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ABSTRACT OF THE DISSERTATION

Molecular pathology of splicing and transcription factor mutations in myelodysplastic syndromes

by
Yi-Jou Huang

Doctor of Philosophy in Biology

University of California San Diego, 2019

Professor Dong-Er Zhang, Chair

Myelodysplastic Syndromes (MDS) are hematopoietic disorders characterized by myeloid
dysplasia, inefficient hematopoiesis, and the propensity to transform into acute myeloid leukemia
(AML). Recent advances in sequencing technologies uncovered various types of mutations
associated with the disease. In particular, mutations of the splicing factor SRSF2 were significantly
associated with mutations of RUNXI, a transcription factor with an established role in
hematological disorders. These findings suggest a critical role of these factors in hematopoiesis
and disease pathogenesis through their cooperative effects in regulating gene expression and
alternative splicing. First, we characterized the roles of SRSF2 mutations in blood cell
development and the splicing alternations caused by these mutations. Second, we uncovered that,
besides their canonical roles in splicing, SRSF2 mutations also trigger excessive R-loop formation,

leading to replication stress and DNA damage response. Third, we discovered the convergent

xii



effect of SRSF2 mutations and RUNXI mutations in facilitating the development of MDS
phenotypes, altering global splicing and gene expression programs, which elucidated the pathways
critical for disease development. These findings laid a critical foundation to understand the
contribution of individual mutations to MDS and the synergy effects among them and provided

insights to develop novel therapeutic strategies in the future.
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Chapter 1: The role of SRSF2 mutations in hematopoiesis and myelodysplastic syndromes

development

1.1 Summary

The recent genomics studies in patients revealed the frequent presence of mutations in
spliceosome genes in hematological disorders, yet their roles in normal hematopoiesis and disease
pathogenesis required further investigation. Here we focused on one of the most prevalent
mutations found in MDS patients, SRSF2. We characterized the consequences of the SRSF2
mutant expression in murine and human cellular models, the splicing alternations of different
SRSF2 mutations and uncovered its novel roles in augmenting R-loop accumulation and DNA
damage response. These findings unveil the canonical and non-canonical roles of SRSF2 mutations

and expand our understanding of the molecular basis of the disease development.

1.2 Introduction

Myelodysplastic syndromes (MDS) are one of the most common myeloid malignancies,
with around 10,000 new cases identified in the United States every year'- 2. Advanced age is the
pre-dominant risk factor for developing MDS, patients with a median age at diagnosis of 71-76
years>» 4. MDS are a heterogenous group of myeloid neoplasms in a pre-leukemia state with
ineffective hematopoiesis in pre-leukemia. MDS are characterized as clonal hematopoietic stem
cell disorders with peripheral blood cytopenia, impaired myeloid differentiation, dysplasia and up
to 30% of the patients further progress to secondary acute myeloid leukemia (AML)’. Many
patients present symptoms such as fevers and recurrent infections because of neutropenia, fatigue
due to anemia and bleeding related to thrombocytopenia. The clinical course is variable among the

patients, some patients live for decades with minimal therapy required, while some patients rapidly



transform to AML. Clinically, MDS are categorized into several subtypes based on the karyotypes,
lineages affected, degree of cytopenia, percentage of bone marrow blasts and presence of ring
sideroblasts® 7. The risk of MDS can be evaluated by several different prognostic systems, while
International Prognostic Scoring System (IPSS) and the revised IPSS (IPSS-R) are more widely
used lately®!%, Although the current systems do not include status of somatic mutations in
individual genes, the genetic information is shown to predict patient outcomes independently of
each of the scoring systems!'! 12,

Multiple classes of genetic aberrations have been reported as the cause of myelodysplastic
syndromes (MDS) and played critical roles in disease development'® 14, including mutations in
transcription factors (RUNXI1, ETV6, WT1, GATA2), DNA methylation (TET2, DNMT3A, IDH1,
IDH2), chromatin modification (ASXL1, EZH2) and signal transduction (NRAS, KRAS, JAK?2,
CBL, PTPN11)!' 1517 Tn 2011, several groups reported that mutations in spliceosome complex
genes are highly associated with MDS, chronic myelomonocytic leukemia (CMML) and chronic
lymphocytic leukemia (CLL)!3-?>. More recent studies also detected these mutations in AML using
targeted sequencing panels with deeper coverage?®. Mutations in spliceosome genes have been
identified in over 60% of MDS/CMML patient, making it as the most prevalent class of genes
mutated in MDS?”?°, Due to their common presence and their roles in 3’splice site recognition, it
suggests that defective spliceosome function is critical in MDS pathogenesis. This class of genes
includes SRSF2, U2AF1, SF3Bland ZRSR2. Mutations in each of these are considered as early
genetic events and occur as heterozygous missense mutations. In addition, mutations in
spliceosome genes are mutually exclusive with others, possibly due to their overlapping cellular

function and limit cellular tolerance of splicing perturbation!® 2739,



Among them, SRSF2 (also known as SC35) mutations have been consistently associated
with poor prognosis and adverse outcomes among MDS and AML patients®® 27- 31 32 SRSF2
mutations occur in around 50% of CMML, 15% of MDS and approximately 20% sAML

(secondary acute myeloid leukemia) patients!® %’

. Most of the SRSF2 mutations occurred at proline
95. Among these mutations, the majority is changed to histidine (P95H), and less frequently
changed to leucine (P95L), arginine (P95R) and in-frame deletion of 8 amino acids from P95 to
R104 (A8aa)'® 27-31.33. 34 However, how these mutations affect disease development required
further investigation.

SRSF2 is one of the founding members for the serine/arginine-rich (SR) protein family,
and is generally a positive regulator of exon inclusion and is known to contributes to both
constitutive and alternative splicing by binding to exonic splicing enhancer (ESE) sequences
within pre-mRNA through its RNA recognition motif domain (RRM)?*>3°, Homozygous germline
knockout mice of Srsf2 are embryonic lethal*’. Analyses of conditional knockout mice of Srsf2
demonstrate various tissue-specific phenotypes including heart, T cells, pituitary gland and embryo
fibroblasts**-#2, To note, the downregulation of Srsf2 in mouse embryonic fibroblasts results in
G2/M cell cycle arrest and genomic instability*!. However, the systemic functional analysis of the
function SRSF2 and its mutations in blood cell development remains lacking. Given the strong
association of Srsf2 mutations with MDS patients, we further examined their biological functions
in hematopoiesis using in vivo and in vitro models as well as profiled their splicing-dependent
consequences by genomics tools in this chapter.

Besides the splicing outcomes caused by SRSF2 mutations, we also explored whether

there are other splicing-independent roles of SRSF2 mutations may contribute to MDS disease

etiology. One such mechanism might be related to increased genome instability in MDS*, which



is consistent with increased DNA damage observed in Srsfl and Srsf2-depleted cells*!: 4+ 45, In

context of other splicing factor mutations context, DNA damage accumulation is also observed,
including in murine cells overexpressing U2afl S34F mutations*® and in primary patient cells
harboring SF3B1 mutations*’. A recent MDS patient study with large cohort reveals a measurable
increase in both mutation frequency and diversity during MDS progression to AML*. However,
since leukemia in general has the lowest mutation rate among all human cancers*, what would
limit massive somatic mutations during the progression of hematopoietic malignancies? An
possibility is the co-transcriptional induction of excessive R-loops accumulation®’. Once formed,

30-52 and the accumulated R-

R-loops are thought to retard transcription and replication machinery
loops have been linked to genome instability®> 34, In this chapter, we further discovered the
augmented R-loop formation and DNA damage response caused by SRSF2 mutations using in

vitro human cell line and mouse models. Together, these findings provide the cellular and

molecular explanation for the SRSF2 mutations during disease development.

1.3 Results
1.3.1 SRSF2 is essential for viability of murine primary bone marrow cells in vitro

To examine the functional dependency of Srsf2 in primary hematopoietic cells, we first
utilized an in vitro model by infecting total bone marrow (BM) cells isolated from adult Srsf2+/+
and Srsf2{/f mice with MSCV-Cre-IRES-EYFP (Cre) or empty vector MSCV-IRES-EYFP (EV)
retrovirus. Without Cre expression, Srsf2+/+ (+/+ EV) and Srsf2/f (f/f EV) bone marrow cells did
not demonstrated any significant difference in growth. However, in the presence of Cre expression,
Srsf2f/f cells (f/f Cre) showed a clear growth disadvantage in liquid culture compared to Srsf2+/+

cells (+/+ Cre) (Figure 1-1A). Moreover, Cre-infected Srsf2f/f (f/f Cre) cells were more apoptotic



compared to other groups (Figure 1-1B). These results demonstrate that Srsf2 is essential for

primary murine hematopoietic cell growth and survival in vitro.
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Figure 1-1. SRSF2 is essential for survival for murine adult bone marrow cells in vitro. (A)
MSCV-IRES-EYFP empty vector (EV) or MSCV-Cre-IRES-EYFP (Cre) retrovirus-infected Srsf2
+/+ and f/f cells were seeded in duplicate, and cell number was counted with Trypan blue staining.
The number of retrovirus-infected cells was determined based on EYFP expression. Cre-
expressing Srsf2 conditional knockout cells (f/f Cre) demonstrated growth suppression. (B)
Apoptosis of EYFP+ cells on day 3. EYFP+ cells were gated, and early apoptotic cells were
defined as AnnexinV+ 7AAD- cells. Cre+Srsf2 f/f cells showed significantly enhanced apoptosis.
Results of three independent experiments were used for statistical calculations. ** indicates p <
0.01; *** indicates p < 0.001.



1.3.2 SRSF2 WT and mutant overexpression causes a growth disadvantage in murine
primary bone marrow cells

Single allele SRSF2 mutations have been commonly identified in MDS patients!®27-31- 5,
However, our earlier work in lab showed that heterozygous deletion of Srsf2 in blood cells of Vav-
iCre+Srsf2f/+ and polylC-treated Mx1Cre+Srsf2f/+ mice did not demonstrate obvious
phenotypes>®. These results indicate that SRSF2 mutations in MDS are not simply loss-of-function
mutations but likely are gain-of-function mutations. We examined the hypothesis by comparing
the effect of WT SRSF2, MDS-associated P95H missense mutant and in-frame 8 amino-acid
deletion mutant (A8aa; P95 to R102 deletion) in primary murine bone marrow cells. MSCV-IRES-
puro (MIP) empty vector and MIP-WT, MIP-P95H and MIP-A8aa SRSF2 retroviruses were used
to infect primary murine bone marrow cells. The exogenously expressed WT, P95H, and A8aa
SRSF2 proteins are around 4-7 fold above the endogenous SRSF2 level (Figure 1-2A). Liquid
culture of infected bone marrow cells showed growth inhibition by both WT and mutant SRSF2
under overexpression conditions (Figure 1-2B). Moreover, the cells expressing the mutants SRSF2
showed a significant increase in apoptosis relative to their WT counterpart (Figure 1-2C). Colony
forming assay was used to evaluate the proliferation and colony formation ability of the infected
cells. Consistent with the trend showed in liquid culture data, the colony forming assay showed
significantly lower colony and cell numbers in WT-infected cells and were even lower in P95SH
and A8aa cells compared to the MIP infected cells (Figure 1-5D). The colony types (GEMM, BFU-
E, CFU-G, CFU-GM and CFU-GM), surface markers (Gr-1 and CD11b), and cell morphology
were not different among the groups. These results indicated that increased expression of SRSF2

affects cell survival but does not disrupt myeloid cell differentiation. In addition, overexpression



of the P95H and A8aa mutants showed stronger negative effects on colony formation ability than

the WT SRSF2.
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Figure 1-2. Overexpression of WT and mutant SRSF2 in primary murine bone marrow cells
demonstrate growth suppression phenotype. (A) Protein expression of the overexpressed
SRSF2 in mouse BM cells. B-actin serves as a loading control. Signal intensities of SRSF2 and
loading control were used to calculate the relative SRSF2 expression level. (B) Growth curves of
total BM cells in liquid culture. All of WT-, P95H- and A8aa-expressing retrovirus transduced
cells showed growth disadvantage compared to MIP control cells. (C) Apoptosis assay of bone
marrow cells on Day 3. P95H and A8aa cells showed enhanced apoptosis compared to MIP and
WT cells. (D) Colony forming assay of bone marrow cells after one week of seeding in
methylcellulose medium. Combined data of three independent experiments are shown. * indicates
p <0.05; ** indicates p < 0.01.



1.3.3 Low-level expression of SRSF2 WT and mutants caused growth arrest and increased
apoptosis in human MDS-L cell lines

Our functional analysis of overexpressing SRSF2 is consistent with previous findings of
overexpressed SR proteins interfering with developmental processes®’>%, and the data indicate that
studying the mutant function of SRSF2 in cellular systems may enable us to recapitulate SRSF2
single allele mutations context in MDS patients. We next pursue a relatively low-level and
inducible expression system instead of using retrovirus overexpression strategy. This expression
system allowed lowering endogenous SRSF2 by shRNA and simultaneously mildly expressed the
mutant SRSF2 protein in a disease-relevant human MDS cell line (MDS-L)®% ¢!, The cell line was
derived from an MDS patient with chromosome 5q deletion but without splicing factor mutations
(SRSF2 or U2AF1). The Tet-inducible lentivirus vectors were utilized to co-express an shRNA
targeting the 3’-UTR of endogenous SRSF2 and an shRNA-resistant form of SRSF2 cDNA (WT/
P95H/A8aa) (Figure 1-3A). MDS-L cells were transduced with SRSF2 shRNA/cDNA lentivirus
to establish pools of cells, and puromycin drug selection was performed to establish stable cell
lines. After the stable cell lines were constructed, various dosages of Doxycycline (Dox) were
added to culture medium in order to optimize an appropriate dosage of siRNA/cDNA induction.

Dox were added into culture medium for 48 hr to induce reduction of endogenous SRSF2
(shown by 3°-UTR expression) while inducing relatively lower level overexpression of total
SRSF2 RNA (3 to 4 fold of the endogenous level) [shown by exon 2 coding sequence (CDS)]. The
RNA and protein levels of SRSF2 were shown respectively (Figure 1-3B, C). After 48hr of
induction, the mutant SRSF2 cells (P95H and A8aa) showed significant growth arrest and
enhanced apoptosis at Day4 and Day5 post induction compared to WT cells (Figure 1-3D, E).

Together, these data indicate that the system closely mimics certain MDS conditions in a disease-



relevant cell line and demonstrated SRSF2 mutants inhibit proliferation through induction of

apoptosis.
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Figure 1-3. Inducible low-level expression of mutant SRSF2 causes apoptosis and growth
arrest in human MDS-L cell lines. (A) Structure of pTRIPZ-SRSF2 constructs. Expression of
microRNA-adapted shRNA against endogenous SRSF2 (shRNA-mir) and cDNA of shRNA-
resistant WT or mutant human SRSF2 is driven by TRE. TRE, tetracycline inducible promoter.
UBC, human ubiquitin C promoter. rtTA3, reverse tetracycline transactivator 3. IRES, internal
ribosomal entry site. Puro-R, puromycin resistant gene. sinLTR, self-inactivating long terminal
repeat. (B) Quantitative RT-PCR of SRSF2. The samples were measured in duplicate and
normalized to GAPDH. Expression in untreated WT cells was set to 1. 3’-UTR, endogenous
SRSF2 expression. Exon 2 CDS, exon 2 coding sequence representing total SRSF2 expression. (C)
Protein expression of SRSF2 in Dox-treated MDS-L cells. a-Tubulin serves as a loading control.
(D) The growth curves of the MDS-L cells. Cells were seeded in triplicate in four independent
experiments and counted with Trypan blue. Dox-treated P95SH and A8aa cells showed significant
growth suppression compared to other groups. (E) Apoptosis assay. Cells were seeded in duplicate
in four independent experiments. Early apoptotic cells are defined as AnnexinV+ 7AAD- cells.
Dox-treated P95H and A8aa cells showed significantly enhanced apoptosis compared to other
groups. ** indicates p < 0.01.
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1.3.4 SRSF2 mutants altered a large RNA splicing program in MDS-L cell lines

Although it is anticipated that SRSF2 mutations may perturb splicing program because its
critical roles in spliceosome complex, the functional differences in global splicing outcomes
between expressing WT and SRSF2 mutants remained unclear. To further reveal the splicing
responses caused by SRSF2 mutants which may contribute to MDS disease development, we
examined the splicing perturbation by using RASL-seq (RNA-mediated oligonucleotide
Annealing, Selection, and Ligation with Next-Gen sequencing) platform. This method was
designed to quantitatively profile annotated 5530 alternatively spliced mRNA isoforms in the
human genome®2. MDS-L stable cell lines expressing Tet-inducible SRSF2 shRNA and cDNA of
WT, P95H, or A8aa SRSF2 were cultured with or without Dox for 3 days and total RNA was

isolated afterward from these cells for splicing profiling.

The unsupervised hierarchical clustering analysis show that splicing events of WT, P95SH
and A8aa (AS8) cells in the absence of Doxycycline (Dox -) are similar and are separated from cells
with activated ShARNA/SRSF2 expression (Dox +). A8aa and P95H mutant expression samples are
grouped together, with A8aa showing stronger signal (Figure 1-4A). Unsupervised hierarchical
clustering of splicing events of ShSRSF2-only cells (without cDNA expression) cultured in the
presence or absence of Dox are also shown. Using a stringent cutoff (a fold ratio change >1.5 and
p-value <0.05), we detected both overlapped and separated changes in splicing upon expression of
WT and mutant SRSF2 (Figure 1-4B), indicating that MDS-associated mutations have a shared
function with and an independent effect from WT SRSF2 on splicing. Relative to WT cells, P95SH
and A8aa mutants induced a common set of 487 events, 470 of which were altered in the same
directions, including 164 enhanced cassette exon inclusion and 306 enhanced cassette exon

exclusion (Figure 1-4C). Importantly, P9SH and A8aa mutants each induced 210 and 483 extra
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events, respectively. Moreover, the change of the scale of exon inclusion or exclusion induced by
A8aa mutant is over 1.5 times more in 450 out of 470 common events relative to the POSH mutant.
Together, these data suggest that even though the two mutants showed certain overlapping effects
on splicing, they were not functionally equivalent; the 8-amino acid deletion mutant may have a
more profound impact on dysregulated splicing than the POSH mutation. Ten commonly changed
splicing events in genes related to myeloid malignancies and hematopoiesis was selected and
validated by RT-PCR (Figure 1-4D). Similar to shSRSF2 only, MEIS1, UPF38 and PRKAA1 had
increased ratios of short to long isoforms in SRSF2 mutant cells, suggesting reduction of SRSF2
function of SRSF2 mutants in these splicing events. RBM23, PDK 1, PDE4DIP, MLL and RNF34
had increased while CBFB and SMG7 had decreased short to long isoform ratios in SRSF2 mutant
cells independent of shSRSF2, suggesting the gain of function effect of SRSF2 P95H and A8aa

mutants in these splicing events.
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Figure 1-4. Splicing alternation caused by WT and mutant SRSF2 profiled via RASL-seq
analysis. (A) Unsupervised hierarchical clustering show that splicing events of WT, P95H and
A8aa (A8) cells in the absence of Doxycycline (Dox -) and cells with activated shRNA/SRSF2
expression (Dox +) (left panel). Clustering of splicing events of ShASRSF2-only cells cultured in
the presence or absence of Dox are also shown (right panel). Green: less short isoform, more long
isoform; red: more short isoform, less long isoform. (B) Venn Diagram showing the overlap and
difference of splicing events upon Dox activated expression of WT, P95SH and A8aa SRSF2
compared to shRNA only expression. (C) Venn Diagram showing significant overlapped events
(487) from P95H and A8aa groups relative to WT SRSF2 group. Among these shared events, over
96% are in the same direction. For these significant events changed in the same direction, A8aa
induced changes in 450 out of 470 events are over 1.5 fold compared to that in P95H induced
events. (D) Validation of 10 selected RASL-seq splicing events. Upper panel: heatmap
demonstration of 10 events ratio (short isoform/long isoform). Green: less short isoform, more
long isoform; red: more short isoform, less long isoform. Bottom panel: RT-PCR validation of 10
events.
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1.3.5 The genes mis-spliced under SRSF2 mutant condition enriched pathways in MDS
pathogenesis

To gain functional insights into such a dramatically altered splicing program, we reasoned
that the altered splice events commonly affected by P95H and A8aa might be more related to MDS,
while extra events induced by each mutant might contribute to enhance the disease phenotype. We
thus focused on the commonly affected set of 470 genes by utilizing Ingenuity Pathway Analysis
(IPA). Consistent with the functional consequences triggered by the mutations in the
aforementioned cellular models, we observed cancer development and apoptosis pathways among
the top 10-ranked canonical pathways (Figure 8A). These findings support the possibility that the
MDS-associated mutations in SRSF2 promote the development of the disease phenotype with
potential to induce a cascade of events that lead to both disease progression and more aggressive

types of blood disorders.
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Figure 1-5. Pathway analysis of the target genes of WT and mutant SRSF2. (A) Top biological
functions of the 470 common and same direction events of A8aa and P95H based on IPA analysis.
The —log(p-value) indicates significant level of the pathway. (B) Venn diagram showing
significant overlapped events of 470 common targets of POSH and A8aa over WT SRSF?2 relative
to cells expressing only shRNA. Events changed in the same or opposite directions are also listed
separately.
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1.3.6 R-loop formation and DNA damage response caused by SRSF2 mutations are observed
in murine and human hematopoietic systems

Because various MDS-associated spliceosome mutations caused cell growth inhibition and
cell cycle arrest, while the aberrant splicing responses are non-uniformed between different
spliceosome mutations and species. Thus, we further explored other general stress that splicing
factor mutations could impose to cells. Based on previous studies have shown increased of DNA
damage in response to Srsf2 depletion in mouse, SF3B1 mutations in primary patients samples and
U2afl S34F mutation expression in mouse*! 4647 we first examined whether SRSF2 mutations
expression also damage the genome in similar manners. Indeed, in 293T cells over-expressing
SRSF2 P95H mutations showed elevated DNA damage signals detected by a pan DNA damage
marker y-H2AX®. To further validate the findings under non-overexpression condition, in MDS-
disease relevant cell type and in heterozygous mutation manner, we next examined the hypothesis
using mouse primary bone marrow c-Kit+ cells. We induced the expression of the knock-in mutant
allele in the heterozygous Mx1-Cre Srsf2(P95H) knock-in mice by intraperitoneal injection of
Poly(I:C)**. We next isolated total bone marrow cells, and enriched hematopoietic c¢-Kit+
progenitor cells for the -H2AX immunostaining and confirmed the increased DNA damage
response (Fig 1-6 A-B).

£244.45.63 reqylts in increase of

Due to the previous findings that depletion of Srsfl and Srs
R-loops formation and genome instability, we further examined the induction of R-loops in the
aforementioned bone marrow c-Kit+ progenitor cells derived from Mx1-Cre Srsf2(P95H) knock-
in mice. We confirmed the elevated R-loops by immunostaining with S9.6 antibody (Fig 1-6 C-D)

in primary murine cells. Besides murine system, we further seek validation of the R-loop

accumulation in human context in order to closely mimic the scenario in patient disease
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development. To address our question, we utilized CRISPR-edited K562 human cells harboring
SRSF2 P95H mutations®. Though primary patient samples could also serve as an ideal source of
cells for this examination, the direct effect on R-loop formation caused by the SRSF2 mutation
could be better demonstrated under the isogenic mutation conditions. The WT control K562 cells
(SRSF2 WT-WT-WT) and two SRSF2 mutant K562 cells bearing missense SRSF2 P95H mutation
in one of the three alleles of SRSF2 (SRSF2 WT-Del-P95H; SRSF2 WT-WT-P95H) were used
for examination. Both of the SRSF2 P95H mutant lines showed increased R-loop level when

compared to SRSF2 WT counterpart (Fig 1-6 E-F).
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Figure 1-6. R-loop formation and DNA damage response caused by SRSF2 mutations are
observed in hematopoietic systems. (A and C) R-loop signals (A) and DNA damage response
(C) detected by immunostaining with S9.6 and g-H2AX, respectively, in isolated bone marrow c-
Kit+ murine hematopoietic progenitors from Srsf2(WT) or heterozygous Srsf2(P9SH/WT)
knockin mice 14 days after poly(I:C) injection. (B and D) The quantitative data of R-loop signals
(B) and g-H2AX signals (D) were both based on 3 mice from each (WT or mutant) group. (E) R-
loop signals detected by immunostaining with S9.6 in human K562 WT (WT-WT-WT) cells and
two SRSF2 mutant (WT-Del-SRSF2; WT-WT-P95H) cells. (F) The quantitative data of R-loop
signals in K562 cells. ** p<0.01, ***p < 0.001.
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1.3.7 The cellular defects induced by SRSF2 mutations can be partially rescue in
hematopoietic systems by RNASEH]1 overexpression

We next focused on addressing whether the observed various cellular defects caused by
SRSF2 P95H mutations resulted from induced R-loops. Here we utilized a rescue strategy by
suppressing R-loop level to see whether the cellular defects can be attenuated. RNaseH, a
conserved endonuclease from bacteria to humans that specifically targets RNA-DNA hybrid, is
known to recognize R-loops and performs R-loop resolution®. We therefore isolated bone marrow
c-Kit+ progenitor cells of the Srsf2(WT) or Srsf2(P9SH/WT) mice and infected the cells with
MSCV-IRES-EGFP empty vector (EV) and MSCV-V5 tagged RNASEHI1-IRES-EGFP
(RNASEHI1) retroviruses. The RNASEH1 expressing c-Kit+ cells were sorted out for analysis.
The protein level of overexpression was validated by Western blotting (Fig 1-7 A). We detected
R-loop suppression (Fig 1-7 B) and reduced y-H2AX level (Fig 1-7 C) in Srsf2 P95H mutant cells
overexpressing RNASEH1 when compared to empty vector expression.

These cells were also further examined using colony formation assay for evaluating the

hematopoietic competence of early progenitor cells. Consistent with the previous report®*

, mutant
Srsf2(P95H) impaired the self-renewal potential of isolated early progenitor cells (Fig 1-7 D-E).
Importantly, while RNASEH1 overexpression had no obvious effect on the colony forming ability
of the wild-type progenitor cells, and the overexpression was able to partially rescue the defect of
mutant Srsf2(P95H) cells. The degree of rescue is quite comparable to that observed with re-
expressing the Ezh2 gene to compensate for its splicing effect, as reported earlier®®. To note,
although the R-loop level in Srsf2 P95SH mutant cells after RNASEH1 expression are decreased to

the degree comparable to Srsf2 WT cells (Fig 1-7 B), the level of DNA damage (Fig 1-7 C) was

only partially rescued when compared to WT cells under the same condition. These results explain
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the partial rescue effect observed in colony formation assay. Together, these data suggest that cell
growth defects caused by mutant alleles in Srsf2 might result from a synergy between induced R-
loops and other molecular alterations directly or indirectly linked to the altered splicing programs
in the cells.

We also confirmed the rescue effect in human systems using MDS-L cell lines. The partial
rescue of cell growth defects (Fig 1-7 F) and g-H2AX signals (Fig 1-7 G) in SRSF2 P95H mutant
MDS-L cells by overexpressing WT RNASEH1 were observed, while the overexpression of
catalytic dead mutant of RNASEH1 (D210N RNASEH1, for which RNA/DNA hybrid cleavage
activity is inactivated®’) was not able to rescue the cellular defects. These findings further re-
enforce the concept that the compromised hematopoietic competence in MDS may results from
combined molecular defects at multiple levels. Moreover, the data strongly suggest that augmented
R-loop dynamics underlies, at least in part, the MDS phenotype, which is likely a common

mechanism induced by various mutations in splicing factors and linked to the etiology of MDS.
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Figure 1-7. Functional rescue of mutant SRSF2-induced cellular defects in hematopoietic
systems by RNASEH1 overexpression. (A) Expression of RNASEHI1 detected by Western
blotting by using anti-V5 antibody in c-Kit+ progenitor cells isolated from Srsf2(WT) or
Srsf2(P9SH/WT) mice and transduced with retrovirus expressing the empty vector or RNASEHI.
(B and C) R-loop signals (B) and DNA damage response (C) detected by immunostaining with
S9.6 and g-H2AX, respectively, in isolated c-Kit+ murine hematopoietic progenitors from
Srsf2(WT) or heterozygous Srsf2(P9SH/WT) knockin mice after 48hr overexpression of EV or
RNASEHI. (D-E) Colony formation assay, (D) Representative photographs showing colonies and
quantification of colony numbers (E) of c-Kit+ progenitor cells isolated from Srsf2(WT) or
Srsf2(P9SH/WT) mice 14 days after overexpression of EV or RNASEHI. (F) Western blot
analysis of g-H2AX levels in SRSF2(P95H) MDS-L cells expressing EV or RNASEHI. (G)
Growth of MDS-L cells expressing empty vector or RNASEH1 (WT), RNASHEI catalytic dead
mutant (D210N) with or without induced expression of SRSF2(P95H) by Dox treatment for
different days. Results of four independent experiments were shown. ** p<0.01, ***p < 0.001.
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1.4 Discussion

The role of SRSF2 in hematopoiesis using Srsf2 conditional knockout mouse models was
elucidated in our lab’s earlier studies>®. Our previous findings shown that SRSF2 plays critical role
in embryonic development of hematopoietic system in blood cell-specific Cre transgenic mice®®
(Vav-iCre). The Vav-iCre Srsf2f/f embryos at E13.5 had smaller and paler fetal livers, which
contained significantly fewer definitive blood cells and the cells demonstrated enhanced apoptosis
and quiescence, which is compatible with the in vitro culture data (Figure 1-1). The peripheral
blood of Vav-iCre Srsf2f/f embryos had significantly higher numbers of primitive red blood cells
characterized by nucleated erythrocytes. Vav-iCre Srsf2f/f embryos died during embryonic
development between E16.5 and E18.5 with severe anemia and edema phenotypes. However,
unlike previous reports in several other cellular systems, we did not detect any significant delay of
cell cycle in Srsf2-deficient blood cells. Interestingly, ablation of Srsf2 in pituitary cells and

41,42 Developing

thymocytes results in decreased organ size but no increase of apoptosis
thymocytes with Srsf2 deficiency showed a differentiation block from CD4/CDS8 double-negative
to double-positive stage*?. Ablation of Srsf2 in the embryonic heart showed normal development
but later suffered from dilated cardiomyopathy*’. These different phenotypes of Srsf2 in various
cell types may result from alteration of cell type and tissue-specific targets of Srsf2. For example,
in thymocytes lacking Srsf2, the aberrant splicing of lymphoid cell-specific CD45 RNA has been
related to their abnormal differentiation*!.

Besides the critical roles of Srsf2 in normal embryonic hematopoiesis, we next seek to
examine the roles of MDS patient associated SRSF2 mutations to understand how they facilitate

disease development. We first compared WT and mutant (P95H, and A8aa) SRSF2 by

overexpressing them via MSCV retrovirus transduction. With this approach, exogenously
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expressed SRSF2 protein is 4 to 7 fold above its endogenous level. Similar inhibitory effects of
WT and both mutants on cell growth, colony formation, and in vivo blood cell repopulation were
detected in these overexpression assays (Figure 1-2 B-D). These results support the hypothesis that
WT and P95 mutant SRSF2 have certain similar functions, and such functions above normal levels
could disrupt hematopoiesis. We further utilized the Tet-On system to induce co-expression of an
SRSF2 shRNA and an shRNA-resistant WT or mutant SRSF2. Under this condition, we are able
to mimic patient expression levels in the MDS-L cell line without high overexpression. Under this
experimental setting, we detected cell growth inhibitory effects and increased apoptosis of mutant
SRSF2, which is more likely due to the unique gain/loss functions of mutant SRSF2.

To compare the mis-splicing consequences caused by SRSF2 mutants, by using the RASL-
seq platform, we observed that apoptosis and cancer-related pathways were among the top 10
ranked canonical pathways affected by SRSF2 mutations, which is consistent with pathology of
MDS patient cells!!: 13- 1416, MDS cells were noted to be highly apoptotic at early stages, likely
reflecting a key mechanism to eliminate cells and eventually become malignant*. Thus, mutant
forms of SRSF2 in MDS seem to trigger genomic instability, and promote accumulation of

unwanted oncogenic mutations®. RASL-seq®> °

is a convenient way to screen the alternative
splicing changes with multiple advantages, including (1) the ability to use limited amounts of total
RNA for the analysis (typically from 0.1 to 1 pg of total RNA), (2) considerable tolerance of RNA
quality to obtain robust data, (3) the sensitivity to obtain quantitative information on alternative
splicing events in less abundant transcripts, and (4) the ability for highly parallel analyses of
biological samples in a cost-effective manner. However, compared to RNA-seq, RASL-seq is

limited to analysis of annotated alternative splicing events and cannot detect other aberrant RNA

processing events. Despite these limitations, we successfully applied this technique to identify a
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large cohort of alternative splicing events uniquely caused by mutant SRSF2, suggesting that the
mutant splicing factor has the capacity to dramatically alter the splicing program in diseased cells.

It is striking that SRSF2 mutations in MDS mainly occur at proline 95 (P95), suggesting a
critical role of P95 in SRSF2. SRSF2 has an N-terminal RNA recognition (RRM) domain and a
C-terminal arginine and serine rich (RS) domain. The RRM domain is primarily involved in
specific RNA recognition. The RS domain can be highly phosphorylated and is involved in both
RNA binding and protein-protein interactions during spliceosome assembly?>. P95 is generally
believed to be located in the hinge region between the RRM domain and the RS domain. A recent
structural analysis of the N-terminal 101 amino acids of SRSF2 bound to 6-oligonucleotide RNA
targets showed that P95 directly contacts the C3 and G3 nucleotides in RNA containing the
UCCAGU and UGGAGU motifs, which represent two consensus SRSF2 binding sequences’!. Tt
is possible that SRSF2 with mutations at P95 decrease the RNA binding specificity. This
possibility is further supported by other report using Srsf2 P95SH knock-in mice model and MDS
patient samples, which show that unlike the WT SRSF2, the P95H mutant preferentially binds to
CCAG motif®*, Furthermore, the unique features of proline among the 20 protein-forming amino
acids, including its cis-trans isomerization’?, CH/Pi hydrogen bond formation’®, and higher
conformational rigidity in the secondary structure of proteins’?, may result in a different local
structure to create a new surface for interaction with additional proteins and RNA sequences. These
features are subject to future biochemical studies to provide deeper understand of SRSF2 mutations.

MDS is a highly heterogeneous disease that causes dysplasia of hematopoietic progenitor
cells, implying that multiple mechanisms may underlie the disease progression. Recent
identification of common mutations in several splicing factors, leading to research focusing on the

aberrant splicing consequences induced by individual splicing factor mutations as potential causes
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for the disease. To note, each splicing factor mutation appears to affect a largely distinct set of
splicing targets, which raises the question of whether and how multiple independent splicing
changes all cause a similar disease phenotype.

Besides the splicing perturbations caused by SRSF2 mutations, we next explore whether
there are other common mechanisms that splicing mutations could contribute to MDS disease
etiology. Interestingly, the increased genome instability in MDS*3 48 6% 74 and increased DNA
damage in Srsf2-depleted cells*! were reported in previous studies and raise the possibility of this
angle. We discovered the increased R-loop and DNA damage signal associated with SRSF2
mutations, and the growth defects caused by SRSF2 mutations could be partially compensated
under R-loop suppression conditions, suggesting a causative effect of the R-loop accumulation and
the disease phenotypes. Fu lab also identified the activation of ATR pathway induced by SRSF2
and U2AF1 mutations but not ATM pathway®, suggesting a more general mechanism for
compromised hematopoietic competence, which is the activation of the ATR pathway that leads
to cell cycle arrest, which agrees with the observation that the ATR pathway is selectively activated
in high-risk MDS patients and that the ATR inhibitor, but not the ATM inhibitor, improves the
differentiation of telomere dysfunctional common myeloid progenitor cells’®. Moreover, the
impaired transcription of two genes, CLSPN and PMS2, were found to be associated with SRSF2
mutations as well, and both of which have been implicated in DNA damage repair®: 7> 76,
suggesting that additional synergistic events may contribute to the induced DNA damage. Lately,
other splicing mutations studies in U2AF1 S34F and SF3B1 K700E also demonstrate increased of
R-loops and DNA damage’”- 78, which is aligned with our findings.

However, the preferred activation of the ATR pathway by splicing factor mutation is in

contrast to many cases in solid tumors where more severe genome instability because of DSBs
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leads to the activation of both the ATR and ATM pathways, which may accelerate the
accumulation of additional oncogenic mutations’: 8, Instead, altered transcription and splicing
programs may initially compromise cell fitness in general, generating constant pressure for
affected cells to develop and accumulate compensatory changes that may ultimately become
oncogenic. In this regard, augmented R-loop formation may represent a form of such selection
pressure in diseased cells. To compensate for the activation of a cell cycle checkpoint, MDS cells
may evolve various mechanisms to overcome such a checkpoint to become proliferative, which
may not always be necessarily accomplished through the acquisition of new mutations in the
genome. This points to a future effort in identifying genes whose altered expression may bypass
R-loop-induced checkpoints.

In conclusion, we demonstrate that SRSF2 is essential for the survival of hematopoietic
cells and that its loss results in apoptosis and growth suppression in vitro. The growth arrest and
increased apoptosis were also clearly detected in cells expressing either P95H or A8aa mutants.
Together, these results support that MDS-related SRSF2 mutations are not simply loss-of-function
mutations. Furthermore, RASL-seq analysis demonstrates that MDS mutant forms of SRSF2
dysregulate RNA splicing. On top of the dysregulated splicing outcomes, we demonstrate the
increase genome instability caused by SRSF2 mutations due to excessive R-loop. These
alternations caused by SRSF2 mutations might further create synergy when two causal mutations
co-exist in the same cell, giving rise to pressing stress to the genome and, thus, a more severe
disease phenotype. Future studies are needed to further examine how mutations in SRSF2 may act
in synergy with mutations in other key leukemia genes, such as TET2, IDH2, and RUNX1, to
propel MDS progression though augmented splicing and transcription dysregulation to yield more

aggressive blood cell disorders.
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1.5 Materials and Methods
Mice

C57BL/6 (CD45.2) mice were obtained from Jackson Laboratory. Conditional Srsf2f/f
mice*"> #2 and conditional Srsf2 P9SH/WT mice were described previously®*. Polyinosine-
polycytosine (pIpC) (Sigma) was injected intraperitoneally (i.p.) to mice at 12pug/g every other day
for three injections. Genotyping PCR was performed using the primers described previously. All
the procedures were approved by the institutional animal care and use committee.

DNA Constructs

C-terminally HA-tagged human SRSF2 was subcloned in the EcoRI site of MSCV-IRES-
GFP (MigR1), MSCV-IRES-puro (MIP), and pREV-TRE*!. P95H and A8aa mutants were made
by PCR mutagenesis. Primers used for mutagenesis are as follows.
P95SH(F):5’-CAAATGGCGCGCTACGGCCGCCACCCGGACTCACACCACAGCCGC-3°
P95SH(R): 5’-GCGGCTGTGGTGTGAGTCCGGGTGGCGGCCGTAGCGCGCCATTTG-3’
A8aa(F):5’-
GGGTGCAAATGGCGCGCTACGGCCGCCGGGGACCGCCACCCCGCAGGTACGGAGEG-¥
A8aa(R):5’-
CCCCGTACCTGCGGGGTGGCGGTCCCCGGCGGCCGTAGCGCGCCATTTGCACCCG-3’

pTRIPZ-SRSF2 constructs were made using shRNA against the 3’-UTR of human WT
SRSF2 (CTCTCCCGATTGCTCCTGTGTA) and human SRSF2 c¢cDNA sequences with or
without mutations.

Human RNASEH1 CDS sequence tagged with the nuclear localization signal (NLS) at N
terminus and V5 sequence at C terminus was cloned into the ppyCAG expression vector, which

was kindly provided by Dr. Juan Calos Izpisua Belmonte. Site-directed mutagenesis was
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performed to generate the D210N mutant form of RNASEHI1, for which RNA/DNA hybrid
cleavage activity is inactivated®’. To overexpress RNASEH1 in MDS-L and mouse cells, C-
terminally V5 tagged human full length RNASEH]1 was cloned into the EcoRI and Xhol sites of
the MSCV-IRES-GFP (MigRI) vector. Retrovirus production and infection procedure were
performed as previously described®'.
Cell culture

293T cells and total BM cells were cultured as described before®!. MDS-L cells®® ¢! were
provided by Dr. Daniel Starczynowski, and cultured in RPMI supplemented with 10% fetal bovine
serum, 10 mM glutamine, penicillin (100 IU)/streptomycin (100 pg/ml) and 10 ng/ml human IL-
3 (hIL-3) (Peprotech). To induce the expression of ShRNA and exogenous SRSF2 in MDS-L cell
lines transduced with pTRIPZ vectors, 1 pg/ml Doxycycline (Sigma) was added every day to the
cells for three days. To reach 50% SRSF2 expression in shRNA only cells, 2.5 pg/ml Doxycycline
was used in the assay. Cell growth was evaluated in duplicate by the Trypan blue exclusion assay.
As for colony forming unit (CFU) assays, specific number of cells (described in figure legends)
were seeded into M3434 (STEMCELL Technologies). One week later, colony number was
counted. CRISPR edited K562 cells were provided by Dr. Rafael Bejar®> and cultured in RPMI
with 10% fetal bovine serum, 10 mM glutamine and penicillin (100 [U)/streptomycin (100 pg/ml).

Flow cytometry

Primary bone marrow cells from mice were first treated with ACK buffer at room
temperature for 5 minutes, then washed with PBS before antibody staining. For the apoptosis assay,
Annexin V-APC (BioLegend) and 7AAD (BioLegend) were used as described by manufacturer’s
protocol. Data were collected on BD FACSCanto and analyzed by FACSDiva (BD) software.

Reverse transcription (RT) and quantitative polymerase chain reaction (qPCR)
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Total RNA was extracted by using Trizol reagent (ThermoFisher Scientific, #15596026)
according to manufacturer’s instructions and treated with DNase I (Qiagen). RT reactions were
carried out by using the qScript cDNA Synthesis Kit (Quanta Biosciences). qPCR was performed
with the SYBR FAST qPCR Kit (KAPA Biosystems). For validation of the results of RASL-seq,
OneStep RT-PCR kit (Qiagen) was used. Primers used for RT-PCR and qPCR are as follows.

mSrsf2(F): CGCGCTCCAGATCAACCTC.

mSrsf2(R): CTTGGACTCTCGCTTCGACAC.

mGAPDH(F): GGTGCTGAGTATGTCGTGGAGTCTA.

mGAPDH(R): AAAGTTGTCATGGATGACCTTGG.

hSRSF2 3°-UTR(F): GCACTAGGCGCAGTTGTGTA.

hSRSF2 3’-UTR(R): CAATCGGGAGAAAACAGGAA.

hSRSF2 Exon2 CDS(F): CTACAGCCGCTCGAAGTCTC.

hSRSF2 Exon2 CDS(R): TTGGATTCCCTCTTGGACAC.

hGAPDH(F): TCGCTCAGACACCATGGGGAAG.

hGAPDH(R): GCCTTGACGGTGCCATGGAATTTG.

Western blotting

Cell extracts from mouse bone marrow were prepared with Thermo Scientific Pierce IP
Lysis Buffer (PI-87787) including the protease inhibitor cocktail (PI-88665) and phosphatase
inhibitor cocktail (PI-88667). Western blotting was performed following standard procedures.
Protein samples were denatured in 1x loading buffer [10% glycerol, 2% SDS, 10 mM DTT and
50 mM Tris-HCI (pH 6.8)]. Protein concentration was adjusted, and protein samples were loaded
on SDS polyacrylamide gels after adding bromophenol blue (0.05%). Primary anti-SRSF2

antibody (ab28428; Abcam), anti-B-actin antibody (A1978; Sigma-Aldrich), V5 tag (sc-83849-R;
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Santa Cruz) were used. Signals from fluorophore-conjugated secondary antibodies were detected
with the Odyssey system (LI-COR).

Retrovirus infection

For the retrovirus infection for mouse bone marrow cells, 293T cells were transfected with
5 pg of retrovirus vectors and with 5 ug of Ecopac packaging vector using polyethylenimine
(Polysciences Inc). The 293T medium was changed from DMEM to IMDM 10 hrs post
transfection. Retroviral supernatants were harvested 48 hrs after transfection and filtered through
a 0.45 pum filter. The supernatant was added to primary bone marrow cells, along with 4% IL3-
CM, 4%SCF-CM, 1% HEPES and 0.1% polybrene (final concentration 4 pg/mL). The cells were
spinoculated at 1200 x g for 3 hrs at 32°C. Infections were performed twice on consecutive days.
For overexpression of WT and mutant SRSF2, BM cells were transduced with MIP vector or MIP-
SRSF2 expression retrovirus, selected after two rounds of infection in 1 pg/mL puromycin for 3
days before assays.

For lentivirus production, 293T cells were transfected with pTRIPZ lentivirus vectors,
pCMV-VSVG, and pCMV-dRS.2 using lipofectamine 2000 (Life Technologies) for 6 hrs and then
the medium was changed. Forty-eight hours later, culture supernatant was harvested, and filtered
through a 0.45 um filter. For viral transduction, RPMI1640 medium with 10 ng/ml hIL-3 was
diluted with viral supernatant at 1:1 ratio. The MDS-L cells were then cultured in the mixed
medium with 8 pg/ml polybrene overnight. Next day, medium was changed, and the stable cell
lines with incorporated viral DNA segments were selected in 2 ug/ml puromycin for 7 days.
RASI -seq

Doxycycline (Dox, Sigma) at indicated concentration was added to MDS-L cell culture

every day for 3 days. Total RNA was extracted from cells and used for RASL-seq. Analysis of
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splicing changes was described previously (25, 26). Gene function and pathway analyses were
performed using QIAGEN’s Ingenuity® Pathway Analysis (IPA®, QIAGEN Redwood City,
www.qiagen.com/ingenuity). Original data is uploaded to GSE (GEO accession number:
GSE61052).

RNASEH1 Overexpression in Mouse ¢-Kit+ Cells and in vitro Colony-forming Assays

c-Kit+ cells were enriched by anti-mouse CD117 Microbeads (Miltenyi Biotech) from 8-
week-old Mx1-cre Srsf2(WT) or Mx1-cre Srsf2(P9SH/WT) mice 2 weeks after Poly(I:C) injection.
c-kit+ cells were infected with retrovirus expressing a MSCV-IRES-GFP empty vector or the
vector containing the full length RNASEH1 ¢cDNA. The viral infection procedure was performed
as previously described®. GFP+ cells were sorted, 40,000 of which were seeded into
methylcellulose medium (Methocult M3434; STEMCELL Technologies). Colonies were counted
14 days after seeding. Protein expression of RNASEH1 was confirmed by western blotting.

Immunofluorescence

Detection of R-loops by immunofluorescence using S9.6 antibody was performed

according a previously described protocol??

. Briefly, isolated mouse bone marrow c-Kit+ cells and
K562 cells were suspended in the pre-warmed 75 mM KCIl solution in a drop-wise manner and
incubated for 12 min at 37°C. Several drops of freshly made, ice-cold fixative solution
[methanol:acetic acid(3:1)] were added to cells, followed by centrifugation (800 rpm, 5 min, 4°C).
The supernatant was aspirated down to 300 ml. Cells were resuspended in 5 mL of fixative solution
in a drop-wise manner followed by incubation for 20 min on ice. Cells were spun down and then
washed once with fixative solution. The supernatant was aspirated down to 20-30 ml. Fixed cells

were resuspended by pipetting and spotted onto slides, which were then incubated for 30 min at

65°C C. For blocking, slides were incubated with blocking buffer (1X PBS, 0.2% Triton X-100,
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5% BSA) for 1 hr at room temperature, followed by incubation with S9.6 antibody overnight at
4°C. On the next day, slides were washed three times with wash buffer (1X PBS, 0.1% Triton X-
100) and then incubated with fluorescence- conjugated secondary antibody (Alexa Fluor 488
Donkey anti-Mouse IgG (H+L), 1:500 dilution) for lhr at room temperature. Cells were then
washed three times with 1X PBS and stained with DAPI for 30 min and mounted with
Fluoromount-G (SouthernBiotech) for imaging under an Olympus FV1000 confocal microscope.

For g-H2AX staining, cells were fixed with 4% paraformaldehyde for 20 min and then
incubated with 0.3% Triton X-100 in PBS for 30 min, both at room temperature. After washing
with PBS, cells were then incubated with blocking buffer (10% BSA and 0.03% Trixon X-100 in
PBS) for 1 hr at room temperature followed by incubation with primary antibody for g-H2AX
(1:500 dilution) overnight at 4°C. After washing with wash buffer (0.03% Trixon X-100 in PBS),
cells were incubated with the fluorescence-conjugated secondary antibody (Alexa Fluor 594 Goat
anti-Mouse IgG (H+L), 1:500 dilution) diluted with wash buffer for 1 hr at room temperature.
Cells were then washed three times and stained with DAPI for 30 min and mounted with
Fluoromount-G for imaging under an Olympus FV1000 confocal microscope.
Statistics

Results were represented as mean + standard deviation (SD) unless otherwise stated.
Comparison between two groups was done by t-test. Whenever asterisks are used to indicate the

statistical significances, *stands for p < 0.05; **for p <0.01, and ***for p < 0.001.
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Chapter 2. RUNXI1 deficiency cooperates with SRSF2 mutation to further disrupt RNA

splicing program and exacerbate mvelodysplastic syndromes phenotypes

2.1 Summary

Although SRSF2 is one of the most frequently mutated genes in MDS, its mutations rarely
occur alone, indicating potential cooperation with other co-existed mutations to promote diseases.
SRSF2 mutations are found to significantly associated with transcriptional factor RUNXI1
mutations in MDS patients, and the co-existence is linked to poor prognosis of the disease.
Transcriptional and RNA splicing are critical steps in controlling gene expression, but the
understanding of know how the mutations in genes regulating these processes and facilitate
pathogenesis remains elusive. Due to the complexity of MDS patient genetic background, isogenic
models are required to further understand how these genetic alternations interact. Here we
established isogenic double-mutations systems in both mouse and human, which includes SRSF2
P95H and RUNXI deficiency. We found this co-existence exacerbates MDS phenotypes in mice
and results in pan-cytopenia, skewing to myeloid at expense of B cell and competitive
disadvantage. In global aspect, the splicing and gene expression programs are further perturbed
and impact MDS-related pathways including RNA processing, DNA damage and cell cycle
checkpoint. Together, these results identify the pathogenic crosstalk between two distinct classes
of somatic mutations frequently occurred in MDS and provide functional consequences of the

coexistence.

2.2 Introduction

MDS are genetically complex diseases that require multiple mutations during disease

development. Acquisition of somatic mutations results in clonal diversity and different responses
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to therapy. Multiple classes of mutations in splicing factors, transcription factors, epigenetic
modifiers, and cell signaling proteins are the common molecular events mutated during disease
evolution and those events rarely occur alone. Among these factors, somatic mutations in genes
encoding spliceosome proteins SRSF2, SF3B1, U2AF1, and ZRSR2 have been found in ~60% of
patients with MDS!!- 19-21.28.83 Mutations in these genes arise early in disease as initiating events®*
8 and they are considered to have causative effect in MDS disease development because of their
significant frequency, high allelic ratios and association with clinical outcomes.

The presence of SRSF2 mutations occurred in substantial percentage of MDS cases as
discussed in Chapter 1, and the role of SRSF2 and its mutation in hematopoiesis and MDS
development in mouse models and cellular models recently have been recently reported in multiple
studies®- ¢ 86. 87 To date, there are three independent groups reported Srsf2 P95H conditional
knockin mouse models® 8¢ 87 these murine models recapitulate human MDS or MDS/MPN to
varying extents. The mutations impact global RNA splicing outcomes by changing the RNA
binding preference of SRSF2 in sequence-specific manner, leading to dysregulation of exon
inclusion and mis-spliced transcripts critical to myeloid malignancies®* 8. Clinically, SRSF2
mutations are linked to significantly shorter overall survival, especially in the lower risk MDS
patients when compared with patients without the mutation, and it also corelated to shorter time to
AML progression’? 31890 Moreover, SRSF2 mutations almost always present as heterozygous
missense mutations and rarely occur alone. In a clinical MDS report, it shown that SRSF2
mutations occurred concurrently with at least one additional mutation in 85.3% of patients in the
cohort (85.3%)%’, indicating the potential cooperative effect with other class of mutations. SRSF2

mutation is also shown to closely associated with epigenetic modifiers including TET2, ASXL]1,

38



IDH2. The other class highly associated with SRSF2 mutations, is cell signaling/transcriptional
regulators, including RUNX1 and NRAS30- 31 89,9192,

Interestingly, the effect of co-mutation varied by partner gene, where patients with the
SRSF2 and RUNX1 double mutations did significantly worse and the response rates and overall
survival were lowest in patients with these two mutations in AML®?. Moreover, a clinical report,
which evaluated the chronology of the acquisition of mutations from MDS patients before (pre-
progression) and after progression (post-progression) to a more advanced MDS subtype or to AML,
showed SRSF2 mutations as earlier genetic events while RUNX1 mutations were found in the
post-progression sample only in the majority of cases, indicating RUNX1 mutations are possibly
late events that may cooperate with early events to promote disease progression®?.

Runt-related transcription factor 1 (RUNXI), also known as AMLI, encodes DNA-
binding subunit of the heterodimeric CBF complex. RUNX1 is critical for the development of

definitive hematopoiesis®*

, and homozygous loss of Runx1 in mice results in embryonic lethality
due to impaired hematopoiesis®®. In adult mice, loss of Runxl is not essential for adult
hematopoietic compartment, but several hematopoietic abnormalities were found. Runx1 deficient
mice demonstrated lineage specific effects on B and T cell maturation, decrease of platelet
numbers, increase of neutrophils in peripheral blood and myeloid progenitor populations®’.
RUNXI is one of the most frequently mutated genes in MDS, accounting for 10-15% of cases,
and they are especially frequent in higher-risk MDS and closely associated with higher neutrophil
counts and shorter overall survival?® %% RUNXI mutations are very dispersed throughout the
gene and can be defined into two functionally distinct classes: the N-terminal mutations, consisting

the majority of RUNX1 mutations, which are located within runt homology domain (RHD) of the

RUNXIT protein and directly disrupt DNA binding or interaction with CBFf, indicating RUNX1
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dysfunction is one of the major mechanisms; and the C-terminal mutations, which are located at
activation domain (AD). The second class of mutations increases DNA binding but disrupts
transcriptional activity in a dominant negative manner, suggesting additional functions can be
gained in these mutations!'%% 101,

Although RUNXI1 is one of the most frequently co-mutated genes with SRSF2 in MDS
patients, and their co-existence is linked to poor prognosis, it remains unclear how this
combination of genetic alterations in different categories may have cooperative effects in gene
regulation and disease etiology. Here we hypothesize that SRSF2 and RUNX1 mutations cooperate
in MDS pathogenesis and assessed this biologically using isogenic mouse transgenic models and
human myeloid cell models. These data provide a functional explanation for the genetic co-

existence of splicing and transcription factor mutations and identify their convergent effect in

global splicing and gene expression programs.

2.3 Results
2.3.1 Double mutations cause MDS-like phenotypes, including pan-cytopenia, dysplastic
morphology and skewing to myeloid at expense of B cells

To investigate whether the coexistence of Srsf2 mutation and Runx1 deficiency could
synergistically impair hematopoiesis in vivo, we established a new mouse model (Srsf2 POSH/+
Runx1 f/f Mx1-Cre) by crossing previously reported Mx1-Cre based conditional knock-in Srsf2-
P95H mutation mice (P95H/+)** and Runxl conditional knockout mice (Runxl f/f)°’. To
determine whether the phenotypic effects of the mutations are in a hematopoietic cell-intrinsic
manner, we performed non-competitive transplantation experiments by transplanting mouse bone

marrow mononuclear cells collected from Mx1-Cre, Runx1 f/f Mx1-Cre, Srsf2 P95H/+ Mx1-Cre,
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and Srsf2 P95SH/+ Runx1 f/f Mx1-Cre mice into lethally irradiated recipients and inducing Cre

expression by plpC intraperitoneal injection four weeks after transplantation (Fig. 2-1).

Since MDS patients have ineffective hematopoiesis and results in limited production of
mature cells in peripheral blood, we first examined the numbers of three mature lineages (red blood
cells, platelets, white blood cells) in the single and double mutation mice. The presence of Srsf2
P95H either in either single mutation or double mutation context both resulted in macrocytic
anemia in mice, demonstrating by decrease of hemoglobin and red blood cell number and increase
of mean corpuscular volume (Fig. 2-2), while the Runx1 loss did not affect this parameter. The
Runx1 loss caused decrease of platelet number (Fig. 2-3A,C), and the larger platelet size shown
by mean platelet volume (Fig. 2-3B) indicating immature platelet formation. Interestingly, the
thrombocytopenia phenotype is more severe in the Runxl single mutation condition when
compared to the double mutation, suggesting that existence of Srsf2 P95SH partially attenuated this
defect. In single mutation and double mutation context, leukopenia is always observed (Fig. 2-
4A,C). Total number of white blood cells and lymphocytes decreased in single and double
mutation mice, while number of granulocytes remained comparable between WT and all the
mutation conditions (Fig 2-4 A-D). Overall, the double mutant mice recapitulated MDS-related
phenotypes induced by either Srsf2 mutation or Runx1 deficiency. Moreover, the double mutation
mice showed lower percentage of lymphocytes and higher percentage of granulocytes and
monocytes (Fig 2-4 E-G), indicating skewing between lymphoid and myeloid lineages occurred in
peripheral blood. Flow cytometric analysis of the peripheral blood cell lineages displayed more
dramatic skewing to the myeloid lineage at expense of the B cell lineage when compared to single
mutant mice, and it became more severe in double mutation mice when they are more aged (Fig.

2-5A-D). At 20-weeks post transplantation, we analyzed the spleen and bone marrow
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compartments of the mice. In the spleen, we found the same enhanced skewing from B-cells to
myeloid lineage as in the peripheral blood compartment (Fig. 2-5 E-F). However, in the bone
marrow, single and double deficiency mice both demonstrated similar decreases in B cell
percentage. Srsf2 P9SH and double mutant mice also demonstrated dysplastic morphology, such
as hyposegmented/ hypersegmented neutrophils and red blood cells with Howell-Jolly bodies in
peripheral blood (Fig. 2-6). We also examined the hematopoietic stem and progenitor cell
compartments of the single and double mutant mice. Under Runx1 deficienct context, the
expansion of Lin- cells, Lineage- Sca-1+ c-Kit+ (LSK) cells, granulocyte-
monocyte progenitor (GMP), megakaryocyte-erythrocyte progenitor (MEP) were observed in
bone marrow and spleen (Fig. 2-7A-D, Fig. 2-8A-E). Though the double mutation mice also
showed similar trend of expansion as Runxl loss itself, there is not further increased of the
expansion level, suggesting that presence of Srsf2 P95H does not have additive effect in stem cell

expansion aspect.
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Figure 2-1. Generation of mice harboring conditional Runx1 f/f and Srsf2 P9SH/+ by non-
competitive bone marrow transplantation. (A) Schema for mouse bone marrow transplantation.
(B) Srsf2 P95H allele frequency of mouse bone marrow LK cells quantified by RNA-seq after
induction. (C) Runx1 knockdown efficiency of mouse bone marrow LK cells quantified by RNA-
seq after induction.
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Figure 2-4. Leukopenia is developed in single mutation and double mutation mice. (A-C)
Total count of white blood cells (WBC) (A), lymphocytes (LYM) (B) and granulocytes (GRA) (C)
in peripheral blood of recipient mice at week 16 post BMT. (D) Time course analysis of white
blood cells every 4 weeks. (E-G) Percentage of lymphocytes (E), granulocytes (F), monocytes (G)

in peripheral blood of recipient mice 32 weeks post transplantation. *p<0.05, **p<0.01.
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Figure 2-5. Skewing between peripheral B cells and myeloid cells occurred in double
mutation mice. (A-B) Frequencies of B cells (B220+) (A) and myeloid cells (CD11b+) (B) in
peripheral blood at week 16 post BMT. (C-D) Time course analysis of Frequencies of B cells
(B220+) and myeloid cells (CD11b+) (B) every 4 weeks. (E-F) Frequencies of B cells (B220+)
and (I) myeloid cells (CD11b+) in bone marrow, spleen and peripheral blood 20 weeks post
transplantation. *p<0.05, **p<0.01.
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Figure 2-6. Peripheral blood of Srsf2 P9SH and double mutation mice demonstrated
dysplastic features. (A-D) Peripheral blood smear of WT (A), Runx1 deficiency (B), Srsf2 P95SH
(C) and double mutation (D) mice.
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Figure 2-7: Double mutation caused mild hematopoietic stem cell and myeloid progenitor
expansion in bone marrow. (A-D) Percentages of hematopoietic stem and progenitor populations
from mouse bone marrow analyzed by flow cytometry after 20 weeks of bone marrow
transplantation, including (A) Lineage- cells, (B) Lineage- Sca-1+ c-Kit+ (LSK) cells, (C)
hematopoietic stem cells including restricted hematopoietic progenitor cell fractions 1 (HPC-1),
short-term hematopoietic stem cells (ST-HSC), long-term hematopoietic stem cells (LT-HSC),
and multipotent progenitor (MPP). (D) Percentage of granulocyte-monocyte progenitor (GMP),
megakaryocyte-erythrocyte progenitor (MEP), and common myeloid progenitor (CMP). *p<0.05,
**p<0.01.
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Figure 2-8: Double mutation caused mild hematopoietic stem cell and myeloid progenitor
expansion in spleen. (A) Weight and photo of spleen in each genotype. (B-E) Percentages of
hematopoietic stem and progenitor populations from mouse spleen analyzed by flow cytometry
after 20 weeks of bone marrow transplantation, including (B) Lineage- cells, (C) Lineage- Sca-1+
c-Kit+ (LSK) cells, (D) hematopoietic stem cells including restricted hematopoietic progenitor cell
fractions 1 (HPC-1), short-term hematopoietic stem cells (ST-HSC), long-term hematopoietic stem
cells (LT-HSC), and multipotent progenitor (MPP). (E) Percentage of granulocyte-
monocyte progenitor (GMP), megakaryocyte-erythrocyte progenitor (MEP), and common
myeloid progenitor (CMP). *p<0.05, **p<0.01.
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2.3.2 Runx1 loss exacerbates competitive disadvantage to Srsf2 P9SH hematopoietic stem

and progenitor cells in competitive bone marrow transplantation

To evaluate hematopoietic stem cell and progenitor function in vivo, we performed
competitive bone marrow transplantation. We mixed CD45.1 wild type bone marrow cells and
CD45.2 (Mx1-Cre, Runx1 f/f Mx1-Cre, Srsf2 P95SH/+ Mx1-Cre, Srsf2 P95SH/+ Runx1 f/f Mx1-
Cre) bone marrow cells in a 1:1 ratio, transplanted to lethally irradiated recipients, and injected
pIpC 4 weeks after transplantation (Fig. 2-9A). Chimerism analysis is evaluated by percentage of

CD45.1 and CD45.2 populations in peripheral blood.

The repopulation assay showed that Srsf2 P95SH with Runx1 deficiency confer a
competitive disadvantage (Fig. 2-9B). Within the CD45.2+ population of peripheral blood, the
B220+ percentage of double mutation cells decreased and CD11b+ increased, which demonstrated
similar trend as non-competitive bone marrow transplanted setting (Fig. 2-9C). After 24 weeks of
transplantation, the chimerism of total cells in spleen and bone marrow were analyzed (Fig. 2-9D),
similar to the trend in peripheral blood, the presence of Srsf2 P95SH confer competitive
disadvantage and the Runx1 loss further decreased the chimerism. Within the bone marrow
population, the CD45.2 chimerism of stem and progenitor cell compartments (LK, LSK, ST-HSC,
LT-HSC, MPP) were analyzed, Srsf2 P95SH single mutation and double mutation demonstrated
similar level of lower chimerism when compared to WT control cells or Runx1 single deficiency
cells (Fig. 2-9E). These results demonstrating the loss of Runx1 further exacerbate the competitive
disadvantage of Srsf2 P95SH cells in in vivo competitive transplantation setting, which indicated
the additive effect of double mutation leads to worsen the Srsf2 P9SH MDS phenotypes.

Together, double mutation altered multi-lineage hematopoiesis in mice and showed MDS

features including severe leukopenia in multiple lineages, anemia, and thrombocytopenia and mild
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expansion of hematopoietic stem cells and myeloid progenitor cells. These results suggest that the
deficiency of compound RUNX1 and SRSF2 P95H mutations exacerbates the disease phenotypes
caused by single mutations alone, and the more severe phenotypes that may underlie the poor

prognosis of patients with both mutations.
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Figure 2-9. Runxl loss and Srsf2 P9SH cause competitive disadvantage to cells under
competitive bone marrow transplantation condition. (A) Schematic of generation of
competitive bone marrow transplantation model. (B)The percentage of CD45.2+ chimerism in
peripheral blood. (C) Percentages of three lineages in CD45.2+ compartment in peripheral blood
at week24 after transplantation. (D) CD45.2 chimerism of total cells in peripheral blood, spleen
and bone marrow at week24 after transplantation. (E) CD45.2 chimerism of stem and progenitor
cell compartments in bone marrow at week24 after transplantation. *p<0.05, **p<0.01.
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2.3.3 The co-existence of SRSF2 P9SH mutation and RUNXI1 deficiency exacerbates global
splicing defects

To understand the mechanistic basis for the magnified MDS phenotypes by SRSF2 and
RUNX1 double mutations, we performed RNA-sequencing (RNA-seq) on mouse bone marrow
hematopoietic progenitor Lineage- c-Kit+ (LK) cells, and on isogenic K562 cells, a human
myeloid model cell line allowing expeditious elucidation and manipulation of critical molecular
events. In K562 system, the SRSF2 P95H mutations was introduced by CRISPR knockin in one
of the three alleles®®, while RUNXI deficiency was introduced by shRNA knockdown (Fig. 2-
10A). The RUNX1 knockdown efficiency was confirmed at protein level to 20-30% in all
biological replicates (Fig. 2-10C). The mean allelic ratio of SRSF2 P95H was verified to be around
30% in both SRSF2 single mutant and double mutant cells (Fig. 2-10D). In mouse system, bone
marrow LK progenitor cells were sorted from mice transplanted with bone marrow carrying single
mutation or double mutations (Fig. 2-10B). With highly reproducible deep RNA-seq with 100M
reads (Fig. 2-10E) we detected alternative splicing (AS) changes in all three genotypes. The altered
splicing events could serve as molecular signature to well segregate different genotypes (Fig. 2-
11A-B). In total, 553, 1,434 and 3,079 abnormal AS events were identified in human K562 SRSF2
P95H cells, RUNX1 deficiency cells and double mutant cells, respectively (Fig. 2-11C). The
double mutation demonstrated the greatest number of splicing events alternations, which was also
recapitulated in murine system (Fig. 2-11D), in other words, the loss of RUNXI significantly
cooperated with SRSF2 P95H to further induce global splicing defects at the level that were not
observed in any single mutant in both human and murine context (Fig. 2-11C-D). We were next
prompted to unveil the mechanism underlying the exacerbated splicing defects by RUNXI in the

presence of SRSF2 P95SH mutant. Since RUNX1 was shown to be able to bind synthetic RNA
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aptamers!'%2, it is interesting to know whether RUNX1 directly bound a set of RNA with specific
sequence motifs for alternative splicing regulation in vivo. Within the types of abnormal AS events,
skipped exon (SE) events were most frequently affected when SRSF2 P95H mutation presented
(Fig. 2-12A-B), consistent with prior studies®* 86-87. 103,104 ‘We therefore specifically investigated
whether these SE events were potential targets of RUNX1 with specific motifs. As a control, the
cassette exons promoted versus repressed in cells expressing SRSF2 P95SH were enriched for
CCNG and GGNG exonic splicing enhancer (ESE) motifs respectively as reported®*, independent
of the condition of RUNXI1 deficiency (Fig. 2-13). However, no evident consensus motifs could
be recovered in single mutant cells with RUNXI1 deficiency only, suggesting that RUNX1 either
may not directly bind RNA in vivo or bind RNA with no sequence preference and it possibly
indirectly affects splicing outcomes through its canonical role in gene expression regulation. We
also compared the splicing inclusion level differences between single and double mutation
contexts in both K562 and mouse LK cells (Fig. 2-14). Interestingly, the loss of RUNX1 attenuated
the depth of global splicing changes caused by SRSF2 P95H in double mutant cells. To sum, these
two genetics deficiency together caused more mis-splicing events and affected more genes, while

the splicing depth is slightly attenuated when two mutations coexisted.
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Figure 2-10. Double mutations induce changes in transcriptomes in human K562 cells and
mouse bone marrow Lin- c-Kit+ progenitor cells. (A) Schema for K562 sample preparation for
RNA-seq. (B) Experimental scheme of mouse LK cells sample preparation for RNA-seq. Samples
are bone marrow Lineage- c-Kit+ progenitor cells sorted from mice transplanted with single
mutation or double mutations bone marrow. (C) Knockdown efficiency of RUNX1 was confirmed
in K562 cells. To quantitate depletion of RUNX1 of three biological replicates, the relative protein
levels of RUNX1 were adjusted using B-Actin loading control and quantified relative to the protein
level present in the WT controls (set as 1). (D) Expression of SRSF2 P95H alleles as percentage
of mRNAs expressed from SRSF2 in K562 cells. (E) Unsupervised principal component analysis
of total RNA reads number of genes expressed in three biological replicates of each genotype in
K562 cells. **p<0.01.
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Figure 2-11. The co-existence of SRSF2 P9SH mutation and RUNX1 deficiency exacerbated
global splicing alterations. (A) Unsupervised principal component analysis of the events with
splicing alternations in three biological replicates of each genotype in K562 cells. Splicing events
identified by rMATS pipeline, with cutoff as FDR<0.05, |PSI> 0.05. (B) Non-hierarchical
clustering based on splicing profiles in K562 cells. (C) Volcano plot of identified differential
spliced events in each genotype in K562 cells. (D) Volcano plots of aberrant splicing events in
each genotype of mouse LK cells.
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Figure 2-12. Single and double mutations cooperated to predominately affect exon skipping
events. (A) The number and types of alternative splicing events in single/double mutation K562
cells compared with WT control cells. (B) Number and types of alternative splicing events in
single/double mutation mouse LK cells compared with control.
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Figure 2-13. SRSF2 P95SH caused enrichment of motifs of CCNG regardless of the presence
of RUNXI. (A) Scatter plots illustrating promoted/repressed motif usages in each genotype in
K562 cells. (B) Bar plots illustrating enrichment of different variants of the CCNG/GGNG (N =
any nucleotide) exonic splicing enhancer adjacent to differentially spliced cassette exons promoted
versus repressed in single/double mutation K562 cells relative to WT K562 cells. (p-value of each
genotype: Srsf2 P9SH <2.2e-16; Runx]l KD= 1.18e-6; Double mt <2.2e-16) (C) Scatter plots
illustrating promoted/repressed motif usages in single/double mutation mouse LK cells compared
with control. (D) Bar plots illustrating enrichment of different variants of the CCNG/GGNG
exonic splicing enhancer in single/double mutation mouse LK cells relative to WT cells. (p-value
of each genotype: Srsf2 P95SH <2.2e-16; Runx1 KO=0.1443; Double mt <2.2e-16)
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Figure 2-14. The loss of RUNXI1 attenuated the level of splicing caused by SRSF2 P95H. (A-
B) Splicing inclusion ratio differences of each genotypes in single/double mutation K562 cells (A)
and (B) mouse LK cells. **p<0.01, ***p<0.001.
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2.3.4 The cooperation of SRSF2 P9SH mutation and RUNXI1 deficiency results in aberrant

splicing of regulators in DNA damage, cell cycle checkpoint and RNA processing

In both human and mouse conditions, the greatest alterations in splicing events were
observed in double mutation context compared to single mutant controls, and a combined effect
of the two mutations on splicing was shown (Fig. 2-15A, C). Gene Ontology (GO) enrichment
analysis was performed on the genes showing significant aberrant splicing events in single and
double mutant K562 cells. The clusterProfiler is used to calculate enriched functional categories
of each gene clusters and refined overlapping GOs!'®. In single mutant scenario, there is no GO
cluster enriched using dysregulated splicing events from SRSF2 P95H mutation alone K562 cells.
For RUNX1 deficient K562 cells, GO clusters related to RNA splicing, processing, location, DNA
replication and cell cycle checkpoint were revealed. In double mutant K562 context, the analysis
also showed strong enrichment of GOs appeared in RUNXI1 deficiency cells, while GO cluster
associated with DNA damage checkpoint were emerged (Fig. 2-15B). For the individual GO terms
enriched in both RUNXI1 deficiency and double mutation K562 cells, double mutation cells
demonstrated more significant trend (Fig. 2-15E). In mouse LK cells, the enriched GO clusters of
mis-spliced genes from double mutant cells highly overlapped with K562 double mutant context

(Fig. 2-15E-F), RNA splicing, DNA damage and cell cycle checkpoint again significantly emerged.

We next examined double mutant-induced splicing changes of several target genes in the
abovementioned pathways by RT-PCR. Fanconi anemia J gene BRIP1 (also known as FANCJ and
BACHI1) encodes a DEAH helicase that interacts with the BRCT domain of BRCAI1 and has
BRCA1-dependent DNA repair and checkpoint functions!®® 97, The inactivating truncating

108-110

mutations of BRIP1 were shown to cause Fanconi anemia , and the point mutations were

found to be disease-causing as well''!: 112, Exclusion of the cassette exon results in an mRNA
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encoding a transcript with frameshift (Fig. 2-16A). FANCD2/FANCI-associated nuclease 1 is
encoded by FANI1 gene, which was shown to play critical role in DNA interstrand cross link

repairl 13-115

, and missing this exon also cause frameshift (Fig. 2-16B). NABP1 encodes Sensor of
Single-Strand DNA Complex Subunit B2 (SOSS-B2), which is component of SOSS complex, a
multiprotein complex that functions downstream of the MRN complex to promote DNA repair and
G2/M cell cycle checkpoint, and acts as a sensor of single-stranded DNA that binds to single-
stranded DNA!!% 117 The exclusion of the exon leads to frameshift as well (Fig. 2-16C). Targets
involved in cell cycle progression were also examined, including TBRG4 (Fig. 2-16D) and
AKAPSL (Fig. 2-16E). TBRG4, also known as cell cycle progression restoration protein 2,
exclusion of either one of the two adjacent exons in TBRG4 leads to frameshift, and
downregulation of its expression contributes to arresting cell cycle progression!'!®. The altered
isoform ratio can also be observed in EXOSC9 (Fig. 2-16G), which involved in mRNA stability
and RNA surveillance pathways!!®12!, In both of the single mutant context, the similar level of
splicing alternation can be observed, while in double mutant scenario the altered level is furthered
increased, indicating certain cumulative effect in double mutation context to contribute to aberrant
splicing (Fig. 2-16H). Multiple altered splicing events were observed in the same gene in double
mutant cells. For example, PFKM, a key regulatory enzyme of glycolysis, which loss results in
hemolytic anemia!??-124, There were two skipped exon events of this gene only occurred in double
mutant context (Fig. 2-16F). These data results demonstrated the convergent effect of the two
genetic alternations impact on the same categories of biological pathways in both human and

mouse context, suggesting the importance of these pathways in the disease development process.
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Figure 2-15. The cooperation of SRSF2 P9SH mutation and RUNX1 deficiency results in mis-
splicing targets involved in disease related pathways. (A) Venn diagram showing the overlap
between splicing events that were significantly dysregulated in single/double mutation relative to
WT controls in K562 cells. (B) Gene Ontology (GO) enrichment cluster analysis showing the
dysregulated splicing events in double mutant K562 cells. The color of the circles indicating p-
value, and the size of the circles indicating number of genes in each GO terms. Top 30 GO terms
are shown. (C) Venn diagram showing the overlap between splicing events that were significantly
dysregulated in single/double mutation relative to WT controls in mouse LK cells. (D) GO
enrichment cluster analysis showing the dysregulated splicing events in double mutant mouse LK
cells. (E-F) Heatmap demonstrating p-value of the GO terms enriched from the mis-spliced genes
identified in single and double mutation K562 cells (E) and mouse LK cells (F).
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Figure 2-16. Genes related to DNA damage checkpoint, cell cycle, glycolysis and RNA
catabolic process were mis-spliced. (A-E) RT-PCR validation and sashimi plot of the genes
related to DNA damage checkpoint: BRIP1(A), FAN1(B), NABP1(C); cell cycle: TBRG4 (D),
AKAPSL (E); glycolysis: PFKM (F) and RNA catabolic process: EXOSC9 (G) with abnormal
alternative splicing identified by RNA sequencing in K562 cells. (H) Bar graph showing increased
level of mis-splicing between single and double mutant in EXOSC9 gene.
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2.3.5 SRSF2 P9SH mutation and RUNXI1 deficiency have additive effect in gene
dysregulation and the co-existence worsen the viability outcomes in vitro

Next we evaluate how these two genetic alternations affect global gene expression.
Unsupervised principal component analysis of differentially expressed genes in the biological
replicates of each genotype in K562 cells clearly separated single and double mutant groups, while
double mutant cells demonstrating greatest distance from control cells (Fig. 2-17A). In total, 1,221
1,391 and 2,721 genes were dysregulated in human K562 SRSF2 P95H cells, RUNX1 deficiency
cells and double mutant cells, respectively (Fig. 2-17C, E). The greatest alternations in gene
expression were seen in double mutant scenario in K562 cells, and double mutant cells
recapitulated much of the gene expression dysregulation pattern (70.6% in SRSF2 P95H cell and
54.2% in RUNXI deficiency cells) in single mutant K562 cells (Fig. 2-17C). Interestingly, within
the events in the double mutant LK cells, 68% of the differentially expressed genes were also
observed in RUNXI1 single mutant cells and 31.2% of the differentially expressed genes were
uniquely presented in the double mutant cells (Fig. 2-17D). These results suggest that the gene
expression program is heavily affected by loss of RUNXI1 and the coexistence of an SRSF2
mutation contributes to certain synergistic effects in transcriptional regulation in mouse LK cells
context. GO cluster analysis of up-regulated genes in double mutant cells revealed signatures of
myeloid leukocyte migration, ERK1 and ERK2 regulation, negative regulation of growth and acute
inflammatory response (Fig. 2-18A, C). Analysis of down-regulation genes showed enrichment of
leukocyte homeostasis, B cell receptor signaling, lymphocyte proliferation/differentiation and
platelet activation (Fig. 2-18B, D), which explained the phenotypes of decreasing lymphocyte
numbers, B cell percentage and platelet numbers in double mutant mice at gene expression level.

In the single mutant K562 cells all demonstrated trend of slower growth, while double mutant cells
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demonstrated the most serve effect on growth retardation (Fig. 2-19A) and increased of apoptosis
(Fig. 2-19B), which also reflected the gene expression enrichment in upregulation of GO terms in
negative regulation of growth and activation of ERK cascade that has been associated with the
intrinsic apoptotic pathway (Fig. 2-18E)!%% 125 Interesting, both RUNX1 KD and double mutant
both dysregulates decent numbers of genes encoding RNA binding protein. Moreover, among the
28 RBPs shared between RUNX1 KD and double mutant cells (Fig. 2-20A), 10 of them have direct
roles in splicing, and 90% of these RBP are downregulated (Fig. 2-20B), which conceivably elicit
secondary defects that may explain the exacerbated splicing defects in double-mutant cells.
Together, these results suggest that the deficiency of compound RUNX1 and SRSF2 P95SH
mutations impairs multi-lineage hematopoiesis and exacerbates the disease phenotypes caused by
single mutations alone. At the genome-wide level, loss of the transcription factor RUNX1 itself
dysregulates splicing outcomes and cooperates with the splicing factor SRSF2 P95H mutation to
further perturb the expression and splicing of key regulators involved in DNA damage and cell

cycle checkpoint, RNA processing and hematopoietic cell development.
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Figure 2-17. SRSF2 P95H mutation and RUNXI1 deficiency have additive effect in gene
dysregulation. (A) Unsupervised principal component analysis of differentially expressed genes
in three biological replicates of each genotype in K562 cells. (B) Non-hierarchical clustering based
on gene expression profiles in K562 cells. (C) Venn diagram showing the overlap between
differentially expressed genes of each genotypes in K562 cells. (D) Venn diagram showing the
overlap between differentially expressed genes of each genotypes in mouse LK cells. (E)Volcano
plot of differentially expressed genes in each genotype in K562 cells.
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Figure 2-18. The cooperation of double mutation further dysregulated pathways in blood cell
development at gene expression level. (A-B) GO enrichment cluster analysis showing the
dysregulated expression genes (up-regulation (A), down-regulation (B) in double mutant K562
cells. (C-D) GO enrichment cluster analysis showing the dysregulated expression genes (up-
regulation (C), down-regulation (D) in double mutant mouse LK cells. (E) Heatmap demonstrating
p-value of the GO terms enriched from the up/down-regulated genes identified in single and double
mutation K562 cells.
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Figure 2-19. The co-existence of RUNX1 loss and SRSF2 P95H caused growth arrest
increased apoptosis in K562 cells. (A) Growth curve of single/double mutant K562 cells. Cells
were seeded in triplicate in three independent experiments and counted with Trypan blue. (B)
Apoptosis assay. Cells were seeded in duplicate in three independent experiments. Early apoptotic
cells are defined as AnnexinV+ 7AAD- cells. *p<0.05, **p<0.01.
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conditions.
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2.3.6 Identify RUNX1 as potential RNA binding protein by eCLIP-seq

Due to the splicing alternations caused by loss of RUNXI1 and the ability of RUNXI to
bind RNA aptamer!®, we further explore the possibility of RUNX1 as a RNA binding protein. We
utilized enhanced UV crosslinking and immunoprecipitation (eCLIP) for transcriptome-wide
discovery of RNA-binding protein binding targets of RUNX1!2, We prepared the eCLIP library
through immunoprecipitation of endogenous RUNX1 in U937T cells (Fig. 2-21A). The two
replicates are highly reproducible, yielding 3398 and 3569 target genes, while 2581 of them are
shared between two samples (Fig. 2-21B). We next analyzed the differentially bound region of the
peaks. Interestingly, the peaks predominately located in the region of coding sequences (Fig. 2-
21C). The exon junction binding indicated its potential role in regulating splicing. The motif
analysis also revealed significant motifs such as GAAGA and UCUCGA (Fig. 2-21D). To gain
functional insight of the target genes, we performed pathway analysis using the 2581 shared events
between two replicates. The enriched pathways including RNA processing, DNA replication and
DNA repair. Though the results of RUNX1 eCLIP-seq provides us certain evidence in RUNX1 as

an RNA binding protein, more biochemical validation is required for future studies.
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Figure 2-21. Identification of potential RUNX1 RNA targets through eCLIP-seq. (A) Schema
for eCLIP-seq protocol. (B) Venn diagram showing overlap for two replicates of RUNX1 eCLIP-
seq targets (FC >2; p < 0.001) (C) Distribution of annotated features near eCLIP peak of two
replicates. (D) Top motif derived from all eCLIP peaks. (E) Pathway analysis of RUNXI targets
in U937T cells.
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2.4 Discussion

Mutations in RNA splicing factors are commonly identified in hematological malignancies,
and the positive (coexistence) and negative (mutually exclusive) correlations between this category
with other subset of mutations are found, indicating the potential functional interactions between
these mutations in disease etiology. Significant coexisting mutation pairs in MDS context have
identified in multiple patient studies, including combinations of SRSF2 with
IDH1/IDH2/TET2/RUNX1/ASXL1/STAG2/CUX]1 mutations, U2AF1 with ASXL1/ DNMT3A
mutations, SF3B1 with DNMT3A mutations and ZRSR2 with TET2 mutations?® 30 31, 89, 91,92,
However, how these various combinations of genetic interactions participating in pathogenesis
biologically yet to be fully explored experimentally in isogenic manners. Here we report mouse
and human cell isogeneic models harboring SRSF2 P95H mutations and RUNX1 deficiency to
elucidate the cooperative effect of spliceosome and transcription perturbation. The double mutant
mice developed MDS-related phenotypes related with both SRSF2 P95H (eg: leukopenia, anemia,
neutrophils with dysplasia) and RUNX1 deficiency (eg: leukopenia, thrombocytopenia, increased
percentage of myeloid cells), resulting in more severe MDS symptoms were developed though no
leukemia transformation was observed. At the global splicing level, in both of the isogenic human
myeloid cell line and primary mouse progenitor models, the most profound changes are in the
double mutation context, and both of the mutations mainly contributed to the increase in cassette
exon cvents.

Lately, several blood malignancies models with spliceosome genes related coexisted
mutations have been established as well. For example, the mutation combination with splicing and
epigenetic regulation factors were demonstrated by Srsf2-Idh2 and Srsf2-Tet2 double mutant

mouse models!?’. The expression of either IDH2 or SRSF2 mutations caused distinct splicing
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changes, and the co-expression resulted in more dramatic splicing alternations than single mutation
in both mouse models and AML patients due to increased DNA methylation mediated by IDH2
mutations thus altered RNA splicing. The co-expression of these two mutants also resulted in lethal
myelodysplasia and promote leukemogenesis. To the contrast, in cases with SRSF2 and TET2
mutations have much fewer splicing changes when compared to SRSF2 mutations alone and the
loss of Tet2 in the Srsf2 mutant mice was insufficient to rescue the impaired self-renewal capacity
of Srsf2 single mutant cells. Coexisted mutations with splicing and DNA damage regulator was
also investigated through the Sf3bl-Atm double mutant chronic lymphocytic leukemia (CLL)
mouse model'?®, and the deletion of Atm overcame Sf3b1 mutation induced senescence and caused
CLL in 3 of 33 double mutant mice. The deletion of Atm induced most changes in splicing events
when compared to Sf3b1 mutant alone or double mutant cells, and a combined effect of the two
mutations on splicing was observed. Chromosomal abnormities such as inversions between
chromosome 3g21 and 3q26 (“inv(3)/ t(3;3)”) also found to be co-mutated with SF3B1 !?°, the
gene expression alternations driven by inv(3) in the double mutant mouse cells is further
augmented by the presence of Sf3b1 mutations, and caused alterations in group of genes in RNA
processing and splicing. The above co-mutated isogenic models demonstrated the diverse
cooperative outcomes of spliceosome mutations with other types of genetic alternations.

The combination of splicing and transcription factor mutations was also explored in U2af1-
Runx1 double mutation mouse model'*°. The double mutant cells demonstrated less numbers of
gene with altered expression and splicing when compared to single mutants, implicating certain
counteract effect mediated by these two genetic interactions at gene regulation level. However, the
differences of the mis-splicing types, the mis-spliced target genes and the level of splicing changes

between single and double mutant were not further evaluated. Our double mutant mouse and cell

85



line models don’t indicate transformation under normal hematopoiesis without exposure to
genotoxic agents, and the U2af1-Runx1 mouse model also showed mild MDS phenotypes under
steady state condition, which agrees with our observation. These results indicate the tertiary
mutation which could drive proliferation may be critical to overcome the growth defect of splicing
factor and Runx1 double mutation to promote the leukemogenesis. The U2afl-Runx1 double
mutant models had 1 out of 16 mice developed primary AML after exposure to a mutagen, N-
ethyl-N-nitrosourea (ENU). The whole exome sequencing of the leukemia samples identified
somatic mutations in Tet2, Idhl and Gata2 in the transformation process. The tertiary co-existed
mutations identified in MDS and CMML patients with SRSF2-RUNX1 double mutations include
mutations such as TET2 and NRAS which promote proliferation, suggesting such mutation could

be critical to facilitate the leukemic transformation process?®*°

, and the pre-deposited splicing and
gene dysregulation caused by double mutations may be the basis for pathogenesis when cells
further acquire additional mutations and/or encounter environmental stimuli.

Intriguingly, in both of our isogenic models in human and mouse, RUNXI1 deficiency
imparts profound aberrant splicing. The underlying mechanisms can include direct and indirect
effects. The possible direct RNA binding of RUNX1 was suggested based on studies that RNA
aptamers selected against the RUNX1 RHD—CBFf complex were able to efficiently compete with
DNA in vitro for RUNX1 binding!%2. To explore the possibility of direct RNA binding of RUNX1,
we performed eCLIP-seq and identified potential RNA targets and significant motifs, though the
underlying mechanism and the RNA binding sites required further experimental validation. In our

study, we also found downregulation of RNA binding protein in RUNX1 knockdown context,

indicating the additional in-direct mechanism. Other mechanism potentially may be involved
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131,132 "and which relied to be further dissected under

includes co-transcriptional splicing of exons
the transcriptional and splicing factor mutant conditions.

In conclusion, the present study described the in vivo cooperative effects of the Srsf2-
Runx1 double mutant on the MDS phenotypes and the global genomics alternations caused by the
interaction of these two mutations. Lately, the increased mis-splicing in cancer transcriptomes
relative to normal tissues was shown, on average, tumor tissues harbor around 20% more
alternative spliced events than normal counterpart!'32, In MDS, it was also shown that 26.9% of the
expressed genes were aberrantly spliced in MDS patients compared with healthy donors. The
higher aberrant AS score was associated with shorter overall survival and served as unfavorable
prognostic factor'3?. Due to the heterogeneous nature of MDS, various mutations coexist in patient
samples. It will be valuable to further investigate additional mutation combinations in isogenic
manners for aberrant AS outcomes to understand their potential synergistic, additive or
counteractive effect in global splicing. Due to the increased recognition that genetic alternations
disturbing RNA splicing is common in cancer, the understanding of the splicing outcomes may
propel generation of novel therapeutics by modulating RNA splicing globally!?*. Together, these
data engendered insights to understand the molecular pathogenesis of MDS mutations and

demonstrated the importance of additive effects in aberrant splicing caused by non-spliceosome

gene mutations.

2.5 Materials and Methods
Mice
C57BL/6 (CD45.2) and congenic strain B6.SJL-Ptprca Pep3b/BoyJ (PEP3, CD45.1) mice

were obtained from Jackson Laboratory. Conditional Srsf2 P9SH/WT mice were provided by Dr.
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Omar Abdel-Wahab®. Runx1f/f mice were provided by Dr. Nancy Speck®’. Polyinosine-
polycytosine (pIpC) (Sigma) was injected intraperitoneally (i.p.) to mice at 12pug/g every other day
for seven injections. Genotyping PCR was performed using the primers described previously. All
the procedures were approved by the institutional animal care and use committee.

Flow cytometry

Primary cells were collected from mice, treated in ammonium-chloridepotassium buffer,
stained. The following antibodies were used: PerCP-Cy5.5 or PE-Cy5-conjugated lineage
antibodies (CD3, CD4, CD8a, B220, CD19, Grl, CDI11b, and Terl119), APC or PE-Cy5-
conjugated Sca-1, PE-Cy7 or APC conjugated c-Kit, PE-conjugated CD48, biotin-conjugated
CD150 with streptavidin-conjugated APC-Cy7, PE-conjugated FcyR, FITC-conjugated CD34,
and PerCP-Cy5.5 or PE-conjugated IL7Ra (all antibodies from Biolegend). After staining, cells
were analyzed on a BD FACS Canto flow cytometer.

RNA-seq and data analysis

The RNA from mouse LK cells and K562 cells were extracted via Trizol reagent, and
poly-A selected RNA was used for library preparation using TruSeq RNA Sample Preparation Kit
(Illumina) according to the manufacturer’s protocol and sequenced on the Illumina platforms by
HiSeq4000 at UCSD IGM core (mouse samples) and NovaSeq6000 at UCSF core (K562 samples).
RNA-seq reads of LK and K562 cells were mapped against the GRCm38 and GRCh38
respectively with STAR software. The DEseq2 package was used to perform differential gene
expression analysis. Fold changes > 2 or < 1/2 and adjusted p-value < 0.05 were used to select
differentially expressed genes (DEGs) in K562 cells. Altered splicing events in K562 cells were
identified with rMATS by requiring at least 5% inclusion ratio difference (-cstat) under the FDR

<0.05. Similar stringent cutoffs were adopted in LK cells to get a comparable number of
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genes/events with K562 cells. DEGs in LK cells were selected if fold changes > 1.5 or <2/3 and
adjusted p-value < 0.05, and altered splicing events were selected if inclusion ratio difference >5%
and FDR <0.01. Gene list enrichment analyses were all done using R package clusterProfiler. Top
30 enriched GO terms if exist were visualized with R package enrichplot.
Cell culture

293T cells were cultured in DMEM containing 10% bovine calf serum, 10 mM glutamine
and penicillin (100 IU)/streptomycin (100 pg/ml). CRISPR-edited K562 cells were provided by
Dr. Rafael Bajar® and cultured in RPMI with 10% fetal bovine serum, 10 mM glutamine and
penicillin (100 IU)/streptomycin (100 pg/ml).

Bone marrow transplantation

For competitive and noncompetitive bone marrow transplantation, total BM cells were
harvested from indicated donor mice without treatment. In noncompetitive settings, 2 million cells
in 200 pl PBS were intravenously injected (i.v.) into lethally irradiated (900rad) CD45.2 recipient
mice. In competitive settings, test cells were mixed with competitor cells (CD45.1 cells) at a 1:1
ratio, and 2 million cells in 200 pl PBS were i.v. injected into lethally irradiated CD45.1 recipient
mice.

Western blotting

Protein samples were denatured in 1x loading buffer [10% glycerol, 2% SDS, 10 mM
DTT and 50 mM Tris-HCI (pH 6.8)]. Protein concentration was adjusted, and protein samples
were loaded on SDS polyacrylamide gels after adding bromophenol blue (0.05%). Primary anti-
RUNXIT antibody (4434S; Cell Signaling) and anti-B-actin antibody (A1978; Sigma-Aldrich) were
used. Signals from fluorophore-conjugated secondary antibodies were detected with the Odyssey

system (LI-COR).

&9



Lentivirus preparation and infection

Lentiviral vector MISSION pLKO.1-shRNA-puro constructs targeting human RUNX1
(TRCN0000013659 and TRCN0000013660) were obtained from the Functional Genomics Center
at La Jolla Institute for Immunology. For virus production, 293T were transfected with pLKO.1
lentivirus vectors, psPAX2, pMD2.G using polyethylenimine (Polysciences Inc) for 10 hours and
then the medium was changed from DMEM to RPMI. 48 hours later, supernatant was collected
and filtered through 0.45um filter and added to K562 cells, along with 1%HEPES and 0.1%
polybrene (final concentration 4pg/ml). The cells were spinoculated at 1200g for 3 hr at 32°C.
Infections were performed twice on consecutive days.

Reverse transcription and polymerase chain reaction (RT-PCR)

Total RNA was extracted by using Trizol reagent (ThermoFisher Scientific, #15596026)
according to manufacturer’s instructions. RT reactions were carried out by using the First Strand
cDNA Synthesis Kit (MCLab). PCR was performed using KOD Hot Start DNA Polymerase (EMD
Millipore). Primers used for PCR are as follows.

BRIP1(F): 5’-GGAAACCAGCAGATGAGGGCGT-3’
BRIPI1(R): 5’-TTTCTGTGGCGAAAAGGAGTTT-3’
FANI1(F): 5’-GGCTCTTTCAACGTAAATTAAGCTGG-3’
FAN1(R): 5’-CTCCATTCGGCCGAGGTTGACC-3’
NABP1(F): 5’>-TCCATGTGGAAAGGATGTCTGACA-3’
NABP1 (R): 5’>-CCCTTTGTTCTGCTGTCCTCGA-3’
TBRGA4(F): 5>-TCGGAGCCACTAATGAACCGCC-3’
TBRG4 (R): 5>-CGCGCAAAAGCCAGAAGTACGC-3’

PFKM-1(F): 5’-CTGGGGAAGCTTCTACTTCC-3’
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PFKM-1 (R): 5’-CTTGGGCATCTCCACCAGAG-3’
PFKM-2(F): 5’>-TGAGGGTGCAATTGACAAGA-3’
PFKM-2 (R): 5’-GCCTTGGTCACATCTTTGGT-3’
EXOSC9 (F): 5’>-TGGAACTGCCCAAATTGGAGAGGG-3’
EXOSC9 (R): 5’-TCTTTGGATTCTTGTCTGGTTCCA-3’
AKAPSL (F): 5’>-GCTACGAGGGCTATGGCTATGGC-3’
AKAPSL (R): 5’>-TCTCCACCTGAGCCGTACACGC-3’

eCLIP-seq library preparation and sequencing

eCLIP library preparation and data analysis performed as described previously!?6. Two
replicate experiments in U937T cells were performed with 50 x 10° cells and N-terminal RUNX1
antibody'3* for endogenous RUNXI recognition was used. Samples were sequenced on the
[lumina HiSeq 4000 platform as SR75 reads at UCSD IGM core.
Statistics

Results from repeated experiments were represented as mean + standard deviation (SD),
and Student’s t tests were performed. Whenever asterisks are used to indicate the statistical

significances, *stands for p < 0.05; **for p <0.01, and ***for p <0.001.
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