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Introduction

SF3B1 is commonly mutated in myelodysplastic syndromes (MDSs).! The mutations are hotspot, mostly
missense substitutions, with K700E being the most frequent. They create a neomorphic spliceosome
that missplices RNA and alters the proteome, although how this drives MDS is unclear.® SF3B1MVT is
strongly associated with MDS with ring sideroblasts (MDS-RS), which has a relatively slower rate of
progression.® However, outcomes are heterogeneous in lower-risk MDS, so identifying additional
features of SF3B1MYT MDS that are associated with disease progression could improve the
management and understanding of disease. Here, we report that the K666N hotspot of SF3B1 is
associated with increased progression of MDS and distinct RNA splicing.

Methods

For comparison of mutation hotspot frequencies, SF3B1 mutations from MDS and acute myeloid leukemia
(AML) cases were collected from 3 sources: (1) patients seen at the Sidney Kimmel Cancer Center at Johns
Hopkins, the Vanderbilt-Ingram Cancer Center, and the MDS and MPN Centre at the Chinese Academy of
Medical Sciences, (2) data directly deposited into the Project Genie database of the cBio Cancer Genomics
Portal (http://genie.cbioportal.org/),” and (3) manual extraction from 67 published studies (supplemental
References). SF3B1 mutations were included if they were annotated with the World Health Organization
classification of myeloid neoplasms, because this was the informative clinical feature most commonly
provided in publications. Individual SF3B1 mutations occurring in clonal hematopoiesis were gathered from
21 additional studies (supplemental References). Because there was heterogeneity in the exons of the
SF3B1 gene sequenced in different studies, we only included mutations in exons 14 and 15, which were
sequenced in all studies and contain the majority of SF3B1 mutations. Therefore, other minor mutation
hotspots, such as E592 and G742, could not be compared with this analysis. For clinicopathologic
characterizations, retrospective patient data from each local cancer center were curated from all MDS
patients with SF3B1 mutation, and statistical comparisons were made using the Student ¢ test (for Revised
International Prognostic Scoring System [IPSS-R] and blood counts), the x? test (for ring sideroblast [RS]
categories), or the Mantel-Cox test (for survival). Higher IPSS-R patients were defined as those in high or very
high IPSS-R risk categories, and lower IPSS-R patients were defined as those in very low, low, or
intermediate risk categories. Cox regression analysis was performed on lower IPSS-R patients. For
comutation analysis, studies were also heterogeneous with regard to the additional genes that they
sequenced; therefore, patient data were included if at least a minimum gene list had been sequenced, which
represented a compromise between maximum sample inclusion and maximum gene inclusion. For MDS-RS
and MDS with excess blasts (MDS-EB), the list included SF3B1, TET2, DNMT3A, ASXL1, JAK2, CBL,
EZH2, RUNX1, TP53, IDH2, IDH1, U2AF1, SRSF2, NRAS, and NPM1. For AML, it included SF3B1,
RUNX1, FLT3, NPM1, GATA2, NRAS, KRAS, IDH1, IDH2, DMT3A, ASXL1, TET2, KIT, TP53, and EZH2.
For statistical comparisons between disease subtype distribution for individual hotspot mutations and for
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Figure 1. Clinicopathologic features of SF3B1%®¢®N MDS. (A) The distribution of publicly available mutations in exons 14 and 15 of SF3B1 for MDS-RS, MDS-EB, and
AML show enrichment of SF3B1X%®®N with increasing disease severity. Notably, E622D is absent in MDS-EB and AML, in contrast to MDS-RS. (B) In our cohorts, compared
with patients with other SF3B1 mutations, SF3B1 K666N patients exhibited higher IPSS-R scores. (C) SF3B1 K666N patients had similar white blood cells counts (WBC; left
panel), slightly higher hemoglobin levels (Hb; center panel), and lower platelets (PLTs; right panel). (D) SF3B1®N patients had decreased RSs. (E) Among all SF3B1MYT
patients, survival was shorter in those with SF3B1%®®®N (left panel). Survival was equally poor in both groups with higher IPSS-R MDS (middle panel), but lower IPSS-R
SF3B1X®®N patients had shorter survival (right panel). Univariate (Mantel-Cox) and multivariate (Cox regression including IPSS-R categories) P values are shown. *P < .05,

P <0001, 2-tailed Student t test. ***P < .001, XQ test.

comutation analyses, the Fisher's exact test was used. For analysis of
RNA sequencing (RNA-seq) data from Darman et al,? sequence files
were obtained from National Center for Biotechnology Information
Gene Expression Omnibus accession number GSE72790. Aber-
rant junctions that had been identified by the investigators as being
upregulated in SF3B1X7°°E cells were inspected for relative
expression in SF3B17%2Q% and SF3B1K®®®N cells, and the
candidate differentially expressed junctions COPS2, SUPV3L1,
and RRN3 were selected for further analysis. The SF3B17662C
and SF3B1YT Nalmé isogenic cell lines were obtained from Horizon
Discovery; the HNT34, MUTZ, and CMLT1 cell lines were from
DSMZ; and KG1 cells were a gift from R. A. Casero (Johns Hopkins
University). All cell lines were grown in RPMI 1640/20% fetal bovine
serum, and MUTZ3 cells were supplemented with 10 ng/mL
granulocyte-macrophage colony-stimulating factor. Polymerase
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chain reaction (PCR) and quantitative PCR were performed on
complementary DNA synthesized from extracted total RNA using
standard methods.

Inclusion and analysis of all deidentified patient data were approved by
the Institutional Review Boards at The Sidney Kimmel Comprehen-
sive Cancer Center, Vanderbilt-Ingram Cancer Center, and the MDS
and MPN Center at the Chinese Academy of Medical Sciences.

Results and discussion

In several reported AML cohorts, SF3B1MYT cases had frequent
mutations at the hotspot K666 (supplemental Figure 1),%'° which
are less common in MDS. Because this might suggest that K666
mutations correlate with MDS progression, we systematically
evaluated this possibility by comparing >1200 SF3B1"YT cases:
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Figure 2. Biologic features of the K666N mutation in SF3B1. (A) Comutation distribution of SF3B1MYT AML patients shows a similar genetic landscape between K666N

and other SF3B1 mutations, although RUNX1 and FLT3 mutations were higher in SF3B1¥%®®N patients. SRSF2 was also included, despite not being sequenced in all samples,

because of its increased comutation in SF3B1K®®N MDS-RS (supplemental Figure 3). *P < .05, Fisher's exact test. (B) Analysis of RNA-seq performed on isogenic Nalmé cells by

Darman et al shows that missplicing of some junctions is increased in all mutant cells (left panel), whereas others are increased in cells with K700E and H662Q, but not K666N,

mutations (right panel). (C) Use of a single competitive end point PCR (upper panel) to validate distinct missplicing in independent cell populations with SF3B1 mutation, including
SF3B1X7°% HNT34 AML cells, SF3B1K%¢®N MUTZ3 AML cells, wild-type CMLT1 and KG1 leukemia cells, and isogenic Nalmé controls (lower panel). (D) Use of separate non-
competitive quantitative PCRs (qPCRs; upper panel) to further validate distinct missplicing in PHGDH (lower left panel) and COPS2 (lower right panel). *P < .05, Student ¢ test.

841 cases of MDS-RS, 150 cases of MDS-EB, and 294 cases of
AML (Figure 1A). The mutation distribution showed that K666 was
indeed differentially partitioned across diseases, but the effect was
driven primarily by 1 mutation, K666N, which increased from 1.5%
in MDS-RS to 21% in MDS-EB to 28% in AML (P < 1.1E"'® for
both). Other K666 mutations were not enriched (K666E, K666M,
K666Q), were modestly enriched (K666T, 2.3-4.8%; P < .05), or
were de-enriched (K666R, 4.5-1.0%; P < .01) between MDS-RS
and AML. Thus, among SF3B1 mutations, the KB66N hotspot is
distinctly associated with high-risk MDS and AML.

To go beyond population frequencies, we studied 214 SF3B1MUT
MDS patients, 21 with SF3B1<®¢®N from 3 institutions (supplemental
Tables 1-3). As above, 52% of K666N patients had MDS-EB,
compared with 12% of non-K666N patients (P 4.0E79).
SF3B1Ke®®N 450 showed higher IPSS-R scores (Figure 1B), partly
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as a result of lower platelets (Figure 1C). In contrast, white blood cell
count was similar between groups, and hemoglobin was modestly
higher in K666N (Figure 1C). RSs, although present in most cases,
were lower in K666N (Figure 1D). This was consistent with the still-
low-but-slightly-higher-than-in-MDS-RS frequency of SF3B1X®¢N in
MDS subtypes without RSs (supplemental Figure 2A). The SF3B1MUT
variant allele fraction was similar between groups (supplemental
Figure 3). We then assessed outcomes, which showed shorter
overall survival (OS) for SF3B1K®®N patients in cohorts 1 and 2
and a trend for cohort 3 (supplemental Figure 3). With cohorts
combined, outcomes were markedly worse for K666N, with
median OS of 2.3 years vs 10 years for non-K666N (P = .0012)
(Figure 1E). Stratification showed that, although outcomes were
similarly poor for higher IPSS-R category patients in both groups,
SF3B1%¢®®N had shorter OS in the lower IPSS-R category patients
(Figure 1E). In fact, covariate analysis that included IPSS-R categories
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showed that K666N had independent negative prognostic value in
lower IPSS-R category patients (Figure 1E).

We next examined comutations in SF3B1MYT patients. In AML,
comutation distribution was similar between groups, although K666N
patients had more RUNX1 and FLT3 mutations (Figure 2A). Of note,
SF3B1"®®N \as frequent in primary and secondary AML (supple-
mental Figure 2B-C). Comutation frequencies were also comparable
between groups for MDS-RS and MDS-EB, although 1 notable
difference was that 4 of 10 K666N MDS-RS cases had mutations in
the spliceosome gene SRSF2, in contrast to 0.4% (2/471) of non-
K666N (supplemental Figure 5). In 2 cases, SF3B1 and SRSF2
variable allele frequencies were available and relatively high, suggesting
that they were mutated in the same cells (supplemental Table 4).
Because different spliceosome mutations generally show mutual
exclusivity,'" this suggests that SF3B1"%®N is especially permissive
of, or cooperative with, SRSF2 mutations. That said, SRSFoMUT
enrichment was not seen in SF3B1%®®N MDS-EB or AML, so the
implications of this association in the smaller number of SF3B1K6eN
MDS-RS cases are not clear. Overall, these data show that K666N
and non-K666N MDS/AML have similar comutations, and it is unlikely
that the distinct clinicopathologic features of SF3B1K%6N are
driven solely by comutational differences.

To consider potential mechanisms, we next investigated RNA splicing.
We first examined publicly available RNA-seq data generated by
Darman et al on Nalm-6 isogenic cell knock-ins of the K700E, H662Q,
and K666N mutations.? Most aberrant splice junctions had increased
expression in all mutant cells, but we identified cryptic junctions
increased in cells with KZ700E and H662Q, but not K666N, mutations
(Figure 2B). Because such differences could arise by chance within
RNA-seq or from differences in single knock-in clones unrelated to the
introduced mutations, we validated this pattern in independent cells.
Isoform-competitive end point PCR in AML with naturally arising
SF3B1 mutations showed increased missplicing of PHGDH,
ABCB?7, and SLC3A2 in all mutant cells, whereas missplicing of
COPS2, IPO7, and RRN3 was detected in K700E and H662Q, but
not in K666N, cells (Figure 2C). Further validation with isoform-
separate quantitative PCR was done on PHGDH and COPS2
(Figure 2D). These data indicate that SF3B1K%%8N can induce
patterns of RNA missplicing distinct from other SF3B1 mutations.

These findings have several important implications. First, the distinctive
features of SF3B1%®®®N described here indicate that not all SF3B1
mutations are equal. Previous studies have classified them together,
understandably, given their many shared characteristics, but hotspot-
specific differences likely permeate these analyses.'*'* We propose
that studies of SF3B1MUT patients should consider individual mutation
identities. Given the divergent enrichment in AML of K666N compared
even with other mutations at K666, these identities should be the
precise amino acid changes, not solely grouping mutations by the
SF3B1 residue affected. A second implication is that individual
SF3B1 mutations can be associated with different clinical outcomes.
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SF3B1 mutations are generally considered favorable in MDS, but our
data on SF3B1K®%®N show that this is not always the case. At the
same time, other hotspots were de-enriched in advanced disease,
most notably E622D (Figure 1A), suggesting that some hotspots may
contribute to especially indolent MDS. Distinct hotspots may also be
important in the outcomes of other disease states, such as
SF3B1MYT clonal hematopoiesis of indeterminate potential, where
K666N is, interestingly, rather frequent (supplemental Figure 6).
Future longitudinal studies of individuals with clonal hematopoiesis of
indeterminate potential could determine how clones with dis-
tinct SF3B1 hotspots differentially give rise to symptomatic disease.
Third, our data showing distinct RNA missplicing in cells with different
SF3B1 mutations suggest a potential mechanism by which these
hotspots produce divergent disease consequences. Additional
studies are warranted to determine whether particular missplicing
events, or the lack thereof, mediate hotspot-specific phenotypes. It is
also notable that certain residues, like K666, but not K700 or H662,
are involved in the tertiary structure of SF3B1,"® suggesting structural
mechanisms that may underlie splicing differences. Lastly, our data
show that the K666N hotspot mutation in SF3B1 is associated with
high-risk MDS, transformation to AML, thrombocytopenia, decreased
RSs, and decreased OS. These results suggest that SF3B1"65eN
MDS patients may need more aggressive management than patients
with other SF3B1 mutations, particularly in lower IPSS-R category
disease. Although additional patient cohorts will help to extend these
findings, we nonetheless submit here that, in SF3B1 MUT MDS, K666N
is the devil.
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