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SBNO2 is a critical mediator of STAT3-driven
hematological malignancies
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K E Y P O I N T S

• STAT3 gain-of-function
mutations regulate a
conserved core of
transcriptional targets.

• The transcriptional
regulator SBNO2 is
induced by hyperactive
STAT3 and selectively
required in STAT3-
dependent
hematopoietic
malignancies.
d_b
Gain-of-function mutations in the signal transducer and activator of transcription 3
(STAT3) gene are recurrently identified in patients with large granular lymphocytic leu-
kemia (LGLL) and in some cases of natural killer (NK)/T-cell and adult T-cell leukemia/
lymphoma. To understand the consequences and molecular mechanisms contributing to
disease development and oncogenic transformation, we developed murine hematopoietic
stem and progenitor cell models that express mutated STAT3Y640F. These cells show
accelerated proliferation and enhanced self-renewal potential. We integrated gene
expression analyses and chromatin occupancy profiling of STAT3Y640F-transformed cells
with data from patients with T-LGLL. This approach uncovered a conserved set of direct
transcriptional targets of STAT3Y640F. Among these, strawberry notch homolog 2
(SBNO2) represents an essential transcriptional target, which was identified by a
comparative genome-wide CRISPR/Cas9-based loss-of-function screen. The STAT3-
SBNO2 axis is also present in NK-cell leukemia, T-cell non-Hodgkin lymphoma, and
ld-2022-018494-m
a

NPM-ALK-rearranged T-cell anaplastic large cell lymphoma (T-ALCL), which are driven by STAT3-hyperactivation/
mutation. In patients with NPM-ALK+ T-ALCL, high SBNO2 expression correlates with shorter relapse-free and overall
survival. Our findings identify SBNO2 as a potential therapeutic intervention site for STAT3-driven hematopoietic
malignancies.
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Introduction
Signal transducer and activator of transcription 3 (STAT3) is part
of the Janus kinase (JAK)/STAT signaling pathway that plays
important roles in cellular processes including survival, growth,
inflammation, and differentiation.1-3 Under physiological con-
ditions, canonical STAT3 signaling is tightly regulated through
receptor stimulation upon ligand binding (eg, interleukin 6 [IL-6]
family cytokines or epidermal growth factor [EGF]). Upon acti-
vation, STAT3 proteins are tyrosine-phosphorylated
(pY705STAT3) by JAK, dimerize, and translocate to the nucleus
where they regulate transcription.1,2 Noncanonical pathways
involving STAT proteins have also been reported. As such,
STAT3 regulates the activity of the electron transport chain in
mitochondria, and effects of unphosphorylated STAT3 as
regulator of transcription have been described.4 Pathophysio-
logical conditions including cancer are accompanied by
deregulated JAK-STAT signaling. Hyperactivated STAT3 is
frequently associated with a poor prognosis.1 STAT3 hyper-
activation is either induced by activating mutations in the pro-
tein itself (eg, Y640F5), upstream signaling nodes (eg, in JAK26),
excessive production of receptor ligands (eg, IL-67), inactivation
of negative regulators (eg, suppressor of cytokine signaling
[SOCS] 31,8), or direct activation though oncogenes (eg,
anaplastic lymphoma kinase [ALK] fusion proteins9).

Recurrent STAT3 gain-of-function mutations have been identi-
fied in patients with hematopoietic malignancies. These include
large granular lymphocytic leukemia (LGLL), adult T-cell lym-
phoma/leukemia, and natural killer (NK)/NKT-cell lymphoma/
leukemia.5,10 The mutations described to date are located
predominantly within the Src homology 2 (SH2) domain and are
proposed to enhance STAT3 activation through stabilization of
dimerization. STAT3 SH2 mutations are present in 40% of
patients with LGLL.11 A small fraction (3%) of STAT3 mutations
is found outside the SH2 domain, with to date unclear
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functions.12 LGLL usually represents a chronic indolent disease
that originates from either T cells or NK cells and leads to
autoimmune phenotypes including rheumatoid arthritis or
neutropenia.11,13 The occurrence of STAT3 mutations in
patients with LGLL is associated with more severe symptoms
and reduced overall survival.14 Despite these clear prognostic
effects, the functional consequences of STAT3 mutations are
enigmatic. Recent evidence suggests that STAT3 mutations
result in global epigenetic reprogramming via DNA hyper-
methylation in LGLL cells.15 Of note, in adult T-cell leukemia/
lymphoma, STAT3 SH2 mutations are associated with more
indolent disease.16

In this study, we explored the effects of mutant STAT3 on the
transcriptional regulation in hematopoietic progenitor cells. The
analysis of direct transcriptional targets of STAT3Y640F and the
integration of genome-wide CRISPR/Cas9-based loss-of-
function (LOF) data in combination with patient data, enabled
us to identify strawberry notch homolog 2 (SBNO2) as a critical
target of mutant STAT3. SBNO2 was selectively required for
STAT3-driven hematopoietic malignancies and might open a
novel therapeutic window of opportunity.

Methods
Workflow of genome-wide LOF CRISPR/Cas9
screens in HPC7 cells
The design and construction of the murine genome-wide Vienna
single-guide RNA (sgRNA) library used, as well as the experi-
mental workflow of LOF screening has been described previ-
ously.17,18 Here, Cas9-expressing single-cell clones of HPC7 cells
expressing STAT3Y640F or empty vector were generated and
infected with a sgRNA library at a low multiplicity of infection
(MOI) (�10%). sgRNA library–positive cells were monitored
regularly by staining for Thy1.1 (APC anti-rat CD90/mouse
CD90.1 clone: 53-2.1, eBioscience; at 1:200 final concentration).
Four days after transduction, infected cells were selected using
G418 (InVivoGen) (1 mg/mL), which was kept in the medium until
the end of the screen. End point samples were harvested after
the same amount of cell duplications (4) and cell pellets corre-
sponding to at least a 500-fold library representation were har-
vested. Next-generation sequencing (NGS) libraries of screen
end point samples and sgRNA plasmid pools were prepared as
previously described17,18 and sequenced on a HiSeq 2500 plat-
form (Illumina) using SR50 chemistry at the next-generation
sequencing facility at Vienna BioCenter Core Facilities.

Gene expression analyses of patient samples with
CD8+ T-cell LGLL (T-LGLL)
The study was undertaken in accordance with the principles of
the Declaration of Helsinki and was approved by the ethics
committees in the Helsinki University Central Hospital (Helsinki,
Finland). All patients and healthy control participants gave
written informed consent and their clinical details have been
described previously.19

Gene expression analyses of patient samples with
NK cell leukemia/T-cell non-Hodgkin lymphoma
(T-NHL)
Primary samples were obtained from patients after informed
consent; DNA and RNA was isolated from total leukocytes and
1832 13 APRIL 2023 | VOLUME 141, NUMBER 15
whole-genome sequencing and RNA sequencing was per-
formed as previously described20 at the MLL Munich Leukemia
Laboratory.

All other methods are described in detail in supplemental
Methods, available on the Blood website.
Results
STAT3 mutations enhance proliferation and self-
renewal
To understand the impact of the most common somatic STAT3
mutations occurring in patients with hematological malig-
nancies (Figure 1A), we studied their effect in murine hemato-
poietic progenitor cells. HPC721 or HPCLSK cells22 were
transduced with retroviral vectors encoding wild-type (WT) or
mutant STAT323 (S614R, Y640F, or D661V) linked to a C-ter-
minal V5 tag. The empty vector encoding dsRED only was used
as control. The expression of the STAT3 mutations resulted in
elevated levels of pY705STAT3, indicative of increased tran-
scriptional activity (Figure 1B; supplemental Figure 1A). Cells
expressing mutated STAT3, in particular STAT3Y640F, displayed
significantly increased proliferation, colony formation potential,
and size (Figure 1C-E; supplemental Figure 1B-C). Cells with
mutated STAT3 retained the ability to form colonies upon
serial replating (Figure 1F). We focused all further attempts on
STAT3Y640F because it induced the most pronounced effects
in vitro. IL-6 is a prominent mediator of inflammation and
strongly activates STAT3;24 hence, we used this cytokine to
study the effects of STAT3Y640F upon cytokine stimulation.
Murine progenitor cells expressing STAT3Y640F reacted with
significantly enhanced pY705STAT3 levels, indicative of hyper-
sensitivity (supplemental Figure 1D). Similarly, dephosphoryla-
tion of pY705STAT3 upon IL-6 withdrawal was delayed in cells
harboring STAT3Y640F (Figure 1G). In contrast, serine phos-
phorylation at STAT3S727 was induced in both STAT3 and
STAT3Y640F to the same extent (supplemental Figure 1E). Our
data led us to conclude that hematopoietic progenitor cells
react to STAT3 gain-of-function mutations in vitro with
increased proliferation, enhanced self-renewal capacity, and
hypersensitivity to cytokine stimulation.

Genome-wide CRISPR/Cas9-based LOF screen
identifies genetic dependencies of STAT3Y640F-
driven cells
To identify genetic dependencies associated with mutant
STAT3Y640F-driven cells, we performed comparative genome-
wide CRISPR/Cas9-based LOF screens (Figure 2A) in clonal
Cas9-HPC7 cells expressing either STAT3Y640F or the empty
vector. Single-cell clones were tested for Cas9 functionality by
performing competitive proliferation assays using sgRNA tar-
geting Myb (positive control) or Rosa26 (negative control)
(supplemental Figure 2A-C). Functional clones of each geno-
type were subsequently transduced with the second-
generation, genome-wide, murine Vienna sgRNA library17,18

at low MOI while maintaining at least a 500× whole-library
representation. After the same number of cell duplications,
we compared the sgRNA abundances of each screen end point
with those of the initial plasmid pool. The high quality of the
screen was verified by the fact that targeting of core-essential
genes displayed strong negative selection (eg, Rpl26) whereas
BRANDSTOETTER et al
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Figure 1. STAT3 mutations enhance proliferation and self-renewal. (A) Schematic overview of most common somatic STAT3 mutations.12,23 (B) Immunoblotting of
pY705STAT3, STAT3, V5, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from HPC7 cells expressing empty vector, STAT3, or STAT3 mutants (Y640F, S614R, and
D661V). (C) Growth curves of HPC7 cells expressing either empty vector, STAT3, or STAT3 mutants (Y640F, S614R, and D661V) (mean ± standard deviation [SD], n � 3). (D)
Representative image of colony formation assay (CFA) of HPCLSK expressing either empty vector, STAT3, or STAT3 mutants (Y640F, S614R, and D661V) (mean ± SD, n � 3. (E)
Representative images of colonies 10 days after plating derived from HPCLSK CFA assay, at original magnification ×4. (F) Serial replating CFA from HPC7 expressing either
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Figure 1 (continued) empty vector, STAT3, or STAT3 mutants (Y640F, S614R, and D661V) (mean ± SD, n � 3). (G) Immunoblot of HPC7 cells expressing either empty vector,
STAT3, or STAT3Y640 that were cytokine starved for 3 hours and then stimulated with IL-6 for 20 minutes (100 ng/mL), then washed with phosphate-buffered saline (PBS) and
plated in cytokine-free media. Cells were harvested at the indicated time points and pY705STAT3, STAT3, V5, and GAPDH expression analyzed. Unpaired, 2-tailed Student t
test was used in panel C, and 1-way analysis of variance was used in panel F for P value determination. **P < .01; ***P < .001; ****P < .0001. ND, not determined; PTCL,
peripheral T-cell lymphoma; stim, stimulation.
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common tumor suppressor genes (eg, Pten) were enriched
(Figure 2B left panel; supplemental Figure 2D; supplemental
Table 1).

To maximize comparability between data sets, we normalized
gene effects to a proposed set of core-essential and nonessential
genes28 (Figure 2B right panel). Detailed comparisons (less than
–0.7 normLog2FC vs plasmid pool and >0.5 normLog2FC dif-
ference to empty vector) allowed us to identify and define 129
genes that were selectively required in STAT3Y640F cells. Among
these genes, we found Stat3, a positive control for our screen, as
well as other genes required for proliferation such as Cdk6 or
Ccnd3 (Figure 2B right panel). Other previously described
canonical STAT3 target genes such as Socs3 or Pim11 did not
show a particular selectivity for STAT3Y640F-expressing cells
(supplemental Figure 2E; supplemental Table 1). Gene ontology
analysis of STAT3Y640F-specific genetic dependencies revealed
an enrichment in purine metabolism and negative regulation of
cellular senescence, a common feature of cancer cells.29,30 In
contrast, analysis of empty vector–specific genetic dependencies
revealed 155 genes that showed an enrichment in mitochondrial
respiratory chain complex I assembly, mitochondrial electron
transport, and chromatin-mediated maintenance of transcription,
all expected pathways in WT STAT3 cells.31 (Figure 2B right
panel; Figure 2C; supplemental Table 1).
1834 13 APRIL 2023 | VOLUME 141, NUMBER 15
STAT3Y640F enhances DNA binding and
transcriptional activity
Chromatin immunoprecipitation sequencing (ChIP-seq) in the
progenitor cell line HPC7 expressing STAT3, STAT3Y640F, or
empty vector as control was used to understand whether
mutant STAT3 alters chromatin occupancy. Our aim was to
understand which of the 129 genes required in mutant cells are
direct STAT3 targets. To optimally compare all ChIP-seq data,
we used the C-terminal V5 tag that does not interfere with
nuclear localization and DNA binding (supplemental Figure 3A-
B). The vast majority (10 434; 95%) of regions were bound by
WT STAT3 and STAT3Y640F at comparable intensities. We
did not detect any distinct pattern of DNA binding sites of
STAT3Y640F compared with WT STAT3 (Figure 3A-B). At 508
regions (4%, associated with 470 genes), we detected a stron-
ger binding of STAT3Y640Fcompared with WT STAT3, including
the prototypical STAT3 target Socs3 (Figure 3C; supplemental
Table 2). In total, 83 regions (1%, corresponding to 78 genes)
were bound stronger by WT STAT3 (Figure 3A-B; supplemental
Table 2). Annotation of differentially and equally bound
genomic regions revealed similar proportions of binding at
promoters and intragenic and intergenic regions (supplemental
Figure 3C). In summary, STAT3Y640F binds chromatin at the
same sites as WT STAT3 with a small subset of regions showing
altered binding intensities.
BRANDSTOETTER et al
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Figure 2. Genome-wide CRISPR/Cas9-based LOF screen identifies genetic dependencies of STAT3Y640F-driven cells. (A) Workflow of a genome-wide LOF CRISPR/Cas9
screen. Clonal Cas9-expressing HPC7 cells (empty vector or STAT3Y640F) were transduced with the Vienna sgRNA library at low multiplicity of infection (MOI) to ensure single
integration. After equal population duplications, cells were harvested and genomic DNA extracted. After library preparation cells were subjected to next-generation
sequencing (NGS) to compare sgRNA abundances. (B) Comparative analysis of 2 CRISPR-based LOF screens in empty vector vs STAT3Y640F-driven HPC7 progenitor cells.
Gene effects were depicted with respect to effect size of defined core-essential and nonessential genes. Depletion of core-essential genes (left) and normalized STAT3Y640F-
and empty vector–specific dependencies (right) have been depicted. Dependencies defined as less than –0.7 normLog2FC compared with the plasmid pool and a difference
of at least 0.5 normLog2FC. (C) Comparison of gene ontology analyses (Biological Process 2021) (https://maayanlab.cloud/Enrichr/25-27) of selective genetic dependencies of
STAT3Y640F (red) and selective dependencies of empty vector screen (blue). FC, fold change; NA, not applicable; sgRNA, single guide RNA.
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Transcriptome analysis in HPC7 cells expressing STAT3,
STAT3Y640F, or empty vector completed our studies and was
performed to understand whether the slightly diverse chromatin
VULNERABILITIES OF STAT3Y640F-DRIVEN LEUKEMIA
binding of STAT3Y640F would result in altered transcription.
Reassuringly, we found classical STAT3 target genes (including
Socs3, Pim1, and Bcl2l1)1 among the upregulated genes
13 APRIL 2023 | VOLUME 141, NUMBER 15 1835
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Figure 3. STAT3Y640F enhances DNA binding and transcriptional activity. (A) Density heat map visualizing signal strength around peak summits across union consensus
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(Figure 3D). In total, we found 2157 genes upregulated by
the STAT3Y640F mutant (STAT3Y640F vs empty vector; and
STAT3Y640F vs STAT3) (supplemental Table 3). Of note, we
identified a unique gene signature that was only present in
STAT3Y640F mutant cells and that included 1108 upregulated
and 992 downregulated genes (false discovery rate [FDR] < 0.05).
Fewer genes were exclusively affected by WT STAT3 (684 genes
1836 13 APRIL 2023 | VOLUME 141, NUMBER 15
upregulated, 639 genes downregulated; FDR < 0.05)
(supplemental Figure 3D; supplemental Table 3). Gene set
enrichment analyses (GSEA) revealed that STAT3Y640F-regu-
lated genes were implicated in the immune response (interferon
response, tumor necrosis factor � [TNF�] signaling via NF-�B,
inflammatory response, and IL-6_JAK_STAT3 signaling). In
contrast, STAT3-regulated gene sets were enriched in cell cycle
BRANDSTOETTER et al




















	SBNO2 is a critical mediator of STAT3-driven hematological malignancies
	Introduction


