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Nucleic acid-sensing pathways play critical roles in innate
immune activation through the production of type I inter-
feron (IFN-I) and proinflammatory cytokines. These factors
are required for effective antitumor immune responses.
Pharmacological modulators of the pre-mRNA spliceosome
splicing factor 3b subunit 1 (SF3B1) are under clinical inves-
tigation as cancer cytotoxic agents. However, potential roles of
these agents in aberrant RNA generation and subsequent
RNA-sensing pathway activation have not been studied. In
this study, we observed that SF3B1 pharmacological modula-
tion using pladienolide B (Plad B) induces production of
aberrant RNA species and robust IFN-I responses via
engagement of the dsRNA sensor retinoic acid—inducible gene
I (RIG-I) and downstream interferon regulatory factor 3. We
found that Plad B synergized with canonical RIG-I agonism to
induce the IFN-I response. In addition, Plad B induced NF-kB
responses and secretion of proinflammatory cytokines and
chemokines. Finally, we showed that cancer cells bearing the
hotspot SF3B1¥7%°E mutation, which leads to global aberrant
splicing, had enhanced IFN-I response to canonical RIG-I
agonism. Together, these results demonstrate that pharma-
cological modulation of SF3B1 in cancer cells can induce an
enhanced IFN-I response dependent on RIG-I expression. The
study suggests that spliccosome modulation may not only
induce direct cancer cell cytotoxicity but also initiate an
innate immune response via activation of RNA-sensing
pathways.

Nucleic acid—sensing pathways play a critical role in innate
immune activation against viral infections and cancers (1, 2).
Activation of these pathways induces production of type I
interferons (IFN-I) and other proinflammatory cytokines. In
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cancer, these pathways can be activated by sensing aberrant
self-nucleic acid species and promote antitumor immune re-
sponses (2). While aberrant cytoplasmic DNA can be prefer-
entially sensed through the cyclic GMP-AMP synthase—
stimulator of interferon genes (STING) pathway (2), cyto-
plasmic RNA species can be recognized by retinoic acid—
inducible gene I (RIG-I) and/or melanoma differentiation—
associated protein 5 (MDA5) (3, 4). RIG-I activation via
cytoplasmic dsRNA induces IFN-I production and promotes
apoptosis and pyroptosis (1, 5). Canonical RIG-I activation
requires the downstream adaptor protein MAVS (mitochon-
drial antiviral signaling protein), which ultimately leads to
activation of interferon regulatory factor 3 (IRF3), a key tran-
scription factor that promotes IFN-I production (1). Interest-
ingly, tumor cell-intrinsic RIG-I expression seems to be
required for optimal checkpoint blockade therapy against
cytotoxic T-lymphocyte—associated protein 4 (6) in mouse
tumor models. Consistently, RIG-I agonism was suggested to
be an effective cancer immunotherapy (6).

It has been reported that DNA damage inducers (DNA-
damaging agents, ionizing radiation, and DNA damage
response inhibitors) can activate tumor-intrinsic STING and
IEN-I responses via exposure of cytoplasmic DNA (7-9).
However, it is unknown whether therapeutically targeting
RNA-processing mechanisms would activate RNA-sensing
pathways to induce subsequent IFN-I production. Recent
studies have illustrated that tumor-intrinsic loss of RNA-
editing function can substantially increase the inflammation
and immunogenicity of a tumor. For example, genetic loss of
adenosine deaminase acting on RNA 1-mediated A-I editing
leads to aberrant RNA sensing by protein kinase R and MDA5
(10, 11). This leads to tumor inflammation, growth inhibition,
and overcomes resistance to immune checkpoint blockade in
mouse tumor models. Along with this observation, normal N6-
methyladenosine modification has been suggested to be a
marker of “self” circular RNA and prevents activation of RIG-I
by these species. Indeed, unedited RNA can readily activate
RIG-I in biochemical assays, but N6-methyladenosine modi-
fication of the RNA prevents RIG-I activation (12). Thus, there
is biochemical and genetic evidence that certain aberrantly
processed self-RNA species can stimulate RNA-sensor acti-
vation and induce subsequent immune responses.
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SF3B1 modulation induces RIG-I-dependent type | IFN

The spliceosome is a nucleoprotein complex that functions
to remove introns from eukaryotic pre-mRNA (13-15). The
enzymatic process of mRNA splicing is complex and highly
regulated (15). Splicing dysregulation is a hallmark of cancer,
and aberrant splicing is enriched in cancer cells compared with
healthy tissue (13, 15). Recurrent mutations are found on the
spliceosome splicing factor 3b subunit 1 (SF3B1) and lead to
global alternative splicing (16, 17). These SF3B1 change-of-
function mutations are found in large portions of cancers
(approximately 6-26% of chronic lymphocytic leukemia,
15-29% of uveal melanomas, and 2—4% of breast tumors (18))
and have been associated with both poor and favorable prog-
nosis depending on the context and tumor type.

In addition, SF3B1 pharmacological modulators are being
studied as potent anticancer agents and have progressed to
clinical trials. SF3B1 modulators can control tumors effectively
in mouse models (19-21), and one agent that has progressed
to phase I trials (H3-8800) exhibits preferential cytotoxicity to
cells bearing the common SF3B1¥7°°F mutation (20). SF3B1
modulators such as pladienolide B (Plad B) or spliceostatins
(22) do not simply arrest splicing but rather modulate splicing
through alternative branch point usage (23, 24). Indeed, the
functional outcomes of spliceosome modulators do not fully
overlap with loss of function through siRNA (25). They
therefore can generate aberrant RNA species such as back-
spliced circular RNA (26), retained introns (19), or alterna-
tive splice products (27). Although SF3B1 modulators induce
direct cancer cell cytotoxicity, it is unknown if they can induce
aberrant RNA species that activate innate immune signaling
pathways. We hypothesize that spliceosome modulation gen-
erates aberrant dsRNA species leading to RNA sensor—
mediated IFN-I production and a potentially enhanced anti-
tumor immune response.

In this study, we demonstrate that specific SF3B1 pharma-
cological modulation induces IFN-I responses dependent on
RIG-L In addition, we illustrate that SF3B1¥7°°E-mutant can-
cer cells stimulated with RIG-I agonists produce enhanced
levels of IFN-I. Together, the study demonstrates how spli-
ceosome dysfunction can evoke nucleic acid—sensing pathways
for immune activation.

Results

SF3B1 pharmacological modulation induces IFN-I and NF-kB
responses

To determine whether splicecosome modulation induces
IEN-I responses, we utilized a reporter lung adenocarcinoma
cell line A549-Dual expressing luciferase under the promoter
of interferon-stimulated gene 54 (ISG54) and a secreted em-
bryonic alkaline phosphatase (SEAP) reporter gene under the
control of NF-«B. Treatment for 24 h with SF3B1 modulators
Plad B or spliceostatin derivative PF-06437837 (28) induced
robust ISG responses as measured by luciferase activity
(Fig. 1A). At this time point, viability was minimally affected
(Fig. 1A). It is possible that IFN-I responses are caused by
general cell stress. However, other cytotoxic agents such as a
DNA-damaging agent (SN38) or endoplasmic reticulum-—
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stress inducer (thapsigargin) did not induce substantial IFN-I
responses at 24 and 72 h, suggesting that Plad B-induced
IEN-I was not because of general cell stress but rather through
SF3B1 modulation (Fig. S1A). To ensure functional modula-
tion of SF3B1, we used an intron-retention PCR assay to
determine the relative levels of spliced and unspliced tran-
scripts from two published genes (DNAJB1 and RIOK3) (19)
after 18 h of Plad B treatment (Fig. 1B). Indeed, we observed a
dose-dependent level of intron retention that correlated with
substantial IFN-f and ISG54 transcript expression. We verified
that our findings were broadly applicable by treating several
additional tumor cell lines with SF3B1 modulators. Murine
tumor cell lines B16F10, CT26, EMT6, MC38, and 4T1
induced different levels of detectable IFN-f after Plad B
treatment (Fig. 1, C and D). B16F10 produced the highest
levels of IFN-P in response to Plad B. To prove that Plad B-
mediated IFN-I induction was due to on-target SF3B1 mod-
ulation, we generated a B16F10-SF3B1*'%7*" mutant cell line.
The SF3B1*'7*" mutation prevents Plad B binding to SF3B1
and confers resistance to cytotoxic effects (23, 24, 29). B16F10-
SF3B1R*'97*H cells were resistant to Plad B cytotoxicity and did
not produce IFN-f suggesting that specific binding of Plad B to
SF3B1 was largely responsible for IFN-I production (Fig. 1E).
To determine whether spliceosome modulation also induces
NEF-kB responses, we utilized a NF-kB SEAP reporter assay in
A549-Dual cells. Plad B induced substantial NF-«B activity as
measured by SEAP activity (Fig. 2A4). The response was com-
parable to treatment with tumor necrosis factor alpha (TNFa)
or the RIG-I agonist (3p-hpRNA; hairpin RNA [hpRNA]). In
addition, B16F10 cells treated with Plad B secreted substantial
amounts of the NF-kB-associated C-X-C motif chemokine
ligand 1 and C-X-C motif chemokine ligand 10 (Fig. 2B). C-X-
C motif chemokine ligand 10 has been reported as a chemo-
attractant for tumor-infiltrating lymphocytes (30, 31).
Consistently, A549-Dual cells treated with Plad B secreted
detectable levels of NF-kB—associated cytokines interleukin 6
(IL)-6, IL-8, and minimal TNFa (Fig. S1C). Together, the data
suggest that SF3B1 modulators induce IFN-I and NF-kB re-
sponses in a range of tumor cell lines.

SF3B1 modulator-induced IFN-I response is dependent on
RIG-I expression

The ability of SF3B1 modulators to induce an IFN-I
response, or a mechanism to do so, has not been reported
thus far. We hypothesized that SF3B1 modulation induces
cytoplasmic aberrant RNA species that bind innate RNA
sensors and initiate IFN-I responses. To test this, we utilized
commercially available A549-Dual sublines with genetic de-
letions of key RNA sensors MDA-5 and RIG-I. Whereas
deletion of MDAS5 had no effect, RIG-I deletion largely abro-
gated IFN-I response to Plad B (Fig. 3A). Loss of functional
RIG-I was confirmed by lack of response to a RIG-I agonist
(3p-hpRNA) in A549-Dual-RIG-I-KO cells (Fig. SI1B).
Response to IFN-a2 was maintained confirming the reporter
function was intact (Fig. S1B). To further confirm that RIG-I
engagement is critical for Plad B-mediated IFN-I responses,
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Figure 1. SF3B1 pharmacological modulation induces IFN-I responses in tumor cells. A, A549-Dual cells were treated for 24 h with Plad B or spli-
ceostatin analog PF-06437837, and IFN-I reporter ISG-Luc activity was measured by QUANTI-Luc and raw light unit (LU) values are plotted. CellTiter-Glo was
used to determine relative cell viability as calculated as a percentage of LUs versus control dimethyl sulfoxide-treated cells. B, A549-Dual cells were treated
with Plad B for 18 h followed by mRNA extraction, complementary DNA synthesis, and intron-retention RT-PCR for the indicated genes with primers
spanning exons. Top bands for DNAJB1 and RIOK3 indicate unspliced mRNA. GAPDH does not undergo splicing and was included as a loading control.
IFNB1 (IFN-B) and IFIT2 (ISG54) transcript expression was measured by quantitative PCR. C, B16F10 cells were treated for 24 h with Plad B or PF-06437837,
and ELISA was used to measure IFN-B in the supernatant, whereas CellTiter-Glo was used to determine relative cell viability. D, the indicated murine tumor
lines were treated for 24 h with Plad B, and ELISA was used to quantify IFN-f in the supernatant, whereas CellTiter-Glo was used to determine relative cell
viability. £, B16F10-SF3B1%'%7%" mutant cell line was generated using CRISPR-Cas9 gene editing. Cells were treated for 24 h with Plad B, and ELISA was used
to measure IFN-B in the supernatant, whereas CellTiter-Glo was used to determine relative cell viability. Statistical analyses were performed using the
unpaired parametric t test comparing experimental samples to the relevant dose in control cells where indicated, with p values <0.05 considered significant
(*p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001). All data are representative of n = 3 experiments. IFN-I, type | interferon; Plad B, pladienolide B;
SF3B1, spliceosome splicing factor 3b subunit 1.

we generated RIG-I-KO clones from the murine cell lines to Plad B, further confirming that RIG-I was crucial for the
B16F10 and CT26 using the CRISPR—Cas9 system. Successful ~SF3B1 modulator—induced IEN-I response. Consistently, when
KO of RIG-I was confirmed by Western blot analysis and A549-Dual-RIG-I-KO cells (A549-RIG-I-KO) were recon-
functional assays after treatment with 3p-hpRNA (Fig. S2, A  stituted with RIG-I protein by lentiviral transduction (A549-
and B). Indeed, RIG-I deletion in both B16F10 and CT26 RIG-I-Recon), the ability to generate an IFN-I response to
substantially reduced Plad B-mediated IFN-B secretion Plad B was enhanced versus A549-RIG-I-KO (Fig. 3D). RIG-I
(Fig. 3B). The human embryonic kidney (HEK)-Lucia Null loss did not affect the HEK-Lucia, CT26, or A549-Dual cell
reporter line is deficient for endogenous RIG-I expression and  viability after Plad B treatment suggesting that RIG-I signaling
showed minimal IFN-I response to Plad B treatment (Fig. 3C). was not necessary for direct cytotoxic effects of Plad B
However, HEK-Lucia RIG-I (reconstituted RIG-I expression in  (Fig. S3A). The collective data demonstrate that RIG-I is
the background of HEK-Null) potentiated an IFN-I response required for SF3B1 modulator—induced IFN-I responses.
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Figure 2. SF3B1 pharmacological modulation induces NF-kB response and secretion of CXCL1 and CXCL10 chemokines. A, A549-Dual cells were
treated with increasing doses of Plad B for 24 h before NF-kB-SEAP response was measured using QUANTI-Blue. Saturating doses of 3p-hpRNA and TNFa
were included as positive controls, and absorbance values are plotted. Data are representative of n = 3 experiments. B, B16F10 cells were treated for 24 h
with 333 nM Plad B before CXCL1 and CXCL10 in supernatant was measured by Luminex multiplex cytokine assay. Statistical analyses were performed using
the unpaired parametric t test comparing the experimental sample to control cells where indicated. p Values <0.05 were considered significant (*p < 0.05;
**p < 0.01; ***p < 0.001; and ****p < 0.0001). Data are representative of n = 3 experiments (A) and n = 2 experiments (B). CXCL1, C-X-C motif chemokine
ligand 1; CXCL10, C-X-C motif chemokine ligand 10; hpRNA, hairpin RNA; Plad B, pladienolide B; SEAP, secreted embryonic alkaline phosphatase; SF3B1,

spliceosome splicing factor 3b subunit 1; TNFa, tumor necrosis factor alpha.

SF3B1 modulator-induced IFN-I response is dependent on
IRF3

Next, we investigated downstream signaling pathways to
further elucidate how IFN-I responses were generated after
SF3B1 modulation. IRF3 is a key transcription factor down-
stream of RIG-I that can promote IFN-f production (1). To
determine whether IRF3 is required for Plad B-induced IFN-I
responses, we knocked down IRF3 expression in A549-Dual
reporter cells using siRNA before treatment with Plad B. We
observed a substantial decrease of IFN-I responses in IRF3
knockdown cells (Fig. 4A) demonstrating that IRF3 is a key
downstream factor required for the Plad B-induced IFN-I
response. IRF3 dependency was also observed in THP1-Dual
cells where Plad B-mediated IFN-I response was not detected
in THP1-Dual-IRF3-KO cells (Fig. S3B). MAVS is a reported
downstream adaptor protein crucial for canonical RIG-I
signaling. Surprisingly, Plad B-induced IFN-I responses were
largely maintained after MAVS knockdown by siRNA (Fig. 4B).
It is possible that insufficient knockdown of MAVS by siRNA
would allow maintained response. Therefore, we also tested
A549-Dual-MAVS-KO cells (Invivogen) with Plad B treatment.
Genetic ablation of MAVS did not abrogate the IFN-I response
to Plad B, consistent with the siRNA data (Fig. 4C). Although we
cannot rule out the possibility that a truncated MAVS allows
maintained response to Plad B, A549-Dual-MAVS-KO cells
have a near-completely abrogated response to the canonical
RIG-I agonist 3p-hpRNA (Fig. S1B). Therefore, canonical
MAVS functions appear to be ablated in the A549-Dual-MAVS-
KO cells. A549-Dual-MAVS-KO cells maintained similar
viability as their WT controls in response to Plad B suggesting
that Plad B cytotoxicity did not depend on MAVS (Fig. S3A). As
further confirmation, we generated additional clones of A549-
Dual-MAVS-KO using CRISPR-Cas9 and single-guide RNAs
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(sgRNAs) designed to target the N-terminal region of MAVS.
This strategy limits the possibility of truncated MAVS protein
that still possess caspase recruitment domains. Our additional
A549-Dual-MAVS-KO clones demonstrated near-completely
abrogated response to the canonical RIG-I agonist 3p-hpRNA
but maintained IFN-I response to Plad B (Fig. S4), consistent
with the siRNA and A549-Dual-MAVS-KO (Invivogen) data. In
addition, both the human monocyte-like THP1-Dual and
THP1-Dual-MAVS-KO cells exhibited an IFN-I response to
Plad B (Fig. S3B). However, the IFN-I response was lower than
other cell lines tested, likely because of high sensitivity to Plad B
cytotoxic effects even at 24 h. Based on these results, we
conclude that the Plad B-induced IFN-I response requires RIG-I
and IRF3 signaling pathways. The Plad B-induced IFN-I
response may have distinct and undefined adaptor involve-
ment compared with canonical 3p-hpRNA IFN-I responses at
least in A549-Dual and THP1-Dual reporter cells.

Spliceosome dysfunction enhances IFN-I response to a RIG-I
agonist

The data thus far suggested that SF3B1 modulator—induced
IEN-I may be distinct from canonical RIG-I activation
pathway. Therefore, we sought to determine how SF3B1
modulation interacts with canonical RIG-I activation. To test
this, we cotreated A549-Dual or B16F10 with increasing doses
of the canonical RIG-I agonist 3p-hpRNA along with Plad B.
Intriguingly, cotreatment led to strong synergy of the two
compounds in inducing IFN-I responses (Figs. 54 and S5).
This suggests that the biochemical mechanism of RIG-I
engagement by Plad B can be distinct from 3p-hpRNA and
that the two pathways might be cooperative instead of
competitive. Cytotoxic effects of Plad B and 3p-hpRNA were
not substantially additive (Figs. 54 and S5). The ability of a
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Figure 3. SF3B1 modulator-induced IFN-I response is dependent on RIG-I. A, A549-Dual-WT, A549-Dual-MDA5-KO, and A549-Dual-RIG-I-KO cells were
treated with Plad B for 24 h before ISG response was measured using QUANTI-Lug, and raw light unit (LU) values are plotted. B, a CT26-RIG-I-KO clone and
three B16F10-RIG-I-KO clones (C1, C2, and C3) were generated using CRISPR-Cas9 to genetically ablate RIG-I. Cells were treated with Plad B for 24 h, and IFN-
{3 secretion was measured by ELISA. C, HEK-Lucia Null or HEK-Lucia RIG-I (RIG-I overexpressed in the background of HEK-Lucia Null) were treated with Plad B
for 24 h before IFN-I response was quantified by QUANTI-Luc. Western blot analysis was used to confirm RIG-I protein overexpression. D, A549-Dual-RIG-I-KO
cells were transduced with full-length human RIG-I. Western blot was used to confirm reconstituted expression (A549-RIG-I-Recon), and cells were treated
with Plad B for 24 h before ISG response was measured using QUANTI-Luc. Statistical analyses were performed using the unpaired parametric t test
comparing the experimental sample to the relevant dose in control cells where indicated. p Values <0.05 were considered significant (*p < 0.05; **p < 0.01;
*#**p < 0.001; and ****p < 0.0001). Immunoblots confirming RIG-l expression after transduction are representative of n = 2 experiments. All other
experimental data are representative of n = 3 experiments. HEK, human embryonic kidney; IFN-I, type | interferon; ISG, interferon-stimulated gene 54; MDAS5,
melanoma differentiation-associated protein 5; Plad B, pladienolide B; RIG-, retinoic acid-inducible gene I; SF3B1, spliceosome splicing factor 3b subunit 1.

canonical RIG-I agonist to synergize with Plad B led us to
hypothesize that RIG-I agonists would be more effective in
cancer cells that harbor spliceosome mutations resulting in
basal spliceosome dysfunction. SF3B1°7%* is one of the most
common SF3B1 mutations found in various hematopoietic
malignancies and breast cancers and leads to global aberrant
splicing (16, 18). We thus generated SF3B1%7°°E-expressing
cells through lentiviral transduction with full-length
SF3B17°F, Upon treatment with the RIG-I agonist 3p-
hpRNA, B16F10-SF3B1¥7%%F and 4T1-SF3B1*7%°F cells pro-
duced more IFN-B than SF3B1%'-transduced controls
(Fig. 5B). 3p-hpRNA-mediated cytotoxicity did not substan-
tially depend on SF3B1*7°°F expression. Therefore, the results
suggest that tumor cells bearing SF3B1*7°" may be more
sensitive to canonical RIG-I agonist—induced IFN-I responses.

Discussion

These combined data demonstrate that SF3B1 pharmaco-
logical modulation induces robust IFN-I responses dependent

SASBMB

on the RNA sensor RIG-I. The study expands the paradigm
that aberrant self-RNA can be sensed by nucleic acid sensors
that typically function as innate immune defenses. Intriguingly,
the SF3B1 modulator—induced IEN-I response is mediated by
RIG-I and downstream IRF3 activation but may utilize an
adaptor distinct from the canonical MAVS mechanism in
A549 reporter cells. Whether this distinct pathway activation
is broadly observed in different cell and cancer types remains
to be studied.

The first outstanding question is how does Plad B engage
RIG-I activation? A logical hypothesis is that the SF3B1
modulators generate various structures of aberrant RNA, and
some of these can directly bind to and activate RIG-I. One
critical consideration is that not all RNA species that bind to
RIG-I activate the RIG-I/IEN-I pathway. For example, while
RIG-I can be stimulated by unedited RNA lacking 6-
methyladenosine (12), it can also be actively antagonized by
RNAs containing 5 -monophosphates (5'-p RNAs), which are
abundant in healthy cells and therefore represent a gating

J. Biol. Chem. (2021) 297(5) 101277 5
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Figure 4. SF3B1 modulator-induced IFN-I response is dependent on IRF3

but distinct from canonical MAVS activation. siRNA against (A) IRF3 or (B)

MAVS was transfected into A549-Dual cells for 72 h before confirming knockdown by immunoblot. Cells were replated and treated for 24 h with Plad B. ISG
response was measured by QUANTI-Luc and a luminometer. Light unit (LU) values are plotted. C, A549-Dual-WT or A549-Dual-MAVS-KO cells were treated

with Plad B for 24 h before ISG response was measured using QUANTI-Luc.

Deletion of functional MAVS in A549-Dual-MAVS-KO was confirmed using

Western blot. Detected band in A549-Dual-MAVS-KO is likely truncated and nonfunctional MAVS. All data are representative of n = 3 experiments. IFN-I, type
| interferon; IRF3, interferon regulatory factor 3; ISG, interferon-stimulated gene; MAVS, mitochondrial antiviral signaling protein; SF3B1, spliceosome splicing

factor 3b subunit 1.

mechanism to prevent basal activation to self-RNA species
(32). The RNA-binding protein TAR DNA-binding protein 43
has also been reported to prevent accumulation of endogenous
RNA species that can activate RIG-I (33). If SF3B1 modulation
increases unedited RNA lacking 6-methyladenosine or in
contrast decreases RNAs containing 5'-monophosphates or
decreases TAR DNA-binding protein 43 expression, these can
also represent mechanisms to induce RIG-I activation.
Although RIG-I is generally thought to be specific for dsSRNAs
bearing a 5 triphosphate or diphosphate group (32), there is
increasing evidence that RIG-I can be more promiscuous than
originally believed. In fact, reports have demonstrated that
RIG-I can bind to circular RNA with no ends (34). SF3B1
modulation can generate back-spliced circular RNA (26), and
these species represent another potential RIG-I ligand. It can
also be expected that these distinct structures interact with
RIG-I differently than canonical 3p-hpRNA. Distinct in-
teractions with RIG-I may result in unique RIG-I conforma-
tional changes and differing downstream pathway activation.
For example, a host-derived long noncoding RNA bound to
RIG-I has been reported to promote RIG-I signaling by acting
as a scaffold that directly binds and bridges RIG-I and tripartite
motif containing 25 (35). It is plausible that while some Plad
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B-induced RNA ligands bind to RIG-I to activate signaling,
others similarly act as a scaffold to enhance signaling. In
conjunction, SF3B1 modulation may modify key factors
involved in the RIG-I activation pathway and amplify re-
sponses to RNA species. A similar mechanism has been
identified in the context of SF3B1 mutation, whereby alter-
natively spliced mitogen-activated protein kinase kinase kinase
7 potentiates NF-«B activation by lipopolysaccharides (36).
The second open-ended question is how can Plad B-induced
IFN-I response be dependent on RIG-I expression in
A549 cells but not the canonical adaptor MAVS? RIG-I
pathway activation has been reported to be mediated by
other adaptors such as apoptosis-associated speck-like protein
containing a caspase recruitment domain for inflammatory
responses (37). Similarly, other unidentified factors may
function downstream of RIG-I and mediate IRF3 activation
and IFN-I responses in the context of SF3B1 modulation.
Importantly, SF3B1 modulation can generate alternatively
spliced factors, several of which have unknown neomorphic
functions. Mutations in the spliceosome component U2AF1
has been reported to generate a mis-spliced long isoform of
interleukin 1 receptor—associated kinase 4 that promotes
innate immune signals to NF-«xB (38). Such studies highlight
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Figure 5. SF3B1 modulator synergizes with RIG-I agonist for IFN-I response. A, A549-Dual cells were treated for 24 h with varying doses of Plad B in
combination with varying doses of the RIG-I agonist 3p-hpRNA. IFN-I response was quantified by QUANTI-Luc assay to determine ISG-LU. A heat map of fold
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duplicate samples is shown. B, lentivirus-transduced SF3B1" or SF3B1%7%°F cells were treated with 3p-hpRNA for 24 h, and IFN-B in the supernatant was
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retinoic acid-inducible gene [; SF3B1, spliceosome splicing factor 3b subunit 1.

the unpredictable functions of mis-spliced neomorphic pro-
teins. It is conceivable that during Plad B treatment, an
alternatively spliced factor may gain structural homology to
MAVS to have redundant function. However, this is specula-
tion as current tools cannot predict such splice variant struc-
ture and function on a global scale.

An alternative postulation is that Plad B may initiate
crosstalk with DNA-sensing pathways. Unlike healthy cells,
cancer cells often accumulate cytoplasmic DNA from genomic
and mitochondrial sources (39, 40). RNA-sensing pathways
have substantial crosstalk with DNA-sensing pathways such as
STING (41-43). A recent study suggests that epigenetic
modulation induces cellular dsRNA species and expression of
interferon-stimulated genes dependent on STING (44).
Therefore, it is plausible that Plad B-mediated aberrant RNA
species involve DNA-sensing pathways for IFN-I responses.
Both RIG-I and DNA-sensing pathways converge on IRF3
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activation and indeed, IRF3 was crucial for Plad B-mediated
IEN-I responses. It is also reasonable to postulate that Plad B
might generate cytoplasmic RNA:DNA hybrid molecules in
cancer cells because of aberrant RNA species interacting with
aberrant cytoplasmic DNA. Plad B induces cell cycle arrest (45,
46), which has been associated with cytoplasmic DNA leakage
and activation of the cyclic GMP-AMP synthase-STING
pathway (40, 47). RNA:DNA hybrid molecules in conjunction
with ectopic cytoplasmic DNA might activate or recruit factors
in DNA-sensing pathways, perhaps at the mitochondria, that
cooperate with RIG-I to produce IFN-L In this postulated
model, RIG-I may primarily function as a scaffold for DNA-
sensing pathway activation rather than actively signal on its
own.

Finally, the data also suggest that SF3B1 modulators syn-
ergize well with canonical RIG-I agonists for IFN-I responses
and that SF3B1-mutant cancers exhibit increased sensitivity to
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a canonical RIG-I agonist for producing IFN-I. Plad B leads to
antitumor cytotoxicity, whereas SF3B1<7°°F leads to neo-
morphic functions that are believed to be protumorigenic, thus
they have seemingly opposite functions for cell viability. How
two SEF3B1 alterations with seemingly opposite functions
converge on the RIG-I cascade is intriguing, and we offer
potential hypotheses.

Both Plad B and SF3B1%7°°F lead to global aberrant RNA
splicing (splicing inhibition, exon skipping, alternative branch-
point usage, etc.), and therefore, it is reasonable to believe that
some alternatively spliced products may be shared. Some
shared alternatively spliced RNA products, produced by both
Plad B and SF3B1¥7°F mutation, may function as a RIG-I
ligand. SF3B1%7°°F mutation may generate low levels of these
ligands, insufficient to trigger spontaneous RIG-I signaling, but
sufficient to increase RIG-I sensitivity to additional stimulation
(such as 3p-hpRNA). In addition, SF3B1%7°F neomorphic
mutations are thought to be exclusively heterozygous in cancer
because some level of WT SF3B1 function is required for cell
viability (48). Therefore, SF3B1*7°°F neomorphic tumors have
their basic cellular functions and viability sustained by the WT
SF3B1 copy but have neomorphic and tumorigenic functions
gained from the SE3B1*7°°F copy that lead to a net tumori-
genic effect. In contrast, Plad B can modulate and disrupt
essential functions of both SF3B1 copies and therefore has a
net cytotoxic effect. This would be especially interesting to
study in the context of MYC-driven tumors as MYC+ cancer
cells are reported to have increased cytotoxic sensitivity to
SF3B1 loss-of-function or pharmacological modulation (49).

It is interesting that although Plad B and 3p-hpRNA syn-
ergized for IFN-I response in A549 cells, they did not synergize
for cytotoxicity. Plad B has been characterized to induce both
cell-cycle arrest and apoptosis (19, 45, 46, 50). RIG-I agonists
such as 3p-hpRNA have been characterized to induce
apoptosis and pyroptosis. Plad B cytotoxicity does not depend
on RIG-I expression and therefore is likely distinct from RIG-
I-associated apoptosis pathways. Indeed, it is possible that
during cotreatment of Plad B and 3p-hpRNA, Plad B can limit
appropriate splicing of crucial factors in canonical RIG-I-
mediated apoptosis. In addition, it is possible that Plad B
preferentially induces cell cycle arrest in A549 cells rather than
apoptosis and that this does not cooperate with RIG-I-
mediated apoptosis at early time points. The data also sug-
gest that autocrine IFN-I signaling is not important for Plad B-
mediated cytotoxicity. It is likely that Plad B does not induce
cell death through RIG-I pathway activation but rather dis-
rupts basic cellular functions when splicing is globally
impaired. It would also be interesting to better delineate the
mechanisms of Plad B cytotoxic effects. For example, it is
unclear whether Plad B induces pyroptosis.

It is necessary to consider that Plad B directly affects
splicing and therefore likely affects appropriately spliced
transcripts at higher doses. Therefore, it should not be ex-
pected that Plad B-induced responses follow the exact signa-
ture of canonical RIG-I signaling. Plad B could instead lead to
a unique dose-responsive effect on certain induced factors. For
example, IFN-P does not undergo splicing and indeed, IFN-f3
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transcripts continue to increase with the dose of Plad B
(Fig. 1B). However, ISG54 does require splicing, and ISG54
transcripts peak at 30 nM Plad B but then decline at 100 and
1000 nM. It is likely that at high doses of Plad B, although RIG-
I-mediated promotion of ISG54 transcription is largely intact,
the ISG54 transcripts themselves are being mis-spliced and
degraded. This is not reflected in the A549-Dual ISG54 re-
porter because the exogenous ISG54 reporter transcript
(Luciferase) presumably does not require splicing.

As SF3B1 modulators enter clinical trials based on cancer
cytotoxicity data, we identify another potential role of these
agents. SF3B1 modulator—induced IFN-I production in the
tumor microenvironment may boost immune responses in
addition to direct cytotoxic effects on tumor cells. In addition,
other reports have suggested that SF3B1-mutant tumors may
express more mis-spliced neoantigens that result from tumor-
specific splice junctions, alternative isoform, and retained in-
trons (15, 51). Neoantigen burden has been reported to
correlate with response to immune checkpoint blockade (52).
However, mis-spliced neoantigens would not be identified
using common prediction methods that focus on somatic
mutation—derived neoantigens. Although still unclear, mis-
spliced neoantigens may contribute to the immunogenicity
of SF3Bl-mutant tumors (15). Indeed, a recent study has
described shared splicing neoantigens derived from SF3B1-
mutant uveal melanomas in patients (53). Therefore, it
would be valuable to test the combination therapy of RIG-I
agonists with checkpoint blockade in SF3B1-mutant tumors
in vivo. This strategy would potentially enhance activation of
both the innate and adaptive antitumor immune response.

Experimental procedures
Cell lines and viability assays

B16F10, CT26, 4T1, and MC38 murine lines were pur-
chased from American Type Culture Collection, expanded,
confirmed to be mycoplasma free, and then frozen as aliquots.
HEK reporter lines, A549-Dual, and the derived genetic KO
reporter lines were purchased from Invivogen: HEK-Lucia
Null (hkl-null), HEK-Lucia RIG-I (hkl-hrigi), A549-Dual
(a549d-nfis), A549-Dual-RIG-I-KO (a549d-korigi), A549-
Dual-MDA5-KO  (a549d-komda5), A549-Dual-MAVS-KO
(a549d-komavs), THP1-Dual (thpd-nfis), THP1-Dual-IRF3-
KO (thpd-koirf3), and THP1-Dual-MAVS-KO (thpd-
komavs). All reporter cell lines from Invivogen were main-
tained as recommended by the manufacturer. Murine cell lines
were maintained in American Type Culture Collection rec-
ommended media. Viability assays were performed using the
CellTiter-Glo Luminescent Cell Viability Assay (Promega;
G7573) following the manufacturer’s instructions.

CRISPR gene editing

For B16F10-SF3B17'%7*" generation, an sgRNA, which cuts
close to the desired edit, and an ssODN donor template with
homology arms identical to the nontargeting strand and silent
mutations in the PAM sequence were designed. CRISPR—Cas9
and homology-directed repair (HDR) reagents were obtained
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from IDT. About 200,000 cells were nucleofected with ribo-
nucleoprotein complexes containing 150 pmol gRNA and 125
pmol Cas9, 3 uM Ultramer ssODN donor template, and
electroporation enhancer using SE solution and pulse code
CM-150, in a final volume of 25 pl per sample in a 16-well
Nucleocuvette strip (Lonza) following the manufacturers’
protocols. Cells were then plated in two 96-well plates with
22.5 uM HDR enhancer (IDT). HDR enhancer was washed out
after 12 to 24 h. About 48 h after nucleofection, half the cells
were lysed for next-generation sequencing (NGS) and the
other half of the cells were subjected to single-cell cloning.
Single-cell clones were sequenced, and five clones with the
identical SF3B1*%7*" mutation were pooled and expanded
further. B16F10 exhibits chromosomal aneuploidy. Sequencing
data suggests five alleles of SF3B1. After CRISPR editing, each
of the five clones contained the approximate allele frequency at
the SF3B1 locus: 20% WT, 20% SF3B1%'*"*", and 60% INDEL.
It was predicted and assumed that indel alleles would be
degraded through nonsense-mediated decay. HDR template
and sgRNA were as follows: SF3B1"'?7*" HDR template:
ATTATAACCTACTCACCCAATAGCCTTTGCGATATAA
CCAAATGTATTGACTGTAGCTCTGTGAATAGCTTTTT
TGTGAGCTTTTAAGAGCTCTAAAAGCTCA. SF3B1-R10
74H sgRNA: GATATAACCAAATGTATTGA. For CT26-
RIG-I-KO and B16F10-RIG-I-KO generation, cells were
nucleofected as aforementioned using an sgRNA designed
against murine RIG-I (DDX58) (CATGTAGCTGAGGATG
TAGG) except without the HDR enhancer. Cells were sub-
jected to single-cell cloning, confirmed by NGS, and clones
were tested for successful KO through immunoblot and
ELISA. For the additional A549-Dual-MAVS-KO clone gen-
eration, a pair of sgRNAs were designed to cut on either end
of exon 2 of MAVS (sgRNAs: GGGAAGTGACAGCCCG
ACAC and ACAGATCACACATTACAACA). A549-Dual
(Invivogen; a549d-nfis) reporter cells were transfected using
the Lipofectamine CRISPRMAX kit (Thermo Fisher Scientific;
CMAXO00008) with 25 pmol of each sgRNA (Synthego) and
6.25 pg TrueCut Cas9 (Thermo Fisher Scientific; A36496) in
6-well plates. Cells were subjected to single-cell cloning on the
CellCelector (Automated Lab Solutions) into 96-well plates.
Single-cell clones were confirmed by Sanger Sequencing and
immunoblot with MAVS antibody (Abcam; catalog no.
ab89825).

SF3B1 modulator, 3p-hpRNA, and cytokine treatments

Plad B was purchased from Tocris (6070), and spliceostatin
analog PF-06437837 (thailanstatin A methyl ester) was syn-
thesized by Pfizer as previously reported (22). Cells were
seeded in 96-well plates at 5000 cells/well (4T1), 10,000 cells/
well (A549, CT26, and MC38 HEK), and 20,000 cells/well
(B16F10) overnight in 75 ul media. The next day, 75 pl of a
2x solution of the indicated compound was added to wells,
and cells were incubated at 37 °C until the indicated time
points. Assays with THP1 cells were performed similarly
except plating cells (100,000 cells) immediately before the
addition of indicated compounds. Supernatant was removed
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and used in subsequent assays. 3p-hpRNA (Invivogen; tlrl-
hprna) was prepared as a 2x solution in complex with the
transfection reagent LyoVec (Invivogen; lyec-1) according to
the manufacturer’s instructions. After complexing, 75 ul of
the 2x concentrated 3p-hpRNA/LyoVec was added to cells
until the indicated time points. Positive control cytokines
used were IFN-a2 (Biolegend; 592702) and TNFa (Biolegend;
570102).

Immunoblots, chemokine measurements, ELISA, AlphalLISA,
and reporter assays

Immunoblots (Western blots) were performed by extracting
total cell lysate using radioimmunoprecipitation assay buffer
(Thermo Fisher Scientific; 89900) with protease and phos-
phatase inhibitors (Thermo Fisher Scientific; 78440). Protein
was quantified using the MicroBCA Protein Assay Kit
(Thermo Fisher Scientific; 23235). Protein (20-30 pg) was
loaded and run on Criterion 4-15% Tris—HCI gels (Bio-Rad;
345-0027 or 345-0028). After 1 h blocking with 5% bovine
serum albumin at room temperature, immunoblotting was
performed using the following primary antibodies overnight at
4 °C: Cell Signaling Technology; RIG-I (3743S: 1:1000 dilu-
tion), B-actin-horseradish peroxidase (5125S; 1:5000 dilution),
IRF3 (11904S; 1:1000 dilution), and MAVS (24930S; 1:1000
dilution). Secondary antibodies were used by incubation of
horseradish peroxidase—conjugated antibodies (Bio-Rad; 170-
6515; 1:10,000 dilution) for 1 h at room temperature before
washing and imaging using a myECL imager (Thermo Fisher
Scientific). Antibodies used in Figure S4 are MAVS (abcam;
catalog no. ab89825; 1:1000 dilution), anti-vinculin (abcam;
catalog no. ab129002; 1:10,000 dilution), IRDye 800CW Goat
antimouse (LI-COR; catalog no. 926-32210; 1:15,000 dilution),
and IRDye 680RD Donkey anti-rabbit (LI-COR; catalog no.
926-68073; 1:15,000 dilution). Mouse chemokine measure-
ments were performed using the MILLIPLEX MAP Mouse
Cytokine/Chemokine Magnetic Bead Panel—Premixed 25 Plex
—Immunology Multiplex Assay (Millipore; MCYTOMAG-
70K-PMX). Human IL-6, IL-8, and TNFa were measured us-
ing human cytokine array/chemokine array 48-Plex (Eve
Technologies; HD48). ELISAs were performed using super-
natant following the manufacturer’s instructions (Pestka
Biomedical Laboratories; 42400-2 or 42410-2). IFN-B Alpha-
LISAs were performed using supernatant following the man-
ufacturer’s instructions (PerkinElmer; AL586C). IFN-I
response reporter assays were performed using QUANTI-Luc
(Invivogen; rep-qlc2), whereas NF-kB—SEAP assays were per-
formed using QUANTI-Blue (Invivogen; rep-qbl) and
following the manufacturer’s instructions. For ISG-light unit
(LU) fold change analysis, fold change was calculated a
(experimental condition ISG-LU signal)/(dimethyl sulfoxide
control ISG-LU signal). For THP-1 IFN-I response reporter
assays, QUANTI-Luc signal was normalized to relative
viability because of high sensitivity to Plad B-mediated cyto-
toxicity. Normalization was calculated as: (ISG-LU fold
change)/(proportion of viable cells as measured by CellTiter-
Glo Luminescent Cell Viability Assay) (Promega; G7573).
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Quantitative PCR and intron retention experiments

Quantitative PCR was performed using the TaqgMan real-
time PCR system. RNA was extracted using the Qiagen
RNeasy Mini Plus kit (Qiagen; 74134), 1 pg of RNA was reverse
transcribed into complementary DNA (cDNA) using Super-
script VILO cDNA Synthesis Kit (Invitrogen; 11754050), and
TaqMan probes and primers were designed from “assay-on-
demand” gene expression products (Thermo Fisher Scientific).
Primers were as follows: human IFNB1 (Hs01077958_sl;
4331182), human IFIT2/ISG54 (Hs01922738_s1;4331182), and
human GAPDH (Hs04420632_g1; 4331182). The results are
presented as fold changes based on the differences of normal-
ized Ct values compared with control samples, assuming
optimal primer efficiency (standard 272" method). Intron
retention assay was performed by using a 35-round standard
RT-PCR as outlined in past reports. Primers were as follows:
DNAJBl1—Forward: GAACCAAAATCACTTTCCCCAAG-
GAAGG and Reverse: AATGAGGTCCCCACGTTTCTCGG
GTGT; RIOK3—Forward: CCAGTGACCTTATGCTGGCT-
CAGAT and Reverse: GGTCTGTAGGGATCATCACGA
GTA; and GAPDH—Forward: TGGTCACCAGGGCTGCTT
and Reverse: AGCTTCCCGTTCTCAGCCTT. RT-PCR
products were resolved on 2% E-Gel EX Agarose Gels (Invi-
trogen; G401002).

Lentiviral overexpression

Lentiviral constructs expressing human RIG-I and murine
SF3B1¥" were purchased from GeneCopoeia (Vector
pReceiver-Lv156). In brief, the construct contained the human
RIG-I (GeneCopoeia; T0237), murine SF3B1Y' (GeneCo-
poeia; Mm35243), or SF3B1¥7°°" ORF driven by the EFla
promoter. Murine SE3B1*7°" was custom-cloned by Gene-
Copoeia from the SF3BIYT construct (GeneCopoeia;
Mm35243). The constructs contained a puromycin resistance
gene, and puromycin (4 pg/ml for 5 days) was used to select
transduced cells.

siRNA experiments

siRNA was purchased from Thermo Fisher Scientific—
Ambion In Vivo Pre-Designed siRNA Application Silencer
Select (4457308). Catalog numbers for individual siRNAs were
as follows: siRNA Neg: 4457287, siRNA IRF3-1: S7508, siRNA
IRF3-2: S7509, siRNA MAVS-1: S33178, and siRNA MAVS-2:
S33179. Cells were seeded in 6-well plates at 150,000 cells/well
in antibiotic-free media. Cells were transfected for 72 h using
Lipofectamine RNAiMAX Transfection Reagent (Thermo
Fisher Scientific; 13778030) following the manufacturer’s
protocol. Cells were then harvested, and a fraction is used for
immunoblot analysis to confirm target knockdown. Cells were
replated into 96-well plates at 20,000 cells per well for 6 h
before Plad B was added for the next 24 h. Supernatant was
used in QUANTI-Luc (Invivogen; rep-qlc2) assays.

Data and statistical analysis

Data were plotted using Prism 8 (GraphPad Software, Inc).
Dose—-response curves were generated by log-transforming the
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data and either using the log(agonist) versus response — vari-
able slope or log(inhibitor versus response — variable slope)
function in Prism 8. Values reported represent mean + stan-
dard deviation of triplicate values. Values are representative of
two to five independent experiments (as described in the leg-
ends to the figures). Statistical analyses were performed using
the unpaired parametric ¢ test with p values <0.05 considered
significant (*p < 0.05; **p < 0.01; ***p < 0.001; and ****p <
0.0001).

Data availability

All data are contained within the article.

Supporting article  contains

information.
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