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Abstract
Adriana Gamboa Lopez
Mechanism of anti-tumor compounds that inhibit the spliceosome

The spliceosome is a dynamic ribonucleo-protein complex that is in charge of
removing introns from pre-mRNA. Five small nuclear ribonucleic proteins (snRNPs)
(U1, U2, U4, U5, U6) build the spliceosome, and each contain their own special RNA.
In particular, U2 snRNP is unique, in that it guides the spliceosome to the correct
branch point sequence. SF3BI1 is the largest and keystone protein of U2 snRNP.
Mutations in SF3B1 have been associated with misregulation in splicing and disease
such as cancer. Spliceostatin A, Pladienolide B and herboxidiene are small drug
molecules that target SF3B1. They are used as tools to help study the importance of
SF3B1 and initiation of splicing assembly. However, the mechanism of action of these
molecules is not known. More studies need to research how these drugs bind and
inhibit. I used in vitro order of addition splicing assays, and studied SF3B1 in different
conditions: temperature, time, and competition assay. My findings clearly demonstrate
that temperature affects competition between active and inactive compounds. Time
course experiments clearly imply that SF3B inhibitors exchange more slowly than
inactive analogs. Lastly, we show positions C1 and C6 of herboxidiene are important
for binding and inhibiting SF3B1 in the binding pocket. We also model drug-protein
interaction. Our work will help elucidate how SF3B1 selects the correct branch point
sequence and give medicinal chemists new insights to make small molecule drugs more

potent.
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Chapter 1: Introduction to Pre-mRNA splicing
1.1 Gene Expression

Eukaryotic gene expression is the process in which the cell self-regulates what
proteins are needed to function and survive. Shown in Figure 1-1, the information is
transferred in three main steps: transcription, RNA processing and translation. In
transcription, a single-stranded DNA is transcribed to pre-mRNA. Splicing is co-
transcriptional, where the pre-mRNA is capped, undergoes splicing, where selected
intron sequences are removed, and leftover exons are ligated. Afterwards the mRNA is
3’ poly-adenylated. The mRNA is exported out of the nucleus into the cytoplasm where
it is then translated into a protein by the ribosome. How the cell regulates each of these
steps is still a mystery. My thesis will focus on splicing, which is regulated by the

spliceosome, a dynamic ribonucleic-protein complex.

1.2 Function of the spliceosome
The spliceosome is a biological scissor that removes selected introns from pre-

mRNA. The spliceosome is composed of five small nuclear U-rich RNAs (snRNAs)
and over 150 proteins. The main components of the spliceosome are five small nuclear
ribonucleoproteins (snRNPs) which consist of: U1, U2, U4, U5, U6 snRNP that are
individually assembled with their protein components and snRNA. The spliceosome is
very dynamic as it is constantly rearranging with intermediate steps involving protein-

protein, RNA -RNA, protein-RNA interactions.
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Figure 1-1: Eukaryotic gene expression.

DNA is transcribed to pre-mRNA, 5° capped, spliced and a 3’ poly(A) tail is added.
The mRNA is translated into protein by the ribosome. Exons are represented by blue
and purple boxes and introns are represented by black lines in the pre-mRNA. (Created
by Dr. Melissa S. Jurica.)

The stepwise interactions between the spliceosome and pre-mRNA assembly
occur when the U1 snRNP recognizes the 5’ splice site to form Complex E (Figure 1-
2.A). Afterwards, U2 snRNP binds to the branch point sequence (BPS) to form the
Complex A or pre-spliceosome. The tri-snRNP (U4/5/6) then joins the Complex A to
generate Complex B (Pre-catalytic spliceosome). After Complex B rearrangements, U1
and U4 are released, forming B** (activated) complex, leading to the B* (catalytically
activated) complex. This yields the C complex, which is catalyzed as the first step of
chemistry. After splicing, the spliceosome is disassociated, and the cycle is repeated.

Splicing involves two trans-esterification reactions steps to successfully create
a mature RNA (Figure 1-2. B). In the first step, the adenosine on the intron attacks the

5’ splice site releasing the 5’ exon and intron bound to the 3’exon. In the second trans-



esterification step, the 5’ exon attacks the 3’ splice site to produce mature mRNA and

the lariat intron.
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Figure 1-2: Overview of splicing cycle and two steps splicing of chemistry.

A) Formation of the spliceosome on the pre-mRNA. U snRNPs assemble in a stepwise
manner. SF3B1 is involved throughout splicing B) Two transesterification steps allow
for splicing products. In the first step, 5’ exon and lariat-3’ exon are formed. In the
second step of chemistry, both exons are ligated to form mRNA, and free lariat is
formed. (Created by Dr. Melissa S. Jurica)

1.3 Current state of the splicing field

We are currently in a boom of a structural era, where decades of biochemical
and yeast genetic research tethered with new cryo-EM and crystallography provide the
foundation to delve more into the molecular mechanisms of spliceosome assembly

(Wilkinson et al., 2020). The splicing field has been able to capture parts of the



spliceosome in action. For example, B*' , the step in which the spliceosome is
activated, but not catalytically primed, was captured using cryo-EM in both yeast and
human spliceosomes (Wilkinson et al., 2020; Kataoka, 2017). Both of these structures
demonstrate protein-protein and RNA-RNA interactions between U2 and U5 snRNP,
U6 snRNA and pre-mRNA. As exciting as it is understanding how the spliceosome
assembles, we still do not know all the components that are involved and how they
come together. One limitation with using cryo-EM is the limited resolution, which
ranges from 3-10 Angstroms. The dynamic nature of the spliceosome with its many
transition states and ATP-dependent proteins rapidly coming on and off, makes it
difficult to capture a single conformation. An alternative to using cryo-EM is chemical
probing to document conformational changes. The Jurica Lab developed a protocol to
measure changes in lysine accessibility in RNPs (MacRae et al., 2019). With this
technology we can characterize complexes that are found in small quantities, which is
ideal since some complexes are less abundant than others.

In addition to not fully understanding all of the components of the spliceosome
and experimental limitations due to its dynamic nature, we add the complexity of the
pre-mRNA. Although seemingly simple, each sequence of the pre-mRNA serves to
orchestrate the spliceosome. The pre-mRNA contains six special sequences: exons,
introns, consensus sequences containing the branch point adenosine (BPS), 5 splice
site (5°SS), 3’ splice site (3’SS) and polypyrimidine tract (PPT) (Kataoka, 2017),
(Figure 1-3). Each of the sequences are separated within a certain proximity from one

another. The BPS is 18-40 nucleotides upstream from the 3’ SS and is then followed



by the PPT (Kataoka, 2017). The splicing field is still trying to address how the pre-
mRNA serves as a landing pad for the spliceosome. With the many spliceosome
structures, biochemical assays and genetic screens that we have, much research is
needed to fully study the spliceosome at the molecular level. Later on, I will discuss a
tool that has not only opened the doors for the splicing field to gather molecular clues
as to how the spliceosome works, but that also helps us understand how it recognizes

these simple yet essential pre-mRNA sequences.

5§’ splice site Branch point 3 splice site
Exon 1 GU A . AG Exon 2
tract
Intron _

Figure 1-3: Pre-mRNA.

Pre-mRNA consists of exons, introns, 5’ splice site, 3’ splice site, branch point
adenosine and polypyrimidine tract.

1.4 U2 snRNP in early spliceosome assembly

One key component in the spliceosome is the U2 snRNP, which is involved
throughout the splicing cycle. It is in charge of selecting the correct BPS to form
Complex A. There are two forms of U2 snRNP, 17S U2 snRNP which joins the
spliceosome and 12S U2 snRNP that is released after splicing. The 12S U2 snRNP, is
composed of the U2 snRNA and core proteins. The 17S U2 snRNA, is composed of
three multiprotein families that assemble in the following order 12S U2 snRNP

+SF3B—=> 15S U2 snRNP+ SF3A = 17S U2 snRNP. The U2 snRNP has been studied



since the early 1990s by the Kramer, Liihrmann and Reed lab groups and yet it is not
fully understood how the U2 snRNP selects the canonical branch point sequence (Brosi
et al., 1993; Gozani et al., 1998; Kramer et al., 1999; Chiara et al., 1996).
1.5 SF3B1 guides the U2 snRNP to the correct branch point sequence

SF3B1 is the largest component that belongs to the SF3B multi-complex protein
family with 22 heat-repeats and has been shown to help guide the U2 snRNP to the
correct sequence (Gozani et al., 1998). What is most fascinating about this protein is
that cryo-EM and crystallography structures have shown that SF3B1 is in either an
“open” or a “closed” conformation, forming a clamp. The current model for SF3B1 is
that it guides the U2 snRNP to the pre-mRNA where it serves to pinch the BPS to the
U2 snRNA. Afterwards, U2 snRNA undergoes many rearrangements during splicing,
and what controls U2 snRNA rearrangement is unknown. DDX46 (Prp5 in yeast), an
ATP-dependent helicase, is needed to form a pre-spliceosome (O'Day et al., 1996).
Excitingly, a recent paper by the Lithrmann group revealed that ATP-dependent
helicase DDX46 and HTATSF1 hold the U2 snRNP in the “open” conformation while
also holding the U2 snRNA in the BSL form (Zhang et al., 2020).
1.6 Mutations in SF3B1 lead to aberrant transcripts

A single intron contains many BPS (YUNAY) and 3°SS (YnNCAG) sequences,
and selection of the incorrect BPS will produce an aberrant transcript which will result
in an aberrant protein or will be degraded through nonsense-mediated decay. Selection
of the noncanonical BPS can induce selection of the wrong 3°SS (Darman et al., 2015).

Mutations in SF3B1 have been associated with diseases such as cancer where mutations



occur in heat repeats 4-12, and lead to changes in BPS selection. Figure 1-4 illustrates

the impact of SF3B1 mutations in splicing (Zhou et al., 2020).
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Figure 1-4: SF3B1 mutations lead to misregulation in splicing.

A) Wild-type SF3B1 recognizes both the canonical branch point sequence and 3’ splice
site leading to canonical protein production. B) Mutated SF3B1 selects an upstream
branch point sequence leading to selection of cryptic 3° SS. An aberrant protein is
produced or nonsense mediated decay results in RNA degradation (Zhou et al., 2020).
© Springer Nature

1.7 Diseases associated with SF3B1 mutations

Mutations in genes encoding splicing factors have been found in
myelodysplastic syndromes (MDS), acute myeloid leukemia (AML) patients and solid
tumors such as breast and pancreatic cancers (Schmidt et al., 2011; Yoshida and
Ogawa, 2014; Maguire et al., 2015; Papaemmanuil et al., 2011). Certain SF3BI
mutations such as K700E are more common in ER-positive types of breast cancer

(Maguire et al., 2015). In MDS patients, specific mutations in SF3B1 were associated



with ring sideroblast phenotypes (Cazzola et al., 2013). SF3B1 mutations in uveal
melanoma were associated with alternative splicing of the 3’ end of transcripts (Furney
etal., 2013). The biological relevance of SF3B1 is important to study for human health.
The mechanism of action of what allows for certain SF3B1 mutations to be associated

with specific disease types is not very well understood, Figure 1-5 (Zhou et al., 2020).

SF3B1 HEAT repeats
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Figure 1-5: SF3B1 mutations associated with disease.

Heat repeats 4-12 contain the most mutations in the SF3B1 gene (Zhou et al., 2020). ©
Springer Nature

1.8 Drugs that target SF3B1 help us learn about splicing and cancer

Spliceostatin A (SSA), Pladienolide B (PB) and herboxidiene B (HB) represent
three small-molecule families with complex structures that target SF3B (Yokoi et al.,
2011). All of these drugs have been extracted from bacteria and contain antitumor
properties. PB has been found to inhibit growth in 37 cancer cell lines which include
prostate and breast cancer cells. (Mizui et al., 2004). To investigate what bound to SSA,
an experiment in which biotinylated SSA was used to pull down proteins associated
with the drug identified SF3B compounds. Furthermore, LC-MS/MS analysis revealed
that those proteins were components of the SF3B multi-protein family (Kaida et al.,
2007). Western blotting using SF3B antibodies gave additional evidence that these

proteins were indeed from SF3B. They are referred as “SF3B1 inhibitors” since after



one wash with SDS-containing buffer the only protein bound to biotinylated SSA was
SF3BI.

One large gap in the field is how do these small-drug molecules inhibit splicing?
Currently, it is known that all three inhibitors stall splicing at Complex A, but when
HeLa nuclear extract with PB was challenged by heparin, Complex A was unstable
(Effenberger et al., 2016b). SF3B1 structure model PB embedded near residues of the
BPS-binding pocket, these residues are consistent with residues that confer resistance
or sensitivity to PB(Cretu et al., 2018; Finci et al., 2018). Figure 1-6 demonstrates how
SF3B1 clamps U2 snRNA and pre-mRNA (Yan et al., 2016). Expanded upon in
Chapter 2, all structures have different chemical structures and IC50s (the
concentration needed to reduce in vitro splicing by half), they all target the same
binding site (Effenberger et al., 2016b). It is not known at what splicing stage inhibitors
binds to SF3B1 or if drugs join the U2 snRNP, SF3B or SF3BI1 first? My research will
help in understanding how these small-drug molecules interact with SF3B1 and how
we can use that information to modify chemical features to use them as
chemotherapeutics. In addition, we will learn how mutations in SF3B1 lead to mis-

regulation in splicing, which leads to all kinds of diseases.



Figure 1-6: Cryo-EM structure of B**‘spliceosome.

A) SF3B1 (yellow) in a closed conformation clamping U2 snRNA (orange) and pre-
mRNA (gray). B) Close-up of branch region/U2 snRNA base pairs with bulged
adenosine (cyan) near the SF3B1 inhibitor resistance mutations (magenta). Adapted
from Yan et al. Science 2016 by Dr. Melissa S. Jurica.

1.9 Contribution to the dissertation

Excitingly, we have a snapshot of different SF3B1 conformations and a model
of how SF3B1 guides the U2 snRNP to the correct BPS. However, we do not know at
what stages each SF3B1 conformation occurs or what controls for conformational
changes. A current model suggests that inhibitors hold SF3B1 in an open conformation,
but it is still not known what chemical features allow for inhibition and binding. The
goal of my dissertation is to understand the following: 1) The role of SF3B1 in early
spliceosome assembly 2) Expand our knowledge of inhibitors to use as tools to study
SF3B1 3) Understand how SF3B1 inhibitors affect the U2 snRNP in terms of protein
and RNA composition. In Chapter 2, I discuss small drug molecules that target SF3B,
give an overview of their structure, clinical relevance to cancer and implications to the
splicing field. In Chapter 3, I will present findings that support different SF3B1

conformations in early spliceosome assembly and chemical features that are important

10



for inhibition. I delve more into understanding herboxidiene, as it is simpler relative to
PB because of the smaller ring. We will identify chemical features that tolerate changes
and those that are required for inhibition. Lastly, in Chapter 4, 1 will present
preliminary data exploring how SF3B inhibitors affect U2 snRNP. My thesis will help
the splicing field learn more about the mechanism of how SF3B1 guides the U2 snRNP

to the correct BPS.
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Chapter 2: Discovery of small drug molecules that target SF3B
2.1 Biochemical evidence inhibitors target SF3B

SF3B1 inhibitors (PB, SSA, HB) have complex chemical structures and target
SF3B. They require varying concentration to inhibit splicing and it is not known what
allows them to have different potencies. To further investigate how small-drug
molecules target SF3B complex, the Jurica and Ghosh Lab investigated the structure-
activity relationships of the compounds and identified inactive analogs (Figure 2-1)
(Effenberger et al., 2016b). Essentially, inactive analogs have similar chemical
structures as their active parent drugs but have extra or removed chemical features
preventing them from inhibiting, but still bind to SF3B. Inactive analogs are used as
competitors. In a splicing in vitro assay, adding inactive compound allowed for
splicing. To investigate if compounds were inactive because they did not interact with
SF3B1 or because they do not interfere with SF3B1 function; a competition in vitro
assay was developed in which active and varying concentrations of inactive compounds
were added simultaneously. Results indicate that splicing can be rescued when higher
concentrations of inactive compounds were added along with the active compounds
(Figure 2-2). Thus, the inactive compounds serve as competitors of SF3B1 inhibitors.

Effenberger et al. wanted to investigate if all three active compounds bind the
same SF3B1 site. They used the same competition assay in which they added active
drug with varying concentrations of inactive compounds. The only difference in this
assay was that the inactive compound was structurally different from the parent active

compound. Results indicate inactive compounds can outcompete other active

12



compounds that were structurally different. These data suggest that all active

compounds and their inactive competitors bind the same SF3B1 site. The next step to

understanding how SF3BI1 functions and what the drugs target is through structural

studies of drug/protein interactions. In the next section, I will review SF3B1 structures

from different splicing steps observed in yeast and human cells.

iHB
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O~ "Me Me" 'O Me

Figure 2-1: Chemical structures of active compounds and inactive analogs.

Left column active compounds top to bottom. HB: herboxidiene, PB: Pladienolide B
and SSA: Spliceostatin A. Right column inactive compounds top to bottom. inactive
HB, inactive PB and inactive SSA (Effenberger et al., 2016b).
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Figure 2-2: Inactive compounds can be used interchangeably to rescue splicing.

Representative denaturing gels of in vitro splicing. A) Competition phases were done
by adding SSA (1uM), PB(1uM), or HB (1uM), simultaneously with iSSA, iPB or iHB
at different concentrations (1, 10, 100uM). B) Same as A except an inactive compound
was added that did not belong to the same family of the active compound. (Effenberger
et al. 2016).

2.2 Structural evidence that SF3B1 inhibitors bind to the Branch Point Adenosine
pocket

The first SF3B1 human crystal structure was isolated along with SF3B proteins
(Cretu et al., 2016). When the structure was overlaid with yeast structure from the B***
of yeast, there was a clear distinction of “opened” and “closed” SF3B1 protein (Yan et
al., 2016; Finci et al., 2018; Cretu et al., 2018). Figure 2-3 illustrates the “opened” and
“closed” states of SF3BI1.

Cryo-EM and crystallography structures modeled SF3B1 inhibitors binding to
SF3B. In a cryo-EM structure, E7107, a PB derivative, was shown to bind at the

interface of SF3B1 and PHF5A. Compound binding did not have a conformational

14



impact on SF3B1, SF3B3, SF3B5 and PHF5A. In fact, the conformation of these four
proteins were similar to that of the human crystal structure of SF3B.

Months after the publication of the E7107 bound to SF3B1 using cryo-EM, the
Pena lab reported a structure of PB bound to SF3B demonstrating how PB binds close
to the branch sequence adenosine pocket (Cretu et al., 2018). PB is wedged between
SF3B1 heat repeats 15, 16, 17 and PHF5A, preventing SF3B1 from forming a “closed”
state. The consequences of leaving SF3B1 in an “open” state is that branch helix may
not be fully docked on SF3B, which could explain why the drugs stall at an unstable
Complex A (Folco et al., 2011; Effenberger et al., 2016b). One common feature that
all of these drug’s hold is a diene group in the center of the drugs. The diene group of
PB is sandwiched in the middle of a tunnel like feature formed by SF3B1 and PHF5A
(Figure 2-4) (Lopez, A.G., et. al. 2021). This finding is consistent with an earlier model
demonstrating that SF3B1 inhibitors bind to a pocket near SF3B multi-complex protein
(Teng et al., 2017). We have biochemical and structural data showing how SF3BI
inhibitors affect splicing, but what do they do in cells?

2.3 What do drugs do in cells and what is their medical relevance?

There are many variables that can be measured in cells: cell cycle effects,
growth rates, alterations in splicing. PB was shown to inhibit growth of six drug-
resistant cells lines. WiDr and DLD1 human colorectal cancer cells were used to
develop PB resistant cells lines, but more molecular evidence was needed to understand
inhibition (Mizui et al., 2004). Using mRNA-Seq differential analysis of cancer cells,

mutations in SF3B1 were discovered (Yokoi et al., 2011). A similar study was
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Figure 2-3: Crystal structure of SF3B1.

SF3B1 is highlighted in blue. Yellow represent areas resistant to drugs and pink
represents compound target. A) SF3BI1 closed state B) SF3B1 open state. Adapted from
Cretu 2016. Created by Dr. Melissa S. Jurica.

N
-

Figure 2-4: HB tunneled between PHF5A and SF3Bl1.

A) Model of herboxidiene bound to SF3B inhibitor channel between SF3B (teal) and
PHF5A (purple). B) Mutations of labeled residues in yellow confer resistance to
Pladienolide B or herboxidiene. (Lopez, A.G., et. al. 2021).
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conducted in which E7107 and herboxidiene were used in HCT116 human colon cancer
cell lines to investigate if cells would evolve mutations that confer resistance to drugs.
New resistance mutations were found in PHF5A (Teng et al., 2017). Growth inhibition
profiling of resistant clones of SF3B1 (R1074H, V10781 and V1078A) and PHF5A
(Y36C) were shown to confer resistance to SF3B1 inhibitors. Not only can cells form
mutations with inhibitors, but also affect structures in the nucleus. SF3B1 inhibitors
convert nuclear speckles to mega speckles, which are cell bodies containing snRNPs,
SR proteins and transcription factors. Accumulation of unspliced transcripts were
found in nuclear speckles when splicing was inhibited (Effenberger et al., 2014;
Carvalho et al., 2017; Idowu et al., 2015). PB was shown to induce cell cycle and
apoptosis in human cervical carcinoma cells and inhibited SF3B1 expression at higher
drug concentrations (Zhang et al., 2019). It is not known if nuclear speckles are
independent of cell arrest or if they are related. We also do not know if there is a
signaling cascade connecting all of these pathways.

Another question is how do SF3BI1 inhibitors affect at the transcriptome level.
RNAseq data show that only some genes show strong splicing changes and not all
changes are consistent. Exon skipping was observed following SF3B1 inhibition (Wu
etal., 2018). Itis very unclear how changes in alternative splicing occur in the presence
of drugs. Vigevani et al. demonstrated drug structure has an effect on exon skipping
and intron retention. For example, SSA had a higher intron retention than Sudemycin

(Vigevani et al., 2017). It is important to study the molecular mechanism of these drugs
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to better understand off-target affects and how to target cancer cells. One concern about
using inhibitors is how do we make sure they don’t kill cells that are not cancerous?
One study demonstrated that exposing PB to normal skin cells leads to apoptosis
through the p53 pathway (Hepburn et al., 2018). Therefore, it is in our interest to

continue to pursue SF3B1 inhibitors as chemotherapeutics (Lee et al., 2016).

2.4 Overview of SSA

SSA derivatives (FR901463, FR901464 and FR901465) were isolated from the
culture of bacterium Pseudomonas sp. N. 2663 where FR901464 was found to be the
most promising for anti-tumor effects (Nakajima et al., 1996b; Nakajima et al., 1996a).
Since then, SSA has been studied at the molecular level in in vivo studies (Thompson
et al., 2001; Ghosh et al., 2014a; Roybal and Jurica, 2010). Studies using SSA have
demonstrated that it causes apoptosis in chronic lymphocytic leukemia (Larrayoz et
al., 2015). Yoshimoto et al. investigated the global effect of SSA on splicing and
determined SSA caused intron retention and short transcripts leak into the cytoplasm
(Yoshimoto et al., 2017). It is not known what allows for intron retention in SSA as
other SF3B1 inhibitors do not have the same effect. One recent derivative of SSA (1,2-
deoxy-pyranose derivative) inhibited androgen receptor splice variant 7 (AR-V7) at
3.3nM, which is much more potent than SSA at ICs070nM, passed an in vivo toxicity
evaluation using wild-type mice (Yoshikawa et al., 2020; Effenberger et al., 2016b).
SSA is the most potent of SF3B1 inhibitors. SSA has been evaluated to be a tumor
growth suppressor, but one of the challenges of SSA is synthesizing and designing

chemical features to the complex structure (Figure 2-5).
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SSA

Figure 2-5: SSA and derivates.
Changes different from SSA are highlighted in red.

2.5 Overview of Pladienolide B

A group of Pladienolides were derived from Streptomyces platensis
(Pladienolide A-G) (Sakai et al., 2004a; Sakai et al., 2004b). Pladienolide B (PB)
demonstrated the strongest anti-tumor activity in in vitro and in vivo studies (Mizui et
al., 2004; Kotake et al., 2007). PB is the second most potent of SF3B1 inhibitors
needing 0.09uM to inhibit splicing by half (Effenberger et al., 2016b). Tumor activity
in mice that were xenografted with gastric cancer from human cells disappeared after
two weeks after treatment with PB and also demonstrated apoptosis (Sato et al., 2014).
The first clinical trials of PB were using derivative E7107 in 40 patients with solid

tumors to identify dose-limiting toxicities and explore any side effects (Eskens et al.,
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2013). The study confirmed that there was a decrease in mRNA levels in target genes.
A concurrent study found blurred vision was a side effect of E7107, but vision was
restored upon discontinuation of the drug (Hong et al., 2013). H3B-8800 is another PB
derivative that was shown to selectively kill SF3B1 mutant leukemia cells and induce
antitumor activity in xenograft leukemia models is also undergoing clinical trials
(Seiler et al., 2018; Rioux et al., 2020). To date, PB has been the only SF3B1 inhibitor
that has undergone clinical trials. One of the challenges of PB (Figure 2-6), such as
with SSA is having a complex ring structure that makes it difficult to synthesize.
2.6 Overview of HB and derivatives

Herboxidiene (HB) was first discovered as a herbicide and was isolated from
fermentation broth of Streptomyces chromofuscus (Miller-Wideman et al., 1992). HB
was later discovered to have antitumor effects and is the least potent of all the drugs,
needing 0.23uM to inhibit splicing by half (Sakai et al., 2002). In addition, synthesis
of HB has been studied more than the biological implications, where medicinal
chemists are pursing derivatives that are feasible to create (Ghosh et al., 2014b)
(Lagisetti et al., 2014). HB has been modeled inside SF3B to predict interactions with
SF3B1 and PHF5A (Cretu et al., 2018). To date there are no herboxidiene analogs in
clinical trials and more molecular studies of herboxidiene need to be done to better
understand its mechanism of action. The Ghosh and Jurica labs recently discovered
new HB analogs with anti-tumor properties as shown in Figures 2-7 and 2-8 (Ghosh et

al., 2021).
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Figure 2-6: Pladienolide B and derivatives.

Changes different from PB are highlighted in red.
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HB

Figure 2-7: Herboxidiene and derivatives.

Changes different from HB are highlighted in red.
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Figure 2-8: New Derivatives of herboxidiene inhibit spliceosome assembly.

Representative native gel analysis of spliceosome assembled for 0, 4, 15 and 30 min at
30°C in the presence of compounds 12,13,14 and 15 from Figure 2-7 with varying
concentrations. The identities of the spliceosome complexes occur in the following
order: H/E ->A->B->C. (Ghosh et. al. 2021)

2.7 Challenges when creating SF3B1 inhibitors and contribution to the
dissertation

One of the many challenges of synthesizing SF3B1 inhibitors is adding
chemical features to certain regions of the molecule because the chemistry is not

possible (Arai et al., 2014). Creating drugs involves multiple steps that can be time
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consuming, high cost and low production. Compounds selected by nature for activity
often contain complex shapes and functional groups. Finding a synthetic pathway to
produce the product is not always feasible and does not always produce a high yield.
For example, synthetically producing PB takes a series of 24 steps (Ghosh and
Anderson, 2012). Nature has developed bacterial enzymes to carry out these steps with
precise stereochemistry. For example, Machida et al. studied the gene cluster
organization synthesis of PB which has a simpler pathway than when done
synthetically (Machida et al., 2008). Once a new drug product is screened a biological
profile of the drug is needed which can be very costly (Blakemore et al., 2018). Creating
enantiomers and bioproducts is also a concern as well as drug purity. Drug storage and
creating a stable environment for longevity depends on the properties of the drug and
what vehicle will be used for patient delivery. Lastly, we know some aspects of how
the drugs work, but do not fully understand how they bind and how they interfere with
SF3B. We know that SF3B inhibitors stop cell growth, mutations close to the SF3B
binding pocket are resistant to inhibitors, but so far, all this evidence leads to splicing.
Lastly, drugs that do not inhibit splicing are correlated to drugs that do not inhibit cell
growth. Part of my dissertation will be focused on better understanding the chemical
features of herboxidiene. I will specifically be focusing on the ring and will examine

how chemical changes in C1 and C6 affect binding and inhibition to SF3B1.
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Chapter 3: Herboxidiene features that mediate conformation-dependent SF3B1
interactions to inhibit splicing
3. 1Abstract

Small molecules that target the spliceosome SF3B complex are potent inhibitors
of cancer cell growth. The compounds affect an early stage of spliceosome assembly
when U2 snRNP first engages the branch point sequence of an intron. Employing an
inactive herboxidiene analog (iHB) as a competitor, we investigated factors that
influence inhibitor interactions with SF3B to interfere with pre-mRNA splicing in vitro.
Order-of-addition experiments show that inhibitor interactions are long lasting and
affected by both temperature and the presence of ATP. Our data are also consistent with
the model that not all SF3B conformations observed in structural studies are conducive
to productive inhibitor interactions. Notably, SF3B inhibitors do not impact an ATP-
dependent rearrangement in U2 snRNP that exposes the branch binding sequence for
base pairing. We also report extended structure— activity relationship analysis of the
splicing inhibitor herboxidiene. We identified features of the tetrahydropyran ring that
mediate its interactions with SF3B and its ability to interfere with splicing. In the
context of recent structures of SF3B bound to inhibitor, our results lead us to extend
the model for early spliceosome assembly and inhibitor mechanism. We postulate that
interactions between a carboxylic acid substituent of herboxidiene and positively
charged SF3B1 side chains in the inhibitor binding channel are needed to maintain
inhibitor occupancy while counteracting the SF3B transition to a closed state that is

required for stable U2 snRNP interactions with the intron.
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Figure 3-1: Temperature and ATP influences inhibitor access to SF3B
Keywords: SF3B, pre-mRNA splicing, SF3B inhibitors, herboxidiene analogs
3.2 Introduction

The spliceosome is responsible for removing introns from gene transcripts in
eukaryotes to generate messenger RNAs (mRNA). It assembles on each intron to be
removed from a transcript from five U-rich small nuclear RNAs complexed in
ribonucleoproteins (snRNPs), which join with dozens of additional proteins through a
complicated series of interactions and structural rearrangements. In early spliceosome
assembly, U2 snRNP, which consists of U2 snRNA, core proteins and the SF3A and
SF3B multi-protein complexes, joins the intron to form the A-complex spliceosome.
U2 snRNA base pairs with the neighboring nucleotides of the branch point sequence
(BPS) to specify an adenosine residue near the end of intron as the branch point
(Plaschka et al., 2018; Parker et al., 1987). Because the 3’ splice site is typically the

first AG dinucleotide within a certain downstream distance from the branch point,
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selection of the BPS also determines the end of introns (Chen et al., 2000; Taggart et
al., 2012; Smith et al., 1989; Smith et al., 1993; Reed, 1989). Proteins involved in BPS
selection, including SF3B components, are frequently mutated in some cancers and
dysplasia, which suggests a role for intron definition in carcinogenesis (Hubert et al.,
2013; Quesada et al., 2011; Yoshida et al., 2011; Papaemmanuil et al., 2011). Specific
SF3B1 cancer mutations are linked to use of an aberrant branch point and 3’ splice site
in some transcripts, indicating that SF3B1 normally helps ensure fidelity of BPS
selection (Tang et al., 2020; Darman et al., 2015; Alsafadi et al., 2016).

Recent cryo-EM structural models of the spliceosome captured at the earliest
stage of assembly provide some clues for how SF3B1 participates in BPS recognition
(Maji et al., 2019; Plaschka et al., 2017; Plaschka et al., 2018; Bai et al., 2018). The N-
and C-terminal regions of the central C-shaped HEAT-repeat domain of SF3B1 come
together and appear to clamp onto the branch helix formed by U2 snRNA and the
intron. This conformation sequesters the bulged branch point adenosine into a pocket
formed between PHSFA and SF3B1 HEAT repeats 15 and 16. Interestingly, in
structures of U2 snRNP and isolated SF3B protein complex, the same domain exhibits
a more open conformation that hinges at the same two HEAT repeats (Cretu et al.,
2016; Zhang et al., 2020). Together, these structures imply that closing the SF3B clamp
is a critical step in BPS selection.

Pladienolide B (PB), spliceostatin A (SSA) and herboxidiene (HB), first
identified as potent inhibitors of tumor cell growth, are natural products that target

SF3B and interfere with spliceosome assembly as U2 snRNP joins the intron to form
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the spliceosome A-complex (Mizui et al., 2004; Kotake et al., 2007; Roybal and Jurica,
2010; Corrionero et al., 2011; Folco et al., 2011; Effenberger et al., 2014). Structures
of SF3B bound to PB revealed the inhibitor cradled in a channel between PHF5A and
SF3B1 HEAT repeats 15 and 16 in the open conformation and the inhibitor is proposed
to block SF3B closing (Finci et al., 2018; Cretu et al., 2018). In structures where SF3B1
is closed over the branch helix, several residues that contact the inhibitor are rearranged
to form the pocket for the branch point adenosine, which effectively eliminates the
inhibitor channel.

We previously reported that splicing inhibition by PB, SSA and herboxidiene
can be masked by addition of an excess of some inactive analogs regardless of the
structural family (Effenberger et al., 2016b). We hypothesized that the inactive analogs
compete for the inhibitor channel but lack a chemical feature that is required for either
more stable binding or interfering with SF3B function. We test the model in this study
with a systematic series of analogs and conclude that SF3B1 interactions with the C1
carboxylic acid of herboxidiene are essential for the inhibitor to maintain binding in the
context of SF3B closure over the branch helix. We also find that all SF3B inhibitors
exchange very slowly relative, which enabled us to investigate factors that influence
inhibitor interactions via competition studies. Our evidence points to SF3B
conformation controlling access to the inhibitor binding channel, which is further
regulated by an ATP-dependent event.

By differentiating chemical features of herboxidiene that contribute to binding

and inhibitory activity, our results will support its therapeutic development. Already,
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derivatives of PB and SSA show chemotherapeutic promise by decreasing the volume
of human tumors implanted in mice and repressing expression and oncogenic splicing
variant that confers chemotherapy resistance (Hong et al., 2013; Yoshikawa et al.,
2020; Seiler et al., 2018). However, none have passed clinical trials (Eskens et al.,
2013; Hong et al., 2013). Improvements based on structure activity relationship (SAR)
studies are hampered by the structural complexity of these natural products. Our results
here demonstrate that tuning the activity of herboxidiene, which has a somewhat
simpler structure relative to SSA and PB, is more feasible and enables a deeper
investigation into SF3B mechanism needed to realize the promise of splicing inhibitors
for human health

3.3 Results and Discussion

Order of addition affects competition between SF3B inhibitors and inactive analogs

We previously showed that when 1 uM herboxidiene, PB or SSA alone is
included in an in vitro splicing reaction, splicing products are not detected. However,
when 100 uM of an inactive analog of herboxidiene (iHB) is added simultaneously,
splicing products are produced at levels nearly equivalent to control reactions with no
added inhibitor. We tested whether the order of addition affects competition between
SF3B inhibitors and iHB competitor. We reasoned that if inhibitor interactions
exchange rapidly with SF3B, then incubating the inhibitor in nuclear extract prior to
adding excess inactive competitor would have no effect on the competitor’s ability to
rescue in vitro splicing from inhibition. Alternatively, if the inhibitor exchanges slowly

or interferes irreversibly with SF3B function, then excess inactive competitor added
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after the inhibitor would not be able to replace it and result in low splicing efficiency.
To distinguish between these two possibilities, we incubated 1 uM PB in nuclear
extract for 10 minutes (binding phase), and then added 100 uM 1HB for an additional
10 minutes (competition phase) (Figure 2A). We then tested the nuclear extracts for in
vitro splicing efficiency (splicing phase). In control experiments, nuclear extract treated
with PB or SSA followed by DMSO yielded no splicing products (Figure 2B lanes 3
and 6, and 2C). An excess of inactive competitor iHB added before inhibitor PB or
SSA rescues splicing efficiency to the level of DMSO controls, consistent with previous
results with simultaneous addition (Figure 2B lanes 5 and 8, and 2C) (Effenberger et
al., 2016B). In contrast, when PB or SSA is incubated with nuclear extracts before
addition of excess iHB competitor, splicing efficiency is greatly reduced, although not
completely lost relative to the inhibitor alone (Figure 2B, lanes 3-5 and 6-8, and 2B).
We also tested less potent inactive competitor analogs of PB and SSA in the same
manner with similar outcome (Supplemental Figure 2). Ordered competition with
herboxidiene does yield a strong difference in splicing inhibition, which is consistent
with its lower potency relative to SSA and PB (Supplemental Figure 2). Although our
assay does not directly measure binding, these results are consistent with a very slow
off-rate for PB and SSA, which opened the door to using the competition assay to assess

factors that affect the interaction between SF3B and its inhibitors.

30



o
2 Q
| Nuclear Extract 22 3 2 o 4 100+
- = 2 oo 2 I G
x amse giizecti
X < « <
Compoundt 22282882 7m
L _ o
| -~
55 %]
+ —Competion we—= ‘5
Compound 2 Phase a
25
l - . -
+ o
Splicing  [— Splicing - 4‘?0 .?o .{’O &
Substrate Phase . " § § 9§ &
- 09
- - 1.2 3 45 6 7 8 §

Figure 3-2. Order of addition affects competition between SF3B inhibitors and
an inactive herboxidiene analog.

A) Schematic of order of addition assay. B) Representative denaturing gel analysis of
in vitro splicing. Binding and competition phases were 10 min at 4 °C with DMSO,
iHB (100 uM), PB (1 uM), or SSA (1 uM) and denoted Compound 1: Compound 2.
The splicing phase was 30 min at 30 °C. Band identities are illustrated on the left as
(top to bottom): lariat intron intermediate, pre-mRNA substrate, mRNA product, 5’
exon intermediate and linear intron product. Chemical structures of compounds are
illustrated in Supplemental Figure 1. C) Splicing efficiency quantified from denaturing
gels plotted relative to DMSO control. Mean normalized splicing efficiency is
displayed as bars, with experimental replicate values represented by different shape.
*#%p<0.001.

Inhibitor interactions with SF3B are modulated by temperature

Because structural models imply that an open SF3B1 conformation is required
for inhibitor binding (Plaschka et al., 2018; Cretu et al., 2018), we reasoned that
temperature may modulate SF3B conformational dynamics and affect accessibility of
the inhibitor channel. We repeated the same order of addition assay and compared the
effect of incubating inhibitors during the binding and competition phases at 4°C vs.
30°C, while the splicing phases remained at 30°C (Figure 3A). In the absence of

competition, incubation temperature has no significant effect on splicing or splicing
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inhibition (Figure 3B, C). The result is different in the context of competition. When
SSA, PB or herboxidiene is first incubated in nuclear extract at 30°C before addition
of excess iHB competitor, the extract’s splicing efficiency is lower compared to when
they are first incubated at 4°C (Figure 3A lanes 6 vs 7, 8 vs 9 and 10 vs 11). The effect
of a higher temperature incubation providing inhibitors a stronger competitive
advantage relative to lower temperature incubation also holds for less potent inactive
competitor analogs of PB and SSA (Supplemental Figure 3). The difference is
consistent with differential accessibility of the inhibitor binding channel in SF3B
depending on its conformation. We speculate that higher temperature favors the SF3B1
open conformation to give the inhibitor more opportunity to interact with SF3B before
the competitor is added, which enables the inhibitor to prevent splicing when substrate

is introduced into the extract.
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Figure 3-3. Temperature affects competition between SF3B inhibitors and
inactive analogs.

(A and B) Representative denaturing gels as described in Figure 1. Binding and
competitions phases were 10 min at 4 or 30 °C with DMSO, HB (1 uM), PB (1 uM),
SSA (1 yM), or iHB (100 yM). C) DMSO, HB (1 uM), PB (1 pM), SSA (1 pM), or
iHB (100 uM). (c¢) Splicing efficiency quantified from denaturing gels as described in

Figure 1. n.s.=p = 0.033, *p <0.033, **p < 0.002.
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Temperature-dependent interactions with SF3B are not modulated by ATP

The mechanisms controlling SF3B conformation are not fully understood. A
recent cryo-EM structure of the U2 snRNP revealed SF3B in the open conformation
with the inhibitor binding channel accessible (Zhang et al., 2020). Notably, the RNA-
dependent ATPase DDX46 (human ortholog of yeast Prp5) contacts SF3B1. In the
competition assays described above, we included ATP during inhibitor incubation in
the nuclear extracts. To test the hypothesis that the temperature dependent effects on
inhibitor interactions with SF3B were mediated by an ATP-dependent event, we
repeated the splicing assay but excluded ATP during the competition phase of the
experiment. Surprisingly the absence of ATP during the competition phase did not
abolish the effect of temperature on splicing inhibition. ATP-depleted extracts
incubated with inhibitor at 30°C followed by excess competitor still exhibited lower
splicing efficiency relative to competition at 4°C (Figure 4A lanes 4 vs. 5, 6 vs. 7, and
4B). We conclude that SF3B1’s ability to transition from a closed conformation that is
refractory to inhibitor binding, to an open conformation that is available for inhibitor
binding is influenced by temperature. Nevertheless, the presence of ATP does favor
inhibitor interactions 30°C (Figure 4A lanes 4 vs. 6, and 3B), meaning that ATP
promotes inhibitor access to SF3B independent of temperature, possibly through the

activity of DDX46.
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Figure 3-4. Temperature-dependent modulation of SF3B inhibition is
independent of ATP.

A) Representative denaturing gel as described in Figure Binding and competitions
phases were 10 min with 1 uM HB or 100 uM iHB. B) Splicing efficiency quantified
from denaturing gels as described in Figure 1. C) Primer extension analysis of targeted
DNA-oligo mediated RNase H digestion of U2 snRNA in nuclear extracts. Extracts
were incubated £ ATP and 1 uM SSA for 10 min at 30 °C prior to addition of oligos
complementary to the indicated nucleotides. ns = nonspecific oligo, ddTTP and ddGTP
= sequencing lanes.

ATP-dependent changes in U2 snRNA BBS accessibility are not influenced by

SF3B1 inhibitors

Stable incorporation of U2 snRNP in A-complex to establish the branch helix
requires at least one ATP-dependent step (Zhuang and Weiner, 1989; Wu and Manley,
1989; Konarska and Sharp, 1987). ATP is also required for U2 snRNP association with
pre-mRNA in the presence of both SSA and PB to form an unstable A-like complex in
which the branch helix is not fully formed (Roybal and Jurica, 2010; Corrionero et al.,
2011; Effenberger et al., 2016a). U2 snRNP conformation is also regulated by

ATP(Abu Dayyeh et al., 2002; Black et al., 1985; Folco et al., 2011). Folco et al
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reported that the PB analog E7107 inhibits U2 snRNPs ability to engage an oligo
containing the branch sequence, but that inhibition is bypassed by an ATP-dependent
rearrangement of the snRNP (Folco et al., 2011). We hypothesized that the small
improvement of inhibitor competition conferred by the presence of ATP at 30°C is due
to the same ATP-dependent rearrangement. To test this idea, we examined U2 snRNA
accessibility in the presence and absence of ATP and SF3B inhibitor.

Upon addition of DNA oligos that are complementary to regions accessible for
base pairing, endogenous RNase H in nuclear extract cleaves RNA in any RNA/DNA
hybrids that form. We tested DNA oligos targeting U2 snRNA nucleotides between
Stem I and Stem Ila, and mapped cleavage sites using primer extension. As predicted
by previous studies, cleavage efficiency changes in some regions when extracts are first
incubated with ATP (Black et al., 1985). The most predominate change is an increase
in cleavage at nucleotides 33 through 38 with an oligo complementary to nucleotides
24-38 (Figure 4C lanes 1-4). Notably, these nucleotides are the GUAGUA nucleotides
of the branch binding sequence that forms base pairs with an intron. They also sit in
the loop region of the branchpoint-interacting stem loop (BSL) as recently visualized
in the U2 snRNP structure(Zhang et al., 2020). Because ATP increases RNA cleavage
in this region, an unwinding of the BSL, potentially by DDX46, is a possible
explanation for the increased accessibility. Alternatively, release of DDX46 from the
snRNP may allow access to the DNA oligo probe. Surprisingly, the SF3B inhibitor
SSA does not interfere with the ATP-dependent changes in cleavage (Figure 4C). It is

therefore possible that exposing the branch binding sequence of U2 snRNA mediates
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the ATP-requirement for U2 snRNP associates with an intron in the presence of
inhibitor. The result also suggests that this event is independent of a transition from
open to closed SF3B conformation, although we cannot rule out that an open SF3B is
required. Notably, the previously described ATP-dependent conformational change in
U2 snRNP affected by SF3B inhibitors remains to be characterized (Folco et al., 2011).

Inactive analogs of SF3B inhibitors only lose some their competitive advantage over
time

The idea that splicing inhibitors preventing SF3B closure raises an interesting
question: How does iHB block SF3B inhibitor action, presumably by competing for
the SF3B channel, while at the same time not affect splicing? One possible explanation
is that the inactive compound exchanges rapidly from the binding site in comparison
with the apparent slow oft-rate for active compounds suggested by our order of addition
experiments. If true, when inactive compound is incubated in extract before adding
inhibitor, then competition will not show the same temperature dependence, because
the inactive compound be quickly replaced by an active inhibitor with the final shift to
30°C for the splicing reaction. Furthermore, the ratio of active to inactive compound
should affect both the extent and rate of competition. To test these predictions, we
repeated the order of addition experiment at both 4° and 30°C, but added 100uM, 10uM
or 1uM iHB first for 10 minutes, and followed with 1 uM SSA for another 10 minutes.
As predicted, splicing is rescued to the same level at both temperatures when an excess
of inactive competitor is added first (Figure 5A lanes 3 vs. 4, 6 vs.7,9 vs. 10 and 5B),
and holds for competitions with inactive analogs of PB and SSA followed by

herboxidiene, PB or SSA (Supplemental Figure 4a, b, c). When at a 1:1 ratio splicing
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was largely inhibited, but the small amount of splicing rescue was slightly higher for
competition at 4°C relative to 30°C. This result is consistent with SSA having increased
access to SF3B at the higher temperature as the inactive competitor leaves.
Differences in exchange rates for inactive competitors vs. SF3B inhibitors also
predict that extending competition for a longer period of time should result in decreased
splicing rescue when inactive competitor is followed by an inhibitor that has much
slower exchange rate. We tested this expectation by incubating iHB in nuclear extract
for 10 minutes at 30°C and then adding PB to compete for 10, 30 or 90 minutes (Figure
5C lanes 1-4, 5-8, 9-12 respectively and 5D). To further bias competition toward the
active inhibitor, we used a ratio of 10:1 iHB to PB. Although splicing efficiency
decreases somewhat with longer competition, iHB’s competitive advantage still
remains after 90 minutes with only a 50% reduction relative to shorter competitions of
10 or 30 minutes (Figure 5C, D). Coupled with its ability to also rescue splicing at
relatively low concentrations (1:1 and 1:10), it appears that even though iHB’s
exchange rate from SF3B is higher than active inhibitors, it not rapid enough to explain

why iHB has no effect on splicing.
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Figure 3-5. SF3B inhibitors exchange more slowly than inactive analogs.

A) Representative denaturing gel as described in Figure 1. Binding and competitions
phases were 10 min with 1, 10, or 100 uM iHB and 1 uM SSA. B) Splicing efficiency
quantified from denaturing gels as described in Figure 1. C) Representative denaturing
gel with 10 min binding phase and varying length competitions phases at 30 °C. D =
DMSO, iH = iHB, P = PB. D) Splicing efficiency quantified for (C).
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Chemical features of herboxidiene differentially impact splicing inhibition and

competition

To further explore the chemical features of herboxidiene (1) important for
splicing inhibition and competition we tested a series of analogs in which we varied the
substituents at C1 and C6 positions (see Figure 6 for compound modifications
numbered (1)-(20). The inactive herboxidiene analog iHB (14) that we used for our
competition assays differs from the active parent compound herboxidiene at two
positions: an additional hydroxyl group at C5 of the tetrahydropyran ring, and
conversion of the C1 carboxylic acid to its methyl ester. The C1 methyl ester is likely
responsible for the lack of splicing inhibition, because the presence of the C5 hydroxyl
group alone (2) has a minimal effect on compound activity (Ghosh et al., 2014b). The
parent compound, herboxidiene (1), has an ICso value for in vitro splicing of 0.3
uM(Ghosh et al., 2014b). Removing the methyl group at C6 (3) or replacement with a
methylene group (4) had essentially no effect on compound activity, as their ICso values
remain sub-micromolar and comparable to herboxidiene (1). Flipping the chirality of
the methyl group (7), creating a di-methyl (6) or cyclopropane at C6 (8) each resulted
in >4-fold decreased inhibitory activity, while addition of a methyl ether (9) dropped
activity >10-fold. Inclusion of an epoxy group (17 and 18) or a dichlorocyclopropane
functionality (15) resulted over 500-fold decreased activity with an ICso value greater
than 100 uM, which we classify as inactive. From these results, we conclude that the
presence and orientation of the methyl group at C6 in herboxidiene is not crucial for

the inhibitor’s activity. However, increasing the size of the group at that position does
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have a deleterious effect. We also tested some of alterations at C6 (dimethyl,
cyclopropane, methylether, dichlorocyclopropane) in combination with a methyl ester
at Cl1. In this context, all compounds showed no activity at 100 uM, further supporting
a critical role for the carboxylic acid functionality at C1. Notably, substitution of the
carboxylic acid at C1 with carboxamide (10) along with an additional hydroxyl at C5
(12) strongly reduced splicing inhibition (>10-100-fold) but did not completely
inactivate the compound in our assay system. Converting the C1 carboxylic acid to its
hydroxymethyl derivative (11), in the context of the normally benign C5 hydroxyl
addition, also strongly affected activity. We next asked at what level inactive
herboxidiene analogs are able to compete with an inhibitor. Addition of most inactive
analogs at 100 uM rescued >95% of splicing activity normally completely inhibited by
1 uM PB, although rescue was slightly reduced with two compounds that had both a
methyl ester group at C1 and bulky adduct at C6. At a 10:1 ratio, compounds with

larger adducts at C6 (compounds 15-20) again yielded lower splicing rescue.
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Figure 3-6. Structure—activity relationships for herboxidiene activity and SF3B
interaction.

Summary of SAR results relative to the chemical structure of herboxidiene with
modifications colored by their location and grouped by the magnitude of effect on
inhibitor activity relative to the parent compound. Compounds with >500-fold decrease
in inhibitory activity were tested for their ability to rescue splicing activity with 1 uM
active splicing inhibitor at 100-fold and 10-fold excess. * indicates compounds new to
this study. a Refer to ref 39. b Refer to ref 40.

Modeling herboxidiene interactions with SF3B

We modeled herboxidiene into the PB binding site of the SF3B crystal structure
by overlaying the aliphatic arm and diene, and placing the carboxyl group over the ester
of PB’s macrolide ring similar to Cretu et al.(Cretu et al., 2018). The model predicts
that groups at C1 and C6 positions interact with residues from the U2 snRNP proteins
PHF5A and SF3B1 (Figure 7A). The methyl group at C6 is close to a surface of PHFSA
that remains relatively static in the context of SF3B1 closing. Compounds with larger
adducts at this position (for example, 15) would sterically clash, which explains both
their decreased potency as splicing inhibitors and decreased ability to compete with
active inhibitors. The carboxyl at group at C1 in interacts with residues in HEAT repeat
15 of SF3B1, which undergo a large structural shift when SF3B1 closes to engage the

branchpoint adenosine of an intron. Modifications at C1 decrease herboxidiene’s
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activity, showing that the position is important for inhibition, but have less impact on
competition. Extended competitions in which inactive competitor is added first are
consistent with iHB (14) having a higher exchange rate from the inhibitor binding
channel relative to strong inhibitors. Still, why the inactive compounds are able to block
SF3B inhibitors for extended periods of time, but do not block engagement of the intron
at the same level is puzzling. It may be that our changes at C1, which removes potential
hydrogen bonding partners, do not strongly affect affinity for the inhibitor binding
channel present in an open SF3BI. Instead, a carboxylic acid at C1 may be important
for stabilizing the position of nearby positively charged side chains and prevent their
normal rearrangement to contact the intron during SF3B1 closing. Consistent with this
idea, SF3B1 mutants have been identified as resistant to PB and herboxidiene (Yokoi
etal., 2011; Butt et al., 2019), and these mutations map to the positively charged amino
acids (K1070, K1071, R1074, R1075) that are situated adjacent to C1 in our model
(Figure 7B, C). We speculate that without the carboxylic acid functionality to compete
with the SF3B1 conformational change required for intron engagement, inactive
competitors are effectively ejected from SF3B upon closing. We aim to test this model
in the future with inactive herboxidiene analogs that are engineered with a cross-linking

group to stabilize their occupancy in the channel.
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Figure 3-7. Model of early spliceosome assembly and SF3B inhibition.

A) Model of herboxidiene bound to SF3B inhibitor channel between SF3B (teal) and
PHFS5A (purple). Positions are colored as follows: C1, blue; C5, green; C6, orange;
diene, black. B) Side chains located near the modeled position of herboxidiene CI.
Mutations of labeled residues in yellow confer resistance to Pladienolide B or
herboxidiene. C) Model of early spliceosome assembly steps and SF3B inhibitor
action.

3.4 Conclusion

The ability of iHB (14) to compete with inhibitors provides a unique way to
study the parameters that affect inhibitor activity, and by extension their molecular
target. Through order of addition experiments, we found that inhibitor interactions with
SF3B are long lived and that access to the inhibitor channel changes in response to
temperature and an ATP-dependent event. We also found that SF3B inhibitors do not
interfere with an ATP-dependent rearrangement that exposes U2 snRNA. These results
combined with previous studies lead us to expand the model of U2 snRNP addition to
the spliceosome (Figure 7C). Although SF3B inhibitors do not prevent U2 snRNP from
joining an intron in an A-like splicing complex (Roybal and Jurica, 2010; Corrionero
etal.,2011; Folco etal., 2011), the complex is less stable relative to the real A-complex,
and likely has not yet completely formed the branch helix (Corrionero et al., 2011;

Effenberger et al., 2016b). Notably even in the presence of inhibitor, ATP is required
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for U2 snRNP’s interaction with an intron. We hypothesize that this event may be
related to the rearrangement that leads to increased accessibility of the U2 snRNA
branch binding sequence. A recent cryo-EM structure revealed a population of U2
snRNPs in which the protein HTATSF1 is situated between the open “jaws” of SF3B1,
while the branch binding sequence of U2 snRNA is folded in the BSL and surrounded
by both HTATSF and DDX46 (Zhang et al., 2020). It may be that DDX46 uses ATP
to promotes these interactions to help stabilize the SF3B1 open conformation necessary
for inhibitor occupancy of the binding channel. We hypothesize that an ATP-dependent
restructuring of U2 snRNP, potentially involving the removal of HTATSF1 and/or
release of DDX46 would allow an intron initial access to U2 snRNA to form the A-like
complex stalled by SF3B inhibitors. We also suspect additional ATP-dependent
rearrangements in U2 snRNP are required for branch helix formation given the
extensive rearrangements of RNA/RNA and RNA protein interactions that must take
place for U2 snRNP to take on the structure observed in the cryo-EM model of A-
complex (Plaschka et al., 2018). Nearly irreversible inhibitor interaction with SF3B
prevents the transition to a closed SF3B1 conformation that is required to form or
stabilize the branch helix. Nailing down the players and order of these interactions is
the next challenge for splicing researchers, and SF3B inhibitors will likely continue to

be important tools for helping to probe the process.
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3.5 Materials and Methods
Synthesis of SF3B1 inhibitors and analogs

Synthesis of SF3B1 inhibitors and herboxidiene analogs (2), (3), (5) and (14),
are published(Ghosh and L1, 2011; Ghosh and Anderson, 2012; Ghosh and Chen, 2013;
Ghosh et al., 2014b; Ghosh et al., 2016). Herboxidiene analogs (4), (6-3) and (15-20)
were synthesized and purities were assessed by HPLC (>90% pure). The details of
synthesis are described in a separate publication (Ghosh et al., 2021).
In vitro splicing analysis

Pre-mRNA substrate was derived from the adenovirus major late (AdML)
transcript (sequence shown in Supplemental Figure 5). *?P-UTP body-labeled
G(5")ppp(5")G-capped substrate was generated by T7 run-off transcription followed by
gel purification. Nuclear extract was prepared as previously described (Dignam et al.,
1983) from HelLa cells grown in DMEM/F-12 1:1 and 5% (v/v) newborn calf serum.
Order of addition experiments started with 60 mM potassium glutamate, 2 mM
magnesium acetate, 2 mM ATP, 5 mM creatine phosphate, 0.05 mg/ml tRNA, 50%
(v/v) HeLa nuclear extract and first compound and incubated at 4°C or 30 °C. Next the
second compound was added, and the mixture was incubated for 10, 30 or 90 minutes
at 4°C or 30°C. Then, radiolabeled pre-mRNA was added to a final concentration of
10 nM and the mixture incubated at 30°C for 30 or 60 minutes. The RNA was isolated
from the reactions and separated on a 15% (v/v) denaturing polyacrylamide gel. 3%P-
labeled RNA species were visualized by phosphorimaging and quantified with

ImageQuant software (Molecular Dynamics). Splicing efficiency was quantified as the
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amount of mRNA relative to total RNA and normalized to a dimethyl sulfoxide
(DMSO) control reaction. Results were analyzed using unpaired t-test (two-tailed)
using GraphPad Prism version 9.0.1 for Mac, GraphPad Software, San Diego,
California USA.

For experiments testing ATP-dependency, HelLa nuclear extract was first
depleted of ATP by incubation at 30°C for 15 minutes. Following inhibitor
competitions with and without added ATP (2 mM), additional ATP (2 mM) was
included with pre-mRNA substrate to allow for splicing.

RNase H cleavage analysis

A mixture of 40% HeLa nuclear extract (depleted of ATP by incubating for 10
minutes at 30°C) 60 mM potassium glutamate, 2 mM magnesium acetate, 0.1 mg /mL
tRNA with and without 2 mM ATP and 1uM SSA or DMSO was incubated for 10
minutes at 30°C. DNA oligos complementary to U2 snRNA 24-38 nt or 32-46 nt were
added at 5 uM and incubated for another 15 minutes at 30°C to allow for cleavage by
endogenous RNase H. The oligos were degraded with addition of 1 pL. RQ1 DNase for
10 minutes at 30°C. RNA was isolated and used as template for reverse-transcription
primer extension reactions by first annealing with a 32P-radiolabeled primer
complementary to U2 snRNA 97-117 nt. Reverse transcription reactions contained 50
mM Tris pH 7.9, 75 mM potassium chloride, 7 mM DTT, 3 mM magnesium chloride,
1 mM dNTPs, and 0.5 ug reverse transcriptase (MMLYV variant). After a 30-minute
incubation at 53°C, DNA was isolated and separated on a 10% (v/v) denaturing

polyacrylamide gel that was dried and visualized as described previously.
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Supplemental Figure 3-1: Chemical structures of SF3B inhibitor analogs used in
this study

48



ns
|
1004 = " /
S
- § L S
NGO
=0
© =
=
g o 504
oD
(=8 =]
o
2 25
[ ]
0_ ’

O O 0000?‘6000 P P PR
é%@%*%@%*%*%?‘?‘?%?? QY. %65..??69‘2‘

0 QQ‘ c_,?‘@ Q@Q Q@Qev. V’ e 97’0 %?'
@9099‘*?‘*’8*’ &Q%} Wl P& TEEe

Supplemental Figure 3-2: Order of addition affects competition between SF3B
inhibitors and inactive PB and SSA analogs

Quantification of in vitro splicing assays. Prior to addition of splicing substrate, nuclear
extract was incubated at 4°C for 10 minutes with one of the compounds DMSO,
herboxidiene (HB, 1uM), SSA (1uM) PB (1uM) iHB (100uM), iSSA (100 uM) or iPB
(100 uM) followed by the indicated compound at same concentrations for another 10
minutes. Mean normalized splicing efficiency is displayed as bars, with experimental
replicates values represented by different shape and linked to illustrate the difference
in splicing rescue. *** p<0.001, ** p<0.002, * p<0.033,n.s. = p>0.033
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Supplemental Figure 3-3: Temperature affects competition with iSSA and iPB
but not inactive and active compound controls

A) Representative denaturing gel analysis of in vitro splicing using nuclear extracts
incubated at 4°C or 30°C for 10 minutes with DMSO or 100 uM (iSSA, iPB), followed
by DMSO for 10 minutes. Band identities are illustrated on the left as (from top to
bottom) lariat intermediate, lariat intron product, pre-mRNA substrate, mRNA product,
5’ exon intermediate and linear intron product. B) Quantification of in vitro splicing
assays. Mean normalized splicing efficiency is displayed as bars, with experimental
replicates values represented by different shape and linked to illustrate the difference
in splicing rescue.
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Supplemental Figure 3-4: Temperature dependent inhibition of splicing depends
on order of addition of excess inactive competitor

Quantification of in vitro splicing assays. Prior to addition of splicing substrate, nuclear
extract was incubated at 4°C or 30°C for 10 minutes with one of the compounds
DMSO, herboxidiene (HB, 1uM), SSA (1uM) PB (1uM) iHB (100uM), iSSA (100
uM) or iPB (100 uM) followed by addition of DMSO, herboxidiene HB (1 uM; panel
A), SSA (1 uM; panel B) or iPB (100 pM; panel C) at the same concentration and
temperature for another 10 minutes. Mean normalized splicing efficiency is displayed

as bars, with experimental replicates values represented by different shape and linked
to illustrate the difference in splicing rescue.

GAGACCGGCAGATCAGCTTGGCCGCGTCCATCTGGTCATCTAGGATCT
GATATCATCGATGAATTCGAGCTCGGTACCCCGTTCGTCCTCACTCTCT
TCCGCATCGCTGTCTGCGAGGGCCAGCGTAAAAGGTGAGTACTCCCTCT
CAAAAGCGGGCATGACTTCTGCCCTCGAGTTATTAACCCTCACTAAAG
GCAGTAGTCAAGGGTTTCCTTGAAGCTTTCGTGCTGACCCTGTCCCTTT

TTTTTCCACAGCTGCAGGTCGACGTTGAGGACAAACTCTTCGCGGTCTT
TCCAGTACTCTTG

Supplemental Figure 3-5: Pre-mRNA sequence of substrate used in splicing for
this study
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Chapter 4: The effects of SF3B1 inhibitor on the U2 snRNP
4.1 Introduction
Motivation in studying the effects of SF3B1 inhibitor on the U2 snRNP

After splicing, the 12S form of the U2 snRNP is released from the lariat intron
complex and must be remodeled and prepared for another round of splicing cycle in
the 17S form. Biochemical studies suggest the 17S form is created when SF3B joins
the 12S U2 snRNP generating the 15S U2 snRNP. Afterwards SF3A joins the 15S U2
snRNP to forming the 17 U2 snRNP (Brosi et al., 1993; MacMillan et al., 1994; Query
et al., 1996; Will et al., 2001). Current structures give further evidence that assembly
of the 17S U2 snRNP is regulated in a step-by-step manner (Lin and Xu, 2012; van der
Feltz and Hoskins, 2019). Differential sedimentation of U2 snRNP in nuclear extract
under 150mM KCI conditions determined that 12S U2 snRNP and 17S U2 snRNP
could be separated (Behrens et al., 1993). However, only U snRNAs were visualized
and not proteins. Will et al. repeated the experiment in which they took nuclear extract
and looked at protein migration of SF3B and Prp5 (Will et al., 2002). We wanted to
know if SF3BI1 inhibitor could affect SF3B1 association with U2 snRNP. Our
reasoning for doing this project was to further understand why splicing stalls at

Complex A.

4.2 Results and discussion
SF3B1 inhibitor promotes 17S U2 snRNP in RNA Denaturing gels
As previously reported, 17S U2 snRNP and 12S U2 snRNP can be separated

using differential sedimentation. We wanted to test if PB would affect association of

52



SF3B1 with U2 snRNP. The possible outcomes were 1) SF3B1 inhibitor promotes
association of SF3B1 with U2 snRNP2) SF3B1 inhibitor interferes with association of
SF3B1 with U2 snRNP and 3) SF3B1 inhibitor has no effect on SF3B1 association
with U2 snRNP. If the inhibitor promotes association then we would observe more
17S U2 snRNP. If the SF3BI inhibitor interferes with association then we would
observe 12S U2 snRNP. To test these predictions, we examined RNA of whole nuclear
extract with and without PB using glycerol gradient fractionation. We examined the
sedimentation shift of RNA using odd fraction samples in denaturing gels. In Figure 4-
1A, DMSO control experiment demonstrates 12S U2 snRNP to be in fraction 5 and
17S U2 snRNP to be in fraction 11. However, there is a sedimentation shift when PB
was added to nuclear extract. In Figure 4-1B, there is less U2 snRNA in fraction 5 and
U2 snRNA intensity increased in fraction 11. In Figure 1C, demonstrate quantification
analysis of denaturing gels 4 A and B. Other RNAs do not shift, for example 7SK, and
Ul snRNA. An RNA loading control of known size was use used. We conclude that
SF3B1 inhibitor promotes association of SF3B and SF3A proteins with the 12S U2
snRNP to form 17S U2 snRNP.

SF3B1 inhibitor does not affect dissociation of U2 snRNP proteins.

Based on our previous result that SF3B1 inhibitor promotes SF3B1
association with U2 snRNP. We wanted to examine if a protein sedimentation shift
would occur in the presence of PB. We chose two proteins each associated with U2
snRNP at different stages of assembly. SF3B3 is found in 15S and 17S U2 snRNP and

SNRPB?2 is a core U2 snRNP protein found in 12S, 15S and 17S U2 snRNP. We
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hypothesized that in the presence PB, SNRPB2 and SF3B3 would co-sediment with

17S U2 snRNP. This time we took the even fractions and ran western blots. To our
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Figure 4-1: PB promotes formation of 17 U2 snRNP.

Representative denaturing gel of nuclear extract splicing conditions stained for all RNA
with Sybr gold. Nuclear extract was incubated in 30°C along with different conditions
prior to adding to glycerol gradients. Band identities are shown in the center top to
bottom: 7SK, loading control, U2 snRNA, Ul snRNA and tRNA. A) Contains DMSO
control B) 1uM of PB C) Quantification analysis of denaturing gels A and B. **
represents 12 U2 snRNP and * represents 17 U2 snRNP
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surprise, the SF3B1 inhibitor had no effect on protein sedimentation profile. In figure
4-2 and 4-3, we still noted a separation between 12S and 17S U2 snRNP, but there were
no differences in SF3B3 and SNRPB2 migration in the presence or absence of PB. This
result conflicts with what we saw in RNA migration, differences in stability of 12S vs

17S U2 snRNP, but in proteins there is no effect with drugs.
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Figure 4-2: PB has no effect on SF3B3 migration.

Western blot analysis of even glycerol gradient fractions probed for SF3B3. Green
represents DMSO control and blue fractions containing PB. Each fraction represents
the % total signal across gradient.
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Figure 4-3: PB has no effect on SNRPB2 migration.

Western blot analysis of even glycerol gradient fractions probed for SNRPB2. Green
represents DMSO control and blue fractions containing PB. Each fraction represents
the % total signal across gradient.

Northern and Western blot of glycerol gradient fractions to determine U2
snRNP complexes

The previous experimental results were conflicting. Therefore, we decided to
examine glycerol gradient fractions using native gel electrophoresis. We wanted to
know if we could distinguish 128 vs. 17S U2 snRNP. We chose the same fractions that
were classified to be 12S and 17S U2 snRNP such as in Figure 4-1 (Fractions:
5,6,10,11,12,13,14). Therefore, we looked at U2 snRNA (Figure 4-4 A), core protein
SNRPB2 and 15S and 17S U2 snRNP protein SF3B4 (Figure 4-4 B, C). We expect

SNRPB2, U2 snRNA and SF3B4 to overlap in the native gel for 17S U2 snRNP and
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overlap in U2 snRNA and SNRPB2 to overlap for 12S U2 snRNP. Proteins and U2
snRNA images were merged in Figure 4-4D. We noticed that in the control nuclear
extract proteins and U2 snRNA merged (yellow). We believe that in Figure 4-4D the

control lane (N.E.) could possibly be 15S or 17S U2 snRNP.

4.3 Conclusion

We provide a new perspective to study SF3B1 inhibitors in the context of the
U2 snRNP. Why we observe a sedimentation difference in U2 RNA in the presence of
the drug, but not in proteins. One possibility is that the PB allows for a conformational
change in SF3B1 where it allows more formation of 17S U2 snRNP, but another
possibility is that the drug is causing aggregations of U2 snRNP. In regard to the native
gels, we need to find a method where we can increase the amount of sample that was
added. We did not add enough sample and proteins were not able to be detected, and
the fractions were thawed and frozen multiple times where it could affect the native
state of the complex. In addition, to detecting SF3B4 and SNRPB2 , a protein belonging
to the SF3A multi-protein complex should also be studied to confirm or rule out that
the merging of the proteins and U2 snRNA in Figure 4-4d is 17S U2 snRNP. Another
approached would be to pull-out specific spliceosome complexes and use them as

controls to determine complexes in nuclear extract.
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Figure 4-4: Proteins and U2 snRNA in Native Gels. A) Representative Native gel of
nuclear extract (N.E.) with fractions 5, 6, 10, 11, 12, 13, 14. U2 snRNA was probed
with radiolabeled reversed U2 snRNA oligo. B) NE probed with SF3B4 antibody C)
NE probed with SNRPB2 antibody D) Merged images of U2 snRNA, SF3B4 and
SNRPB2. Yellow is where SNRPB2 and SF3B3 merge along with U2 snRNA.
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4.4 Materials and Methods

Preparing glycerol gradients

Low salt 150mM KCI glycerol gradients were 10-30%. Solutions were made as

follows:

Stock (150mM KCI) Final Concentration | 10% (mL) | 30% (mL)
KCI (2M) 150 mM 3 3

MgCI2 (40mM) 2mM 2 2

Tris pH 7.9 (200 mM) | 20 mM 4 4
Glycerol 50% 10 or 30% 8 24

H20 - 23 7

Total - 40 40

Glycerol gradients were poured at room temperature in Seton open-top
polyclear centrifuge tubes 9/16x 3.5 inches using syringe with cannula. A total of
6.1mL of the 10% glycerol gradient solution was poured first. Then 6.1mL of the 30%
glycerol gradient solution was added by sinking the cannula at the very bottom and
released slowly. Glycerol gradients were spun in the 10-30%vw setting for the SW41
rotor and stored in cold room for 30 minutes.

Preparing nuclear extract

Recipe for 150mM Stock Final With PB No PB
KCl concentration (uL) (uL)
Nuclear Extract 80% 31.7% 88 88
{RNA Ilr?g | 0mg/mL 22 22
MgAc 0.1M 2 mM 4.4 4.4
KCI 2M 150 mM 7.7 7.7
H20 - - 117.7 119.9
PB C-3 0.1mM 1 uM 2.2 -
Total - - 222.2 222.2
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Samples were added in the 30°C water bath for 15 minutes and 200 pL of
sample were loaded to glycerol gradients. Run the centrifuge for 29,000 rpm, 18 hours
and at 4°C.

Fractionating gradients, denaturing gel preparation and imaging

Glycerol gradients were fractionated manually with S00uL in each tube or using
a fractionating piston. RNA was extracted from each sample using phenol pH 4.5:
chloroform: Isoamyl . FEB was added to reach RNA pellet and run for 2 hours at 30
Watts in a 12% polyacrylamide and stained with Sybr Gold for RNA. Typhoon scanner
was used to image gels.

Native gels

A 20mM Tris/glycine 1.9% low melting agarose was used to make the native
gel. For each sample, 20uL of selected glycerol gradient fractions was added along
with 2uL of 2x native gel loading dye. We loaded 10uL of sample to each well. For the
control nuclear extract, we mixed 4uL of nuclear extract with 2pL of 2x native loading
dye. We loaded 2uL to each well. We ran the gel for 3 hours at 72 volts in 20mM
Tris/glycine buffer.

Protein Gel

Native gel was transferred to PDVF membrane for 3 hours and 72 volts in

Bjerrum Schafer-Nielsen Buffer (Bjerrum and Schafer-Nielsen, 1986). Antibodies

against SF3B4 and B2" were used.
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Northern blot

Native gel was transferred to a nylon membrane for 20 hours or overnight at 10
volts 30mA and hybridized with the generated U2 snRNA antisense probe by in vitro
transcription. Native gel protocol to view spliceosome complexes (Konarska and

Sharp, 1986)
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