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SF3B1 is the most frequently mutated RNA splicing factor in can-
cer, including in ∼25% of myelodysplastic syndromes (MDS)
patients. SF3B1-mutated MDS, which is strongly associated with
ringed sideroblast morphology, is characterized by ineffective
erythropoiesis, leading to severe, often fatal anemia. However,
functional evidence linking SF3B1 mutations to the anemia
described in MDS patients harboring this genetic aberration is
weak, and the underlying mechanism is completely unknown.
Using isogenic SF3B1 WT and mutant cell lines, normal human
CD34 cells, and MDS patient cells, we define a previously unrecog-
nized role of the kinase MAP3K7, encoded by a known mutant
SF3B1-targeted transcript, in controlling proper terminal erythroid
differentiation, and show how MAP3K7 missplicing leads to the
anemia characteristic of SF3B1-mutated MDS, although not to
ringed sideroblast formation. We found that p38 MAPK is deacti-
vated in SF3B1 mutant isogenic and patient cells and that MAP3K7
is an upstream positive effector of p38 MAPK. We demonstrate
that disruption of this MAP3K7-p38 MAPK pathway leads to pre-
mature down-regulation of GATA1, a master regulator of ery-
throid differentiation, and that this is sufficient to trigger
accelerated differentiation, erythroid hyperplasia, and ultimately
apoptosis. Our findings thus define the mechanism leading to the
severe anemia found in MDS patients harboring SF3B1mutations.
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Myelodysplastic syndromes (MDS) are a heterogeneous
group of blood malignancies that originate from hemato-

poietic stem cells (HSCs). MDS is characterized by ineffective
hematopoiesis, dysplasia, peripheral blood cytopenias, and an
increased risk of transformation to acute myeloid leukemia (1).
Although MDS is the most commonly diagnosed malignancy of
the elderly in the United States (2), few effective therapies are
available. In MDS, SF3B1 is the most frequently mutated gene
(3), with a frequency of 20 to 29% in all MDS cases and 65 to
83% in the subtype refractory anemia with ring sideroblasts
(RARS) (4–6). SF3B1 mutations have also been found in other
cancers (5). These mutations cause missplicing of several hun-
dreds of introns due to usage of aberrant 30 splice sites (30ss),
resulting from abnormal recognition and selection of the
branch site (7, 8).

In an effort to elucidate how SF3B1 mutations cause MDS,
knockin mice carrying the K700E hotspot mutation were gener-
ated (9, 10). These mice displayed anemia but not the anemic
features described in mutant SF3B1 MDS (erythroblast hyper-
plasia/bone marrow [BM] hypercellularity) (5, 11–13) or RARS
patients [BM erythroid hypercellularity (14, 15) and apoptotic
erythroblasts (14, 16, 17)]. In addition, the mice did not display
other hallmarks of mutant SF3B1 MDS, such as ringed sidero-
blasts (4, 5) and an HSC competitive repopulating advantage,
which is indicative of clonal hematopoiesis (18). Additionally,
there was minimal overlap of misspliced transcripts between

MDS patients and the mutant mice (∼5%) (9, 10), most likely
due to the poor conservation of intronic sequences (∼30%)
between human and mouse (19) and to significant species-
specific differences in alternative splicing (20), suggesting that
mice may be less useful in modeling mutant SF3B1 MDS.
Among the genes whose expression is affected by mutant
SF3B1-induced missplicing, none has been implicated as a
cause of severe anemia.

One of the known mutant SF3B1 target transcripts encodes
MAP3K7, a serine/threonine kinase and an upstream regulator
of the mitogen-activated protein kinase (MAPK) signal trans-
duction pathway (21). MAP3K7-deleted mice displayed massive
apoptosis of hepatocytes, HSCs, and committed hematopoietic
progenitor cells, and significant reductions in nucleated cells in
BM, spleen, and thymus (22). Red blood cells and hemoglobin
levels were slightly reduced compared to control mice but were
not statistically significant and could simply be secondary
effects of massive apoptotic HSCs and committed progenitor
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cells (22). MAP3K7 genetic aberrations have been found in
pediatric T lymphoblastic leukemia (23) and in prostate cancer
(24), although their significance is unclear.

In this report, we describe a previously unrecognized role of
MAP3K7 in human erythropoiesis, which entails controlling
proper terminal erythroid differentiation, and also show that
the reduced levels of the kinase that arise from missplicing are
at least in part responsible for the severe anemia, but not
ringed sideroblast formation, observed in MDS patients harbor-
ing SF3B1 mutations. We show that p38 MAPK (p38), a known
regulator of various biological processes, such as cell differenti-
ation and apoptosis (25), including erythropoiesis (26), is deac-
tivated in SF3B1 mutant isogenic and patient cells. We demon-
strate that MAP3K7 is an upstream positive effector of p38
MAPK and that disruption of this MAP3K7-p38 signal trans-
duction axis leads to premature down-regulation of GATA1, a
key regulator of erythroid differentiation, and that this triggers
accelerated differentiation, accumulation, and apoptosis of
erythroblasts. Thus, with the exception of ring sideroblast for-
mation, our work has provided important insights into SF3B1-
mutated MDS, including a detailed mechanism that offers an
explanation for the severe anemia that often characterizes the
disease.

Results
K562/SF3B1 K700E Cells Exhibit Accelerated Differentiation and
Increased Erythroid Cell Death Compared to WT Cells. To investi-
gate how SF3B1 mutations might lead to anemia or other fea-
tures of MDS, we used CRISPR/Cas9 technology to introduce
the most common hotspot mutation found in MDS patients,
K700E, into human erythroleukemia K562 cells, which were
selected for their ability to differentiate along the erythroid lin-
eage upon treatment with various inducers, including hemin
(27) (Fig. 1A). To avoid possible clonal or off-target effects, we
isolated nine independent K700E mutant and nine independent
WT clones for this study. SF3B1 mutant K700E mRNA (SI
Appendix, Fig. S1A) and protein (SI Appendix, Fig. S1B) were
stably expressed. Total SF3B1 protein levels were equivalent
between mutant and WT cells, and all the mutant cells
expressed similar levels of SF3B1 K700E, as determined by
western blot with a K700E-specific antibody (SI Appendix, Fig.
S1B). RNA-sequencing (RNA-seq) analysis of mutant cells
revealed usage of cryptic 30ss that were ∼10 to 25 nt upstream
of the canonical 30ss (SI Appendix, Fig. S1 C and D). This is
consistent with our previous analysis of mutant SF3B1 MDS
patient cells (7) and with previous observations in other cancers
(8). In contrast to the mouse models mentioned in the Intro-
duction, 71% of the unique cryptic 30ss in the mutant SF3B1
K562 cells overlapped with those in mutant SF3B1 MDS
patient cells (Fig. 1B and SI Appendix, Tables S1 and S2). In
addition, 9 of the top 10 enriched pathways, derived from the
cryptic 30ss transcript list of the mutant K562 cells, overlapped
with the top 10 enriched pathways from a similar list of MDS
patient cells (SI Appendix, Fig. S1E). These results suggest that
the mutant K562 CRISPR cells will likely model some of the
phenotypes of mutant SF3B1 MDS disease.

We next investigated whether the K700E mutant isogenic
cells display phenotypes characteristic of MDS. We initially
observed that while the mutant cells displayed a small growth
defect compared to WT cells, there was no statistically signifi-
cant difference in apoptotic cell death under normal growth
conditions between K700E and WT cells (SI Appendix, Fig. S1
F and G). We next examined the ability of the K562 CRISPR
cells to differentiate along the erythroid lineage by treating the
cells with the erythroid differentiation inducer hemin (27).
Unexpectedly, the mutant cells differentiated to erythroid cells
to a greater extent than did the WT cells, as quantified by

FACS analysis measuring glycophorin A (GPA), a well-
characterized surface marker of erythroid differentiation (Fig.
1 C and D). While it has been reported that normal K562 cells
undergo low levels of spontaneous erythroid differentiation
(25), the mutant clones had on average higher GPA levels (Fig.
1C), indicative of an increased frequency of spontaneous differ-
entiation. The higher percentage of overall hemin-induced ery-
throid differentiation, however, was not due to the increased
spontaneous differentiation, as some mutant clones had similar
GPA+ background as WT but had higher differentiation capac-
ity (Fig. 1D). In fact, mutant cells differentiated more rapidly
and completely to erythroid cells than did WT clones (Fig. 1E
and SI Appendix, Fig. S1G). However, following differentiation,
more K700E cells underwent apoptosis as measured by the
apoptotic surface marker AnnexinV, as the percentage of apo-
ptotic erythroid GPA+ AnnexinV+ cells was significantly
increased compared to the WT cells (10.2 ± 6.7 in K700E vs.
4.0 ± 2.4 in WT) (Fig. 1 F and G). Our results thus suggest
plausible explanations for two key features of RARS MDS
cells, aberrant erythroid differentiation and increased erythroid
cell death.

p38 MAPK Is Specifically Deregulated and Only in Mutant SF3B1
Cells. While investigating pathways that may be of pathophysio-
logic significance to MDS, we observed that the p38 pathway
was deactivated in mutant cells. The p38 pathway is known to
be involved in governing hematopoietic cell differentiation and
apoptosis (25), including a pathway central to erythrocyte dif-
ferentiation (26). Specifically, western blot analysis revealed
that phospho-p38 (p-p38) levels were significantly reduced in
K700E cells compared to WT cells, although total p38 protein
levels were similar (Fig. 2A). Notably, of the three major MAP
kinase pathways, only p38 was deactivated in K700E cells: we
observed no differences in levels of activated JNK or ERK
between mutant and WTcells (Fig. 2 B and C).

Mutations in genes encoding RNA splicing factors occur in a
mutually exclusive manner in MDS (6), suggesting that the
mutations could act on the same pathway. We therefore exam-
ined p38 activation in cells with the next two most frequently
mutated splicing factor genes, SRSF2 and U2AF1. As with the
SF3B1 cells, we used CRISPR to introduce appropriate hotspot
mutations (28) (SI Appendix, Fig. S2). Interestingly, there were
no differences in p-p38 levels between mutant SRSF2 P95H or
U2AF1 S34F cells and their WTcounterparts (Fig. 2 D and E),
suggesting that the p38 pathway defect is specific to SF3B1
mutant cells.

MAP3K7 Transcripts Are Misspliced in Mutant SF3B1 Cells and This
Is Responsible for p38 Deactivation. We hypothesized that a
mutant SF3B1-induced splicing error was involved in p38 deac-
tivation in the SF3B1 mutant cells. We therefore examined mis-
spliced transcripts encoding kinases or phosphatases that could
directly or indirectly regulate p38. MAP3K7 is a known
upstream regulator of p38 (21), and its transcript has been
shown previously to be misspliced in MDS mutant cells (29).
Analysis of RNA-seq data from our SF3B1 mutant K562 cells
and from MDS patient cells revealed extensive cryptic 30ss
usage of MAP3K7, which was not observed in the SRSF2 and
U2AF1 mutant K562 cells (Fig. 3A and SI Appendix, Fig. S3A).
MAP3K7 is also misspliced in other cancers with SF3B1 muta-
tions (8) (SI Appendix, Fig. S3B), indicating that MAP3K7 is a
common target of mutant SF3B1 regardless of tissue type.
Reported as a target of nonsense-mediated RNA decay (29),
MAP3K7 transcript levels were decreased in mutant SF3B1
K562 and in MDS cells (Fig. 3B), but as expected, not in the
mutant SRSF2 and U2AF1 K562 cells (Fig. 3B). MAP3K7 pro-
tein levels were sharply reduced in all SF3B1 mutant K562
clones (Fig. 3C).
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We next set out to determine whether the reduced MAP3K7
levels were in fact responsible for the lower p38 activation. To
this end, we knocked down (KD) MAP3K7 using three differ-
ent small-interfering RNAs (siRNAs) in parental K562 cells
and in two other leukemic cell lines, TF1a and K052, and mea-
sured p-p38 levels (Fig. 3D). We observed significant reductions
in p-p38, but not p38 levels. Importantly, when we reintroduced
MAP3K7 into SF3B1 mutant cells, p-p38 abundance was
restored (Fig. 3E). Thus, MAP3K7 is a positive regulator of
p38 in these cells.

In addition to p38, previous studies showed that MAP3K7
can also regulate NF-κB under certain circumstances (21).
However, KD of MAP3K7 by siRNA (Fig. 3F) or six different
short-hairpin RNAs (shRNAs) (SI Appendix, Fig. S3C) did not

alter levels of phospho–NF-κBp65 in parental K562 or TF1a
cells, suggesting that under unstimulated, normal growth condi-
tions, MAP3K7 does not regulate NF-κBp65 activation in these
cells. Interestingly, under the same normal growth conditions,
we observed that SF3B1 mutant K562 cells displayed modestly
hyperactivated NF-κB (Fig. 3F), indicating another altered
pathway of possible pathological significance to MDS and that
reduced MAP3K7 levels were not responsible for the NF-κB
activation under these conditions, suggesting that another mis-
splicing event likely underlies this response.

KD of MAP3K7 in Parental K562 and Normal Human CD34+ Cells
Causes Increased Erythroid Differentiation and Cell Death. We next
determined whether reduced levels of MAP3K7 are sufficient to
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Fig. 1. K562/SF3B1 K700E cells exhibit accelerated differentiation and increased erythroid cell death as compared to WT cells. (A) DNA chromatograms of rep-
resentative K562/SF3B1 mutant and WT clones, showing K700E and two silent mutations in the SF3B1 gene. (B) Venn diagram showing the overlap of cryptic
30ss (cutoff at q-value < 0.05, distance < 50 nt to the associated canonical 30ss) that were utilized significantly more in SF3B1 mutants than in SF3B1 WT K562
cells and MDS patients. (C) Bar graph quantifying the percentage of surface GPA+ cells as analyzed by flow cytometry (FACS) with cells that were treated or
not with the erythroid inducer hemin (50 μM) for 3 d. Data shown represent n = 6 independent experiments. Each dot represents an independently derived
cell clone. P values obtained from t tests are shown. (D) FACS plots of representative mutant and WT clones from C with similar background, displaying percent
CD71 (transferrin receptor) and GPA+ cells following hemin treatment, as indicated. GPA positivity was gated based on unstained WT and mutant cells. (E) Line
graph displaying percent GPA positive cells vs. various concentrations (μM) of hemin for mutant and WT clones as measured by FACS after 3 and 4 d of hemin
or no treatment. *P < 0.05. (F) Bar graph specifying the percentages of AnnexinV vs. GPA expressed on the surface of K700E and WT cells as measured by FACS
after hemin (50 μM) or no treatment for 4 d. Representative data from n = 4 independent experiments. P values from t tests are shown. (G) FACS plots (lower
left quadrants of each plot: GPA-AnnexinV� as undifferentiated cells; Lower Right quadrants: GPA+AnnexinV� as nonapoptotic erythroids; Upper Right quad-
rants: GPA+AnnexinV+ as apoptotic erythroids; Upper Left quadrants: GPA�AnnexinV+ as apoptotic cells) of representative mutant and WT clones from G
showing the percentages of AnnexinV vs. GPA expression under 4 d of hemin or no treatment.
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induce the aberrant erythrocyte differentiation and apoptosis
observed in the SF3B1 mutant K562 cells. KD of MAP3K7 in
parental K562 cells had no effects on cell proliferation or, similar
to the mutant cells, apoptosis under normal growth conditions (SI
Appendix, Fig. S4). However, KD of MAP3K7 during hemin-
induced erythroid differentiation in these cells led to an increase
in differentiation, as shown by an elevated percentage of total ery-
throid (GPA+) cells and a subsequent reduction in undifferenti-
ated GPA�AnnexinV� double-negative cells (Fig. 4A). In addi-
tion, MAP3K7 KD also induced erythroid cell death (Fig. 4A), as
similarly observed in the SF3B1 mutant isogenic cells.

The above experiments utilized primarily our K562 CRISPR
cell lines. While these cells are ideal in many ways for evaluat-
ing the consequences of SF3B1 mutation on erythroid cell
growth and differentiation, they are a transformed leukemia
cell line. We therefore next sought to confirm our findings con-
cerning the role of MAP3K7 with normal primary human blood
cells, and to this end evaluated the effects of MAP3K7 KD on
erythroid differentiation in CD34+ blood stem/progenitor cells.
We induced these cells to differentiate along the erythroid line-
age with erythropoietin, and then employed a refined, three-
erythroid surface marker (GPA, Integrin α-4, band 3) method
that allows for determination of the four stages of erythroblast
maturation: proerythroblast, basophilic erythroblast, polychro-
matic erythroblast, and orthochromatic erythroblast (30). Eluci-
dating these four stages was done by FACS analysis by first
gating on the GPA marker that is present on cells during all
four erythroblast stages and then examining for surface levels
of Integrin α-4 and band 3; expression of Integrin α-4 decreases
with development while surface expression of band 3 increases

with maturation (30). Importantly, MAP3K7 KD again resulted
in accelerated differentiation: Fewer KD CD34+ cells were pre-
sent at early-staged erythroblasts and more at late-stages com-
pared to the negative control shRNA (Fig. 4 B and C). Notably,
we also observed more erythroid cell death in the two
MAP3K7 KD cells than in the negative control cells (Fig. 4D).

Premature Down-Regulation of GATA1 Underlies the Accelerated
Differentiation and Erythroid Cell Death. We next investigated the
mechanism by which reduced levels of MAP3K7 caused accel-
erated erythroid differentiation followed by apoptosis. We
examined the expression levels of major erythroid transcription
factors by western blot (Fig. 5A) or qPCR (SI Appendix, Fig.
S5) in mutant and WT cells during erythroid differentiation.
Based on the expression patterns of these transcription factors
and their connection, or lack thereof, to p38, we hypothesized
that the transcription factor GATA1—known to be a master
regulator of erythroid differentiation and a possible down-
stream target of p38 (31)—is misregulated in mutant SF3B1
cells. We therefore examined GATA1 expression during a time
course of hemin-induced erythroid differentiation by western
blot analysis, using two representative K700E and WT K562
clones (Fig. 5A). The two WT clones showed that GATA1
expression decreased during differentiation (Fig. 5A), which is
consistent with previous studies showing that during erythro-
blast differentiation, GATA1 expression is required to be down-
regulated for erythroid maturation (32). Importantly, GATA1
expression in the two K700E clones was also down-regulated,
but to a greater extent and more rapidly than in the two WT
clones (Fig. 5A). We then examined our full panel of nine

A
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D E

C

Fig. 2. p38 MAPK is specifically deregulated and only in mutant SF3B1 cells. (A) Representative western blot images showing expression of total p38
MAPK, phospho-p38 MAPK (p-p38MAPK; p-p38), SF3B1 K700E and α-Tubulin in the independent mutant and WT K562/SF3B1 clones. n = 5 independent
experiments. Representative western blot analysis of (B) phospho-JNK (p-p46 and p-p54) and GAPDH, and (C) phospho-ERK1/2 (p-ERK12) and α-Tubulin in
K562/SF3B1 K700E and WT clones. Representative western blot analysis of p-p38 in (D) K562/SRSF2 mutant (P95H) and WT and in (E) K562/U2AF1 mutant
(S34F) and WT independent clones. For B and C, n ≥ 3, and for D and E, n = 2 independent experiments. Bar graphs are shown next to all western blot
images, displaying results of ImageJ-quantified, loading control-normalized protein band intensities and P values from t tests.
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K700E and nine WT clones after 3 d of differentiation, and
observed that GATA1 was indeed more down-regulated in
K700E than in WT cells (Fig. 5B). To demonstrate that the
reduced MAP3K7 levels in the mutant K562 cells were respon-
sible for the greater down-regulation of GATA1 during differ-
entiation, we examined GATA1 levels in MAP3K7 KD parental
K562 cells, and again observed a greater decrease in GATA1
expression than in the negative control cells (Fig. 5C).

The requirement for GATA1 expression during erythroid dif-
ferentiation is biphasic. There is a steadily increasing demand

for GATA1 by erythroid-committed progenitor cells that peaks
prior to the onset of the erythroblast stages, then during the
erythroblast stages, GATA1 expression steadily decreases to
enable erythroblasts to properly mature (Fig. 5D, adapted from
ref. 32). We hypothesized that GATA1 expression in mutant
cells decreases faster and more extensively than in WT cells
during the erythroblast stages, thus causing the accelerated dif-
ferentiation and subsequent apoptosis. To test this hypothesis,
we pretreated parental K562 cells with hemin to initiate early
erythroid differentiation, and then knocked down GATA1 in

A

C

D

E F

B

Fig. 3. MAP3K7 transcripts are misspliced in mutant SF3B1 cells, and this is responsible for p38 deactivation. (A) RNA-seq coverage plots of MAP3K7 cryp-
tic 30ss transcripts in WT and mutated samples from (left to right) K562/SF3B1, MDS patients, K562/SRSF2, and K562/U2AF1 cells. (B) Comparison of total
MAP3K7 mRNA levels (normalized reads counts) in WT and mutated RNA-seq samples from (left to right) MDS patients, K562/SF3B1, K562/SRSF2, and
K562/U2AF1 cells. P values from t tests are shown. (C) Representative western blot images showing expression of MAP3K7, p-p38 MAPK, and α-Tubulin
proteins in the independent mutant and WT K562/SF3B1 clones. n ≥ 6 independent experiments. (Right) Bar graphs displaying the results of ImageJ-
quantified, α-Tubulin-normalized band intensities and P values from t tests. (D) Representative western blot analysis of the effects on p-p38 MAPK and
total p38 MAPK expression in MAP3K7 KD K562, TF1a, and K052 cells using two different negative control siRNAs (siCtrl-1/2) and three different siRNAs
specific for MAP3K7. n ≥ 3 independent experiments. (Right) Bar graphs displaying the results of ImageJ-quantified, α-Tubulin–normalized band intensi-
ties and P values from t tests. (E) Representative western blot analysis of the effects on p-p38 MAPK and total p38 MAPK expression in three WT and
three mutant K562 clones expressing HA-tagged MAP3K7. n ≥ 3 independent experiments. (F) Representative western blot analysis of the effects on phos-
pho-NF-κB p65 (p-NF-κB p65), p-p38 MAPK and total p38 MAPK expression in MAP3K7 KD K562 and TF1a cells using negative control siRNA #1 and
siMAP3K7 #2 (see D). Expression of p-NF-κB p65 in three mutant and three WT K562/SF3B1 is also shown. “Low” and “High” represent different exposures
of the same gel. n = 3 independent experiments.
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the hemin pretreated cells. Strikingly, GATA1 KD after hemin
pretreatment resulted in increased erythroid differentiation and
subsequent apoptotic cell death compared to the negative con-
trol cells (Fig. 5 E and F), analogous to what we observed in
SF3B1 mutant cells or following MAP3K7 KD.

Mutant SF3B1 MDS Patient Cells Display Phenotypes Observed in
K562/SF3B1 Mutant Cells and MAP3K7 KD Cells. An important ques-
tion is whether the results we have obtained so far are indeed rel-
evant to SF3B1 MDS. To address this important issue, we next

investigated whether the phenotypes observed in mutant SF3B1
K562 cells occur in mutant SF3B1 MDS patient cells. We first
examined expression of p-p38 and MAP3K7 in SF3B1 MDS BM
mononuclear cells (BMMNCs) by western blot analysis (Fig. 6A).
Consistent with the SF3B1 mutant K562 cells, p-p38 and
MAP3K7 levels were significantly reduced in mutant SF3B1 MDS
BMMNCs compared to WT SF3B1 MDS BMMNCs (Fig. 6A).
To ascertain the erythroid differentiation and cell death properties
of the mutant SF3B1 MDS cells, we examined the erythroblast
stages of mutant SF3B1 MDS and normal BM cells using the

A

B

C D

Fig. 4. KD of MAP3K7 in parental K562 and normal human CD34+ cells causes increased erythroid differentiation and cell death. (A) Images (from Left
to Right) of representative western blot analysis of GFP-sorted, shRNA-mediated MAP3K7 KD (two different negative control and six different MAP3K7
shRNAs) in parental K562 cells, representative two-color FACS plot of AnnexinV vs. GPA from a control and shMAP3K7, and bar graphs showing the aver-
ages and SDs of (from Top to Bottom) % GPA�Annexin� (undifferentiated cells), % total GPA+ (nonapoptotic erythroids), and % GPA+AnnexinV+ cells
(apoptotic erythroids) after 3 d of treatment with 50 μM hemin from three independent experiments. Bar graphs displaying the results of ImageJ-
quantified, α-Tubulin–normalized MAP3K7 and p-p38 band intensities in Western blot analysis are shown below the Western blot. P values from t tests
are labeled on all bar graphs. (B) Representative FACS plots showing surface expression of Integrin α-4 and band 3 from day 11 and day 14 shRNA-
mediated MAP3K7 KD (one negative control and two different MAP3K7 shRNAs) in human erythropoietin (EPO)-induced CD34+ cells that were CD45�

and double-positive GFP+GPA+ (= erythroblasts cells). Erythroblast stages are depicted and labeled (Baso, basophilic normoblast; Poly, polychromatophilic
normoblast; Ortho, othrochromatic normoblast). (Right) Bar graphs, quantifying the percentage of erythroblasts in each stage, are shown, as well as
Baso-normalized percent erythroid cells for comparison. n = 2 independent experiments. (C) RT-PCR showing day 11 shRNA-mediated MAP3K7-KD expres-
sion in day 11 EPO-induced CD34+ cells. Abundance of GAPDH-normalized MAP3K7 expression is depicted in the bar graph below. (D) Representative
FACS analysis of cell death via 7AAD and AnnexinV from (C) day 11 and day 14 MAP3K7 KD, human EPO-induced, CD45�GFP+GPA+ erythroblasts. Bar
graphs, specifying the percentage of total erythroblast cell death, are shown. n = 2 independent experiments.
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three-erythroid surface-marker method described above (30).
Similar to what we observed with MAP3K7 KD CD34+ cells,
mutant SF3B1 MDS patient BM had less early-staged erythro-
blasts and more late-staged erythroid cells compared to the nor-
mal healthy BM control cells (Fig. 6B), indicative of erythroblast
expansion and enhanced erythropoiesis. This is consistent with
data shown in SI Appendix, Fig. S6A, which was generated by
replotting the normal controls and MDS SF3B1 K700E patient
data reported previously (33). SI Appendix, Fig. S6A also revealed

fewer early-staged erythroblasts and more late-staged erythroid
cells in the SF3B1 mutant samples. Additionally, when we mea-
sured erythroid cell death by AnnexinV staining, the mutant
SF3B1 MDS GPA+ cells showed more total cell death than did
those from normal BM (Fig. 6C). Together, our data provide an
explanation for the anemic phenotype of mutant SF3B1 MDS
patients, involving aberrantly enhanced erythroid differentiation
followed by apoptotic cell death, and demonstrate a critical role
for the MAP3K7-p38-GATA1 pathway in this process.

A

B C

D

F

E

Fig. 5. Premature down-regulation of GATA1 in differentiated K700E or MAP3K7 KD cells underlies the accelerated differentiation and erythroid cell death.
(A) Western blot analysis (Upper) and quantifying bar graph (Lower) showing expression of GATA-1 during a 5-d time course of treatment with 50 μM hemin
to induce erythroid differentiation in two representative K700E (K2 and K5) and two representative WT (W2 and W3) K562/SF3B1 clones. (B) Representative
western blot images showing GATA-1 protein expression in the nine mutant and nine WT K562/SF3B1 clones that were treated or not with 50 μM hemin for 3
d. Bar graph displaying the results of ImageJ-quantified, α-Tubulin–normalized GATA-1 band intensity and P values from t tests. n = 4 independent experi-
ments. (C) Representative western blot image of GATA-1 expression in shRNA-mediated MAP3K7 KD parental K562 cells that were treated or not with 50 μM
hemin for 3 d. n = 3 independent experiments. (D) Illustration (adapted from ref. 32) showing GATA1 expression during the course of erythroid development
from myeloid progenitor cell (CMP) to mature red blood cell (RBC). BasoEB, basophilic erythroblast/normoblast; BFU-E, Burst-forming unit-erythroid; CFU-(E)
colony-forming unit-erythroid; MEP, megakaryocyte-erythroid progenitor; OrthoEB, orthochromatic erythroblast/normoblast; ProEB, Proerythroblast. (E) West-
ern blot image showing GATA-1 KD (two different GATA-1 and three different negative control siRNAs) expression in parental K562 cells and (F) its effects on
erythroid differentiation and erythroid apoptosis via FACS analysis of AnnexinV vs. GPA after 3 d of 50 μM hemin treatment. Bar graphs (Right) indicate per-
cent undifferentiated cells (double-negative GPA�AnnexinV�) and percent apoptotic erythroid cells (double-positive GPA+AnnexinV+). P values from t tests are
shown. n = 3 independent experiments. GPA positivity was gated based on unstained parental K562 cells.
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Other SF3B1 Mutations Lead to Extensive MAP3K7 Missplicing and
Enhanced Erythroid Development. Our study focused on the most
common SF3B1 hotspot mutation, K700E. To determine
whether other MDS SF3B1 mutants behave similarly to K700E,
we analyzed our own and other RNA-seq datasets. We found
that other MDS SF3B1 hotspot (E622, R625, H662, and K666)
and nonhotspot (D781G) mutations induced extensive
MAP3K7 missplicing, ranging from 41 to 90% (10, 34) (SI
Appendix, Fig. S6B). Since we demonstrated that reduced levels
of MAP3K7 alone, in both K562 and normal CD34+ cells, was
sufficient to cause enhanced erythroid development, expansion,
and cell death, any SF3B1 mutation that induces extensive
MAP3K7 missplicing will almost certainly behave identically to
K700E. In support of our hypothesis, we again reanalyzed pre-
viously published data (33) and replotted normal controls and
MDS samples with non-K700E SF3B1 mutations (three E622,
four R625, four H662, two K666, and one D781G) (SI
Appendix, Fig. S6C). The resultant plot showed fewer early-
staged but more late-staged erythroblasts in the non-K700E
SF3B1 mutant cells, consistent with our data (Fig. 6B and SI
Appendix, Fig. S6A).

The totality of our data has shown that there was more ery-
throid development in mutant than in WT SF3B1 cells. To
address the basis for this, we examined whether there was a dif-
ference in the cell proliferation program between K700E and

WT SF3B1 K562 erythorid cells using the proliferation marker
Ki67. SI Appendix, Fig. S6D shows that there were indeed more
proliferating erythroid cells (GPA+Ki67

+) in mutant than in
WT cells. These data provide an explanation for the increased
number of erythroblasts we detected in mutant SF3B1 MDS
patients.

Discussion
Our findings lead to the following model detailing a mechanism
for the origins of severe anemia in SF3B1 mutant MDS patients
(Fig. 7): SF3B1 mutant-induced missplicing of MAP3K7 tran-
scripts, and the resultant reduced levels of MAP3K7, is respon-
sible for p38 MAPK deactivation, which may in turn lead to
deactivation of p38 downstream targets MAPKAPK2 and
HSP27 (SI Appendix, Fig. S7), and ultimately to faster and
greater GATA1 down-regulation. This causes accelerated dif-
ferentiation, expansion, and subsequently apoptotic erythroid
cell death, as seen in mutant SF3B1 MDS patient cells. While
our findings have not addressed the mechanism of ring sidero-
blast formation, a key feature of SF3B1 MDS, we have estab-
lished a direct role for MAP3K7 in regulating proper terminal
erythroid differentiation and thereby preventing anemia.

Our collective data provide strong support for the hypothesis
that decreased MAP3K7 abundance in SF3B1 mutant cells

A

B

C

Fig. 6. Mutant SF3B1 MDS patient cells display phenotypes observed in K562/SF3B1 mutant cells and MAP3K7 KD cells. (A) Western blot analysis showing
MAP3K7 and p-p38 MAPK expression in MDS BM mononuclear cells from five patients with WT and five patients with K700E SF3B1 mutation. (Right) Bar
graphs quantifying the results of western blots and P values from t tests are shown. (B) Representative FACS plots showing the erythroblast profiles of pri-
mary BM cells from SF3B1 K700E MDS patients and normal healthy individual. The isolated CD45� BM cells were stained with three erythroid markers:
GPA, Integrin α-4, and band 3. FACS plot of Integrin α-4 vs. band 3 on GPA+ BM cells. Erythroblast stages are depicted and labeled. Bar graphs, quantify-
ing the percentage of nucleated erythroblasts in each stage as a total of 100%, are shown as well as proerythroblast (Pro)-normalized percent erythroid
cells for comparison. Three SF3B1 K700E MDS patients and three normal healthy individuals were profiled. EB, early basophilic erythroblasts; LB, late
basophilic erythroblasts; Ortho, orthochromatic erythroblasts; Poly, polychromatic erythroblasts; Pro, proethroblasts. (C) Representative FACS analysis of
erythroblast cell death via AnnexinV vs. band 3 from (B) Bar graph quantifies the percentage of late-stage erythroblast cell death (AnnexinV+Band3+).
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results in accelerated erythroid development, expansion, and
subsequent cell death. This is consistent with previous reports
documenting erythroid expansion in RARS patient BMs (14,
15), in which, as mentioned earlier, SF3B1 is mutated in 65 to
83% of this MDS subtype. In fact, it was reported that MDS
patients harboring SF3B1 mutations have increased erythroid
activity and accumulation of erythroblasts in their BMs (5,
11–13), and that the SF3B1 mutant allele burden positively cor-
relates with the percentage of BM erythroblasts (12). Our find-
ings explain how this hypercellular phenotype arises in the BM
of mutant SF3B1 MDS patients through expansion of erythro-
blasts. During erythroid development from progenitor cells to
late-staged erythroblasts, a successive expansion of these nucle-
ated cells occurs as they mature (35). Thus, late-staged erythro-
blasts are the most numerous nucleated erythroid cells in nor-
mal BM, as also shown in our differentiated CD34+ cells and
normal BM. However, MAP3K7-KD CD34+ cells and mutant
SF3B1 MDS cells display an even higher abundance of late-
staged erythroblasts, indicating greater erythroid development
and activity. Overall, our findings are in agreement with and
provide a mechanistic explanation for reports showing
increased erythroid activity (13) and increased erythroblasts in
the BM of mutant SF3B1 MDS (5, 11–13), as well as BM ery-
throid hypercellularity (14, 15) and apoptotic erythroblasts (14,
17) in RARS MDS patients.

In this study, we demonstrated several features of SF3B1-
mutated MDS and RARS MDS. We did not, however, detect
ringed sideroblasts, one of the hallmarks of SF3B1-mutated
MDS (4, 5), in our mutant K562 cells in the presence or
absence of hemin-induced differentiation. We note that there is
no evidence to support a role for MAP3K7 in ringed sidero-
blast formation, and we do not believe that MAP3K7 functions
in the iron deposition process. In contrast, there is considerable
evidence to support a role for ABCB7, a protein involved in
the transport of heme from the mitochondria to the cytosol, in
ringed sideroblast formation in MDS (34, 36, 37). Supporting
this, patients with X-linked sideroblastic anemia and ataxia
(XLSA-A) develop ringed sideroblasts, due to germline ABCB7

mutations (38, 39). Furthermore, missplicing of ABCB7 and
down-regulation of its RNA levels have been reported in
SF3B1-mutated MDS cells at the CD34+ HSC/progenitor cell
stage (34, 36). Interestingly, it has been reported that aberrant
mitochondrial ferritin was observed in RARS MDS cells that
were still CD34+ (37, 40), showing that the events that cause
iron accumulation occur early in development, at the CD34+

HSC/progenitor cell stage. Consistent with the absence of
ringed sideroblasts in our CD34� progenitor (41) K562 SF3B1
mutant cells, we did not observe significant missplicing of
ABCB7 in these cells.

Besides the mechanism for anemia that we have elucidated,
iron deposition as seen in XLSA-A patients could also cause
anemia in SF3B1-mutated MDS. Although XLSA-A patients
have ringed sideroblasts and anemia very early in life, the ane-
mia is typically mild and usually asymptomatic (38, 39, 42),
suggesting that iron deposition contributes to the anemic phe-
notype but is unlikely to cause severe anemia, unless elderly,
late-staged erythroblasts in SF3B1-mutated MDS are more sen-
sitive to iron deposition. Thus, while SF3B1 mutations cause
iron deposition and ringed sideroblasts in erythroblasts, likely
due to ABCB7 missplicing as described above, we believe that
this contributes to but is not the main cause of severe anemia
in SF3B1-mutated MDS. In support of this hypothesis, the BM
of ABCB7-deficient mice is actually hypo-, not hyper-, cellular
(43). In addition, ABCB7 KD in normal human CD34+ cells
results in a decrease in GPA+ cells (erythroblasts) at days 11
and 14 of erythroid differentiation (37). In contrast, when we
knocked down MAP3K7 in normal human CD34+ cells, we
observed several phenotypes reported in SF3B1-mutated MDS
and RARS MDS: that is, enhanced erythropoiesis, more eryth-
roblast at later stages, and erythroblast apoptosis, that we
believe lead to severe anemia. Apoptotic erythroblasts (14, 16,
17), as well as ringed sideroblasts, are features of RARS and
believed to cause anemia, but our data support the former as
the main cause of the severe anemia that characterizes MDS
with SF3B1 mutations.

The expression profile of GATA1 during the development of
progenitor cells to reticulocytes indicates that GATA1 expres-
sion must decrease for erythroblasts to mature. Thus, our
observation that aberrantly faster and greater down-regulation
of GATA1 occurs in mutant SF3B1 cells provides an explana-
tion for the accelerated differentiation phenotype in the mutant
SF3B1 K562 cells and, more importantly, MDS patient cells.
Consistent with this notion, it had been demonstrated that both
GATA1 mRNA and protein levels were reduced in purified day
7- and day 14-cultured GPA+ erythroid RARS cells as com-
pared to those in normal BM cells (40). Furthermore,
decreased GATA1 expression in erythroblasts has been linked
to ineffective hematopoiesis (44).

In normal erythroid development, terminal differentiation is
accompanied by cessation of cell proliferation (45). However,
we found that the cell proliferation program was more active in
mutant SF3B1 K562 cells than in WT cells, explaining the
erythroblast expansion. Consistent with this, levels of soluble
transferrin receptor, which is related to cellular iron uptake
and erythroid proliferation rate (46), have been reported to be
elevated in SF3B1 mutant MDS patients (12, 13). Thus, the
conflicting signals of proliferation and terminal differentiation,
where cell-cycle arrest must occur, could trigger apoptosis (47).
Alternatively, the basis for the uncoupling of terminal differen-
tiation from cell-cycle arrest could be a result of the faster and
greater down-regulation of GATA1. During erythroid differen-
tiation, GATA-1 has been shown to directly activate expression
of prosurvival Bcl-xL (48) and p21 (49), a negative regulator of
the cell cycle. The faster and greater down-regulation of
GATA-1 thus might not activate p21 and Bcl-xL sufficiently to
turn off cell proliferation and confer erythroblast survival,

Fig. 7. A model for how SF3B1 mutations cause anemia. SF3B1 K700E,
and other hotspot mutations induce an error in splicing of MAP3K7 tran-
scripts, resulting in reduced levels of MAP3K7. This leads to a reduction of
inactivated, phosphorylated p38MAPK (p-p38), which in turn affects
downstream potential targets, such as MAPKAPK2 (MK2), HSP27, and
HSP70. Ultimately, this causes faster and greater down-regulation of
GATA1, resulting in accelerated differentiation and erythroid cell death,
thereby explaining the anemia that characterizes MDS patients harboring
SF3B1 mutations.
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respectively, providing other explanations for the apoptotic ery-
throid phenotypes we observed in mutant SF3B1 MDS cells.

As mentioned in the Introduction, the knockin K700E mouse
models did not recapitulate many phenotypes seen in mutant
SF3B1 MDS or RARS MDS patients. This could be attributed
to the minimal overlap between aberrantly spliced transcripts in
MDS patients and mice (∼5%) (9, 10), suggesting the principal
features of mutant SF3B1 MDS/RARS MDS are caused by
mutant SF3B1-induced missplicing. Interestingly, one study
(29) found more overlap (21%) in missplicing between SF3B1
mutant MDS patients and K700E knockin mice. Notably, one
of the overlapped transcripts was MAP3K7 that was not found
to be misspliced in the previous reports (9, 10). However, it was
only misspliced in the mutant mice by ∼5 to 10% (29), while we
observed 51 to 72% missplicing in both our SF3B1 K700E
K562 cells and in MDS patient cells. While protein levels were
not measured in that study (29), the low abundance of mis-
spliced MAP3K7 mRNA in the mutant mice was most likely
insufficient to affect protein levels significantly enough to
account for the phenotypes arising from MAP3K7 missplicing
that we have characterized here.

As mentioned before, deletion of MAP3K7 in mice led to
massive apoptosis of HSCs and committed hematopoietic pro-
genitor cells (22). However, KD of MAP3K7 in transformed
K562 cells and primary human CD34 cells did not trigger
immediate apoptosis but instead led to accelerated erythroid
differentiation and expansion of erythroblasts followed by apo-
ptosis. The discrepancy could reflect differences in hematopoi-
etic cell regulation between mouse and human, since MAP3K7
is 99% homologous between the two species. Alternatively, the
disparity could reflect the remaining expression levels of
MAP3K7; in the mouse study, MAP3K7 was deleted, but in our
systems and in SF3B1 mutant MDS cells, MAP3K7 is down-
regulated, leaving some remaining MAP3K7 expression in
these cells. In any case, we have found a role of MAP3K7 in
human erythropoiesis, specifically in the proper regulation of
terminal erythroid differentiation, thereby preventing severe
anemia in humans.

In conclusion, our findings have provided a plausible mecha-
nistic explanation for the severe anemia that characterizes
mutant SF3B1 MDS, which affects approximately a quarter of
the MDS patient population. With few exceptions, such as ring
sideroblast formation, our results have also provided insight
into several other key features of mutant SF3B1 MDS, and led
to a model of terminal erythroid differentiation. Our findings
provide new avenues for drug screening as well as targets for
developing novel therapeutic approaches to treat MDS.

Materials and Methods
Experimental Model and Subject Details. K562, TF1a (ATCC), and K052
(DSMZ) cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM;
Gibco, cat # 12440-053) supplemented with 10% fetal bovine serum (FBS;
Seradigm, cat # 89510-186) in a 37 °C, 5% CO2 incubator. Adult human
peripheral CD34+ cells were purified from donated whole blood (New York
Blood Center Blood Bank). MDS BM aspirates were obtained from patients,
who were seen at New York Presbyterian Hospital/Columbia University
Irving Medical Center and provided informed consent for the study that
was approved by the Institutional Review Board of Columbia University
and was in accordance with the Declaration of Helsinki. Fresh, normal,
healthy human BM mononuclear cells were purchased from PPA Research
Group (Cat # 15-00073). Fresh, healthy human BM aspirates were purchased
from Lonza (Cat # 1M-105).

Generation of Knockin Cell Lines Using CRISPR/Cas9 Genome Editing. For gen-
eration of knock-in cell lines using CRISPR/Cas9 genome editing, see detailed
methods in SI Appendix.

Erythroid Differentiation of K562 Cells. Logarithmically growing K562
(30,000-50,000/mL) cells were treated with a final concentration of 30, 40, or

50 μM hemin (Sigma, cat # 51280-1G) in IMDM media supplemented with
10% FBS for 3 to 4 d, as previously described (27). The cells were cultured in a
37 °C, 5% CO2 incubator.

siRNA Transfection. For small-interfering RNA transfection, see detailed meth-
ods in SI Appendix.

MAP3K7 Expression Constructs. For MAP3K7 expression constructs, see
detailedmethods in SI Appendix.

Viral Production. For viral production, see detailedmethods in SI Appendix.

Purification, Erythroid Induction Culture, and Transduction of Human CD34+

Cells. For purification, erythroid induction culture, and transduction of human
CD34+ cells, see detailedmethods in SI Appendix.

Erythroblast Staging Analysis. For erythroblast staging analysis, see detailed
methods in SI Appendix.

FACS of cultured and CD34+ cells. For FACS of cultured and CD34+ cells, see
detailedmethods in SI Appendix.

Flow Cytometric Analysis. For flow cytometric analysis, see detailed methods
in SI Appendix.

Western Blot Analysis. For Western blot analysis, see detailed methods in
SI Appendix.

RT-PCR. For RT-PCR, see detailed methods in SI Appendix.

Identification of Novel Cryptic 30SS Usage. In order to annotate novel 30ss
that are not present in current datasets, we adopted the splice junction read
output by STAR alignment (50). We adopted the pipeline from DeBoever (8)
for novel splice junction identification and usage, as well as identification of
associated canonical 30ss for cryptic 30ss. To this end, RNASeq.fastq files were
aligned using a splice junction database from DeBoever (8). Counts of junction
reads from SJ.out.tab file (STAR output) were merged into a unique matrix,
with each row indicates one splice junction and column for each sample. We
further filtered out junctions with a read coverage of <20 summed across all
samples. DEXeq was then applied to detect significantly differential misspliced
30ss using the code from DeBoever et al. (8) (https://github.com/cdeboever3/
deboever-sf3b1-2015). A bar plot of log2 distance in base pair was used to
demonstrate cryptic 30 splicing pattern on significantly differentially used
novel 30ss.

RNA-Seq Coverage Plots of Cryptic 30ss Visualization. We used Integrative
Genomics Viewer (IGV) (51) to visualize usage of cryptic 30ss in SF3B1 mutant
and WT cells. We downloaded from Gene Expression Omnibus database the
MDS RNA-seq (accession no.: GSE128805) (7) data. We also accessed RNA-seq
data of K562 CRISPR cells with SRSF2mutation (GSE128805) (28).

RNA-Seq Expression Analysis. To generate mRNA expression matrix for tran-
scriptome analysis, we used featureCounts (52) from package ‘Subread’ to call
read counts from STAR realigned bamfiles. Genes with low read depths across
the cohort are removed. Then, read counts were transformed into RPKM val-
ues, followed by log2 transformation, and quantile normalized on the sam-
ple level.

Statistical Analysis. Data are expressed as mean ± SD. Comparisons were ana-
lyzed by using Student two-tailed paired with equal variance t tests. Differ-
ences were considered significant at P < 0.05.

Data Availability and Coding Availability. The K562/SF3B1 mutant and WT
RNA-seq data reported in this paper have been deposited in the Gene Expres-
sion Omnibus (GEO) database, https://www.ncbi.nlm.nih.gov/geo (accession
no. GSE187356). All other study data are included in the main text and
SI Appendix.
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