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1.

INTRODUCTION:

Recurrent, hotspot mutations in the RNA splicing factor SF3B1 occur in estrogen receptor
positive (ER+) metastatic breast cancer (MBC). Here we aimed to (1) determine the
mechanisms by which the SF3B1 K700E mutation promotes hormone-independent growth of
breast cancer, (2) examine the effect of SF3B1 K700E mutation on mammary tumorigenesis
and develop novel SF3B1 mutant-selective splicing reporters, and (3) determine the therapeutic
benefit of modulating RNA splicing in genetically defined breast cancers with and without
spliceosomal gene mutations.

KEYWORDS:

Antisense oligonucleotides, breast cancer, estrogen receptor, E7107, E7820, PIK3CA, RBM39,
RNA splicina, SF3B1

ACCOMPLISHMENTS:

What were the major goals of the project?

Major Task 1: Determine if SF3B1 K700E breast cancer cells depend on ER and/or ER signaling by
testing the response of SF3B1 K700E models to inhibitors of ER or of its key targets (e.g. cyclin D1).

Milestone(s): Define the effects of SF3B1 K700E mutations on ER dependence and signaling as well
as gene expression and splicing. Also, identify the global effects of SF3B1 K700E on splicing and
gene expression in the context of breast cancer as well as those splicing events critical for estrogen-
independent growth.

Timeline: Months 1-12. 100% complete.

Major Task 2: Examine the effect of Sf3b1K700E mutation on mammary tumorigenesis in vivo.

Milestone(s): Determine the effects of mutant Sf3b1 as well as mutant Pik3ca, alone and together, on
splicing and gene expression in mammary breast epithelial cells as well the tumor promoting potential
for mutant SF3B1 in vivo.

Timeline: Months 1-36. 100% complete.

Major Task 3: Determine the therapeutic benefit of modulating RNA splicing in breast cancers with
spliceosomal gene mutations.

Milestone(s): Determine if breast cancer cells with SF3B1 mutations and/or MY C overexpression are
preferentially sensitive to H3B-8800 or E7070 and E7820 as well as the mechanistic basis for their
sensitivity.

Timeline: Months 1-36. 100% complete.




What was accomplished under these goals?

Major Task 1

Subtask 1. Generate additional tetracycline inducible models of SF3B1 K700E (or WT) in MCF7 or
CAMA-1 ER+ models. (OAW and SC)

We have generated tetracycline inducible models of SF3B1 WT or K700E in MCF7 breast cancer cell
lines. Western blots showed expression of WT or K700E at similar abundance induced by doxycycline
treatment similar to what was observed in T47D cells (Figure 6D & Supp Fig S5 Liu et al, JCI 2021).

Subtask 2. Knock the SF3B1 K700E allele into MCF7 using CRISPR-Cas9 (SC)

We successfully generated knockin of the K700E allele into MCF7 cells. After serial passage, the allele
was lost. The same scenario occurred upon a repeated cloning effort — initial knockin of SF3B1K700E
that was lost after serial passage. Based on this, we generated MCF10A cell lines with and without
expression of SF3B1 K700E mutation as follows and part of our publication (Figure 8, Liu et al, JCI
2021):

-MCF10A cells with heterozygous knockin of SF3B1K700E allele.

-MCF10A cells with heterozygous knockin of PIK3CA H1047R allele.

-MCF10A cells with dual heterozygous knockin of SF3B1K700E and PIK3CA H1047R alleles.

These reagents were also distributed to other investigators seeking to further study SF3B1 mutant breast
cancer.

Subtask 3. Characterize the dependence of the mutant versus WT expressing models on hormones, ER
level, and levels of key ER target genes as well as sensitivity to combination endocrine regimens. (SC)

We found no significant difference in the expression of ER and its key target genes in MCF7 and

T47D cells expressing mutant SF3B1 by western blot (Supp Fig S5 Liu et al, JCI 2021). Moreover,
mutant expressing cells remained dependent on estrogen as they did not grow in media supplemented with
10% charcoal stripped serum (css) in which hormones were depleted (Supp Fig S5 Liu et al, JCI 2021).
Similarly, the mutant versus wild type models were equally sensitive to ER antagonism with fulvestrant or
tamoxifen inhibiting growth at equivalent 1C50s and GR50s ((Supp Fig S5 Liu et al, JCI 2021).

Subtask 4. Perform and analyze mRNA sequencing (RNA-seq) of T47-D, MCF-7, and CAMA-1 cells
with inducible expressing vector, SF3B1 WT, and SF3B1 K700E (equal expression to endogenous WT) to
characterize gene expression as well as RNA splicing events. (OAW)

We have performed RNA-seq analysis on MCF10A (WT or SF3B1 K700E knock-in), MCF7 and
T47D doxycycline-inducible cells (Figure 4&6, Liu et al, JCI 2021). The expression of mutant SF3B1
caused extensive usage of alternative 3’ splice sites that are conserved in all three cell lines. For
differential gene expression analysis, the major variance was dominated by cell lines. Only a small
fraction of genes were commonly regulated in all three cell lines (Figure 4, Liu et al, JCI 2021).
Interestingly, this list includes genes that are alternatively spliced, such as MAP3K7 and PPP2R5A. We
investigated the consequences of MAPK3K7 and PPP2R5A extensively and found them to be key
mediators of invasiveness of the SF3B1 mutant breast tumors (Figure 7, Liu et al, JCI 2021).




Major Task 2
Subtask 1 Assess Mmtv-cre Sf3blkrooewt, Mmtv-cre R26R-LSL-Pik3can1o47r, Mmtv-cre Sf3blk7ooemwT
R26R-LSL-Pik3cani047r, along with WT controls for tumor development. (OAW and SC)

We have generated four group of mice: Mmtv-cre, Mmtv-cre Sf3blkzooerwt, Mmtv-cre R26R-
LSLPik3caH1o47r and Mmtv-cre Sf3blk7ooewvt R26R-LSL-Pik3caH1047r double mutant. While

extensive growth of mammary ducts was found in Pik3ca single mutant and Sf3b1K700E Pik3ca

double mutant mice, the Sf3b1 K700E single mutant mice showed reduced mammary ductal

branching. Hastened death was observed in MMTV-Cre Sf3b1K700E/WT R26-

Pik3caH1047R double mutant mice, where ER+/PR+, high Ki67 mammary gland

adenocarcinoma developed (Figure 2, Liu et al. JCI 2021).

Subtask 3. We have now performed and analyzed RNA-seq of purified luminal (DAPI- CD24iow) and
basal (DAPI- CD24hnigh) epithelial cells from the mouse models above (Supp Figure 2 and Figure 4). This
has revealed the same global change in aberrant, intron-proximal 3’ splice site usage in SF3B1 mouse
epithelial cells and breast tumors as was seen in SF3B1 mutant breast cancer cell lines. This prominently
includes mis-splicing of Map3k7 and Ppp2r5a, as seen in human breast cancer cells with mutant

SF3BL1.

Major Task 3

Subtask 1. Test the effects of 2 different inhibitors of SF3b complex in a panel of ER dependent cell
lines isogenic for SF3B1K700E or WT. (OAW and SC)

We have tested the effect of SF3B1 inhibitor E7107 on in vitro proliferation in MCF10A and T47D
cells expressing mutant SF3B1 and no significant difference was observed when

compared to WT control cells. E7107 is very potent and toxic to all these cells under in vitro culture
condition with IC50 less than 0.3nM. Based upon the findings in Major Task 1, we identified AKT
inhibition as potential pharmacologic strategy for targeting dual SF3B1 and PIK3CA mutant cancers
and have found models with both alterations to be hypersensitive to AKT inhibitors (Figure 8, Liu et al,
JCI 2020).
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Figure 1. 1Cso of MCF10A WT and SF3B1 K700E knockin cells (left) or T47D cells expressing empty
vector (EV), SF3B1 WT or SF3B1 K700E cDNA (right) following 7 days exposure to E7107.

Subtask 2: Test the effects of 2 different inhibitors of SF3b complex in a panel of genetically
annotated ER/PR+ and TNBC cell lines defined by MY C expression status (OAW and SC)
Subtask 4: Evaluate the sensitivity of human and murine breast cancer cells with and without an
SF3B1 mutation to pharmacologic or genetic loss of the accessory splicing factor RBM39 (OAW
and SC)

We have tested the effect of E7070, a sulfonamide inducing RBM39 degradation, on MCF10A WT
or SF3B1 K700E knock-in cells. SF3B1 mutant cells were more sensitive to E7070

treatment in proliferation experiment with lower 1C50.
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Figure 2. ICso of MCF10A WT and SF3B1 K700E knockin cells following 7 days exposure to E7070.

What opportunities for training and professional development has the project provided?

Dr. Bo Liu (shared postdoctoral fellow of the Abdel-Wahab and Chandarlapaty labs) presented his
work at the 2019 RNA Processing in Cancer meeting at Yale University and at a large
Departmental seminar series in 2020

How were the results disseminated to communities of interest?

Nothing additional to report.

What do you plan to do during the next reporting period to accomplish the goals?

None




4.

IMPACT:

What was the impact on the development of the principal discipline(s) of the project?

One of the main findings from our work thus far is that cells which contains mutations in genes that
regulate RNA splicing can cause breast cancer cells to be come more invasive and lethal. Part of this
effect appears to be through a common growth pathway known as the PI3K/AKT pathway and so these
tumors may be treated with AKT inhibitors. We have also identified drugs which alter splicing by
inhibiting arginine methylation of splicing proteins (by enzymes known as PRMTs) may also target
splicing factor mutant cells. Inhibitors of PRMT5 are currently in phase I clinical trials in solid tumors
and our data suggest that mutations in RNA splicing factors (such as SF3B1) may serve as a biomarker
for responsiveness to these therapies.

What was the impact on other disciplines?

Nothing to report.

What was the impact on technology transfer?

Nothing to Report

What was the impact on society beyond science and technology?




Nothing to Report

5. CHANGES/PROBLEMS:

Changes in approach and reasons for change

Nothing to Report

Actual or anticipated problems or delays and actions or plans to resolve them

Nothing to Report

Changes that had a significant impact on expenditures

None.

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents

Significant changes in use or care of human subjects

None.

Significant changes in use or care of vertebrate animals

None.




Significant changes in use of biohazards and/or select agents

None
6. PRODUCTS:
o Publications, conference papers, and presentations

Journal publications.

Bo Liu, Zhaoqi Liu, Michelle Ki, Caroline Erickson, Jorge Reis-Filho, Raul Rabadan,
Omar Abdel-Wahab (co-corresponding), Sarat Chandarlapaty (co-corresponding).
(2021) Mutant SF3B1 promotes AKT and NF-kB driven mammary tumorigenesis.
Journal of Clinical Investigation Jan4;131(1):e138315. PMCID: PMC7773370.
Federal support acknowledged.

Books or other non-periodical, one-time publications.

None.

Other publications, conference papers and presentations.

2019 RNA Processing in Cancer Presentation entitled “Role of SF3B1 Mutations in
Breast Cancer”, Yale University, New Haven, CT.

2019 AACR Annual Meeting Presentation entitled “Hotspot mutations in the core
spliceosomal protein SF3B1 promote breast tumorigenesis”, Atlanta, GA.




Website(s) or other Internet site(s)

None.

Technologies or techniques

We have generated a novel technique to identify aberrant 3’ splice site usage from RNA-
seq data. In addition, we have performed Morpholino based anti-sense oligonucleotides to
modulate RNA splicing in breast cancer cells.

Inventions, patent applications, and/or licenses

None.

Other Products

We have generated substantial deep RNA-seq data on isogenic breast cancer cell lines with and
without mutations in SF3B1. These include MCF10, MCF7, and T47D cells. These data will be
deposited in GEO at the time of publication of the manuscript describing our splicing and gene
expression analyses of these data.
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harboring them.

Introduction

Comprehensive genomic analyses of cancer have identified
change-of-function mutations in RNA splicing factors to be recur-
rent across a variety of disparate cancer types (1). Akin to driver
oncoproteins, these mutations occur as heterozygous mutations
recurrently affecting the same nucleotide positions (so-called
hotspot mutations). Hotspot mutations occur in both the pro-
tein (2-5) as well as RNA components of the spliceosome (6, 7)
and globally alter pre-mRNA recognition by the spliceosome in a

Authorship note: BL and ZL contributed equally to this work.

Conflict of interest: OAW has served as a consultant for H3B Biomedicine, Foun-
dation Medicine Inc., Merck, and Janssen, and is on the scientific advisory board of
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boards of Roche Tissue Diagnostics, Ventana Medical Systems, Novartis, Genentech,
and InVicro. RR is founder of GenoTwin and is a member of the scientific advisory
board of AimedBio. SC has served as a consultant for Eli Lilly, Novartis, Context Ther-
apeutics, Sermonix, Paige Al, and Bristol Myers Squibb. He has received prior research
funding from Daiichi-Sankyo.
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Submitted: March 19, 2020; Accepted: September 29, 2020; Published: January 4, 2021.
Reference information: / Clin Invest. 2021;131(1):e138315.
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Mutations in the core RNA splicing factor SF3B1 are prevalent in leukemias and uveal melanoma, but hotspot SF3B1
mutations are also seen in epithelial malignancies such as breast cancer. Although hotspot mutations in SF3B1 alter
hematopoietic differentiation, whether SF3B7 mutations contribute to epithelial cancer development and progression is
unknown. Here, we identify that SF3B7 mutations in mammary epithelial and breast cancer cells induce a recurrent pattern

of aberrant splicing leading to activation of AKT and NF-kB, enhanced cell migration, and accelerated tumorigenesis.
Transcriptomic analysis of human cancer specimens, MMTV-cre Sf3b7“7°°6/WT mice, and isogenic mutant cell lines identified
hundreds of aberrant 3’ splice sites (3'ss) induced by mutant SF3B1. Consistently between mouse and human tumors, mutant
SF3B1promoted aberrant splicing (dependent on aberrant branchpoints as well as pyrimidines downstream of the cryptic
3'ss) and consequent suppression of PPP2R5A and MAP3K7, critical negative regulators of AKT and NF-kB. Coordinate
activation of NF-kB and AKT signaling was observed in the knockin models, leading to accelerated cell migration and tumor
development in combination with mutant PIK3CA but also hypersensitizing cells to AKT kinase inhibitors. These data identify
hotspot mutations in SF3B7 as an important contributor to breast tumorigenesis and reveal unique vulnerabilities in cancers

manner distinct from loss of function (8-10). Malignancies of the
hematopoietic system, including myeloid neoplasms and chronic
lymphocytic leukemia (CLL), harbor a high frequency of these
alterations and have been subject to detailed mechanistic investi-
gations into the consequences of mutation on splicing, transcrip-
tion, and cancer phenotypes (11-14).

SF3BI is the most commonly mutated RNA splicing factor,
and studies of hotspot mutations in SF3BI have demonstrated that
these mutations promote usage of aberrant branchpoint nucleo-
tides (8, 15). Recent functional investigations of aberrant splicing
driven by mutant SF3B1 in the context of myelodysplastic syn-
dromes (MDS), CLL, and uveal melanoma (UVM) have begun to
elucidate specific aberrant splicing events required for the mainte-
nance of SF3B1 mutant cancers (11). In addition, a number of stud-
ies in the context of myeloid leukemias have identified that SF3B1
mutations confer therapeutic vulnerabilities to further modula-
tion of splicing (16) as well as specific metabolic perturbations (17).
However, to date, the biological consequences of expression of the
same hotspot mutations in SF3BI in epithelial-derived malignan-
cies are largely unknown and make for an intriguing counterpoint.
While kinase oncoproteins like BRAF or NTRK function as targeta-
ble drivers in different tissue types (18-21), it is unknown whether
large-scale modification of RNA splicing in different cell types is
similarly oncogenic and uses the same pathways within distinct
tissues to derive tumor phenotypes.
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Figure 1. SF3B1 hotspot mutations are recurrent in breast cancer and

are significantly associated with mutations activating PI3K signaling
and shortened survival. (A) Oncoprint of somatic alterations in SF387

and other breast cancer drivers across 5366 patients from the METABRIC
(23, 65), MSK-IMPACT (24), and TCGA (22) breast cancer cohorts. ER,
estrogen receptor; PR, progesterone receptor; HER2, human epidermal
growth factor receptor 2. (B) SF3B7 mutation maps showing the counts,
amino acid change, position, and evidence of mutational hotspots, based
on COSMIC database information. The y axis counts at the bottom of the
maps reflect the number of identified mutations in the COSMIC database.
(C) Purity normalized variant allele frequency (VAF) of PIK3CA and SF3B1
mutations among 51 double-mutated samples in the MSK-IMPACT cohort.
(D) Frequency of somatic mutations in patients from the MSK-IMPACT
cohort (n = 94) harboring SF3B7 hotspot mutations. Mutation frequency
was calculated for each reported gene in 57 primary samples (x axis) and
45 metastasis samples (y axis). (E) Kaplan-Meier curve of disease-free sur-
vival in SF3B7 hotspot mutant (n = 13), SF3B1 WT PIK3CA mutant (n = 672),
and SF3B1/PIK3CA double-mutant (n = 30) versus WT (n = 772) ER* breast
cancer patients from METABRIC. P values were derived from log-rank test.
See also Supplemental Figure 1.

In this study, we investigated the consequences of SF3BI
mutations in breast cancer, where across a cohort of more than
5000 patients, SF3BI alterations are observed in approximately
3% of unselected cases. The effect of mutation upon global splic-
ing, RNA expression, tumorigenesis, and tumor phenotypes high-
lights how aberrant splicing patterns are conserved but lead to
lineage-specific effectors and phenotypes as well as novel ther-
apeutic opportunities. Our data identify that mutations in SF3BI
promote breast cancer development and progression via aberrant
splicing and expression of intermediary signaling proteins that
normally negatively regulate AKT and NF-kB signaling in mam-
mary epithelial cells.

Results

SF3B1 mutations are enriched in estrogen receptor-positive (ER")
breast cancer and associate with poor outcomes. To systematically
establish the prevalence and significance of SF3BI mutations in
breast cancer, we performed a large-scale analysis of genomic/
exomic sequencing data from 5366 patients with breast cancer,
including prior data from the METABRIC, TCGA, and MSK-
IMPACT databases (22-24) (Figure 1A and Supplemental Table 1;
supplemental material available online with this article; https://
doi.org/10.1172/JCI138315DS1). Genetic alterations in SF3BI,
including mutations, gene fusions, and copy number amplifica-
tion, were identified in 152 patients (2.83%) (Figure 1A), among
which 90 patients (1.68%) carried hotspot mutations previously
identified as genomic hotspots (25). The K700E (n = 74) substitu-
tion in SF3BI was the dominant SF3BI mutation in patients with
breast cancer, followed by hotspot mutations at K666 (n = 5),
N626 (n = 3), and R625 (n = 2) residues (Figure 1B). Among the
patients with hotspot SF3BI mutations, ER status was available for
89 patients, only 2 of which were ER" (Figure 1A and Supplemen-
tal Table 2). These 2 patients both had hormone receptor positive
primary cancer and later developed metastatic ER tumors. Within
the METABRIC and TCGA cohorts where Pam50 and claudin low
subtyping is annotated, we found 84% (45/53) of SF3BI mutations
occurred in luminal A or B subtypes, and 60% (32/53) of the cases
were significantly enriched in luminal A breast cancer (P = 0.002)

J Clin Invest. 2021;131(1):e138315 https://doi.org/10.1172/)CI1138315
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(Supplemental Figure 1). In terms of other genomic alterations,
SF3BI hotspot mutations significantly co-occurred with PIK3CA
mutations (n = 55; 2.76% in patients with PIK3CA mutations; log,
odds ratio =1.382; ¢ < 0.001) (Supplemental Figure 1). Interesting-
ly, most SF3B1 mutant samples that did not carry PIK3CA muta-
tions harbored mutations in PTEN or AKT1, each of which con-
verges on activating PI3K signaling.

Given recent identification that ER* breast cancers frequently
harbor several subclonal mutations that arise under the selection
of endocrine-targeted therapy (24, 26, 27), we next evaluated the
clonality of SF3BI mutations in our MSK-IMPACT cohort. Across
tumors, mutations in SF3BI were clonal with a median allele fre-
quency of about 50%, without manifesting allelic imbalances
characteristic of mutant PIK3CA (Figure 1C). This latter finding is
consistent with recent work from our group and others identify-
ing essentiality of the WT allele in cells bearing hotspot change-
of-function mutations in SF3BI and other RNA splicing factors
(28-30). In considering the progression of tumors from primary to
metastatic disease, genetic analysis of primary tumors and metas-
tases from a series of patients with the SF3BI mutant identified
frequent co-occurrence of SF3BI and PIK3CA mutations across
primary tumors and metastases cases (Figure 1D).

We further analyzed the clinical outcomes of patients with SF3BI
hotspot mutation and PIK3CA mutations (Figure 1E). The median
survival time of patients with ER* breast cancer with no somatic
alteration in either SF3BI or PIK3CA was 164 months, whereas that
of patients with ER" disease harboring both SF3BI and PIK3CA
mutations was 100.1 months (hazard ratio = 1.787, P = 0.046). Nei-
ther SF3BI nor PIK3CA mutation alone was associated with signifi-
cantly shorter survival. These findings point to SF3BI mutation as a
recurrent alteration in ER* and PIK3CA mutant breast cancer that
appears to be an early event and linked to poor prognosis.

Sf3bI°°F promotes accelerated mammary tumor progression.
To determine the functional role of SF3BI hotspot mutations in
breast tumorigenesis and progression, we generated a conditional
knockin mouse model to express the most common SF3BI muta-
tion found in patients with breast cancer (the K700E mutant) from
the endogenous Sf3b1 locus in the mouse mammary gland (31).
Heterozygous MMTV-cre Sf3bI¥°°P/WT mice expressed mutant
Sf3b1 transcripts in mammary epithelial cells (sorted live, CD45"
CD24" cells) at a 50% allelic frequency in RNA (similar to allelic
frequency observed in human breast cancers; Figure 1C and Sup-
plemental Figure 2, A-C). Due to the significant co-occurrence of
SF3BI mutation and alterations activating the PI3K pathway, par-
ticularly PIK3CA mutations in patients with breast cancer (Supple-
mental Figure 1), we further crossed MM TV-cre Sf3b1°°%/WT mice
with mice bearing a transgenic kinase domain mutation in Pik3ca
from the Rosa26 locus (Rosa26 lox-stop-lox Pik3ca™°+* (R26-LSL-
Pik3cat*47?)) (32) to evaluate the combinatorial effects of these
mutations on mammary tumor development and progression.

Whole-mount examination of mammary glands from
4-month-old nulliparous mice of each genotype revealed ductal
hyperplasia in mice expressing Pik3ca'''*4’* alone (MMTV-cre
R26-LSL-Pik3ca™*¥®) and in combination with mutant Sf3bl
(Figure 2A and Supplemental Figure 2D). Interestingly, reduced
branching of mammary ducts was observed in MMTV-cre
Sf3b10%E/WT mice (Supplemental Figure 2D). With further age,
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Figure 2. Sf3b7“°°t mutation promotes mammary tumorigenesis in con-
junction with mutant Pik3ca. (A) Whole-mount hematoxylin staining of
mammary glands from MMTV-cre control, MMTV-cre Sf3b1<70%/WT MMTV-
cre R26-LSL-Pik3cat"®“R, and MMTV-cre Sf3b1<7°08/WT R26-1 SL-Pik3cao+R
at the age of 4 months. Two representative examples are shown. Scale bars:
500 uM. (B) Representative sections of H&E-stained mammary glands
from the mice shown in A at time of death. Two representative examples
are shown. Scale bars: 250 uM. (C) Kaplan-Meier survival curve of the mice
shown in A. The endpoint criterion was presence of tumors at least 1cm?.
Pvalues calculated by log-rank (Mantel-Cox) test in Prism 7 software *P
<0.05, ****P < 0.0001. (D) H&E and immunchistochemical staining of
breast tumors developing in MMTV-cre R26-LSL-Pik3cat"®*® transgenic
and compound Sf3b7<70%/WT pjj3cgH%4R transgenic mice. ER, estrogen
receptor; PR, progesterone receptor. Scale bars: 100 uM. Quantitation of
percentage of positively stained cells (n = 6 tumors/group) is shown below.
***P < 0.001 (Student’s t test). See also Supplemental Figures 2-4.

PIK3CA single-mutant and Sf3bI¥°0/WT/Pjk3¢cao4R  double-
mutant mice (MMTV-cre Sf3bI¥°Y/WT R26-LSL-Pik3cato+r)
went on to develop mammary gland tumors (Figure 2, B and
C), while MMTV-cre Sf3b1¥7°°/WT mice did not exhibit any clear
protumorigenic phenotype, which is consistent with previous
studies with hematopoietic stem cells (13, 29) and B cells (33, 34)
where Sf3b1 K700E mutation alone was not sufficient to mediate
tumorigenesis. Strikingly, the life span of double-mutant mice
(median = 211 days) was significantly shorter than Pik3ca single-
mutant mice (median = 293 days, P = 0.0125, Figure 2C). Akin
to the tumors MMTV-cre R26-LSL-Pik3ca™**® mice developed,
MMTV-cre Sf3bI1¥°°/WT R26-LSL-Pik3ca™®*® mice develop
lesions within the spectrum of tumors reported in Pik3ca condi-
tional mouse models (35), including adenomyoepitheliomas and
adenosquamous carcinomas (Supplemental Figure 3A). The ade-
nomyoepitheliomas were composed of a proliferation of gland-
like structures lined by a dual cell population of luminal epithe-
lial (CK8/18 and Gata3 staining in Supplemental Figure 3A) and
myoepithelial cells (Sma staining in Supplemental Figure 3A),
whereas the adenosquamous carcinomas were composed of a
complex admixture of gland-like structures, sheets of squamous
cells (CK14 staining in Supplemental Figure 3A) and occasional
squamous pearls; areas of necrosis were observed. No other his-
tologic abnormalities were detected in the liver, lungs, kidneys,
adrenals, spleen, heart, and central nervous system of these
mice. Given that MMTV-cre has been reported to be expressed in
tissues besides mammary epithelial cells (including expression
in salivary gland and lymphocytes) (36), we examined both the
salivary gland and performed a comprehensive analysis of hema-
topoietic tissues but did not identify overt malignancies in these
tissues at the time of breast tumor formation (Supplemental Fig-
ure 3B and Supplemental Figure 4). To characterize the mamma-
ry gland tumors that developed in these mice, we probed ER, pro-
gesterone receptor (PR), HER2, and Ki67 in representative tumor
sections. While all tumors collected were ER*, PR*, and HER2",
Ki67 staining was significantly higher in tumors from MMTV-cre
Sf3bIXOE/WT Pik3cqMO47R mice than in those from Pik3callo47k
single-mutant mice (Figure 2D). We next sought to understand
the mechanistic basis by which SF3BI mutation could contribute
to accelerated progression that was observed both in the mouse
and human data.
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Pan-cancer and breast cancer-specific aberrant splicing events
induced by mutant SF3BI. Prior work in hematopoietic-derived
cells and UVM has revealed that cancer-associated mutations
in SF3BI result in splicing events that use aberrant branchpoint
nucleotides, manifesting in increased use of aberrant (or so-called
cryptic) intron-proximal 3" splice sites (3'ss) (15, 37). To under-
stand the impact of SF3BI mutations on splicing in breast cancers
compared with other malignancies, we performed a pan-cancer
transcriptomic analysis to identify and quantify cryptic 3'ss usage
across SF3BI WT versus mutant cancers (Figure 3). For breast
cancer, RNA-seq data from 20 tumors harboring SF3BI mutations
and 20 randomly selected, ER* WT tumors were collected from
the TCGA breast cancer (BRCA) database (Supplemental Table 3).
In this analysis, we also included an isogenic pair of parental and
SF3BI K700E knockin MCF10A breast epithelial cells, as well as
MCF7 and T47D breast cancer cells ectopically expressing SF3BI1
WT or SF3BI K700E mutant via a doxycycline-inducible expres-
sion system (Supplemental Figure 5). The expression of the SF3B1
K700E mutant did not significantly affect cell proliferation and
dependence on ER of these breast cancer cells under in vitro cul-
ture conditions (Supplemental Figure 5). For the comparison of
SF3BI mutant breast cancer to other cancer types bearing SF3BI
mutations, RNA-seq data of 15 patients with CLL and 16 patients
with UVM together with same number of randomly chosen WT
samples of the same histologic types of cancer were also included
(Supplemental Table 3). Principal component analysis and unsu-
pervised hierarchical clustering of cryptic 3'ss usage using the per-
cent spliced in (PSI) matrix (Figure 3A, Supplemental Figure 6 and
Supplemental Methods) robustly separated samples with SF3BI
hotspot mutations from WT cases, with the exception of one breast
cancer sample with an SF3BI K666N mutation (a result likely
explained by the low allelic frequency [7%] of the mutation in the
RNA-seq data from this sample). Samples with non-hotspot SF3B1
mutations (e.g., S455V, E802Q) clustered together with SF3B1
WT samples (Supplemental Figure 6 and Supplemental Table 3),
suggesting that these mutations do not cause aberrant 3'ss usage.
Within the SF3BI mutant group, samples clustered separately into
subgroups by their cancer types. Breast cancer patient and cell
line samples (triangles in Figure 3A) showed a very similar pattern
of aberrant splicing, compared with CLL (circles in Figure 3A) or
UVM samples (squares in Figure 3A), suggesting the aberrant 3'ss
usage induced by SF3BI mutations in distinct cancers may be due
to intrinsic gene expression patterns unique to cell lineage.

Consistent with previous studies in other cancer types (15, 37),
most aberrant 3'ss in SF3B1 mutant breast tumors were located 10
to 30 nucleotides upstream of the canonical 3'ss (Figure 3B). For
most unaffected 3'ss, a stretch of pyrimidine nucleotides (known
as a polypyrimidine tract) is present within the intron, near the
canonical 3'ss. To understand the mechanism by which SF3BI
mutations affect 3'ss recognition, we analyzed the sequences
around cryptic 3'ss promoted in SF3BI mutant cells (see Methods;
Figure 3C). As previously reported, this revealed that polypyrimi-
dine tracts at cryptic 3'ss were interrupted by adenines, indicating
a shorter distance between the cryptic 3'ss and branchpoint nucle-
otides (8, 15). At the same time, we also identified an enrichment
of pyrimidines downstream of the aberrant 3'ss. Since most cryptic
3'ss were within 30 nucleotides upstream of the canonical 3'ss, this
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Figure 3. Differential aberrant 3’ splicing events across SF3BT mutant
cancers. (A) Principal component analysis of differential 3’ splice sites (3'ss)
in SF3BT mutant and WT samples. The PSI input matrix contains 618 cryptic
3'ss events identified from the pan-cancer data set are shown. BRCA,
breast cancer; CLL, chronic lymphocytic leukemia; UVM, uveal melanoma.
(B) Histogram of statistically significant (g < 0.05) cryptic 3'ss identified in
BRCA samples: WT (black) versus mutant (red) for SF3B7 and their distance
in nucleotides (nt) from the associated canonical 3'ss. (C) Consensus 3'ss
motif near the associated cryptic 3’ AG dinucleotide (top) and canonical 3’
AG dinucleotide (bottom) for 398 aberrant 3'ss events more than 10 nt from
the canonical 3’ss as well as 90 aberrant 3’ss events more than 50 nt from
the canonical 3'ss. See also Supplemental Figures 5 and 6.

enrichment could be due to a bias from the polypyrimidine track
associated with the canonical 3'ss. To eliminate this bias, we per-
formed a sequence analysis exclusively on cryptic sites 50 nucle-
otides away from the canonical 3’ss. This analysis continued to
reveal significant enrichment of pyrimidines within these 90
aberrant 3'ss (P < 0.0001, Fisher’s exact test, Figure 3C). These
data indicate that recognition of cryptic 3'ss by mutant SF3B1 may
require downstream pyrimidine-rich motifs, a finding which was
evident across SF3BI mutant cancer types.

Aberrant splicing mediated suppression of PPP2R5A and MAP3K7
in SF3BI-mutant breast cancers. To identify the key cellular pro-
cesses that mutant SF3B1 alters in accelerating breast cancer pro-
gression, we performed a gene set enrichment analysis (GSEA) on
the RNAs derived from WT and SF3BI-mutant breast cancer cell
lines. This revealed that inflammatory response pathways (P = 0),
and NF-kB signaling (P = 0.002) in particular, were significantly
altered in SF3BI K700E-expressing breast cancer cell lines (Figure
4A). Moreover, GSEA analysis on the TCGA BRCA gene expres-
sion data also revealed upregulation of these same pathways in the
patient samples bearing hotspot SF3BI mutations (Supplemental
Figure 7A). To verify activation of NF-xB signaling as a result of
mutant SF3B1 expression, we performed Western blot analysis to
assess phosphorylation of p65 (RelA), a core subunit of NF-kB com-
plex, in isogenic SF3BI K700E knockin MCF10A cells and MCF7
cells expressing mutant SF3B1 (Figure 4B and Supplemental Fig-
ure 7B). Phosphorylation of p65 was upregulated by 3- to 5-fold in
mutant SF3B1-expressing cells, and the levels of phosphorylation
were further enhanced following stimulation by TNF-a (Figure 4B
and Supplemental Figure 7B). To further assess the significance of
this activation of NF-kB, we examined the effect of SF3BI muta-
tion on the expression of inflammatory cytokines known to be reg-
ulated by NF-kB. We measured the quantity of secreted cytokines
in the culture media of MCF10A and MCF7 WT versus SF3BI
K700E-expressing cells. IL-1a, IL-8, and TGF-a were all increased
in the media derived from SF3BI K700E MCF10A cells (Figure
4C), and mutant SF3Bl-expressing MCF7 cells produced 10-fold
more IL-8 than SF3B1 WT counterpart isogenic cells (Figure 4C),
consistent with the observed upregulation of p65 phosphorylation
in these cells. Upregulated IL-8 secretion in both MCF10A and
MCF7 cells expressing mutant SF3B1 was also confirmed by ELISA
(Figure 4D). These data together confirm the induction of NF-kB
signaling observed in the GSEA analysis of SF3B1 mutant tumors.

To understand the molecular mechanisms for NF-«B activa-
tion in SF3BI mutant cells, we examined the intersection of differ-
entially expressed and differentially misspliced genes in human
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tumors, cell lines, and our mouse model (Figure 4E and Sup-
plemental Figure 7C). From this intersection, only 2 genes were
identified: MAP3K7 and PPP2R5A, both of which were significant
reduced in expression in SF3BI mutants (Figure 4E and Supple-
mental Tables 4-6). Of note, these missplicing events in MAP3K7
and PPP2R5A have been reported in hematopoietic malignancies
with SF3BI mutations recently by Lee et al. (29) and Liu et al. (34).

Mutant SF3BI causes aberrant splicing of MAP3K7, stimulating
NF-«B signaling. MAP3K7 has known roles in regulating NF-«B sig-
naling (38-40) and so we initially sought to verify its missplicing
and biologic contribution to mutant SF3B1-mediated pathogene-
sis. To confirm a consistent effect of SF3BI mutation on MAP3K7
splicing and expression, we examined the RNA-seq data of the
isogenic cell lines, mouse mammary tissue, and human tumors at
the candidate intron where missplicing was implicated (Figure 5,
A-C). Across these samples, mutant SF3B1 led to aberrant splicing
of MAP3K7 via use of a cryptic 3'ss that was conserved in human
breast cell lines and tumors and mouse mammary gland express-
ing Sf3bI¥"°°t (Figure 5, A and B). As expected, NMD caused by
missplicing led to reduced MAP3K?7 transcript and protein levels
in mutant SF3Bl-expressing cells and mouse mammary gland
tumors (Figure 5, C-E, and Supplemental Figure 8A).

To understand this aberrant splicing event in MAP3K7 in
greater molecular detail, we mapped the branchpoints in the aber-
rantly spliced intron by lariat RT-PCR. Sequencing of the PCR
products identified the branchpoints used for the canonical as
well as cryptic 3'ss (Supplemental Figure 9A). The branchpoint
for the canonical 3'ss was an adenine 22 nucleotides upstream of
the intron-exon boundary, whereas the branchpoint for the cryptic
3'ss mapped to an adenine 14 nucleotides upstream of the aber-
rant intron-exon boundary (Figure 5F). To identify cis nucleotides
required for mutant SF3B1-specific aberrant splicing of MAP3K7,
we generated a minigene construct that contains sequences from
the misspliced intron and flanking exons. As with the endogenous
MAP3K?7 transcript, mutant SF3B1 also enhanced usage of a cryp-
tic 3'ss in the minigene-derived MAP3K7 RNA (Figure 5F). Sub-
stitution of adenines at the branchpoint with guanines blocked
the usage of the cryptic 3'ss (Figure 5F). A pyrimidine-rich motif
was located in the sequences downstream of the cryptic 3'ss. We
mutated thymine nucleotides within this pyrimidine-rich motif to
test if these residues were necessary for mutant SF3B1l-specific
splicing. Substitution of either 2 or 3 thymines to adenines com-
pletely abolished the usage of the cryptic 3'ss and aberrant inclu-
sion of the 20-nucleotide intronic sequences (Figure 5F). These
data identify the requirement of the aberrant branchpoint as well
as pyrimidines downstream of the aberrant branchpoint in mis-
splicing MAP3K?7.

We next sought to establish the biologic role for MAP3K7 in
NF-«kB signaling in breast cancer cells as its regulation of NF-kB
signaling, which has been previously shown to be cell-type spe-
cific (38-40). To characterize the impact of MAP3K7 on NF-«kB
activation in breast cells specifically, we manipulated MAP3K7
activity in MCF7 and MCF10A cells. Knockdown of MAP3K7
greatly increased phosphorylation of p65 and reduced p38 phos-
phorylation (Figure 5G and Supplemental Figure 8B), which was
also observed with pharmacological inhibition of MAP3K7 using
5Z-7-oxozeaenol (41) (Supplemental Figure 8C). Consistent with
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Figure 4. Increased inflammation and activation of NF-kB signaling in
SF3B1 mutant mouse and human breast tumors. (A) GSEA identifies
enrichment of hallmark gene sets of TNF-a signaling via NF-xB (top) and
inflammatory response (bottom) in SF3B7 mutant versus WT human
breast cell lines. FDR, false discovery rate; NES, normalized enrichment
score. (B) Activation of phospho-p65 (P-p65) upon TNF-o stimulation of
MCF10A SF3B1<°%E"T mutant knockin cells (top) and MCF7 with transgenic
expression of SF3BT<°¢ versus SF3B71"T cDNA (bottom). Quantitation of 3
independent experiments is shown in Supplemental Figure 7B. (C) Levels
of TGF-a, IL-1a, and IL-8 in culture media from MCF10A cells shown in B or
IL-8 in culture media from MCF7 cells with expression of an empty vector
(EV), SF3B1WT, or SF3B1K700E cDNAs measured by Milliplex cytokine/
chemokine multiplex assay. (D) Levels of IL-8 in culture media shown in

C measured by ELISA. Mean levels with standard deviation shown. (*P <
0.05, **P < 0.01, ***P < 0.0007; Student’s t test for MCF10A and Dunnett’s
multiple comparisons test for MCF7). (E) Venn diagrams of genes signifi-
cantly differentially expressed (P < 0.05; DESeq2) and spliced (g < 0.05; t
test) across SF3B7 mutant versus WT human breast cancers from TCGA
(22) (left), isogenic human breast cell lines (right), and overlapping across
human tumors, human cell lines, and mouse mammary epithelial cells
mutant for Sf3b1 (middle). See also Supplemental Figure 7.

this, restored expression of MAP3K7 (via expression of MAP3K7
c¢DNA) in SF3B1 K700E isogenic MCF10A cells or MCF7 express-
ing mutant SF3B1 greatly reduced NF-«kB activation and promoted
p38 phosphorylation (Figure 5H and Supplemental Figure 8D).
Taken together, these data establish mutant SF3B1-directed mis-
splicing of MAP3K7 to be a key mediator of enhanced NF-«B sig-
naling in breast cancer.

Mutant SF3BI1 causes aberrant splicing of PPP2R5A, enhanc-
ing AKT activation and inflammatory signaling. In addition to
missplicing of MAP3K7, SF3BI K700E mutation also induced
usage of a cryptic 3'ss 13 nucleotides upstream the normal 3'ss
of intron 4 of PPP2R5A in human and mouse cells (Figure 6, A
and B). PPP2R5A encodes the alpha isoform of the B56 regula-
tory subunit of PP2A (the serine/threonine-protein phosphatase
2A). PP2A is 1 of 4 major serine/threonine phosphatases, and it
is a heterotrimeric protein consisting of a catalytic C subunit, 1
structural A subunit, and a regulatory B subunit. Thirteen distinct
genes encoding for the different regulatory B subunits and the
specific B subunit expressed regulates substrate selectivity and
catalytic activity of PP2A.

Mutant SF3B1 promoted the inclusion of 13 intronic nucle-
otides in exon 5 by using an upstream cryptic 3'ss, resulting in a
reading frame shift (Figure 6, A and B). This is predicted to cause
NMD of the aberrantly spliced PPP2R5A transcript and, consistent
with this, SF3B1 mutant patient breast tumors had significantly
reduced PPP2R5RA mRNA and protein expression compared with
WT (Figure 6, C and D, and Supplemental Figure 10A). As with
MAP3K7, missplicing of PPP2R5A by mutant SF3BIK700E could
be replicated within a PPP2R5A minigene and this missplicing
was abolished by disruption of branchpoint (Figure 6E and Sup-
plemental Figure 9B) or interruption of the poly-pyrimidine tract
with non-pyridimines (Figure 6E).

PP2A has been reported to regulate phosphorylation of a
variety of signaling proteins, including AKT, MEK1/2, and MYC,
the downstream consequence of which could be NF-«xB signal-
ing. We therefore probed known PP2A substrates in the context
of breast epithelial cells by Western blot and found increased
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phosphorylation of AKT at residue T308 in breast cells express-
ing mutant SF3B1 (Figure 6D and Supplemental Figure 10A).
Knockdown of PPP2R5A in MCF10A and MCF?7 cells by shRNA
also upregulated phosphorylation of p65 and AKT (at T308) (Fig-
ure 6F and Supplemental Figure 10B). Furthermore, depletion
of PPP2R5A in cells also induced expression of inflammatory
response genes, including IL-8, CDKNI1A, IL-1A, and CXCL1
(Figure 6G). Restoration of PPP2R5A expression in MCF7 cells
expressing mutant SF3B1 or isogenic SF3BI¥0°Y/WI MCF10A cells
showed consistently reduced phosphorylation of p65 and AKT
(Supplemental Figure 10C). Given the known roles of AKT in
regulating IKK and NF-«B activation, our data point to PPP2R5A
downregulation as a second mechanism whereby mutant SF3B1
promotes NF-«B signaling in breast cancer.

SF3B1 mutations promote invasion and migration of breast
cancer cells. NF-«B signaling has been implicated in regulating
cell migration of breast cancer cells (42-44). To test if SF3BI
mutation facilitates cell migration, we initially performed
wound-healing assays. MCF7 cells expressing mutant SF3B1 tra-
versed wounds significantly faster than the cells expressing WT
SF3B1 or empty vector (Figure 7A) irrespective of stimulation by
TNF-a. Comparable differences were also seen with MCF10A
isogenic pairs (Figure 7B).

Since SF3BI mutant cells secrete more inflammatory cytokines
(including IL-8), we hypothesized that the higher migration might
be mediated by cytokines within the culture media. To address
this possibility, we harvested media from cells expressing WT or
mutant SF3B1 and studied the effect of media addition upon migra-
tion of parental MCF7 cells in wound-healing assays. WT MCF7
cells exposed to media from mutant SF3B1-expressing cells healed
wounds faster than controls (Figure 7C). In addition to cellular
motility, NF-«B signaling has been linked to breast cancer inva-
siveness and we thus investigated the effects of SF3BI mutation
in Transwell Matrigel invasion assays. MCF10A breast epithelial
cells hardly invaded Matrigel, whereas significantly more SF3BI
K700E knockin MCF10A cells migrated through the Matrigel lay-
er (Figure 7D). Moreover, we assessed for enhanced invasiveness
using a xenograft assay (Figure 7E), in which limiting quantities
of WT and mutant SF3B1 expressing MCF7 cells were implanted
into NSG mice, and observed that the SF3BI mutant tumors grew
to significantly larger sizes despite equivalent growth rates for the
corresponding cell line models in 2D culture conditions.

As missplicing of MAP3K7 and PPP2R5A induced by mutant
SF3B1 mediates dysregulation of NF-«B, we further tested the role
of these proteins on cell migration. Knockdown of either MAP3K7
or PPP2R5A enhanced cell migration (Supplemental Figure 11, A
and B and Supplemental Figure 12, A and B), and restoring these
proteins in SF3BI mutant cells restrain cell migration as assessed
in wound-healing assays (Supplemental Figure 11, C and D, and
Supplemental Figure 12, C and D). These data indicate that mutant
SF3Bl-mediated dysregulation of NF-«kB signaling enhances
breast cancer migration and invasion.

SF3B1 K700E mutations sensitize breast cancer cells to AKT
inhibitors. While the independent splicing events identified above
converge upon promoting NF-«xB signaling and associated phe-
notypes, therapeutic approaches targeting NF-«B have proven
challenging. By contrast, PI3K/AKT inhibition has shown some
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Figure 5. Aberrant splicing and downregulation of MAP3K7 by mutant
SF3B1 promotes NF-kB activation in breast cancer. Representative RNA-
seq coverage plots showing cryptic 3Nss usage in MAP3K7 in (A) human
isogenic breast cancer cell lines (MCF10A, MCF7, T47D) expressing WT or
SF3B1K700E (K700E) and human breast tumor samples from TCGA (22)

as well as (B) mouse mammary epithelial cells from MMTV-cre control,
MMTV-cre Sf3bT¥ 70T MMTV-cre R26-LSL-Pik3cat'®® transgenic, and
compound MMTV-cre Sf3b1<7°0E/WT R26-1 SL-Pik3ca™"®“R mice. PSl value is
shown on the right of each coverage plot. (C) MAP3K7 mRNA expression
(normalized log,RPKM values) in SF3B7 mutant (MUT) versus WT human
breast tumors from TCGA and cell lines shown in A. Box indicates upper
and lower quartiles; thick bar indicates the median value. Whiskers indi-
cate the largest/smallest value no further than 1.5 times the interquartile
range. (D) RT-PCR of MAP3K7 splicing event (top) and MAP3K?7 protein
levels in isogenic MCF10A cells with or without SF3B7<7°°€ knockin. The

3'ss used is shown in the schematic. (E) MAP3K7 protein levels in MCF7
cells expressing doxycycline-inducible FLAG-SF3B1"T or FLAG-SF3B1%70%
vectors. RT-PCR of MAP3K?7 splicing is shown on bottom. (F) RT-PCR of
MAP3K7 splicing event derived from MAP3K7 minigene with mutations at
aberrant branchpoint or polypyrimidine region downstream of the aberrant
3’ss. RT-PCR of MAP3K?7 splicing event derived from endogenous MAP3K7
is shown on bottom. A schematic of sequences around the normal and
aberrant branchpoint and splice site is shown on top. (G) MAP3K7 and
phospho- and total p65 and p38 levels in MCF7 and MCF10A cells transduc-
ed with anti-MAP3K7 shRNA. (H) MAP3K7 and phospho- and total p65 and
p38 levels in MCF7 and MCF10A cells expressing SF3B1 K700E mutant from
D and E transduced with or without MAP3K7-GFP cDNA. Quantitation of

3 independent experiments is shown in Supplemental Figure 8. See also
Supplemental Figure 9.

efficacy in breast cancer and so we sought to determine whether
suppression of PPP2R5A might increase tumor dependence on
AKT for growth and viability. Given the induction of AKT T308
phosphorylation in SF3B1 K700E knockin cells, we evaluated the
effects of SF3BI mutation upon a set of established downstream
substrates of activated AKT in breast cancer cells. In isogenic
MCEF7 breast cancer cells, expression of SF3B1 K700E increased
phosphorylation of FOXO1, PRAS40, and ribosomal protein S6
(Figure 8A and Supplemental Figure 13A), further confirming AKT
activation. Recent studies have suggested that increased signaling
output through PI3K/AKT can enforce heightened dependence
and drug sensitivity. We therefore evaluated the effect of expres-
sion of mutant SF3B1¥°°% on selective inhibitors of AKT. We exam-
ined the effect of both an allosteric pan-AKT inhibitor, MK2206,
as well as an ATP-competitive pan-AKT inhibitor, GDC0068,
in MCF7 cells, which are PIK3CA mutant and sensitive to AKT
inhibitors, and observed a 2.5 times to 4 times further reduction
in the IC,, as a result of SF3BI mutation (Figure 8B). Finally, to
examine the sensitivity of MCF10A cells to AKT inhibitors, we
created MCF10A cells with heterozygous knockin of PIK3CAH047}
in the endogenous locus of PIKC3A with or without combined
SF3BIW/WT knockin (Supplemental Figure 13B). These cells
exhibited comparable splicing alterations of MAP3K7 and
PPP2R5A, as well as activation of NF-«B signaling (Supplemental
Figure 14A). Mutant PIK3CA"°4® induced expression of inflam-
matory response genes and promoted cell migration, which was
further enhanced in the cells with both SF3BI¥°°F and PIK3CA™!*47}
mutations (Supplemental Figure 14). Knockin of PIK3CAM047R
relieved the dependency of MCF10A cells on epidermal growth
factor (EGF) supplemented to culture media and activated the
PI3K-AKT signaling pathway (Figure 8C and Supplemental Figure
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13C). Again, in these cells, expression of mutant SF3B1 enhanced
the sensitivity of PIK3CA mutant cells to inhibition of AKT (Figure
8D). This enhanced sensitivity of PIK3CA mutant cells induced by
SF3BI mutation was also confirmed by clonogenic survival assays
(Figure 8, E and F), in which 2.5 times to 5 times reduction in IC,
was associated with expression of the SF3BI mutation. Together,
these data suggest that SF3B1 mutant tumors are a unique sub-
set of breast cancers wherein coordinate mutational activation
of signaling together with suppression of key negative regulator
PPP2R5A leads to enhanced sensitivity of AKT inhibitors, which
are under current investigation in the clinic.

Discussion

Identifying and targeting oncogenic pathways stimulated by
gain-of-function genomic alterations has resulted in major clini-
cal advances in outcomes for patients with breast cancer (45-49).
Recent comprehensive genomic analyses of thousands of patients
with breast cancer have identified a number of subgroups of
patients with recurrent genomic alterations ranging from 1%-10%
and for which deeper understanding of their contribution to tumor
growth is lacking (22, 50, 51). As a result, functional investigation
of the genetic alterations enriched in these specific subsets of
patients with breast cancer has become paramount. Successful
examples include the use of PD1 blockade in mismatch repair-
deficient tumors (52), PARP inhibitors in germline BRCA1/2-mu-
tant breast cancer (53), or anti-androgen therapy in androgen
receptor-positive triple-negative breast cancer (54, 55). In this
work, we identified what we believe is a novel class of recurrent
genetic alterations that appear to promote breast tumorigenesis
through modifying the function of the core RNA splicing factor
SF3B1. Our data revealed SF3BI mutant breast cancers to be a
unique transcriptomic subtype of ER* breast cancers with strong
coenrichment with PI3K/AKT alterations, augmenting AKT and
NF-«B signaling.

Given prior work identifying how SF3BI mutations alter
splice site sequence preference with attendant effects of select
genes (11, 29, 37), we sought to profile aberrant splicing across
breast cancers and compare these results with other cancers
where SF3BI mutations are found. Although the results demon-
strated aberrant 3'ss usage shared across SF3BI mutant tumors,
only a handful of events were shared between different breast
cancer samples, isogenic ER* and ER" breast cancer cell lines,
and our mouse breast cancer models. Specifically, our consen-
sus overlap identified only 2 transcripts shared between cell
lines and tumors with convergent alterations in 3'ss usage and
mRNA downregulation — PPP2R5A and MAP3K7. Important-
ly, these 2 events are also observed in other cancer types, such
as MDS and CLL, which identifies them as potentially critical
mediators of the effects of mutant SF3B1 across diverse cancer
lineages. For both of these mRNAs, mutant SF3B1 promoted
usage of an aberrant branchpoint adenosine nucleotide that was
required for missplicing, and the presence of a polypyrimidine
tract downstream of the aberrant branchpoint was also neces-
sary for mutant SF3B1 missplicing.

Our data demonstrated that SF3BI mutation can downreg-
ulate expression of both PPP2R5A and MAP3K7 simultaneously
and thereby promote AKT and NF-kB signaling output with result-
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Figure 6. Aberrant splicing and downregulation of PPP2R5A by mutant
SF3B1 promotes AKT activation and inflammatory signaling in breast
cancer. Representative RNA-seq coverage plots showing cryptic 3'ss usage
in PPP2R5A in (A) human isogenic breast cancer cell lines (MCF10A, MCF7,
T47D) expressing WT or SF3B1 K700E (K700E) and human breast tumor
samples from TCGA (22) as well as (B) mouse mammary epithelial cells from
MMTV-cre control, MMTV-cre Sf3bT70%E/WT MMTV-cre R26-LSL-Pik3cat"™+R
transgenic, and compound MMTV-cre Sf3b1<7°0/WT R26-L SL-Pik3ca™+R
mice. PSl value of each event is shown on the right of each coverage plot.

(C) PPP2R5A mRNA expression (normalized log,RPKM values) in SF3B1
mutant (MUT) versus WT primary human breast tumors from TCGA and cell
lines shown in A. Box indicates upper and lower quartiles; thick bar indicates
the median value. Whiskers indicate the largest/smallest value no further
than 1.5 times the interquartile range. (D) PPP2R5A, phospho- and total
AKT, and p65 levels in MCF7 and MCF10A with and without mutant SF3B1
expression (EV, empty vector). Quantitation of 3 independent experiments
is shown in Supplemental Figure 10A. (E) RT-PCR of PPP2R5A splicing event
derived from PPP2R5A minigene with mutations at aberrant branchpoint or
polypyrimidine region downstream of the aberrant 3'ss. RT-PCR of PPP2R5A
splicing event derived from endogenous PPP2R5A is shown on the bottom.
A schematic of sequences around the normal and aberrant branchpoint and
splice site is shown on top. (F) PPP2R5A, phospho- and total AKT, and p65
levels in MCF7 and MCF10A with and without PPP2R5A shRNA knockdown.
Quantitation of 3 independent experiments is shown in Supplemental
Figure 10B. (G) Relative mRNA expression of ILTA, CXCL1, IL8, COKN1A, and
PPP2R5A in the cells from D and F. Mean + standard deviation shown; aster-
isks represent P values of Dunnett’s test compared with shRenilla control
(shRE). See also Supplemental Figures 9 and 10.

ing increases in breast cancer migration/invasion. Akin to SF3BI
mutation in hematopoietic stem cells (13, 29) as well as B cells (33,
34), SF3BI mutation alone does not appear sufficient to mediate
tumorigenesis in the mammary gland. However, when mutations
in SF3BI and PIK3CA were paired, major acceleration in tumor
phenotypes was observed, with the double mutants significantly
accelerating tumor formation and lethality. Coinciding with this
observation from the mice was the finding that patients with
mutations in both SF3BI and PIK3CA had an inferior prognosis
compared with WT patients.

We speculate that addition of the SF3BI mutation to a PIK3CA
mutant model can serve to reinforce signals initially elicited by PI3K
activation. It is well established that PI3K activation promotes feed-
back suppression of the pathway through a variety of mechanisms
such as suppression of RTK signaling (56) as well as inhibition of
parallel pathways such as the NF-«xB pathway. Given the wide-
spread mechanisms of feedback suppression of signaling as a result
of oncogenic PI3K signaling, there may be stronger selection for
genomic alterations that coordinately remodel multiple signaling
pathways akin to changes in the epigenome or transcription factors.

Finally, our functional interrogation of the misspliced events
in SF3BI mutant breast cancers nominated specific pathways
for therapy of these tumors that might not emerge as obvious
from the genotypes alone. We noted that the hyperactivation of
AKT signaling that was induced as a result of combined PIK3CA
and SF3BI mutation might engender further therapeutic signif-
icance. Recent work has demonstrated that multiple mutations
in PIK3CA can lead to increases in AKT output that ultimately
increases the sensitivity of these tumors to PI3K/AKT inhibition
(57). The alteration in PPP2R5A results in changes that serve to
further activate AKT signaling and, in like manner, appeared to
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increase the sensitivity of these tumors to AKT kinase inhibitors.
AKT inhibitors are currently under study in ER* breast cancers
harboring AKT E17K mutations, and our data suggest that SF3B1
mutation could provide an additional patient subset that may be
sensitized to these therapies.

Methods

Human subjects. A total of 1918 breast tumor specimens from
1756 patients with breast cancer who underwent prospective clin-
ical genomic profiling were included for study. The demographic
and clinical characteristics of the cohort are presented in Supple-
mental Table 2.

Mutation oncoprint analysis. The mutual mutational pattern of
SF3B1, PIK3CA, PTEN, AKT1, TP53, MAP3K1, ESR1, NFI1, PIK3RI,
BRCAI, ERBB3, and MYC was investigated on 3 breast cancer cohorts:
METABRIC, MSK-IMPACT, and TCGA (Figure 1A and Supplemental
Figure 1). The analysis was performed using the online tool from the
cBioportal website (https://www.cbioportal.org/oncoprinter). The
raw input files are provided in Supplemental Table 1.

Mutation and allele frequency analysis. We compared the allele
frequency of SF3BI and PIK3CA mutations in 23 double-mutated
samples from the MSK-IMPACT breast cancer cohort. Variant allele
frequency (VAF) was corrected by tumor purity estimated by immuno-
histochemistry. Wilcoxon rank sum test was applied to give statistics
between the VAF of 2 mutations. We analyzed the frequency of somatic
mutations in patients from the MSK-IMPACT cohort (r = 41) harbor-
ing SF3BI hotspot mutations. Mutation frequency was calculated for
each reported gene in 25 primary samples and 20 metastasis samples.

Animals. All mice were housed at Memorial Sloan Kettering Can-
cer Center (MSKCC). Generation and genotyping of the Sf3p1%700F/WT
and R26-LSL-Pik3ca™*® as well as the MMTV-cre transgenic mice
have been previously described (13, 32). The mice were monitored
closely for signs of disease or morbidity daily and were killed when they
showed a volume of the visible tumor formation above 1 cm’, failed to
thrive, experienced weight loss greater than 10% total body weight, or
showed open skin lesions, bleeding, or any signs of infection.

Whole mount staining of mouse mammary gland. The fourth pair
of mammary glands were excised from 4-month-old female mice
and stained as previously described (58). Briefly, mammary glands
were placed flattened on glass slides and fixed with Carnoy’s fix-
ative (ethanol/chloroform/acetic acid, 6:3:1) at room temperature
for 4 hours. Then the glands were gradually rehydrated with 70%,
35%, 17.5% ethanol, and distilled water. The mammary glands were
stained in carmine alum solution (0.2% carmine natural red [Mil-
liporeSigmal, 0.5% aluminum potassium sulfate [MilliporeSigma]
in water) overnight at room temperature, and then dehydrated pro-
gressively in 70%, 95%, 100% ethanol. The mammary fat pads were
then cleared in xylene overnight. The slides were mounted with
Permount (Thermo Fisher Scientific) and scanned by Pannoramic
Scanner BDHISTECH). The mammary epithelial area (MEA) and
the number of branching points (center) were analyzed using FIJI
software as previously described (59). The number of terminal buds
were counted manually in 10 random 2 mm x 2 mm squares on each
slide with QuPath software (60) and presented as number of termi-
nal bud per square millimeter.

Immunohistochemistry. Mouse tissue was collected and fixed
in 10% neutral buffered formalin for 48 hours. Samples were then
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Figure 7. SF3B1 mutations promote migration and invasion of breast
cancer cells. (A) Representative photos (top) at 0, 24, and 48 hours
following wound creation in cell culture of MCF7 cells expressing an
empty vector (EV), SF3BTVT, or SF3BT¥7°°€ cDNA. Scale bars: 200 uM.
Relative scratch width over time shown below (n = 3; mean value *
standard deviation shown below; P values by ANOVA). (B) Quantifica-
tion and representative photos (left) of wound at 0, 8, and 24 hours
following wound creation and exposure to 0, 2, and 10 ng/mL TNF-a in
cell culture of MCF10A with or without knockin of SF3BT¢°¢, Right, mean
levels with standard deviation shown (n = 3; P value by Student’s test).
Scale bars: 500 puM. (C) Same as A but for parental MCF7 cells exposed

to medium from cells in A. Scale bars: 200 uM. (D) Number of invaded
MCF10A cells with or without knockin of SF3B7<7°°t migrating toward EGF
in a Transwell invasion assay (left). Mean + standard deviation (n =3, P
value by Student’s t test) shown. Right, photos of hematoxylin staining
of the migrated cells (photos taken using a microscope with a 10x
objective (total magnification x100); scale bars: 200 pM). (E) Growth of
MCF7 tumors expressing either WT or mutant SF3B1in NSG mice. Size of
individual tumor (n =10 in each group) and the mean are shown (P value
by ANOVA). See also Supplemental Figures 11 and 12.

processed, embedded in paraffin, sectioned at 4pum thickness, and
stained with hematoxylin and eosin by the Laboratory of Comparative
Pathology at MSKCC. Immunohistochemical staining was performed
on a Ventana Stains System with primary antibodies (Supplemental
Table 7) and OmniMap DAB anti-Rb Detection Kit or OmniMap DAB
anti-Ms Detection Kit (Ventana). The slides were scanned by Pan-
noramic Scanner (3DHISTECH) and positively stained cell number
was counted with QuPath software (60).

Cell lines. Cell lines were maintained in 37°C incubator with 5% CO,
in a humidified atmosphere. MCF7 and MCF10A cells were obtained
from ATCC. HEK293T cells were cultured in DMEM with 10% FBS
(Gibco). MCF7 cells were grown in DMEM/F12 supplemented with 10%
FBS (Gibco), 100 pg/mL penicillin, 100 mg/mL streptomycin (Corn-
ing), and 4 mM glutamine, and MCF10A cells were grown in DMEM/
F12 supplemented with 5% horse serum (Gibco), 20 ng/mL EGF (Mil-
liporeSigmay), 10 pg/mL insulin (MilliporeSigma), 0.5 pg/mL hydrocor-
tisone (MilliporeSigma), 0.1 pg/mL cholera toxin (MilliporeSigma), 100
pg/mL penicillin, and 100 mg/mL streptomycin (Corning). T47D cells
were cultured in RPMI1640 with 10% FBS (Gibco), 100 ug/mL penicil-
lin, and 100 mg/mL streptomycin (Corning). For cell proliferation assay,
1000 cells were seeded in each well of 96-well plates, and proliferation
was measured with resazurin reagent (Thermo Fisher Scientific).

MCF10A SF3BI¥°0E/WT knockin cell lines were generated by
Horizon Discovery. MCF10A PIK3CAM°4® single and PIK3CAM047R
SF3BI¥0%E/WT double knockin cells were generated by CRISPR and
homology-directed repair (HDR) as previously described (11). Brief-
ly, guide RNA sequence was cloned into px458-GFP vector (Addgene
48138) and nucleofected into MCF10A WT or SF3BIKO®/WT cells
together with a single-stranded donor oligonucleotide (ssODN) as
a template for HDR using the Lonza Nucleofector V kit and pro-
gram T-024 on the nucleofector device. The ssODN sequence was
CGAAAGACCCTAGCCTTAGATAAAACTGAGCAAGAGGCTTTG-
GAGTATTTCATGAAACAAATGAACGACGCGCGTCACGGT-
GGCTGGACAACAAAAATGGATTGGATCTTCCACACAATTA-
AACAGCATGCATTGAACTGA. Additional silent mutations were
introduced with H1047R to avoid Cas9 recognition on the knockin
allele. GFP-positive nucleofected cells were single-cell sorted 48 hours
after nucleofection. Clones were screened for knockin of PIK3CAH1047%
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by PCR with primers GTTTCAGGAGATGTGTTACAAG and GTGT-
GGAATCCAGAGTGAGC and subsequent Sanger sequencing.

Plasmids. The SF3Bl-expressing lentiviral vector was generated by
cloning cDNA of WT SF3B1 or SF3B1 K700E with flag tagged at N-ter-
minal end into pInducer20 (Addgene 44012). Lentivirus was prepared in
HEK293T cells with pInducer20 empty vector or the plasmid with SF3B1
(WT or mutant) cDNA, and then used to transduce breast cell lines.
Transduced cells were selected in medium supplemented with 1 mg/mL
Geneticin (Invivogen) for 2 weeks before being used in the experiments.

shRNAs against PPP2R5A or renilla luciferase were cloned
into MLS-E-GFP vector. The shRNA sequences were PPP2R5A-1:
TTAGTTGAAACATACTCAACCA; PPP2R5A-2: TTTAATTATAT-
TATACTGATGA; Renilla: CAGGAATTATAATGCTTATCTA. Ret-
rovirus was prepared in HEK293T cells and then used to transduce
MCF7 or MCF10A cells. GFP~ cells stably expressing shRNAs were
selected by FACS 3 days after transduction.

shRNAs against MAP3K?7 or renilla luciferase were cloned into
LT3GEPIR vector. The shRNA sequences were MAP3K7-1: TTAGG-
TAAATTTTTTATCAGTG and MAP3K7-2: TTTTCAACAATTTT-
GATTCTAA. Lentivirus was prepared in HEK293T cells and then
used to transduce MCF7 and MCF10A cells. Transduced cells were
selected in medium supplemented with 1 ug/mL puromycin (Thermo

Fisher Scientific) for 1 week before being used in the experiments.

The MAP3K7 and PPP2R5A expression vector was generated by
cloning MAP3K7 or PPP2R5A cDNA into pMSCV-GFP retroviral vec-
tor to express MAP3K7 or PPP2R5A protein. Retrovirus was prepared
in HEK293T cells and then used to transduce MCF7 or MCF10A cells.
GFP* cells stably expressing MAP3K7 or PPP2R5A were selected by
FACS 3 days after transduction.

Antibodies. The antibodies used are listed in Supplemental Table 7.

Western blotting. Protein samples were extracted from cultured
cells with RIPA buffer (Thermo Fisher Scientific) and quantified by
BCA assay. Protein fractionated on NuPAGE 4%-12% Bis-Tris gels
(Life Technologies) was transferred onto nitrocellulose membranes.
All primary antibodies (Supplemental Table 7) were used with 1:1000
dilution, except for GAPDH antibody, which was used at 1:5000
dilution in TBST containing 5% BSA and 0.02% sodium azide. Per-
oxidase-conjugated goat anti-rabbit IgG secondary antibody (Milli-
poreSigma) was used at 1:10000 dilution in TBST containing 2.5%
skim milk. The blot was then visualized by chemiluminescence.
Developed films were scanned and quantitated with FIJI software.

RT-PCR and quantitative RT-PCR. Total RNA was extracted with
the QIAGEN RNeasy Mini Kit, and cDNA was generated with qScript
¢DNA SuperMix (Quantabio) according to the manufacturers’ instruc-
tions. For RT-PCR, the amplification was performed with DreamTaq
Hot Start Green PCT Master Mix (Thermo Fisher Scientific) and spe-
cific primers. PCR products were fractionated on 10% TBE gel (Life
Technologies) and visualized with ethidium bromide. For quantitative
RT-PCR, 0.5 uL. cDNA was added to 10 p PCR reactions prepared with
TaqMan Universal PCR Master Mix (Thermo Fisher Scientific) and
gene-specific TagMan probes. All quantitative RT-PCR analysis was
performed on an Applied Biosystems ViiA 7 Real-Time PCR System.
Relative gene expression levels were calculated using the comparative
CT method. Primers and TagMan probes used in this study are listed
in Supplemental Table 8.

Cell migration assay. About 1 x 10° cells were seeded into each well
of 12-well plates and cultured until 100% confluence. The “scratch”
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Figure 8. SF3B1“"°° mutation sensitizes breast cancer cells to AKT
inhibitors. (A) Western blot of MCF7 cells expressing an empty vector (EV),
SF3BTWT, or 5F3B1K700E cDNA. (B) IC,; of MCF7 cells shown in A following
5 days of exposure to MK2206 (left) or GDCOO68 (right). Data are repre-
sented as mean + SD; n = 6. (C) Western blot of MCF10A WT cells as well as
SF3BT¥70%MWT knockin cells, PIK3CA7R/WT knockin cells, and SF3B7<7008/WT
PIK3CAM®7RWT double knockin cells cultured in the absence of EGF. (D) IC,
to MK2206 of MCF10A cells shown in Cin the presence or absence of EGF.
Data are represented as mean + SD; n = 6. (E) Clonogenic survival assay of
MCF?7 cells shown in A following 21 days of exposure to MK2206. IC_ curve
is shown at right. (F) Clonogenic survival assay of MCF710A cells shown in
C following 14 days of exposure to MK2206 in absence of EGF. IC, curve is
shown at right. See also Supplemental Figures 13 and 14.

was created with a p200 pipet tip on the cell monolayer through the
center of the well. The debris were removed by washing the well with 1
mL culture medium and then 1 mL medium (with 2% serum) specific
for the cell migration assay was added into each well. The plate was
incubated at 37°C, and images of the scratch were captured at various
time points with a Zeiss Axiovert Microscope. The width of scratch
was measured with FIJI software.

Cell invasion assay. MCF10A cells were cultured to about 70%
confluence and serum starved overnight. Harvested by trypsinization,
5 x 10* cells resuspended in serum-free medium (without EGF) were
seeded to the Matrigel invasion chamber (8 um pore size, Corning) in a
24-well plate. Complete culture medium for MCF10A was added to the
bottom chambers of each well. After 24-hour incubation, the cells at
the bottom side of the chamber were fixed and stained with hematoxy-
lin. The membrane was then cut off from the chamber and the number
of migrating cells were quantified by counting cells under microscope.

Cytokine multiplex assay. Forty-one cytokines and chemokines
were analyzed simultaneously with bead-based multiplex assay using
Milliplex Map Human Cytokine/Chemokine Magnetic Bead Panel
(HCYTMAG-60K-PX41, Millipore) on the Luminex FlexMap 3D
instrument according to the manufacturer’s instruction. Briefly, cells
were seeded in a T25 flask and media were refreshed when the cells
approached 70% confluence. Cell culture supernatant was harvested
48 hours after media change and multiplex cytokine assay was per-
formed on the Luminex FlexMap 3D instrument. The results were
normalized to cell numbers in each flask.

IL-8 ELISA. IL-8 concentration in the culture supernatant was
quantified by human IL-8 ELISA kit (RayBiotech) according to the
manufacturer’s instruction. Briefly, cells were seeded in a T25 flask
and culture medium was changed when the cells approached 70%
confluence. Cell culture supernatant was harvested 48 hours after
media change and IL-8 ELISA was performed on SpectraMax M5
microplate reader (Molecular Devices). The results were normalized
to cell numbers in each flask.

Cell proliferation. Cell proliferation was measured as previously
described (61). Briefly, cells (1000/well) were seeded into 96-well
plates and treated with different concentrations of indicated drugs.
Media and drug were changed every week. On days 0, 3,5, and 7, 25 uL
Resazurin (R&D Systems) was added to each well and incubated for
4 hours. Fluorescence in the plate was measured using a SpectraMax
M5 microplate reader (Molecular Devices). Cell growth data from day
5 were then plotted as percentage inhibition against the log concentra-
tion of indicated drugs. IC,, was determined using a sigmoidal regres-
sion model using GraphPad Prism 7.0.
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Minigene assay. The PPP2R5A minigene construct was generated
by inserting the DNA fragment containing the PPP2R5A genomic
sequence from exon 4 to exon 5 in between the KpnI and Xhol restric-
tion sites of pcDNA3.1 vector. The MAP3K7 minigene construct was
generated by inserting the DNA fragment containing the MAP3K7
genomic sequence from exon 4 to exon 5 at HindlIII restriction site
of pcDNA3.1 vector. The sequences of the inserted fragments were
verified by Sanger sequencing. Mutagenesis of minigene constructs
was performed with the Agilent QuikChange II site-directed muta-
genesis kit with specific primers according to the manufacturer’s
directions. For transient transfection experiments, cells were seeded
into a 24-well plate with culture medium containing doxycycline 48
hours before transfection of minigene constructs in the presence
of X-tremeGENE HP DNA transfection reagent (Roche) according
to the manufacturer’s directions. Forty-eight hours after transfec-
tion, cells were collected and RNA was extracted using the QIAGEN
RNeasy Mini Kit. Minigene-derived and endogenous MAP3K7 and
PPP2R5A transcripts were analyzed by RT-PCR using specific primers
(Supplemental Table 8).

Clonogenic survival assay. Clonogenic survival assay was per-
formed on a 6-well plate. Five hundred cells in single cell suspension
were seeded into each well of a 6-well plate and treated with various
doses of MK2206 on the next day, following which the plate was incu-
bated at 37°C with 5% CO, in a humidified atmosphere for 14 days (for
MCF10A cells) or 21 days (for MCF7 cells). After incubation, the col-
onies were fixed with formalin and stained with 0.01% crystal violet.
The plate was then photographed and analyzed with the Oxford Gel-
Count colony counter.

Xenograft assay. NOD-SCID gamma (NSG) female mice ages
6-8 weeks were obtained from Jackson Laboratory and maintained
in pressurized ventilated caging. MCF7 xenograft tumors expressing
WT or mutant SF3B1 were established in NSG mice by subcutaneously
implanting 0.72 mg sustained release 17p-estradiol pellets witha 10 g
trocar into one flank followed by injecting 1 x 10° cells suspended 1:1
(vol/vol) with reconstituted basement membrane (Matrigel, Collabo-
rative Research) on the opposite side 3 days later. On the same day of
cell inoculation, the mice were fed with filter water containing 2 mg/
mL doxycycline and 2% sucrose, which was refreshed twice a week.
Tumor dimensions were measured with vernier calipers starting from
14 days after cell implantation and tumor volumes were calculated as
(n/6 x larger diameter x (smaller diameter)?). The experiment was
closed 7 weeks after implantation. Based on our previous work mea-
suring the variability in size and growth of MCF7 xenografts, we esti-
mated 10 mice per group would allow us to detect tumor size differ-
ences of greater than 200 mm?.

RNA-seq of breast cancer cell lines and mouse tissues. Total RNA was
extracted with the Direct-Zol RNA miniprep kit (Zymo). RNA-seq
libraries were prepared and sequenced by Genewiz with 150-bp pair-
end reads with 100 million read depth.

Heatmap and hierarchical clustering. To explore potential tumor/
hotspot specificity or similarity of 3'ss alteration, principal component
analysis and unsupervised hierarchical clustering were performed
using 618 significantly (g value < 0.001) differential splicing junc-
tions between all SF3BI mutant and all WT samples (see Supplemen-
tal Methods for novel cryptic 3'ss identification). Command prcomp
from R package stats was used for the principal component analysis.
Command heatmap.2 from R package gplots was adopted for the clus-
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tering analysis using (1-Pearson correlation coefficient)/2 as distance.
This analysis was performed on TCGA BRCA, MSK breast cancer cell
lines (MCF7, T47D and MCF10A), ICGC CLL, dbGaP CLL, and TCGA
UVM samples.

Sequence motif analysis. We performed motif analysis at aberrant
3'ss as well as the associated canonical 3'ss. We first identified sets of
cryptic 3'ss significantly differentially used between SF3BI mutant
and WT samples by combining TCGA breast cancer samples and MSK
cell line data. Next, motif logo was plotted based on the intron nucleo-
tide composition up to 50 nt upstream and 20 nt downstream from the
AG dinucleotide of cryptic 3'ss as well as the associated canonical 3’
AG site, using R package motifStack. Fisher’s exact test was performed
to compare the enrichment of pyrimidines in the 10 nt downstream
from the AG of cryptic 3'ss to the associated canonical 3" AG site.

GSEA analysis. We used GSEA software (62) with defined hall-
mark genesets (MSigDB, v6.1) to investigate molecular profiles
enriched in SF3BI mutant breast cancer samples. Parameters used
were as follows: collapse data: false; permutation type: gene set, 1000
permutations; chip platform: gene symbol. The input gene expression
matrix contains 10,165 genes, which are significantly differentially
expressed (DE) between SF3BI mutations and WT on cell line data
(combining the DE lists from MCF7, T47D, and MCF10A).

Expression data set and differential expression. To generate mRNA
expression matrix for transcriptome analysis, we used featureCounts
(63) from package Subread to call read counts from STAR realigned
bam files. Genes with low read depths across the cohort were removed.
Then, read counts were transformed into RPKM values followed by
log? transformation, and quantile normalized on the sample level. We
also performed DESeq2 analysis (64) (using the raw read counts) to
call DE genes between SF3B1 mutant and WT TCGA breast cancer
samples and MSK cell line data.

Data availability. The RNA sequencing data were deposited in
the NCBI Sequence Read Archive (SRA) under accession number
GSE145471.

Statistics. Statistical significance was determined by (a) unpaired
or paired 2-sided Student’s ¢ test after testing for normal distribution,
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(b) 1-way or 2-way ANOVA followed by Dunnett’s or Tukey’s multiple
comparisons tests, or (c) Kruskal-Wallis tests with Dunn’s test correct-
ed for multiple comparisons. Data were plotted using GraphPad Prism
7 software as individual points with mean values and error bars repre-
senting standard deviation.

Study approval. This study was approved by the Memorial Sloan Ket-
tering Cancer Center Institutional Review Board (IRB) and all patients
provided written informed consent for tumor sequencing and review of
patient medical records for detailed demographic, pathologic, and treat-
ment information (NCT01775072). All mouse procedures and experi-
ments were completed in accordance with the Guidelines for the Care
and Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committees at MSKCC (MSKCC#12-10-016).
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SUPPLEMENTAL METHODS

Pan-cancer SF3B1 mutated sample collection and sequencing

For all 1,756 patients, tumor and patient-matched normal DNA samples were extracted from either
representative formalin-fixed paraffin embedded (FFPE) tumor biopsy samples or mononuclear cells from
peripheral blood. All specimens underwent massively parallel next-generation sequencing in a CLIA-
certified laboratory using MSK-IMPACT, a hybridization capture-based next-generation sequencing
assay, which analyzes all protein-coding exons and selected intronic and regulatory regions of 341 to
468 cancer-associated genes, all as previously described (1-3). Average sequencing coverage across
all tumors was 743-fold. Somatic mutations, DNA copy number alterations, and structural rearrangements
were identified as previously described (4). Purity, average ploidy, and allele-specific integer-copy
number for each segment were then determined by maximum likelihood. Loss of heterozygosity (LOH)
was determined based on allele-specific integer-copy number for tumor suppressors.

To perform pan-cancer analysis of alternative 3’ss usage, we downloaded RNA sequencing of
patient samples with or without SF3B1 mutations from public dataset portals. 1) We downloaded raw
fastq files of six cases of K700E, one G742D, one H662D, one K666N and nine randomly chosen WT
samples, from ICGC Data Portal (https;//dcc.icgc.org) with the project name ‘CHRONIC
LYMPHOCYTIC LEUKEMIA - ES’. 2) Six K700E and one K666N case of CLL patients and 7 WTs were
accessed from dbGaP under the project of The UC San Diego CLL Study (phs000767.v1.p1). 3) 16
cases of TCGA UVM with SF3B17 hotspot mutations (13 R625H/C, one H662R and two K666T) and
equal number of UVM WTs were downloaded from cancer genomics cloud (cgc.sbgenomics.com). 4)
20 cases of SF3B1 mutant TCGA-BRCA samples and 20 BRCA WTs were downloaded from cancer
genomics cloud. The 20 cases of SF3B1 mutations include ten K700E, one K666N, one N626D, one
K666E, one E622Q, one D781E as well as five non-hotspot changes (A633V, E802Q, G241*, L646F
and S455Vfs*13) (Table S3).

Isolation of mouse mammary gland epithelial cells

Mammary gland epithelial cells were isolated from 4-month old mice as described previously (5).
Breifly, mammary glands dissected from 4-month-old female mice were minced and digested with
collagenase/trypsin mixture for 4 hours at 37°C. After washed with L15 medium supplemented with
10% FBS, the red blood cells were lysed with Hybri-Max Red Blood Cell Lysing Buffer (Sigma). After
washing with L15/10% FBS medium, the samples were incubated in serum-free Joklik’'s medium and
then treated with 0.05% trypsin and DNase | (Fisher Scientific). Trypsin was neutralized by adding
L15/10% FBS medium and the samples were filtered through a 40um cell strainer to remove cell

clumps and debris. Cells were pelleted and resuspended in L15/10% FBS medium. Fluorescence-



activated cell sorting (FACS) was used to isolate mammary epithelial cells. The cells were incubated
with antibodies against CD24 and CD45 in L15/10% FBS medium on ice for 45 min. DAPI was used to
exclude dead cells. The mammary epithelial cells were sorted as CD24+/CD45- cells on FACS Aria

sorter. Data analysis was performed using the FCS Express 7 software.

Flow cytometry analyses of hematopoietic cells

Peripheral blood and bone marrow samples collected from mice were first lysed with ACK lysis buffer to
remove red blood cells and washed with ice-cold PBS. Cells were stained with monoclonal antibodies
against cell surface markers (listed in Table S7) in PBS/2% BSA for 30 minutes on ice. DAPI was used
to exclude dead cells. FACS analysis was performed on an LSRII Fortessa (BD Biosciences) and data

analysis was performed using the FlowJo 10 software.

Identification of novel cryptic 3’ ss usage

In order to annotate novel 3’ss that are not present in current genome, we adopted the splice junction
read output by STAR alignment (6). This preprocess is motivated by DeBoever et al. (7), to enable a
more sensitive detection of novel sites, specifically designed for 3/5’ss identification. To this end, all the
bam files were transformed back to .fastq format (samtools), and re-aligned using a splice junction
database (7). Counts of junction reads from SJ.out.tab file (STAR output) were merged into a unique
matrix, with each row indicates one splice junction and column for each sample. We further filtered out
junctions with a read coverage of < 50 sum up across all samples. Then, for each junction, we defined it
as a novel splice site if it only has one end (either 3’ or 5’) annotated in the provided known genome,
while the other end is not. Corresponding canonical junction are found if it shares the same annotated
end of the cryptic junction and the other end also annotated. If this kind of canonical junction did exist,
we calculated the distance between the novel end and the corresponding canonical end. If there was
more than one distance, we utilized the minimum. After adding the information of transcript’s strand and
relative position to the canonical site, we determined whether a cryptic site is on 3’ss or 5’ss, upstream
or downstream. For mouse RNA-Seq, we reproduced this essential preprocess using a standard mm10
genome (Ensembl: Mus_musculus. GRCm38.75). Junctions with both ends unannotated were discarded
from the analysis.

Next, with clear relationship of each cryptic junction to its canonical one, we calculated the Percent-
Spliced-In (PSI) using raw reads counts for each sample, transforming the reads matrix into a PSI matrix
with values between 0-1. Then, for two groups of interested comparison, t-test was applied for all novel
cryptic splice site using PSI, rather than reads counts, followed by BH multiple test correction. Difference

of averaged PSI between two groups was also adopted as important metrics for potential differential



splicing. A bar plot of log, distance in base pair was used to demonstrate cryptic 3’ splicing pattern on

significantly differentially used novel sites.

Branchpoint mapping

Lariat RT-PCR amplifying branchpoint-spanning fragments from lariat RNAs arising from splicing of
alternative spliced introns of PPP2R5A or MAP3K?7. Briefly, the RT reaction was done with SuperScript
Il reverse transcriptase (Invitrogen) and a primer complementary to the intronic sequences
downstream of the 5’ splice sites to generate cDNA from lariat RNAs. Nested PCR with pairs of outer
primers (using RT primer as the reverse primer) and inner primers (Table S8) to amplify the
branchpoint spanning fragments. The PCR products were cloned into the pGEM-T vector (Promega)

and sequenced by Sanger sequencing.

Soft agar assay

Five thousand cells in single cell suspension in growth medium containing 0.35% low-melting-point
agarose were overlaid onto a solidified normal medium containing 0.7% low-melting-point agarose. One
ml growth media were added on top of the soft agar layers and refreshed twice a week. Cells were
incubated at 37°C with 5% CO-for 3 weeks. Colonies were visualized by staining with crystal violet and

counted with Oxford GelCount colony counter.
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Figure S1. SF3B1 hotspot mutations in breast cancer. Related to Figure 1. (A) Oncoprint of SF3B1
hotspot mutations and other breast cancer driver alterations across 5,366 patients including METABRIC,
MSK-IMPACT, and TCGA breast cancer cohorts. (B) Contingency table of co-occurrence/mutual
exclusivity of SF3B171 hotspot mutations and other breast cancer driver alterations. (C) Distribution of
SF3B1 mutations across breast cancer subtypes (METABRIC and TCGA cohorts). ‘Total cases’ indicates
the total number of samples assigned to each subtype. ‘SF3B71 mutant’ and ‘SF3B1 freq.’ indicate the
number of SF3B1 mutated cases and frequency in each subtype, respectively. ‘P-value’ indicates the
enrichment of SF3B71 mutants, calculated from the 2 by 2 contingency table test (SF3B7 mutation vs each
subtype). One-side test is performed here.



Figure S2. Validation of MMTV-cre Sf3b1%"°*"T knockin mice and purification of mammary
breast epithelial cells for RNA-seq. Related to Figure 2. (A) FACS plots used for purification of
mammary breast epithelial cells from MMTV-cre control, MMTV-cre Sf3b1<"C"WT MMTV-cre R26-LSL-
Pik3ca™%"R ‘and MMTV-cre Sf3b1K<"EMT pjk3ca™'%4’R 4-month old mice. (B) Sanger sequencing of
Sf3b1 cDNA around sequences coding for K700 from live, CD45", CD24" cells from mice in (A). (C)
RNA-seq coverage plots of region of Sf3b7%’%F mutant allele in material from mice in (A). (D)
Quantitation of mammary epithelial area (MEA%, left) and the numbers of branching points (center) and
terminal buds (right) on whole mount staining of mammary glands from MMTV-cre control (n=4),
SF3b1K7EMT (n=4), Pik3ca™'%*’R (n=3) and double mutant (n=3) mice at age of 4 months. * p<0.05, **
p<0.01, *** p<0.001 (by Tukey’s multiple comparisons test).



Figure S3. Characterization of MMTV-cre transgenic mice. Related to Figure 2. (A) IHC of smooth
muscle actin (Sma), cytokeratin 14 (CK14), cytokeratin 8/18 (CK8/18), and Gata3 in mammary gland
tumors (same as in Figure 2D) developing in MMTV-cre R26-LSL-Pik3ca™%'R and MMTV-cre

SF3b 1X70EWT R26-| SL-Pik3ca™%"R mice. Bars: 50uM. (B) Hematoxylin and eosin (H&E) staining of
sternums and salivary glands from MMTV-cre R26-LSL-Pik3ca™'%*’R and MMTV-cre Sf3b1%"%FWT R26-
LSL-Pik3ca™%"R mice at the time of sacrifice due to mammary gland tumors, as well as MMTV-cre and
MMT V-cre Sf3b1%7%%FWT mjce at same age. Bar: 250uM.



Figure S4. Hematologic analysis of MMTV-cre control, SF3b1X° VT pjk3ca™'%’R and double
mutant (DM) mice. Related to Figure 2. (A) Red blood cell (RBC) counts, mean corpuscular volume
(MCV), platelet counts (PLT), and white blood cell counts of each genotype of MMTV-cre mice at the
age of 6-10 months. (B) Immunophenotyping of peripheral blood mononuclear cells in samples from (A)
by FACS. Representative gating on DAPI cells is shown at top and the percentage of B220*, CD3*, Gr-
1" CD11b" and CD11b" c-Kit" peripheral blood (PB) cells is shown at bottom. (C) Analysis of
hematopoietic stem and progenitor cells in bone marrow samples from on MMTV-cre control (“WT”),
Sf3b1K7EMT (“K700E”), Pik3ca"*"® (“H1047R”), and double mutant (DM) mice by FACS.
Representative gating on DAPI cells is shown at top and the percentage of LSK population and
myeloid progenitors is shown at bottom. Abbreviations: “WT” = MMTV-cre control; “K700E” = MMTV-
cre Sf3b1K70EWT. “H1047R” = MMTV-cre R26-LSL-Pik3ca"'*'R; “DM” = MMTV-cre Sf3b1%7%%FWT R26-
LSL-Pik3ca™'%'R. P values were derived by Dunn’s multiple comparisons test.



Figure S5. Generation and validation of SF3B17 wild-type and mutant human breast cancer cell
lines. Related to Figure 3. (A) Sanger sequencing of SF3B7 cDNA around sequences coding for K700
from MCF10A cells with or without knockin (KI) of SF3B1 K700E mutation. (B) Proliferation curve of
wild-type MCF10A cells and isogenic MCF10A cells with SF3B1%7°®"T knockin in the presence or
absence of EGF. (C) Schematic showing the construct of doxycycline-inducible vectors to express
FLAG-tagged SF3B1 WT or mutant (K700E) protein in breast cancer cell lines. (D) Western blot of
SF3B1, FLAG-SF3B1, ERa, PR and B-actin from MCF7 and T47D cells expressing FLAG-SF3B1"" or
FLAG-SF3B1K700E proteins induced by doxycycline (Dox) for 48 hours. RT-PCR of BRD9 splicing
events is shown on bottom with a schematic showing the inclusion of a poison exon between exon 14
and 15. (E) Proliferation curve of MCF7 cells expressing empty vector (EV), wild-type SF3B1(SF3B1"")
and mutant SF3B1 (SF3B1X7%%€) in culture media supplemented with 10% FBS or charcoal stripped
serum (CSS) . (F) and (G) ICso of MCF7 cells from (E) following 5 days of exposure to 4-
Hydroxytamoxifen (F) and fulvestrant (G).



Figure S6. Differential aberrant 3’ splicing events across SF3B7 mutant cancers. Related to
Figure 3. Hierarchical clustering and heatmap analysis of differential 3’ splice sites (3’ss) between
SF3B1 mutant and wild-type (WT) samples. Rows and columns represent cryptic 3’ss events and
samples, respectively. 618 cryptic 3’ss identified from the pan-cancer dataset are shown. Z-score in the
matrix represents normalized Percent-Spliced-In (PSl). BRCA: breast cancer; CLL; chronic lymphocytic
leukemia; UVM: uveal melanoma.
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Figure S7. Activation of NF-xB signaling in SF3B7 mutant breast tumors. Related to Figure 4. (A)
Gene set enrichment analysis identifies enrichment of hallmark gene sets of TNFa. signaling via NF-xB
(top) and epithelial mesenchymal transition (bottom) in SF3B1 mutant versus wild-type human breast
tumors from TCGA. FDR: false discovery rate; NES: normalized enrichment score. (B) Quantitation of
Western blots in Figure 4B. Densitometry of phosphorylated p65 was normalized to the level of total
p65, and IKBa was normalized to GAPDH. Results were presented as levels relative to the untreated
wild-type cells (WT 0h). The mean from three independent experiments is shown with standard
deviation. * p<0.05, ** p<0.01, and p values were derived from Student’s t test. (C) Differential aberrant
3’splicing events across mouse mammary epithelial cell samples. Hierarchical clustering and heatmap
analysis of differential 3’'ss among mammary epithelial cell samples from MMTV-cre control (WT),
MMTV-cre Sf3b147FWT (SF3B1), MMTV-cre R26-LSL-Pik3ca™'%’R (PIK3CA) and MMTV-cre
Sf3b1K"EMT R26-1 SL-Pik3ca™'*'R (Double) mice. Rows and columns represent cryptic 3’ss events
and samples, respectively. 219 cryptic 3’ss identified are shown. Z-score in the matrix represents
normalized Percent-Spliced-In (PSI).
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Figure S8. Aberrant splicing and downregulation of MAP3K7 by mutant SF3B1 promotes NF-xB
activation in breast cancer. Related to Figure 5. (A) RT-PCR (top) and Western blot analyses of
Map3k7 on mammary gland tumors collected from MMTV-cre R26-LSL-Pik3ca™%'R and MMTV-cre
SF3b 1X70EWT R26-| SL-Pik3ca™%’R mice. (B) Quantitation of MAP3K7 and phospho-p65 and phospho-
p38 levels in MCF10A and MCF7 cells transduced with anti-MAP3K7 shRNA (Western blots in Figure
5G). Phosphorylated p65 or p38 levels were normalized to total p65 or p38 levels, respectively, and
MAP3KY7 level was normalized to GAPDH. Results are represented as levels relative to cells
transduced with shRNA targeting Renilla luciferase (shRE). P values were derived by Dunnett’s test.
(C) MAP3KY7 and phospho- and total p65 and p38 levels in isogenic MCF10A cells with or without
SF3B1"7%%F knockin treated with 5Z-7-Oxozeaenol (5Z-70x0) versus DMSO (-). Quantitation shown at
right. P values were derived by Tukey’s multiple comparison’s test. (D) Quantitation of MAP3K7 and
phospho-p65 and phospho-p38 levels in MCF10A and MCF7 cells transduced with or without MAP3K7-
GFP cDNA (Western blots in Figure 5H). Results are represented as levels relative to wild-type control.
P values were derived by Tukey’s multiple comparison’s test.
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Figure S9. Mapping of canonical and aberrant branchpoints of MAP3K7 (A) and PPP2R5A (B)
differential splicing events. Related to Figures 5-6. Branchpoints were mapped by lariat RT-PCR as
described in Methods. Canonical branchpoint was mapped in parental MCF10A cells and aberrant
branchpoint was mapped in MCF10A cells with heterozygous knockin of SF3B71 K700E mutation.
Sanger sequencing of lariat RT-PCR product depicting the joining of branchpoint and 5’ splice donor
site is shown below a schematic of sequences around the intron-exon boundary.
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Figure $10. Aberrant splicing and downregulation of PPP2R5A by mutant SF3B1 promotes AKT
activation and inflammatory signaling in breast cancer. Related to Figure 6. (A) Quantitation of
PPP2R5A and phospho- p65 and AKT (at T308) levels in MCF7 or MCF10A cells expressing mutant
SF3B1 (Western blots in Figure 6D). (B) Quantitation of PPP2R5A and phospho- p65 and AKT (at
T308) levels in MCF10A and MCF7 cells transduced with anti-PPP2R5A shRNA (Western blots in
Figure 6F). (C) Quantitation of PPP2R5A and phospho- and total p65 and AKT (at T308) levels in
MCF10A and MCF7 cells transduced with or without PPP2R5A cDNA (Western blots in Figure 6F).
Phosphorylated protein level was normalized to total level of the protein, and PPP2R5A level was
normalized to GAPDH. Results are represented as levels relative to cells transduced with shRNA
targeting Renilla luciferase (shRE) in (B) or wild-type control in (C). P values were derived by Dunnett’s
testin (A) and (B) or Tukey’s test in (C).
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Figure S11. MAP3K7 inhibits cell migration in breast cancer cells. Related to Figure 7.
Representative photos (top) at various time following wound creation in cell culture of MCF7 (A) and
MCF10A cells (B) transduced with anti-MAP3K7 shRNA. Scale bars represent 200uM. Representative
photos (top) at various time following wound creation in cell culture of MCF7 (C) and MCF10A cells (D)
expressing SF3B1 K700E mutant transduced with or without MAP3K7-GFP cDNA (Western blots in
Figure 5H). Relative scratch width over time shown below the images (mean value + standard deviation
shown below; p values by ANOVA).
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Figure S12. Knockdown of PPP2R5A promotes migration of breast cancer cells. Related to
Figure 7. Representative photos (top) at various time following wound creation in cell culture of MCF7
(A) and MCF10A cells (B) transduced with anti-PPP2R5A shRNA. Scale bars represent 200uM.
Representative photos (top) at various time following wound creation in cell culture of MCF7 (C) and
MCF10A cells (D) expressing SF3B1 K700E mutant transduced with or without PPP2R5A cDNA
(Western blots in Figure S10C). Relative scratch width over time shown below the images (mean value
+ standard deviation shown below; p values by ANOVA).
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Figure S13. SF3B1¥"%F mutation sensitizes breast cancer cells to AKT inhibitors. Related to
Figure 8. (A) Quantitation of \phospho- AKT and its downstream target in MCF7 expressing empty
vector (EV), SF3B1 WT, or SF3B1 K700E cDNA (Western blots in Figure 8A). (B) Validation of
PIK3CAR1%7R knockin in MCF10A cells. Sanger sequencing shows the heterozygous knockin of
PIK3CAR%"R mutation in parental or SF3B1%7%°F mutant MCF10A cells. Four additional silent mutations
were knocked in on the same allele to prevent further editing by CRSIPR-Cas9. (C) Quantitation of
Western blots of MCF10A WT cells as well as SF3B1X7%FMWT knockin cells, PIK3CA™M%7RWT knockin
cells and SF3B1K/EMWT pIK3CAH1RWT double knockin cells cultured in the absence of EGF (Western
blots in Figure 8C). Phosphorylated protein level was normalized to total level of the protein, and
PPP2R5A level was normalized to GAPDH. Results are represented as levels relative to wild-type
control. P values were derived by Tukey’s multiple comparisons test.
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Figure S14. Activation of NF-xB signaling in SF3B1/PIK3CA double-mutant MCF10A cells.
Related to Figure 8. (A) RT-PCR and Western blot of MCF10A WT cells as well as SF3B1X700EWT
knockin cells, PIK3CAM1%"RWT knockin cells and SF3B1K70EWT piK3CAM47TRWT qouble knockin cells
cultured in the absence of EGF. Quantification of phospho-p65 (normalized to total p65) is shown. (B)
Quantitative RT-PCR of pro-inflammatory genes in the cells above. (C) Representative photos (top) at
0, 8, 16 and 24 hours following wound creation in cell culture of MCF10A cells in (A). Scale bars
represent 200uM. Relative scratch width over time shown at right (mean value + standard deviation
shown below; p values by ANOVA). (D) Representative photos of colonies formed from MCF10A cells
in (A) on soft gar on 6-well plates 16 days after seeding. Colony numbers of three experiments are
shown at right. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, and p values in (A), (B) and (D) were
derived by Tukey’s multiple comparisons test.
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