAVS and cultured with dox to induce genomic editing of MAVS. MAVS knockout suppresses upregulation of CD80, MX1, and CCL5 upon 48 h of H3B-
8800 treatment relative to DMSO (mean + SEM, two-tailed unpaired Student’s t test).

*p < 0.05, **p < 0.01, ** p < 0.001, ***p < 0.0001
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Figure S6. Spliceosome inhibition causes differential activation of antiviral and adaptive immune signaling in therapy-sensitive syngeneic
TNBC tumors, related to Figure 6

(A and B) Immune-related pathways are significantly enriched in sensitive versus resistant tumor models. (A) Multivariate analysis comparing changed tran-
scriptional programs upon H3B-8800 in “sensitive” models compared to “resistant” models yielded 1,564 differentially changed genes. Enrichment analysis of
these genes using Metascape KEGG (mmu) and Reactome (R-MMU) pathways identified almost exclusively immune-related pathways as significantly enriched.
(B) Metascape network visualizing pathways enriched in A. Among these pathways are three major clusters of pathways relating to antiviral immune signaling,
cytokine and chemokine signaling, and adaptive immune signaling.

(C) Spliceosome inhibition differentially induces intron retention in sensitive versus resistant syngeneic models of TNBC in vitro. Cell lines derived from syngeneic
tumor models were treated for 12 h with H3B-8800 and intron retention was measured using RT-qPCR. Data are shown as expression relative to DMSO (mean +
SEM, n = 3 biological replicates).

(D) Spliceosome inhibition leads to production of cytokines and chemokines. Conditioned media collected from PyMT-M cells treated + H3B-8800 for 60 h was
collected and the concentration of CXCL10 was measuring using the Luminex bead array (mean + SEM, n = 2 technical replicates, two-tailed unpaired Student’s t
test). Analyte concentration was normalized to cell number.

(E) Spliceosome inhibition leads to activation of caspase-8 in cells derived from the 2208L syngeneic tumor model. Cells were treated with H3B-8800 for 48 h and
assayed for caspase-8 activation (mean + SEM, n = 3 biological replicates) using luminescent Caspase-Glo assay.

(F—1) H3B-8800 treatment leads to increased Cd4, Cd25, and Pd1 expression in responsive syngeneic models. Graphed is the relative FPKM from RNA-seq of (F)
2208L, (G) PyMT-M, (H) AT3, and (I) T11 treated with Vehicle or H3B-8800 (mean + SEM, n > 2 tumors per treatment group, two-tailed unpaired Student’s t test).
(J) Immune cytolytic index (CYT) increases in H3B-8800-sensitive tumor models and decreases in resistant tumor models after H3B-8800 treatment. CYT is
calculated as the geometric mean of granzyme A (Gzma) and perforin (Prf1) FPKM.

(K and L) Spliceosome inhibition leads to increased CD8+ T cell infiltration. PyMT-M FFPE tumor sections treated with Vehicle (n = 8) or H3B-8800 (n = 7) were
used forimmunohistochemical staining using the CD8a antibody. (K) Quantification of number of CD8a+ cells per 10X field of view. Boxplot shows mean + IQR. (L)
Images shown are representative of the mean CD8a+ cells per 10X field for each of the treatment groups.

*p < 0.05, **p < 0.01
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Figure S7. Intron retention levels are anticorrelated with tumor mutation burden in human breast cancer, related to Figure 7
(A) Tumors with high levels of IR are not those with high TMB. Plotted are the TMB levels for tumors with high and low levels of IR, with TMB levels higher in those
tumors with low IR levels (two-tailed, unpaired Student’s t test).
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