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ABSTRACT

ecurrent loss-of-function mutations of spliceosome gene, ZRSR2,
occur in myelodysplastic syndromes (MDS). Mutation/loss of
RSR2 in human myeloid cells primarily causes impaired splicing
of the U12-type introns. In order to further investigate the role of this
splice factor in RNA splicing and hematopoietic development, we gener-
ated mice lacking ZRSR2. Unexpectedly, Zrsr2-deficient mice developed
normal hematopoiesis with no abnormalities in myeloid differentiation
evident in either young or =1-year old knockout mice. Repopulation abil-
ity of Zrsr2-deficient hematopoietic stem cells was also unaffected in
both competitive and non-competitive reconstitution assays. Myeloid
progenitors lacking ZRSR2 exhibited mis-splicing of U12-type introns,
however, this phenotype was moderate compared to the ZRSR2-defi-
cient human cells. Our investigations revealed that a closely related
homolog, Zrsr1, expressed in the murine hematopoietic cells, but not in
human cells contributes to splicing of Ul2-type introns. Depletion of
Zrsr1 in Zrsr2 KO myeloid cells exacerbated retention of the U12-type
introns, thus highlighting a collective role of ZRSR1 and ZRSR2 in
murine U12-spliceosome. We also demonstrate that aberrant retention
of U12-type introns of MAPK9 and MAPK14 leads to their reduced pro-
tein expression. Overall, our findings highlight that both ZRSR1 and
ZRSR2 are functional components of the murine U12-spliceosome, and
depletion of both proteins is required to accurately model ZRSR2-mutant
MDS in mice.

Introduction

Mutations in RNA splicing factors constitute the leading class of genetic alter-
ations in myelodysplastic syndromes (MDS)."* Somatic mutations in spliceosome
genes, SF3B1, SRSF2, U2AF1 and ZRSR2 are observed in >50% of MDS.** These
mutations are early events during disease development and largely occur mutually
exclusive of each other."” Intense efforts in the last few years have enhanced our
understanding of the impact of spliceosome mutations on RNA splicing and defined
a mis-splicing pattern for each mutation.”” Animal models expressing mutant
hotspots of splice factor genes - SRSF2 (P95H), SF3B1 (K700E) and U2AF1 (S34F) -
have enabled elucidation of consequences of these genetic lesions on RNA splicing
and hematopoietic development.”***'**** Unlike mutational hotspots observed in
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SF3B1, SRSF2 and U2AF1, alterations of ZRSR2 are trun-
cating mutations spread throughout the transcript. ZRSR2
is located on human chromosome X and somatic muta-
tions are primarily observed in males, suggesting its loss-
of-function in MDS." It is involved in 8’ splice site recogni-
tion and interacts with the U2AF2/U2AF1 heterodimer and
SRSE2 during pre-spliceosome assembly.” ZRSR2 is
recruited in an ATP-dependent fashion to the Ul2-type
intron splice site, and is required for the formation of the
spliceosome complex.” We have previously illustrated that
either truncating mutations of ZRSR2 in MDS or its silenc-
ing in acute myeloid leukemia (AML) cells impair predom-
inantly splicing of U12-type introns, excision of which is
mediated by minor spliceosome assembly.” However, ani-
mal models of ZRSR2 deficiency have not been reported
and an in-depth understanding of its function is lacking.

In this study, we have generated the first mouse model
of ZRSR2 deficiency to further uncover its function in
splicing and to evaluate the effect of its loss on normal
and malignant hematopoiesis. Although deletion of Zrsr2
induces aberrant splicing of Ul2-type introns in mouse
myeloid precursors, myeloid differentiation is largely
unaffected in young, as well as =1-year old Zrsr2 knock-
out (KO) male mice. ZRSR2-deficient hematopoietic stem
cells (HSC) retain multilineage reconstitution ability, sug-
gesting limited function of ZRSR2 in mouse
hematopoiesis. We further investigated its closely related
homolog, ZRSR1, and uncovered that it compensates for
the loss of ZRSR2 in mouse hematopoietic cells, and con-
current deficiency of both proteins leads to more pro-
found defects in splicing of Ul2-type introns. Hence,
murine models lacking both ZRSR2 and ZRSR1 are nec-
essary to replicate faithfully mis-splicing caused by loss-
of-function mutations of ZRSR2 in MDS.

Methods

Generation of Zrsr2 knockout mice

C57BL/6N embryonic stem (ES) cells (Zrsr2='® M) with tar-
geted deletion of mouse Zrsr2 were obtained from UC Davis
KOMP Repository. Mice with a constitutive deletion of Zrsr2
were generated at the transgenic facility of CSI Singapore. Briefly,
ES cells were microinjected into BALB/cJInv blastocysts and
resulting chimera were mated with C57BL/6 mice. Black offspring
were genotyped, and mice carrying the Zrsr2 null allele were used
to establish a colony of Zrsr2 knockout (KO) mice. Subsequently,
mice were crossed with CMV-Cre strain to remove the neomycin
selection cassette. In this study, Zrsr2 KO mice refer to those
before or after Cre-mediated excision, as they were phenotypical-
ly identical in all experiments. Primers used for genotyping are
listed in the Online Supplementary Table S1.

All animal experiments were approved by the Institutional
Animal Care and Use Committee of the National University of
Singapore, Singapore.

Flow cytometric analysis and fluorescence-activated
cell sorting

Single cell suspensions from bone marrow (BM), spleen and
thymus were stained with fluorochrome-conjugated antibodies
for 30 minutes. The lineage cocktail was comprised of antibod-
ies targeting murine CD19, CD3e, CD11b, Grl and TER119.
Cells were washed with 2% fetal bovine serum in phosphate
buffered saline and resuspended in SYTOX Blue Dead Cell Stain
(ThermoFisher Scientific). Cells were acquired on FACS LSR II
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(BD Biosciences) and data were analyzed using FACSDIVA soft-
ware (BD Biosciences). Cells were sorted on FACSAria cell sorter
(BD Biosciences).

RNA sequencing

Total RNA was extracted from sorted myeloid precursors
(common myeloid precursors [CMP], granulocyte monocyte
precursors [GMP] and megakaryocyte erythroid precursors
[MEP]), murine embryonic fibroblasts [MEF] and ex vivo cultured
Lin'Kit" BM cells using either RNeasy Micro or Mini Kits
(Qiagen). Libraries of polyA-selected RNA were prepared using
either TruSeq sample preparation kit (CMP, GMP, MEP and
MEF) or NEBNext Ultra RNA Library Prep Kit (Lin Kit" BM cells).
Libraries were sequenced on HiSeq 4000, and paired-end reads
were mapped to either mouse reference transcriptome
(GRCm38/mm10; Ensemble version 84) or human hg38 refer-
ence genome using the STAR aligner” with params ‘--
outSAMstrandField intronMotif --alignSJDBoverhangMin 6 --
alignIntronMax 299999  --outFilterMultimapNmax 4 --
scoreGapATAC -4’.

Differential splicing analysis

A list of valid introns was extracted from the Gencode® gene
transfer format file post removing transcripts with biotype
‘retained_intron’. Introns overlapping with an exon at their junc-
tions were removed using pybedtools®* and gffutils
(https://github.com/daler/gffutils). They were subsequently
classified as either U2-type or Ul2-type based on position
weight matrices from splicerack using gimmemotifs.”?

MSI (mis-splicing index) values were calculated for each
intron as described before.® Only those introns with a coverage
of at least one read at each of their junctions and with total cov-
erage of the two junctions higher than four were considered.
Also, introns which did not have a coverage of at least one for
95% of their length were filtered out. In order to identify differ-
entially spliced introns, differences in MSI values (AMSI) were
calculated as AMSI=MSI, o MSL .- Significance of this dif-
ference was computed using a Fisher’s test, and the obtained P-
values were corrected for multiple testing.

The python and R scripts used for analyses are available at
https://github.com/pd321/intron-retention-scripts.

Accession codes
RNA sequencing data were deposited in Gene Expression

Omnibus database repository under accession numbers
GSE151470 and GSE152432.

Results

Aberrant retention of U12-type introns in
ZRSR2-deficient murine hematopoietic cells

Mice lacking the entire Zrsr2 coding sequence were
obtained by germline transmission of the targeted allele
(Figure 1A). Following this, neomycin selection cassette
was removed through mating with CMV-Cre transgenic
mice, in effect replacing the Zrsr2 coding sequence with -
galactosidase gene (Figure 1A). Complete lack of Zrsr2 tran-
scripts was evident in quantitative polymerase chain reac-
tion (GPCR) analysis of BM, spleen and thymus cells, as well
as RNA sequencing of targeted ES cells (Online
Supplementary Figure S1A and B). Loss of Zrsr2 did not alter
expression of its homolog, Zrsr1, in hematopoietic cells
(Online Supplementary Figure S1B).

In order to assess the effect of ZRSR2 deficiency on
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RNA splicing, we performed RNA sequencing on sorted
wild-type (WT) and KO myeloid precursor populations
from BM: CMP (LinKit'Scal CD34FcyRIV/IIT®), GMP
(Lin"Kit*Scal-CD34 FcyRII/IIIY), MEP
(LinKit'Scal CD34 FcyRII/III), as well as MEF from male
WT and Zrsr2 KO embryos. Aberrant retention of U12-
type introns was observed in all three ZRSR2-deficient
myeloid progenitors, but was not evident in MEF (Figure
1B and C; Online Supplementary Table S2). Despite a trend
towards mis-splicing of Ul2-type introns in murine
hematopoietic cells, we noted that the effect of ZRSR2
deficiency on splicing (as indicated by AMSI values) was
significantly lower than that previously observed by us in
ZRSR2 mutant human MDS BM and ZRSR2-deficient
human AML cell lines, TF1 and K562 (Figure 1B and E;
Online Supplementary Table S3).° The number of aberrantly
retained U12-type introns in Zrsr2 KO murine myeloid pre-
cursors was notably lower than ZRSR2 knockdown K562
and TF1 cells (Figure 1F). Only a modest effect on splicing
was unexpected, especially given a complete loss of ZRSR2
expression in our mouse model. Moreover, Ul2-type
introns are highly conserved between human and mouse
genomes (Online Supplementary Figure S2), so a similar effect
of ZRSR2 deficiency would be expected in the two species.
Overall, our findings indicated reduced dependence of the
U12-spliceosome on ZRSR2 in murine myeloid cells.

Normal myeloid development in mice lacking ZRSR2

We analyzed hematopoietic compartment in ZRSR2-
deficient (Zrsr2*™) compared to WT (Zrsr2”") male mice. No
significant difference was observed in peripheral blood
counts of young mice of both genotypes; and age-depen-
dent defects were also not apparent (Figure 2A; Online
Supplementary Figure S3). Initial analysis of young males (7-
10 weeks old) showed that deficiency of ZRSR2 neither
affected the BM cellularity nor the frequency of
Lin"Scal*Kit* (LSK) cells (Figure 2B and C). Proportion of
HSC (CD34Flt3" LSK cells) and progenitors also remained
unaltered in young male mice (Figure 2D). MDS is prima-
rily a disease of elderly, and in order to understand if loss
of ZRSR2 manifested its effect with aging, BM of =1-year
old male mice were examined. Surprisingly, old ZRSR2-
deficient males also exhibited normal BM cellularity and
frequencies of HSC and multipotent progenitors (Figure 2B
to D). Moreover, proportion of myeloid precursors, CMP,
GMP and MEP, and stages of erythroid development were
also largely unaltered in the BM of young and old ZRSR2-
deficient male mice (Figure 2E; Online Supplementary Figure
S4A). Normal myeloid differentiation was also evident by
unchanged frequencies of granulocytes in spleen and BM
of Zrsr2 KO mice (Online Supplementary Figure S4B).

In order to evaluate the repopulation ability of Zrsr2
KO HSC, competitive repopulation assays were per-
formed. ZRSR2-deficient HSC reconstituted both
myeloid and lymphoid lineages in recipient mice as effi-
ciently as WT cells (Figure 2F), suggesting that repopula-
tion potential of HSC is maintained in the absence of
ZRSR2. Further, in non-competitive repopulation assays,
loss of ZRSR2 did not affect the peripheral blood cell
counts in recipient mice even 1 year after transplantation
(Online Supplementary Figure S5). Collectively, our com-
prehensive analyses of hematopoietic development in
Zrsr2 KO mice and reconstitution ability of ZRSR2-defi-
cient HSC demonstrated that ZRSR2 is not essential for
hematopoietic development in mice.
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Murine Zrsr1 is a putative functional copy of Zrsr2

Given our unexpected observations that deletion of
Zrsr2 in mice did not impact hematopoietic development
and modestly affected splicing of U12-type introns, we
postulated that other spliceosome protein(s) might com-
pensate for its absence. ZRSR1, a closely-related
homolog, is a single exon gene formed by retrotransposi-
tion of ZRSR2 cDNA sequence. This autosomal copy of
X-linked ZRSR2 gene is highly similar to the parent gene
in coding sequence (95% and 77% identical in human
and mouse, respectively) and amino acid sequences (92%
and 75% identical in human and mouse, respectively)
with a conserved open reading frame. While ZRSR2 is
ubiquitously expressed, human ZRSR1 is designated as a
pseudogene with negligible transcript levels in human tis-
sues (https://gtexportal.org/home/), including the
hematopoietic cells (Figure 3A). In contrast, the mouse
Zrsr1 gene is expressed in hematopoietic cells, albeit at
levels lower than Zrsr2 (Figure 3B). This difference in tran-
scriptional regulation of murine and human ZRSR1 genes
is possibly caused by their location in distinct, non-
orthologous genomic loci (Figure 3C). Human ZRSR1 is
located in the intron of the REEP5 gene on chromosome
5q while the mouse gene localizes to the first intron of
the Commd1 gene on chromosome 11 (Figure 3C), a
genomic locus not syntenic to human chromosome 5.
This demonstrates that retrotransposition of ZRSR2 gene
occurred independently in rodents and primates, after the
evolutionary divergence between the two mammalian
orders.

Furthermore, we inspected the chromatin structure and
presence of histone marks associated with transcriptional
activation at the ZRSR1 locus in human and murine cells,
using available DNase-seq/ATAC-seq and ChIP-Seq data,
respectively. While no ZRSR1 locus-specific signal was
observed for histone marks associated with gene activa-
tion (H3K4me3, H3K4me1 and H3K27ac) in human com-
mon myeloid progenitors, significant ChIP-Seq peaks for
all three histone modifications were detected in murine
hematopoietic cells (Figure 3D). Correspondingly, accessi-
ble chromatin was evident the murine but not human
ZRSR1 locus (Figure 3D). Based on epigenetic profiles and
expression levels, we hypothesized that murine ZRSR1
encodes for a functional protein that could possibly regu-
late splicing of the U12-type introns.

Loss of ZRSR1 impairs splicing of U12-type introns in
the absence of ZRSR2

In order to investigate if ZRSR1 functionally compen-
sates for deficiency of ZRSR2 in splicing of Ul2-type
introns, we silenced expression of Zrsr1 in murine
myeloid precursors using short hairpin RNA (shRNA)
(Online Supplementary Figure S6A). Stable knockdown of
Zrsr1 in WT Lin'Kit* BM cells did not notably alter splic-
ing of the Ul2-type introns, although it resulted in a
reduced number of myeloid colonies in the methylcellu-
lose medium (Figure 4A; Online Supplementary Figures S6B
and S7A; Online Supplementary Table S4). Zrsr2 KO
myeloid cells exhibited sizable retention of the U12-type
introns (Figure 4A and B; Online Supplementary Figure S7A,;
Online Supplementary Table S4), similar to that previously
described for sorted CMP, GMP and MEP populations
(Figure 1B and C). Notably, knockdown of Zrsr1 in
ZRSR2-deficient myeloid cells further exacerbated mis-
splicing of the U12-type introns (Figure 4A and B; Online




Supplementary Figure; Online Supplementary Table S4), sug-
gesting that ZRSR1 can also regulate their splicing.
Comparison of Zrst2 single KO with Zrsr2/Zrsr1 double-
deficient Lin'Kit" BM cells showed two subclasses of
retained introns in Zrsr2/Zrsr1 double deficient cells. The
first subclass comprises those introns which are retained
in Zrsr2 KO cells, and their AMSI increases significantly in
double-deficient cells; while the second category includes
introns which are retained only when both ZRSR1 and
ZRSR?2 are lacking (Online Supplementary Figure S7B).
Retention of Ul2-type introns in the Zrst2/Zrsr1 dou-
ble-deficient cells was validated by quantitative real-time
PCR (qRT-PCR) analysis of 10 introns, which illustrated a
modest effect of loss of ZRSR2 alone on splicing of U12-
type introns, while concomitant deficiency of ZRSR1 and
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ZRSR?2 significantly enhanced intron retention compared
to either WT or single KO cells (Figure 4C).

Further, in order to verify the compensatory role of
murine ZRSR1 in splicing of Ul2-type introns,
CRISPR/Cas9 technique was used to generate myeloid
cells (32D) lacking either one or both ZRSR proteins.
Firstly, the whole Zrsr2 coding sequence was deleted
using two guide RNA targeting exons 2 and 11 of Zrsr2
gene (Online Supplementary Figure S8A and B). Two single
cell clones of Zrsr2 KO 32D cells were generated (Online
Supplementary Figure S8B and C). Subsequently, we delet-
ed the N-terminus portion of the Zrsr{ gene to generate
single or double KO 32D cells (Online Supplementary Figure
S8A, B, D and E). qRT-PCR analysis demonstrated aber-
rant retention of U12-type introns in Zrsr1/Zrsr2 double-
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macrophages; ATAC-seq: adult erythroblasts; CMP: common myeloid precursors; GMP: granulocyte monocyte precursors; MEP: megakaryocyte erythroid precursors.
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Figure 4. Loss of ZRSR1 exacerbates retention of U12-type introns in ZRSR2-deficient murine hematopoietic cells. (A) Distribution of AMSI values for retention of
U12-type introns in Lin"Kit* bone marrow (BM) cells lacking either ZRSR1 (sh1 or sh10) or ZRSR2 or both compared to control cells. (B) Number of U12-type introns
retained (P<0.05; Fisher's exact test) in various pair-wise comparisons of Lin"Kit* BM cells deficient in either one or both ZRSR proteins. (C) Normalized expression
of representative U12-type introns in Lin"Kit* BM cells determined using quantitative real-time polymerase chain reaction. Expression of U12-type introns was meas-
ured relative to expression of flanking exons. Data are from at least three replicates and represented as mean + standard error of the mean. P-values for each group
compared to the ‘ZRSR2 WT; con sh’ group are depicted in the plot. Statistical difference between the Zrsr2/Zrsr1-double deficient and Zrsr2 KO cells are shown
below the graph. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; ns: not significant; MSI: mis-splicing index: Difference in MSI values (AMSI) was calculated as
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deficient cells compared to control cells (Online
Supplementary Figure SSF).

In order to verify that human ZRSR1 is a non-function-
al copy of ZRSR2, we generated K562 cells lacking either
ZRSR1 or ZRSR2 or both proteins together. AZRSR1 cells
were first generated using CRISPR/Cas9 technique fol-
lowed by silencing of ZRSR2 using shRNA. As expected,
ZRSR2 deficiency alone impaired splicing of U12-type
introns. However, loss of ZRSR1, either alone or when
combined with ZRSR2, did not significantly alter the
splicing of Ul2-type introns in K562 cells (Online
Supplementary Figure S9). Taken together, our experiments
highlight a functional role of murine ZRSR1 in splicing of
the U12-type introns.

Mis-splicing of MAPK9 and MAPK14 impacts their
protein expression in murine and human cells

Several crucial genes harbour U12-type introns includ-
ing members of the mitogen-activated protein kinase

(MAPK) family of serine-threonine kinases. MAPK pro-
teins play a crucial role in a wide range of biological
processes including hematopoiesis.” We focused on splic-
ing of two members, MAPK9 (JNK2) and MAPK14
(p38a), as aberrant retention of their Ul12-type introns
was verified in murine myeloid precursors deficient in
both Zrsr1 and Zrsr2 (Figure 4C). Intron retention of both
MAPK9 and MAPK14 resulted in the generation of aber-
rant transcripts containing a premature stop codon. In
order to investigate if the retention of U12-type introns in
these two genes affects their protein expression, western
blotting was performed with anti-MAPK9 and anti-
MAPK14 antibodies. Protein levels of both MAPK9 and
MAPK14 were reduced, albeit modestly, in murine
myeloid precursors, and MAPK14 levels were also
reduced in 32D cells lacking ZRSR2 and ZRSR1 (Online
Supplementary Figure S10A and B). Retention of U12-type
introns of MAPK9 and MAPK14 was also observed in
ZRSR2 knockdown K562 and TF1 cells (Figure 5A and B).
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Figure 5. Aberrant retention of U12-type introns
ACTB |w— ACTB “- in human MAPK9 and MAPK14 genes impacts
their protein expression. (A and B) Normalized
expression of U12-type introns of MAPK9 (A) and
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MAPK14 D — MAPK14 expressing short hairpin RNA (shRNA) targeting
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chain reaction (qPCR). Data are from five PCR
experiments and represented as mean + stan-
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This was accompanied by significantly reduced MAPK9
and MAPK14 protein expression in human cells with
silencing of ZRSR2 (Figure 5C). Amongst the two cell
lines, K562 cells exhibited increased mis-splicing of both
MAPK9 and MAPK 14, which correlated with a more pro-
found effect on their protein levels, compared to the TF1
cells (Figure 5A to C). These observations illustrate that
mis-splicing of MAPK9 and MAPK14 results in lower lev-
els of these proteins, potentially impacting their function
in hematopoietic development.

Discussion

Mouse models have been effective in deciphering key
splicing and hematopoietic defects caused by mutations
of spliceosome genes. Hematopoietic cells from mice
expressing either mutant SE3B1, SRSF2 or U2AF1 recapit-
ulated the patterns of splicing changes observed in
mutant MDS samples.®"*>''*** Although the splice fac-
tors are evolutionary conserved, intronic sequences are
divergent between human and mouse. These differences
in intronic splicing elements and regulatory motifs
between the two species possibly lead to a divergent set
of mis-spliced transcripts, which can contribute to pheno-
typic differences in hematopoietic development. This
presents a conundrum about the utility of mouse models
to identify genes whose splicing is altered by spliceosome
mutation in MDS. We have previously demonstrated that
ZRSR2 mutations/deficiency impairs splicing of the U12-
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type intron in human cells.*” U12-type introns are highly
conserved during evolution, and the tissue-specific
expression of transcripts harboring this class of introns is
largely preserved between mouse and human.®®
Therefore, we envisaged that a murine model would
faithfully replicate the loss of ZRSR2 in leukemic human
cells. Indeed, murine ZRSR2 KO myeloid cells exhibited
aberrant retention of Ul2-type introns. Unexpectedly,
splicing of the Ul2-type introns was unaffected in
ZRSR2-deficient MEFE, suggesting tissue-specific effects of
ZRSR2-deficiency on splicing. A previous study also
demonstrated a more pronounced mis-splicing of U12-
type introns in blood cells compared to fibroblast and
amniocytes in Taybi-Linder syndrome (TALS) cases har-
boring germline mutations of a U12 spliceosome-specific
component, RNU4ATAC.”

One limitation of our constitutive KO mouse model is
that complete absence of ZRSR2 caused by germline loss
of ZRSR2 might promote functional compensation during
development. Therefore, findings from our KO mice may
not reflect the consequences of acute loss of ZRSR2 in
myeloid cells. Hematopoietic cell-specific inducible mod-
els of ZRSR2 deficiency are needed to further elucidate
the effect of conditional depletion of ZRSR2 during adult
hematopoiesis, akin to what is observed in ZRSR2
mutant MDS.

Mice with constitutive ZRSR2 deletion developed nor-
mally with no overt hematopoietic defects and function-
ally competent hematopoietic stem cells. This is in con-
trast with mice expressing mutant SF3B1, SRSF2 or
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U2AF1, which displayed a range of hematopoietic pheno-
types.®'>12161520% Jsolated loss-of-function mutations of
ZRSR2 have been associated with macrocytic anaemia in
patients with myeloid diseases.* However, our Zrsr2 KO
mice did not display any significant changes in size and
counts of blood cells. Moreover, while ZRSR2 deficiency
affected splicing of Ul2-type introns in murine
hematopoietic cells, magnitude of splicing defects was
modest compared to either MDS BM cells or human
leukemia cell lines. This led us to investigate whether
ZRSR1 can functionally compensate for the lack of
ZRSR2.

ZRSR1 is a retrotransposed copy of ZRSR2, which orig-
inated via independent transposition events in rodents
and primates. Murine Zrsr1 is an imprinted gene and
expressed from the unmethylated, paternal allele.™*
Unlike the human counterpart, which is designated as a
pseudogene, the murine gene is expressed in hematopoi-
etic cells, albeit at lower levels compared with Zrsr2. Our
analyses revealed open chromatin and enrichment of epi-
genetic marks associated with transcriptional activation
only at the murine Zrsr1 locus, supporting evidence for
transcription of the murine retrogene.

In our study, silencing of Zrsr1 had no evident effect on
the splicing of Ul2-type introns in Zrsr2 WT myeloid
cells. In contrast, deficiency of ZRSR1 clearly exacerbated
the mis-splicing of Ul2-type introns in cells lacking
ZRSR2, thereby underlining that both ZRSR1 and ZRSR2
collectively contribute to splicing of U12-type introns in
mouse hematopoietic cells. While RNA splicing was not
studied in Zrsr1 KO mice,” recent studies have shown
that expression of truncated Zrsr/ impacts splicing of the
Ul2-type introns in testis and hypothalamus.**
Interestingly, Zrsr1-mutant mice exhibit defects in ery-
throcyte maturation and fewer peripheral red blood cells,
with apparent morphological abnormalities.” The differ-
ences observed in impact of ZRSR1 deficiency on splicing
of U12-type introns in our study (myeloid precursors) ver-
sus studies investigating mutant Zrsr{-expressing sperma-
tocytes/hypothalamus could possibly arise because of rel-
ative levels of ZRSR2 and ZRSR1 in different cell types.
Another possibility is that the truncated ZRSR1 can
impair recruitment of ZRSR2 to Ul12-type intron splice
site, thereby perturbing its splicing function.

Signal transduction mediated by MAP kinase pathway
plays a vital role in numerous biological processes via
phosphorylation of several downstream substrates.”
Genes encoding several members of MAP kinase family
harbor U12-type introns, hence their splicing is depend-
ent on ZRSR2 activity. We identified two candidates,
MAPK9 and MAPK14, where aberrant splicing resulted in
decreased protein levels both in human and murine cells.
The effect of ZRSR2/ZRSR1 double deficiency on
MAPK9 and MAPK14 protein levels in murine cells was
less pronounced compared to human cells lacking ZRSR2,
which corresponds with milder effect on splicing of U12-
type introns in murine cells. While MAPK9 regulates T-
cell apoptosis and proliferation, and MAPK14 is indispen-
sable for definitive erythropoiesis in mice,”* these pro-
teins have not been directly implicated in pathogenesis of
MDS. Although we experimentally validated mis-splicing
of just two of the MAPK members, a broader effect on
splicing of multiple components can be envisaged.
Moreover, in murine myeloid precursors, we also validat-
ed aberrant retention of Ul2-type intron of MCTS1,

which modulates MAPK pathway by promoting phos-
phorylation of MAPK1 and MAPK3.” Given an essential
role of MAPK proteins in regulating hematopoiesis,” col-
lective decrease in their protein levels can potentially be
detrimental to myeloid/erythroid differentiation and
expansion, thereby contributing to the disease phenotype
in MDS.

Taken together, unlike human ZRSR1 pseudogene,
Zrsr1 in mice is a functional autosomal copy of Zrsr2 and
contributes to splicing of Ul2-type introns. This is also
supported by a recent study which demonstrated that
expression of at least one copy of either maternal Zrsr2 or
paternal Zrsr1 is necessary for viability of murine
embryos.” Additionally, our study highlights that splicing
of U12-type introns in murine cells depends conceivably
on the balance between expression levels of ZRSR2 and
ZRSR1. Hence, deficiency of ZRSR2 alone is insufficient
to impact extensively RNA splicing in mice, and further
studies with concurrent deficiency of ZRSR1 and ZRSR2
are warranted to replicate complete loss of ZRSR activity.
Notably, germline expression of truncated Zrsr1 and Zrsr2
alleles showed that double mutant mice are non-viable,
with Zrsr1/Zrsr2 double mutant embryos exhibiting
defects in early preimplantation development.® Hence,
conditional KO alleles of both Zrsr1 and Zrst2 are required
to investigate their combined loss in adult mice.
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