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Mutations affecting the splicecosomal protein U2AF1 are commonly
found in myelodysplastic syndromes (MDS) and secondary acute
myeloid leukemia (sAML). We have generated mice that carry Cre-
dependent knock-in alleles of U2af1(S34F), the murine version of the
most common mutant allele of U2AF1 encountered in human cancers.
Cre-mediated recombination in murine hematopoietic lineages caused
changes in RNA splicing, as well as multilineage cytopenia, macrocytic
anemia, decreased hematopoietic stem and progenitor cells, low-
grade dysplasias, and impaired transplantability, but without lifespan
shortening or leukemia development. In an attempt to identify
U2af1(S34F)-cooperating changes that promote leukemogenesis, we
combined U2af1(S34F) with Runx1 deficiency in mice and further
treated the mice with a mutagen, N-ethyl-N-nitrosourea (ENU). Over-
all, 3 of 16 ENU-treated compound transgenic mice developed AML.
However, AML did not arise in mice with other genotypes or without
ENU treatment. Sequencing DNA from the three AMLs revealed so-

addition, U2AF1(S34F) is present at high allelic frequencies (nearly
50%) in MDS (6), seems to predispose MDS patients to secondary
AML (6, 12), and is also found, albeit at lower frequencies, in a
variety of other neoplastic diseases, including solid tumors (13-15).

Progress toward understanding the oncogenic effects of
U2AF1(S34F) has been impeded by a lack of appropriate biological
models. Here we describe our development of genetically engineered
mouse models in which U2af1(S34F) is assembled at the endogenous
U2afl locus by the action of the Cre recombinase. By activating Cre
in the hematopoietic compartment of these mice to produce U2afl
(S34F), the mice develop impairments of blood cells with MDS-like
features accompanied by abnormal splicing patterns resembling
those previously observed in human cells expressing this mutant
splicing factor. In an effort to model U24F1(S34F)-associated

matic mutations homologous to those considered to be drivers of
human AML, including predicted loss- or gain-of-function mutations
in Tet2, Gata2, Idh1, and Ikzf1. However, the engineered U2af1(S34F)
missense mutation reverted to WT in two of the three AML cases,
implying that U2af1(S34F) is dispensable, or even selected against,
once leukemia is established.

U2AF1 | splicing factor | S34F | myelodysplastic syndromes | leukemia

yelodysplastic syndromes (MDS) are neoplastic diseases
characterized principally by deficiencies of normal cells in
myeloid, erythroid, and/or megakaryocytic lineages, mono- or
multilineage dysplasia, clonal dominance of abnormal immature
cells, and variable risks of developing secondary acute myeloid
leukemia (AML) (1-3). In over half of MDS patients, the malig-
nant clone carries a mutation in one of four genes (U2AFI,
SRSF2, SF3BI, or ZRSR2) encoding factors critical for correct
splicing of premessenger RNA (pre-mRNA) (4). Mutations in
these “splicing factor genes” are presumed to be causative events
in MDS because of their frequency, their recurrence at a few
positions in coding sequences, their high allelic ratios, and their
association with clinical outcomes (4-7). Still, despite intensive
studies, the mechanisms by which such mutations contribute to the
initiation or maintenance of neoplasias have not been identified.
We have been studying the most common mutation observed in
U2AF1, the gene encoding an RNA-binding protein that helps
direct the U2 small nuclear ribonucleoprotein particle (U2 snRNP)
to the 3’ splice-acceptor site in pre-mRNA (8-10). This mutation
replaces serine at position 34 of U2AF1 with phenylalanine (S34F)
(4, 6), yielding a neomorphic splicing factor that changes splicing
patterns for many RNAs and does not preserve enough normal
splicing to permit cell survival in the absence of a WT allele (11). In
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establishment of mouse models to study a common splicing factor
mutation, U2AF1(S34F). Production of the mutant protein in the
murine hematopoietic compartment disrupts hematopoiesis in
ways resembling human MDS. We further identified deletion of
the Runx1 gene and other known oncogenic mutations as
changes that might collaborate with U2af1(S34F) to give rise to
frank AML in mice. However, the U2af1(S34F) mutation was ab-
sent in two of the three AML cases, raising the possibility that this
mutant protein plays a dispensable role in tumor maintenance.
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leukemia, we deprived the U2afl mutant mice of a hematopoietic
transcription factor, Runxl, often commutated in human MDS
and leukemias (16, 17), and treated them with a chemical muta-
gen, N-ethyl-N-nitrosourea (ENU). Under those circumstances,
clones of AML developed in 3 of 16 mice but not in mice lacking
any of the three factors. Although AML did not occur often
enough to conclude that the mutant splicing factor is required for
leukemogenesis in this model, whole-exome sequencing (WES)
of AML cells revealed somatic mutations in genes often mutated
in human AML. In summary, we report knock-in mouse lines
with conditional U2af1(S34F) alleles, demonstrate the effects of
mutant U2afl on mouse hematopoiesis, and identify additional
mutations that may cooperate with U2afl(S34F) and Runx] de-
ficiency during leukemogenesis.

Results

Establishing Mice Carrying Conditional Knock-In S34F Alleles of U2af1.
We used targeting vectors (termed “MGS34F” and “IES34F”) (Fig.
14 and SI Appendix, Fig. S24) to create two conditional S34F mu-

tant alleles at the endogenous U2afI locus of B6/129 mice, and we
documented the successful introduction of the targeting vectors at
the appropriate sites by restriction mapping and Sanger sequencing
(Materials and Methods and SI Appendix, Figs. S14 and S2B). Mice
carrying either of the altered U2afl alleles express GFP in all tissues
because the mouse embryonic stem cell line used to generate the
mutant mice carries a GFP transgene driven by the ubiquitously
active human ubiquitin C (UBC) promoter (18), and the transgene
is located on the same chromosome as the U2af1 locus, with a cross-
over frequency of 1.95% (SI Appendix, Fig. SIH and Table S1).
To assess whether these conditional alleles can be rearranged
correctly, we crossed the two mouse strains with mice carrying a
UBC-driven transgene encoding a tamoxifen-dependent Cre
recombinase (UBC-CreERT2) (19). Mouse embryo fibroblasts
(MEFs) derived from embryos with MGS34F; CreERT?2 or IES34F;
CreERT2 were treated with 4-hydroxyl-tamoxifen (4OHT) in culture;
efficient appearance of the expected configurations of U2afI(S34F)
was confirmed by Southern blotting (SI Appendix, Figs. S1B and
S2C), and the anticipated changes in U2af1(S34F) mRNA were

B 123 kb B
A E 95kb E = "In=83

WT allele

Increased exon inclusion o

~ ~ 505 T

sl
o £2EeCE Wacs
17 n=7464

Targeting vector ..--

No change in exon inclusion

Targeted alleles & 73kb E B____ 77k 8 = == = gl
s et |ans.
MGs34F-neo  —=—i—="p—{ligEa 1t stoe-INeot>—l———3—=— 0 o3
- -
1 =
|"’|p B 6.9 kb B n=182
MGS34F - Al 78 ] | = 3 Decreased exon inclusion % bis T
. i—" - 8 L = = . Il CI i
+Cre =
E&P inlron—@
S34F —={i—=>——E— = 5 probe S T 5
- - -10 -5 -1
=% Internal probe relative position
P> LoxPsite # Frtsite - <+ Genotyping primers — Homologous arm =2 3' probe
B 2 12141 10 6 C D
- ommn § G mn, § [Beedo o Mx1-Cre  MGS34F/WT; Mx1-Cre
S s = b
§ o g, L ] Human AML
3% 2 S * =
£3 g. Ea et
= & = Mouse MP

P = g, [Fanil cw s g

*

. 4

% Inclusion
E; !
% Inclusion

o

E=t=0-1% LY T ¢ % A € A
r—

S34F (TCT>TTT) S34F (TCT>TTT)
Reference: 530 Reference: 302
Variant: 1 Variant: 238

B mxi-cre [ MGS34F/wT I MGS34F/WT; Mx1-Cre

||
5

Fig. 1. Conditional expression of U2af1(S34F) from the mouse endogenous locus alters splicing similar to that in human cells expressing U2AF1(S34F).
(A) Diagrams of the endogenous U2af1 locus, the MGS34F targeting vector, and modified alleles, with sites used for Southern blotting- and PCR-based
genotyping. Numbers in boxes indicate exons or exonic sequences in cDNA; lines represent introns; STOP denotes a 3x transcriptional stop signal from SV40; B,
BamHI site; E, EcoRl site. The red version of exon 2 encodes the S34F mutation (TCT-to-TTT). A more detailed description of the targeting vector is in S/
Appendix, Supplemental Methods and Materials. (B) U2af1(S34F) changes the inclusion levels of indicated exons (or portions of exons; see inserted cartoons)
found at six loci of genes (named in boxes) in total bone marrow cells from mice with the indicated genotypes (n = 3). The mice were treated with poly (IC)
and were killed 2 wk later for RNA extraction. As noted in the text, alternative splicing of human homologs of these mRNAs was previously reported to be
affected by U2AF1(S34F). Asterisks indicate statistically significant changes compared with other genotypes by t test (*P < 0.05). Error bars represent SEM.
(C) Representative read coverage of U2afl ¢cDNA by RNA-seq, which was performed on MPs from mice of the indicated genotypes 4 wk after poly (IC)
treatment. Each gray line represents a sequencing read. The reference DNA (noncoding strand) and protein sequences are shown below the sequencing reads,
and the numbers of reference (WT) and variant (S34F) alleles are quantified below the graphs. (D) The Venn diagram indicates the numbers of orthologous
genes from mouse and human datasets that show at least 10% change in cassette exon inclusion levels in the presence of mutant U2AF1. The mouse dataset is
presented in S/ Appendix, Table S3. The human dataset was published previously (21), using AML samples from The Cancer Genome Atlas (63). Genes with low
levels of expression (median transcripts per million sequenced RNAs <10) or that have no mouse or human ortholog were excluded from the analysis.
(E) U2af1(S34F) recognizes similar consensus sequences at 3’ splice sites in the mouse genome as U2AF1(S34F) does in the human genome. mRNA from MPs
with or without U2af1(S34F) was sequenced to determine nucleotides at the 3’ splice-acceptor sites of cassette exons and was displayed as sequence logos
according to whether inclusion of the exon in mRNA was increased, decreased, or unaffected by U2af1(S34F). The resemblance of these logos to those
previously determined with human materials is discussed in the text. Additional molecular characterization of the established mouse lines (including another
conditional allele, IES34F) and their cell derivatives is presented in S/ Appendix, Figs. S1 and S2.
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ascertained with allele-specific TagMan assays (SI Appendix, Figs.
S1C, S2D, and S3 C-E). MGS34F appeared to be recombined by
Cre more efficiently than the IES34S allele and was used in all
follow-up studies.

We next crossed mice heterozygous for the conditional MGS34F
allele with mice carrying an MxI-Cre transgene that is expressed in the
blood lineage upon administration of poly (IC) (20). Two weeks after
poly (IC) treatment of the resulting bitransgenic mice (MGS34F/WT;
MxI-Cre), Cre-mediated recombination was nearly complete in nu-
cleated bone marrow cells, as revealed by Southern blotting (SI Ap-
pendix, Fig. SIE) and by quantitative analysis of PCR-generated
fragments (SI Appendix, Fig. S3 A and B). The WT and mutant alleles
appear to be expressed at equivalent levels, judging from
the ~1:1 ratio of mutant and WT U2afl mRNA (SI Appendix,
Fig. S1F).

Effects of U2af1(S34F) on Pre-mRNA Splicing in Mouse Cells Resemble
the Effects of U2AF1(S34F) in Human Cells. U2AF1(S34F) is known to
affect pre-mRNA splicing and possibly other events in a variety of
human cells (11, 21-27). We used cells and tissues from mice
carrying the U2af1(S34F) allele to determine whether similar al-
terations occur in mice after expression of U2afI(S34F) at physi-
ological levels. As an initial assessment, we measured changes in
spliced products of pre-mRNA from six mouse genes (H2afy,
Ghnas, Bcor, Picalm, Kdm6a, and Racl) homologous to human
genes whose transcripts undergo changes in alternative splicing
(11, 21, 27) in the presence of U24AF1(S34F). We also examined
RNA products of one mouse gene, Afg7, whose transcripts were
reported to show changes in use of polyadenylation sites (25).
Isoform-sensitive primers were designed to target regions of the
mRNAs that are predicted to undergo changes based on previous
results in human or mouse cells (SI Appendix, Table S2). We
found that similar alterations in pre-mRNA splicing occurred in
the six homologous murine genes expressed in total bone marrow
cells (Fig. 1B). However, the previously reported changes in Azg7
RNA polyadenylation sites were not observed in mouse bone
marrow cells expressing U2af1(S34F) (SI Appendix, Fig. S1G).

We used whole-cell mRNA-sequencing methods to make a more
extensive survey of U2afI(S34F)-induced alterations in pre-mRNA
splicing, looking specifically for the changes in frequency with which
so-called “cassette exons” are sometimes included in the spliced
products, since these are the most prominent consequences of the
S34F mutant in human cells (11, 21-24, 27). In addition, we per-
formed these analyses in mouse myeloid progenitors (MPs) isolated
from the bone marrow of MG(S34F)/WT; MxI-Cre mice (and from
Mx1-Cre mice as a control) 4 wk after poly (IC) treatment based on
their immunophenotype, Lin~Sca-17c-Kit* (Lin, Lineage), which
expressed U2afl(S34F) mRNA, as expected (Fig. 1C).

Consistent with previous reports, alterations in the use of cassette
exons are the most frequent changes in MPs expressing UZ2af1(S34F)
(268 of 389 events) (SI Appendix, Table S3). Overall, we found sig-
nificant changes in the alternative splicing of cassette exons from
206 mouse genes; 43 of those genes (about 20%) are homologs of
human genes similarly affected by U24F1(S34F) or U2AF1(S34Y) in
AML cells (Fig. 1D). Furthermore, the consensus nucleotide se-
quences preceding the invariant AG dinucleotide at the 5" end of
the affected cassette exons match those previously identified as de-
terminants of altered splicing patterns in human cells expressing
U2A4F1(S34F) (11, 21-24, 27). For example, the first nucleotide
position 5" of the AG dinucleotide is frequently occupied by a C or
A nucleotide upstream of exons that are more frequently included in
mRNA and is often occupied by a T nucleotide upstream of cassette
exons that are less frequently included (Fig. 1E). Similar changes
were seen in MEFs expressing U2af1(S34F) (SI Appendix, Figs. S1D
and S2E). Based on these results, we conclude that physiological
expression of U2afl(S34F) causes changes in pre-mRNA splicing
similar but not identical to those observed by us and others in hu-
man cells expressing U2AF1(S34F) (11, 21-24, 27).

Fei et al.

U2af1(S34F) Affects Hematopoiesis in Mice with Features That Are Shared
with Human MDS. We next examined the impact of U2afI(S34F) on
hematopoiesis in our genetically engineered mice. Blood samples
were taken before and after administration of poly (IC) to induce
Cre and were subjected to complete blood cell counts and flow
cytometry. The cellular profiles of blood from WT mice and from
mice carrying only the MxI-Cre transgene or only the MGS34F al-
lele were similar and normal, as expected. However, MGS34F/WT;
Mx1-Cre mice showed mild but persistent changes in RBCs (re-
duced RBC count, hemoglobin concentration, and hematocrit and
increased mean RBC volume) (Fig. 24 and B and SI Appendix, Fig.
S4 A and B). Platelet numbers were normal (SI Appendix, Fig. S4C),
but the numbers of WBCs were reduced persistently by nearly
50% compared with results in mice with the control genotypes
after poly (IC) treatment (Fig. 2C). Decreases were observed in all
major WBC lineages as measured by flow cytometry (SI Appendix,
Fig. S4 D-G), with the most marked reduction seen in B220* B
cells (Fig. 2 D-G). Despite the reduction in nearly all mature
blood cell types upon activation of U2afl(S34F), bone marrow
cellularity and spleen size were normal (S Appendix, Fig. S4 I and
J), with no evidence of pathological extramedullary hematopoiesis
in mice with U2af1(S34F).

We sought to determine whether these long-term changes were
due to effects of the mutant splicing factor on blood stem and
progenitor cells. We examined the abundance and function of
hematopoietic stem cells (HSCs) and progenitors in mutant and
control mice 36 wk after poly (IC) treatment. Bone marrow cells
from mice with or without U2afl(S34F) were stained with anti-
bodies against markers for HSCs and for various blood cell pro-
genitors and were analyzed by flow cytometry. While no differences
were observed in the percentages of Lin~ cells (Fig. 2/) and MPs
(Lin~Sca-1"c-Kit*) (Fig. 2 H and J) from mutant and control
animals, the HSC- and progenitor-enriched LSK cells (marked
by Lin~Sca-1*c-Kit*) were decreased in the bone marrow of
U2af1(S34F) mice (Fig. 2 H and K). The decrease in the LSK
cells was due to the reduction of short-term and long-term HSCs
(marked by CD48~CD150~ and CD48~CD150%, respectively,
within the LSK cells) (Fig. 2 H and L and SI Appendix, Fig. S4K) but
not the multipotent progenitors (marked by CD48+*CD150~ within
the LSK cells) (SI Appendix, Fig. S4L) in the bone marrow of
U2af1(S34F) mice. These findings suggest that reductions in HSCs
likely account for the persistence of multilineage cytopenia ob-
served in the peripheral blood of mice expressing mutant U2afl.

To determine whether the effects of U2afl(S34F) on mouse
hematopoiesis were cell autonomous, we transplanted bone marrow
cells from MGS34F/WT; MxI-Cre mice and from control (MGS34F/
WT) mice noncompetitively into lethally irradiated recipient mice
(F1 progeny of a B6 x 129 cross) (SI Appendix, Supplemental
Methods and Materials). Four weeks after transplantation, poly (IC)
was used to induce production of Cre in the transplanted cells. Five
weeks later, macrocytic anemia, multilineage cytopenia, and re-
duction in LSK cells were observed in the recipient mice (compare
results in SI Appendix, Fig. S5 with those in Fig. 2 and SI Appendix,
Fig. S4). Although the numbers of LSK cells were reduced, a slightly
higher fraction of these cells was actively cycling, as shown by a
BrdU incorporation assay (SI Appendix, Fig. S50), suggesting a
compensatory mechanism to overcome the loss of these cells.
Moreover, bone marrow cells from the U2af1(S34F) mice formed
fewer myeloid colonies, especially after replating (SI Appendix, Fig.
S5R), consistent with the reduced numbers of LSK cells observed by
flow cytometry. Overall, these results demonstrate that the effects of
U2af1(S34F) on hematopoiesis are cell autonomous.

To further characterize the HSC defects attributed to U2af1(S34F),
we performed competitive transplantations using bone marrow
cells from MGS34F/WT; Mx1-Cre or MGS34F/WT mice (test cells)
mixed with bone marrow cells from WT or MxI-Cre mice (com-
petitor cells). Equal numbers of test and competitor cells were
mixed and transplanted into lethally irradiated recipient mice, and
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Fig. 2. U2af1(S34F) causes multilineage cytopenia, macrocytic anemia, and reduction in the HSC and progenitor cell populations. (A-G) Multilineage
cytopenia and macrocytic anemia in mice expressing U2af1(S34F). Blood samples taken from mice of the indicated genotypes (see keys in A) before and up to
24 wk after poly (IC) treatment were subjected to complete blood cell counts to determine numbers of RBCs (A), mean RBC volume (B), and WBCs (C) and were
used for flow cytometry (D-G) to determine percentage of cells with the indicated lineage markers. Asterisks indicate significant changes for mice with the
MGS34F/WT; Mx1-Cre genotype compared with mice of any other genotype by multiple t test (false-discovery rate <0.05). *P < 0.05. (H-L) U2af1(S34F) re-
duces the percentage of HSCs and progenitor cells in the bone marrow. Bone marrow cells from mice of the indicated genotypes were harvested 36 wk after
poly (IC) treatment, and the percentages of HSC and progenitor cells were determined by flow cytometry using the stated markers. (H) Representative results
of flow cytometry with numbers indicating the percentages of live nucleated cells in the boxed areas. (I-L) Bar heights indicate the mean percentages of cells
with the designated phenotypes (vertical axes) in the bone marrow. Dots indicate the percentage of cells in a mouse. Asterisks denote significant changes by
t test (*P < 0.05). N.S., not significant. Error bars represent the SEM. See S/ Appendix, Fig. S4 for additional characterization of these mice. WT/WT, n = 10;
WT/WT; Mx1-Cre, n = 10; MGS34F/WT, n = 10; MGS34F/WT; Mx1-Cre, n = 11.

the recipients received poly (IC) 4 wk later (Fig. 34). Mice that MGS34F allele and the MxI-Cre transgene with a Runx] allele
received test cells from MGS34F/WT; Mx1-Cre animals displayed a  carrying LoxP sites that flank exon 4, encoding the DNA-binding
deficiency of U2afl1(S34F)-expressing cells in all measured mature ~ Runt domain (28). When bred to homozygosity at the floxed
and immature cell lineages in the peripheral blood, bone marrow, ~ Runx! locus (RunxI™¥) in the presence of MxI-Cre and MGS34F,
and spleen as early as 2 wk after poly (IC) treatment (Fig. 3 B-F).  Cre recombinase inactivates RunxI and allows the production of
In contrast, immature and mature blood cells from MGS34F/WT  the mutant splicing factor in the same cells after administration of
mice remained at levels of nearly 50% at all times. These results  poly (IC). Since loss-of-function mutations of Runxl often co-
show that HSCs expressing U2af1(S34F) are defective in re- occur with U24F] mutations in human myeloid neoplasms (16,
populating the hematopoietic compartment in a competitive  17), this seemed to be a promising genetic combination for elic-
transplant setting. iting pathological phenotypes, including leukemias.

Using light microscopy to seek the morphological features The experimental cohort used for these purposes consisted of
of myelodysplasia, we occasionally observed binucleated erythroid  the compound-engineered mice (MGS34F/WT: RunxI™'™; MxI-Cre,
cells and hypo-segmented neutrophils in the bone marrow cells  hereafter “URC mice”), mice in which poly (IC) activates
from U2af1(S34F)-expressing mice (SI Appendix, Fig. S6 A and B).  U2afIl S§34F) or inactivates Runxl (MGS34F/WT: MxI-Cre or
Moreover, megakaryocytes from these mice occasionally formed — RunxI'’"; MxI-Cre), and control WT mice (or WT-equivalent mice
clusters (ST Appendix, Fig. S6 C-E), even though platelet production  lacking the MxI-Cre transgene). After induction of Cre, URC mice
was normal or only slightly diminished (SI Appendix, Figs. S4C and  developed the hematological abnormalities associated with either
S5C). These dysplastic features typically affected less than 1% of ~ U2afI(S34F) (e.g., multilineage cytopenia, low-level myeloid, and
bone marrow cells and were not present in the peripheral blood;  erythroid dysplasia) or RunxI deficiency alone (e.g., thrombocy-
therefore, they did not meet the diagnostic criteria for human MDS.  topenia, increased percentage of myeloid cells, and increased my-
Nevertheless, the multilineage cytopenia and dysplasia found in the  €loid colony formation, refs. 28 and 29), as shown in SI Appendix,
U2af1(S34F) mutant mice are hallmarks of human MDS. Fig. S7 A-D. We also examined the effects of U2afI(S34F) and

Runx! deletion on gene expression and pre-mRNA splicing in MP
Generation of Mice with Conditional Alleles of both Runx1 and U2af1.  cells from poly (IC)-treated URC mice and compared the findings
Although U2afI(S34F) affects hematopoiesis in our genetically  with those obtained in mice with conditional alleles at either the
engineered mice, these mice were relatively healthy (e.g., with  U2afl or RunxI locus (SI Appendix, Fig. S7 E-G and Tables S3 and
normal weight gain) (SI Appendix, Figs. S4H and S5M), and they  S4). As anticipated from its role as a gene encoding a transcription
lived a normal life span. We reasoned that additional genetic  factor, Runx! deficiency mainly affected gene expression, whereas
changes might produce more severe hematologic defects or neo-  U2AFI1(S34F) predominantly changed mRNA splicing. As a result,
plasias dependent on U2afl(S34F). Therefore, we combined our ~ MP cells with U2af1(S34F) and without functional Runx! exhibited
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