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Abstract

Mutant SF3B7 (SF3B1™t) in hematopoietic stem/progenitor cells (HSPC) primarily affects erythropoiesis, resulting in myel-
odysplastic syndromes (MDS) with refractory macrocytic anemia and ring sideroblasts. SF3B7m results in aberrant splicing
of a large number of transcripts in HSPC due to the alternative use of cryptic splice sites. Aberrant splicing of Tmem74c
and Abcb7 has been shown to be the cause of the ring sideroblasts. However, the key mis-spliced gene(s) that drive mac-
rocytic anemia have not been well-determined. Mis-splicing and downregulation of TAK7 pre-mRNA was detected in SF3B-
1mt-HSPC. We found that TAK1 is required for the survival of HSPC by restricting RIPK1-dependent and -independent PAN-
optosis. PANoptosis was increased in bone marrow samples from SF3B71"*-MDS patients. To study whether
TAK1-downregulation is the cause of anemia in SF3B7™*-MDS, we knocked down Tak7 (Tak7*?) in mouse HSPC. We found
that mice transplanted with Tak7®*-HSPC developed anemia and that Ripk1 inhibition could restore blood cell counts in
such anemic mice. Tak7*?-HSPC are highly sensitive to TAK1 inhibitor- or clAP inhibitor-induced PANoptosis. Furthermore,
RIPK1 inhibition could also correct differentiation and survival defects of SF3B7™“* human erythroblasts. TAK1 inhibitor could
also preferentially eliminate SF3B7™t HSPC from MDS patient samples. Our study suggests that SF3B7™t MDS can be treat-
ed by either inhibition of RIPK1-PANoptotic signaling to restore blood cell counts or activation of PANoptosis to eliminate
the mutant HSPC.

Introduction

Myelodysplastic syndromes (MDS) are a heterogeneous
group of preleukemic diseases which are characterized by
persistent peripheral blood (PB) cytopenia, morphologic
dysplasia, and a high risk of transformation to acute my-
eloid leukemia (AML).! The incidence rate of MDS is ~4.5
cases per 100,000 people annually with a median age at
diagnosis of around 70 years.? The genetically mutant clonal
hematopoietic stem/progenitor cells (HSPC) in MDS display
defects in the generation of mature PB cells due to their

impaired differentiation and survival.®} The mutant HSPC
also induce an inflammatory bone marrow (BM) microen-
vironment, inhibiting hematopoiesis from the remaining
healthy HSPC.* Furthermore, mutant HSPC exhibit a growth
advantage over healthy HSPC in inflammatory BM and pre-
dispose to secondary hits which lead to transformation to
AML.® A better understanding of the pathogenesis of MDS
and the development of novel effective targeted therapies
are urgently required for these diseases.®

Despite showing normal to hypercellularity in BM, almost
all MDS patients exhibit cytopenia due to the impaired
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production of mature blood cells. Studies suggested that
this ineffective hematopoiesis is caused by the aberrant
activation of innate immune signaling in BM hematopoietic
cells (HC) and its associated tendency toward programmed
cell death (PCD) and inflammatory cytokine production.*
Increased apoptosis, pyroptosis and necroptosis of BM HC
were reported independently by different studies to ex-
plain ineffective hematopoiesis in MDS.”® We found that all
three types of PCD can be detected in individual BM tissue
of most MDS patients, specifically MDS with mutations in
splicing factors SF3B7 or SRSF2, suggesting PANoptosis.
PANoptosis is a collective term referring to all three types
of PCD, pyroptosis, apoptosis and necroptosis, which can
be induced by pathogen- and damage-associated molec-
ular patterns (PAMP and DAMP) as well as combined stim-
ulation from interferon (IFN)y and tumor necrosis factor
(TNF)a.® It has been described recently in some pathogen
infections™? and has been implicated in the pathogenesis
of some chronic inflammatory diseases and cancers.”®"
PANoptosis is mediated by a large multi-molecular com-
plex called a PANoptosome, containing the key signaling
components of all three types of PCD (ASC/NLRP3/CASP1/11
for pyroptosis, FADD/pro-CASP8 for apoptosis, RIPK1/RIPK3
for necroptosis). The PANoptosome provides a scaffold
platform for the intensive cross talk among the three PCD
pathways.® Caspase 8 (CASP8) functions as the “switch”
among the three types of PCD.”® TAK1, RIPK1 and IRF1 have
been described as the master regulators of PANoptosis.
In many situations, RIPK1 kinase activity is required for all
three types of PCD.!"121516

Heterozygous missense mutations of SF3B7 have been
reported in ~20% of all MDS cases, and >80% of MDS pa-
tients with ring sideroblasts (RS).” Mutant SF3B7 (SF3B1m4)
in HSPC primarily affects erythropoiesis which causes re-
fractory macrocytic anemia with RS, representing a distinct
nosologic entity.” SF3B71m't causes neomorphic function,
resulting in the alternative use of cryptic splice sites of
target transcripts. Aberrant splicing of a large number of
transcripts has been identified in SF3B7™t HSPC."® Among
them, mis-splicing of Tmem174c and Abcb7 have been de-
termined to be the causes of the RS phenotype.® However,
the key driver(s) for macrocytic anemia has not been iden-
tified. Mis-splicing of TAKT has been consistently detect-
ed in both human and mouse SF3B7™* HSPC, resulting in
nonsense-mediated decay of TAK7T mRNA.®

To study the role of TAK1 in the pathogenesis of SF3B7™t
MDS, we knocked down Tak7 (Tak7¢?) in HSPC using small
hairpin RNA (shRNA). We found that mice which had received
Tak1*°-HSPC developed macrocytic anemia, recapitulating
the phenotype observed in Sf3b7+/K7°°F mice.2°2' Importantly,
red blood cell (RBC) counts in such anemic mice can be
restored by Ripk1 inhibition. Furthermore, Tak7¥°-HSPC are
hypersensitive to Tak7 inhibitor or clAP inhibitor treatment.
Such treatments eliminate the Tak7*°-HSPC in animal mod-
els and human SF3B71™*-HSPC in vitro.

L. Zhang et al.

Methods

Mice

Rosa26° " TakT™* mice and Rosa26°*t*Casp8™™Ripk3~~ mice
have been described previously. They were maintained in a
C57BL/6J background.?>2 Wild-type (WT) C57BL/6J control
mice and Ptprc recipient mice were purchased from The
Jackson Laboratory (Bar Harbor, ME) and from GemPhar-
matech Co., Ltd. (Nanjing, China). All mice were maintained
according to the standards of the National Institutes of
Health Guidelines for the Care and Use of Animals in the
AAALAC-certified pathogen-free animal facility at Loyola
University Medical Center and at Soochow University. All
mice were housed under a 12-hour light/dark cycle in mi-
croisolator cages contained within a laminar flow system.
All procedures were conducted in accordance with the
National Institutes of Health guidelines for the care and
use of laboratory animals for research purposes and were
approved in advance by the Loyola University Chicago IA-
CUC (AU 2020-011) or the Ethics Committee of Soochow
University (SUDA20221214A02, Suzhou, China). Genotypes
of mice were determined by polymerase chain reaction
(PCR) assay. The PCR primer sequences for genotyping
can be found in Online Supplementary Table S1. Please see
the Online Supplementary Appendix for more experimental
procedures.

Results

Increased PANoptosis in myelodysplastic syndromes
patient blood samples

To study whether PANoptosis is involved in the patho-
genesis of MDS, we examined CASP3-apoptosis, NLRP3/
ASC-pyroptosis and RIPK3/MLKL1-necroptosis in BM sam-
ples from 25 patients with low- to intermediate-risk MDS
(15 with SF3B1™, 6 with SRSF2™t and 4 without spliceo-
some mutations) using flow cytometry. Five BM samples
from patients with iron-deficiency anemia or folic acid
deficiency anemia were studied as controls. To reduce
the influence of dead cells/debris generated during the
process of sample collection and freezing/thawing, prior
to staining, we removed the dead cells/debris by densi-
ty gradient centrifugation using Ficoll-Paque™ PLUS. We
believe that the cells with positive PCD markers in our
analysis were dying cells with activated death signals. We
found that increased apoptosis (active CASP3*), necroptosis
(p-MLKL*) and pyroptosis (ASC-speck®) can be detected in
all patient samples compared to control samples (Figure
1A, B). The PANoptosis was verified in five patients and
five control samples by immunofluorescent co-staining
of BM sections (Figure 1C, D). To further verify these data,
we collected BM mononucleated cells (MNC) from three
SF3B1™t MDS patients to assess TAK1 protein levels and
activation of PANoptotic signaling using western blotting.
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Figure 1. Increased spontaneous PANoptosis in myelodysplastic syndromes bone marrow hematopoietic cells. (A, B) Represen-
tative flow cytometric plots for p-MLKL, a(active)-CASP3 and ASC-speck analysis in myelodysplastic syndromes (MDS) and con-
trol bone marrow (BM) samples (A) and quantitated in (B). *Stands for P<0.05 compared to the other 2 MDS groups. (C, D) Rep-
resentative immune staining of p-MLKL, active caspase 3 (a-CASP3) and ASC-speck in MDS BM samples (C) and quantitated in
(D). (E) Western blotting analysis of TAK1 and CASP8 as well as PANoptotic and TBK1-NFkB signaling in MDS patient BM mono-
nucleated cells (MNC) with SF3B7 mutations compared to BM MNC from age-matched healthy donors.

Compared to BM MNC and CD34* HSPC from age-matched
healthy donors (HD), TAK1 levels were downregulated in
all MDS patient samples (Figure 1E; Online Supplementa-
ry Figure ST), which are associated with increased RIPK1
activation as demonstrated by elevated p-Ser166 RIPK1.
We also detected elevated apoptosis as displayed by the
cleaved form of CASP8, necroptosis as shown by increased
p-MLKL and pyroptosis as exhibited by cleaved forms of
CASP1 and GSDMD (Figure 1E). In addition, consistent with
other reported findings,?* we found elevated activation of
NFxB signaling in all three MDS samples. However, p38-
MAKP signaling was significantly downregulated (Figure 1E).
Moreover, we found elevated activation of TBK1 signaling
in all three MDS samples.

Tak1 knockdown in hematopoietic stem/progenitor cells
induces PANoptosis

In studying Tak77- mice, we and others have reported that Tak1
is required for the survival of adult HSPC. Induced deletion
of Tak7in mice causes massive death of HSPC and acute BM
failure.25 Complete depletion of hematopoietic progenitor

cells was observed 2-3 days after Tok7 deletion while com-
plete exhaustion of HSC occurred on days 5-6, suggesting
that HSC are relatively resistant to Tak7 deletion-induced
PCD compared to HPC.?*%¢ Detailed analysis suggests that,
in addition to PANoptosis, Tak1 may also protect HSPC from
lysosome-mediated cell death?” because PCD in Tak7/- HSPC
can only be partially prevented by Z-VAD-FMK (pan-Casp
inhibitor) + Casp8/Ripk3 depletion, which can be further pre-
vented by the addition of the cathepsin B inhibitor CA-074Me
(Online Supplementary Figure S2). Consistently, although BM
hematopoiesis was largely normal in young Tak77/-Casp8~-
Ripk3”- mice, increased PCD of BM HC was still detectable
compared to age-matched control mice. Interestingly, Tak
protein levels in Tak7*- HSPC were comparable to those in
WT HSPC.%2¢ Tak7"- mice were healthy and showed a normal
lifespan.

To study Tak7 expression in BM cells, we purified different
stages of HSPC, committed progenitors and EB from WT mice
using fluorescence-activated cell sorting (FACS) with the
gating strategy described in?® Online Supplementary Figure
S3A, B. Tak1 expression was examined by TagMan quantitative
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real-time PCR (QRT-PCR). In BM HSPC, Tak7 expression was
low in lin"Scal*ckit*CD150*CD48- HSC and elevated during
multipotent progenitor (MPP) and pre-GM differentiation and
downregulated during further granulocyte-monocyte pro-
genitors (GMP) and CD11b*Ly6G* granulocyte differentiation.
Highest levels of Tak7 were detected in pre-megacarycyte
ethroid cells (pre-MegE) (Figure 2A). During the erythroid dif-
ferentiation of pre-MegE, Tak7 was downregulated in early EP
pre-CFU-E and then upregulated during further differentiation
of EB (Figure 2B). Aberrant splicing of 51-72% TAK1 transcripts
was detected in SF3B7™* MDS patient cells.?* To manipulate
TAK1 downregulation in SF3B71™t HSPC, we transduced mouse
HSPC using a set of three different shRNA, >70% reduced Tak
MRNA and protein levels were detected in sh2-Tak7 and sh3-
Tak1 transductions (Figure 2C, D). Annexin-V* is not specifically
indicative of apoptosis; it is also positive in cells undergoing

>
w
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necroptosis or pyroptosis. Compared to scrambled-shRNA
(Scr)-transduced HSPC, a significant increase in spontaneous
PCD was detected in HSPC transduced with sh2-Tak7 and
sh3-Tak1 but not in HSPC transduced with sh7-Tak7 (Online
Supplementary Figure S4A). To determine the types of PCD,
we transduced HSPC from WT and Casp8~-Ripk3”- mice with
sh2-Tak1 and sh3-Tak1. We found that the PCD of sh2-Tak1
and sh3-Tak1-transduced HSPC can be partially prevented by
Casp87/-Ripk3~- but is almost completely prevented by further
addition of Z-VAD-FMK or VX-765 (Casp1/4 inhibitor) treatment,
suggesting increased spontaneous PANoptosis of sh2-Tak7-
and sh3-Tak1-HSPC (Figure 2E; Online Supplementary Figure
S$4B). Furthermore, PCD of sh2-Tak7- and sh3-Tak1-HSPC can
be nearly completely prevented by Ripkl-specific inhibition
(Figure 2E; Online Supplementary Figure S4B). However, unlike
Tak1/- HSPC, the addition of CA-074Me failed to further prevent
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Figure 2. Increased PANoptosis in Tak7® hematopoietic stem/progenitor cells. (A, B) Indicated populations of hematopoietic stem
progenitor cells (HSPC), erythroid precursors and erythroblasts (EB) were isolated from bone marrow (BM) of wild-type (WT)
mice. Tak7T mRNA expression was examined by quantitative real-time polymerase chain reaction (RT-PCR). Triplicate experiments
were conducted. **Indicates P<0.01 compared to hemtopoietic stem cells (HSC) in (A) and pre-megacaryocyte eythroid cells (pre
Meg-E) in (B). (C, D) c-Kit* HSPC from WT mice were transduced with 3 small hairpin RNA (shRNA) for Takl, respectively. Cells
were collected on day 2 of transduction for analysis. Scrambled shRNA (Scr) transduction was studied in parallel as a control.
Relative Tak7 expression was evaluated by RT-PCR. Triplicate experiments were conducted (C). **Indicates P<0.01 compared to
Scr control. Western blot analysis of Tak1 and Casp8 (D). (E) c-Kit* HSPC from WT and Casp8~/-Ripk3”- mice were transduced with
sh2Tak1 or Scr. One day post-transduction, after determining the transduction efficiency (GFP* cells percentage [GFP*%)]), cells
were treated with 20 uM pan-Casp inhibitor (Z-VAD) or 20 uM Ripk1 inhibitor (Nec1s) daily. The relative rate of programmed cell
death (PCD) of the Tak7*® HSPC was evaluated by detecting the GFP*% every 2 days. Vehicle treatments (veh) were studied in
parallel as controls. Triplicate experiments were conducted. **Indicates P<0.01. (F, G) c-Kit* HSPC from WT mice were transduc-
ed with 2 shRNA for Tak7, respectively. Western blotting analysis of PANoptotic signaling (F), as well as Tbk1, NFkB, Jnk and p38
signaling (G) in shTak1 HSPC compared to scr-HSPC. KD: knock-down.
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PCD of sh2-Tak1- and sh3-Tak1-HSPC (Online Supplementary
Figure S4C). The PANoptosis of sh2-Tak7 and sh3-Tak1 HSPC
was further verified by western blotting. As is the case with
SF3B1m™t HSPC,® sh2-Tak1 and sh3-Tak1 HSPC also displayed
elevated p-Ser166 Ripk1, cleaved forms of Casp8 and Casp3,
p-MLlkl and cleaved forms of Casp1 and Gsdmd (Figure 2D,
F). sh2-Tak1 and sh3-Tak1 HSPC also exhibited elevated Tbk1-
NFkB signaling and reduced p38-Mapk signaling (Figure 2G).

Mice transplanted with Tak7*°-hematopoietic stem/
progenitor cells developed myelodysplastic syndrome-like
diseases

To study the role of Takl in the pathogenesis of MDS, we
treated WT C57Bl6/J mice with 10 ug lipopolysaccharide
(LPS) and 125 ug polyl:C, six times each, every other day, to
induce aged-related BM changes.?® Two weeks post- treat-
ment, we collected HSPC from the BM and infected with
sh3-Tak1-GFP virus or scr-GFP virus. Two days post-infection,
the transduced HSPC were purified by FACS for GFP* cells
and expanded in HSC expansion medium. The HSPC in both
sh3-Tak1- and scr-groups were enriched with phenotypic
HSC and comparable at the time of collection (Online Sup-
plementary Figure S5A). Cells were then transplanted into
lethally-irradiated mice (Figure 3A). We found that all mice
that received Tak7*P-HSPC developed macrocytic anemia
within 3-4 months of transplantation as demonstrated by
reduction of RBC counts and hemoglobin (Hb) levels as well
as increased mean corpuscular volume (MCV) of red blood
cells (RBC) (Figure 3B). In addition, these mice showed neu-
trocytosis as demonstrated by increased white blood cells
(WBC) due to the increased CD11b*Ly6G* neutrophils (Figure
3B; Online Supplementary Figure S5B); however, platelets were
less affected (Figure 3B). Nevertheless, the BM cellularity of
mice which had received Tak7°-HSPC was comparable to
mice which had received scr-HSPC (Figure 3C). At the time of
analysis, >90% of PB WBC and >80% of BM MNC were GFP*
in mice that had received either Tak7*?-HSPC or scr-HSPC
(Online Supplementary Figure S5C). EB lost GFP expression
during maturation, explaining why GFP* cell percentage (cell%)
was lower in BM compared to PB. Although GFP* cell% in the
Tak1*P-group tended to be reduced, there was no significant
difference compared to GFP* cell% in the scr-group. LKS*
(lineage-, c-Kit* and Scal*) HSPC were slightly increased in
the Tak7*P-group, while LKS- (lineage-, c-Kit* and Scal’) my-
eloid progenitors were comparable between the two groups
(Figure 3D). Most importantly, >98% of HSPC in both groups
were GFP* (Online Supplementary Figure S5D). HSC and GMP
were increased while MPP4 and pre-MegE were reduced in the
Tak1*P-group (Figure 3E, F; Online Supplementary Figure S5E).
However, MPP1, MPP2, MPP3, pre-GM and MkP (megakaryo-
cyte progenitors) were comparable between the two groups
(Online Supplementary Figure S5E). Although pre-CFU-E and
CFU-E erythroid progenitors were moderately reduced in
the Tak71*P-group (Figure 3f), EB were increased in the BM of
the Tak71*-group (Figure 3G). Within EB, the frequencies of

L. Zhang et al.

R2-basophilic (baso)-EB and R3-polychromatophilic (poly)-
EB were reduced, while R4-orthochromatic (orth)-EB were
increased (Figure 3H), suggesting aberrant differentiation of
EB. The significantly increased PCD in c-Kit* HSPC and c-Kit-
HC, specifically in EB, suggested a critical role of PCD in the
ineffective erythropoiesis (Figure 3l). The phenotype of Tak-
7"°-mice seems to better resemble the reported phenotype
of Sf3b71+/K19%E mice, 202!

After anemia had developed in mice transplanted with
Tak1*°-hematopoietic stem/progenitor cells, Ripk1
inhibition mitigated this condition

To study whether the inhibition of Ripkl can restore RBC
counts in MDS mice, we transplanted another batch of mice.
After moderate anemia developed (Hb <10 g/L), we randomly
divided the mice into two groups. One group was treated with
GNEG684 (a murine Ripk1 inhibitor) twice daily for 30 days,
the other group was treated with vehicle. Mice transplanted
with scr-HSPC were studied in parallel as controls. All mice
were euthanized for hematopoietic analysis 1 day after the
last treatment (Figure 4A). We found that GNE684 treatment
did not affect PB cell counts and BM hematopoiesis in mice
transplanted with scr-HSPC (Figure 4). However, GNEG684
treatment corrected all PB and BM hematopoietic abnor-
malities observed in mice transplanted with Tak7*P-HSPC.
Hb levels in vehicle-treated group were further reduced
during treatment, while Hb levels in the GNE684 treatment
group were significantly increased as early as 1 week of the
treatment (Figure 4B), which were associated with correction
of WBC, RBC and MCV (Online Supplementary Figure S6A).
At 1 month of treatment, >90% of PB WBC and >80% of BM
MNC in all groups of mice were GFP* and comparable (Online
Supplementary Figure S6B). PB cell counts in GNEG84 treated
Tak1®®-group were restored to the levels of scr-controls (Figure
4C). In BM, the differentiation defect of EB (Figures 4D, E) as
well as alterations of erythroid progenitors (Figures 4F) and
HSPC (Figures 4G; Online Supplementary S6C, D) were largely
corrected in the GNEG684-treated group. The increased PCD
of HC, HSPC and EB was inhibited in the GNEG84-treated
group (Figure 4H).

To study whether the premature differentiation of Tak7°-EB
is related to premature downregulation of Gatal as described
in SF3B1™-EB,** we cultured Tak7*°- and scr-HSPC in a two-
phase in vitro erythropoiesis system. After 6 days of expan-
sion, the cells were transferred into differentiation medium
for further incubation. Cells were collected after 12, 24 and
48 hours of culturing for analysis. We found that Gatal was
downregulated as early as 24 hours in Tak7*P-EB, which was
significantly earlier than Gatal downregulation in scr-EB (On-
line Supplementary Figure S6E). However, the differentiation
stages of Tak7*P-EB at 24 hours of culture were comparable to
those of scr-EB (Online Supplementary Figure S6F), suggesting
premature Gatal downregulation. The premature downreg-
ulation of Gatal could be prevented by Ripk1 inhibition, and
Ripk3/Casp8 inhibition (Online Supplementary Figure S6G),
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Figure 3. Mice transplanted with Tak7“° hematopoietic stem/progenitor cells developed myelodysplastic syndrome-like diseas-
es. (A) Schematic diagram of experimental procedures. Four months post-transplantation of scrambled small hairpin hematopoi-
etic stem/progenitor cells (scr-HSPC) and Tok7*® HSPC, peripheral blood (PB) cell counts were examined using a Hemavet (B).
(C-1) Bone marrow (BM) was collected, and mononucleated cells (MNC) (C), LKS- myeloid progenitors and LSK* HSPC (D), hema-
topoietic stem cell (HSC) and MPP4 (E), pre-megacaryocyte erythroid cells (pre-MegE), pre-colony forming unit erythroid cells
(pre-CFU-E) and CFU-E (F), as well as erythroblasts (EB) including R1-pro-EB, R2-basophilic (baso)-EB, R3-polychromatophilic
(poly)-EB and R4-orthochromatic (ortho)-EB (G, H) were analyzed by flow cytometry. Programmed cell death (PCD) of cKit* HSPC,
cKit- hematopoietic cells (HC) and Syto16*Ter119* EB were analyzed by flow cytometry for Annexin-V staining (I). KD: knock-down.

suggesting a Ripk1-Ripk3/Casp8-dependent mechanism of
Gatal downregulation. In addition, the elevated NFkB signaling
in Tak1*P-HSPC can also be repressed by Ripk1 inhibition and
Tbk1 inhibition, implicating a Ripk1-Tbk1 axis-mediated NFkB
activation (Online Supplementary Figure S6H).

Tak1*°-hemtopoiteic stem/progenitor cells are sensitive
to Tak1 inhibitor and clAP inhibitor treatment
We speculate that Tak7*P-HSPC rely on residual Tak1 activity

for their survival, and Tak1 inhibition might induce synthetic
lethality in Tak7°*-HSPC. We treated Tak7*P-HSPC and scr-
HSPC with the clAP inhibitor birinapant or the Tak1 inhibitor
HS-276. In mixed suspension culture of transduced and
no-transduced HSPC (Figure 5A), both birinapant and HS-276
preferentially killed Tak7*°-HSPC with reduced effect on scr-
HSPC as demonstrated by significantly reduced percentage
of Tak1*P-HSPC (Figure 5B). In methylcellulose clonal assays,
both birinapant and HS-276 treatment yielded significantly
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reduced clone-forming ability of Tak7*?-HSPC with reduced the percentages of PB contributions of Tak7*°-HSPC, the re-
effect on scr-HSPC (Figure 5c). To study inhibition of Tak1 cipient mice were randomly divided into three groups. Mice
signaling on Tak7*°-HSPC in vivo, we transplanted a mixture in groups 1and 2 were treated with HS-276 and birinapant,
of Tak7*?-HSPC and normal HSPC into recipient mice. Thirty respectively, while mice in group 3 were treated with vehicle
days after transplantation and following an examination of (Figure 5a). We found that HS-276 and birinapant treatment

A g ak]H IQS) i)IngP C Mixed culture Veh
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Figure 5. Tak1 inhibitor or clAP-inhibitor treatment induces synthetic lethality in Tak7° hematopoietic stem/progenitor cells. (A)
Schematic diagram of experimental procedures. (B) Small hairpin (sh)2Tak7-GFP-transduced hematopoietic stem/progenitor cells
(HSPC) (Tak1*®) were mixed with untransduced HSPC in a 1:1 ratio and treated with vehicle (Veh), Tak1 inhibitor HS-276 or clAP-in-
hibitor birinapant. New chemicals were added on day 2 during medium change. The reduction of the transduced HSPC was exam-
ined by analyzing the GFP* cell percentage. Scrambled RNA (scr)-GFP transduced HSPC were studied in parallel as controls. (C)
Tak1¥® - and scr-transduced HSPC were seeded for colony-forming unit (CFU) assay and treated with vehicle, HS-276 or birinapant.
CFU numbers were counted on day 7 of culturing. Three biological replicates were performed for data in (B) and (C). (D, E) Tak7<P
HSPC (GFP*) were mixed with non-transduced HSPC in a 1.5:1 ratio, whereas scr-GFP transduced HSPC were mixed with non-trans-
duced HSPC in a 1:1 ratio. The mixed HSPC were transplanted into lethally-irradiated mice. One month post-transplantation, after
determining the engraftment (GFP* cells in peripheral blood [PB]) of the transduced HSPC, mice were divided into 3 groups and
treated with vehicle, HS-276 or birinapant, respectively, for 2 weeks. The percentages of transduced cells in PB (D) were examined
on days 7 and 14, and in bone marrow (BM) were examined on day 14 (E). KD: knock-down; **indicates P<0.01; NS: not significant.
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did not affect the PB and BM contributions of scr-HSPC
but largely eliminated the Tak7°-HSPC-derived cells in the
recipient animals as demonstrated by a significant reduc-
tion of GFP* percentage in PB and BM (Figure 5D, E). When
analyzed 2 months after HS-276 and birinapant withdrawal,
blood cell counts in HS-276 and birinapant-treated groups
remained normal (Online Supplementary Figure S7A) and
were primarily replenished by GFP- normal HSPC (Online
Supplementary Figure S7B). However, the RBC counts and
Hb levels in the vehicle-treated mice were slightly lower than
in control group mice (Online Supplementary Figure S7A).

RIPK1 inhibition restored the proper growth of SF3B7™*-
erythroblasts from myelodysplastic patients
SF3B1™t-MDS HSPC displayed a reduced clone-forming
ability and a late erythroid differentiation defect?*3° (Figure
6A). We seeded BM MNC from SF3B1™-MDS patients for
colony-forming unit (CFU) assay with or without RIPK1 in-
hibitor GSK3145095 treatment. We found that GSK3145095
did not affect the colony-forming capacity of HSPC from
HD but increased colony-forming capacity of SF3B7"“*-MDS
HSPC (Figure 6A). To study whether inhibition of RIPK1 can
restore survival and normal differentiation to SF3B7™“*-HSPC,
we isolated CD34* HSPC from BM of MDS patients and HD.
Using the three-phase erythroid culture system with me-
dium change every-other day*' (Figure 6B), GSK3145095 or
vehicle were added during medium changes. Compared to
HSPC from five HD, HSPC from all five MDS samples pro-
duced significantly fewer cells during 14 days of culturing
(Figure 6C). Although comparable numbers of BFU-E and
CFU-E were produced by MDS-HSPC and HD-HPSC by day 7
of expansion culture, a significant reduction of Pro-EB was
observed in the MDS culture (Figure 6D; Online Supplemen-
tary Figure S8A). When examined on day 14, a significantly
reduced number of late-baso-EB, poly-EB, ortho-EB and
reticulocytes (Ret) was detected in MDS culture (Figure
6E, F; Online Supplementary Figure S8A, B).>> GSK3145095
treatment affected neither the expansion of BFU-E/CFU-E
nor the differentiation of HD-EB; however, GSK3145095
treatment significantly enhanced the production of EB and
Ret of MDS-HSPC (Figure 6C-F). The reduced production
of EB and Ret of MDS-HSPC was most likely due to the in-
creased RIPK1-dependent PCD and late differentiation block-
age because both can be largely reversed by GSK3145095
treatment (Figure 6E, G).

Tak1 inhibitor treatment preferentially killed SF3B7™*-
hemetopoietic stem/progenitor cells

To study whether TAK1 inhibitor treatment can induce syn-
thetic lethality in SF3B71"“-HSPC, we isolated CD34* HSPC
from MDS patients and HD. The HSPC were incubated in
Soluplus-based 4a-HSPC expansion medium and treated
with 10 uM HS-276. Cells were collected on day 3 of cul-
turing for RIPK1 and p-RIPK1 protein level analysis, on day
4 for cell death analysis, and on day 6 for live-cell counts

L. Zhang et al.

and targeted DNA-sequencing to detect mutational variant
allele frequency (VAF) of the SF3B7mt genes (Figure 6H). In
the vehicle-groups, p-RIPK1 levels and cell death were high-
er in MDS HSPC compared to HD HSPC (Figures 6l; Online
Supplementary Figure S9A, B). HS276 treatment tended to
induce p-RIPK in HD HSPC but triggers much higher p-RIPK1
levels in MDS HSPC (Figure 6l; Online Supplementary Figure
S9A). Consistently, we found a more significant increase
in PCD in MDS HSPC compared to HD-HSPC after HS276
treatment (Figures 6J; Online Supplementary Figure S9B)
which resulted in a significant reduction of live cells in MDS
samples (Online Supplementary Figure S9C). VAF analysis
of mutant genes demonstrated that HS-276 treatment
significantly reduced SF3B71"“*-HSPC (Figure 6k).

Discussion

Increased PCD and blockage of terminal erythroid dif-
ferentiation of EB are believed to be the major causes
of ineffective erythropoiesis observed in SF3B1"*-MDS
patients.”23 Mis-splicing of TAK1 is always detected in
SF3B1™t cells, which leads to nonsense decay of TAK7T mR-
NA.®24 OQur study suggests that TAK1 downregulation is the
major cause of ineffective erythropoiesis in SF3B7™*-MDS
patients. We found TAK1-downregulation and increased
spontaneous PANoptosis in BM samples of SF3B7™“-MDS
patients. Tak7-downregulation results in Ripkl overacti-
vation and spontaneous PANoptosis in mouse HSPC. In
both murine Tak7*?-HSPC and human SF3B1m'*-HSPC, the
inhibition of RIPK1 can prevent PANoptosis and correct the
differentiation defects of EB. Furthermore, both human
SF3B1™*-HSPC and murine Tak7*¥°-HSPC are hypersensi-
tive to the inhibition of TAK1 signaling. Our study suggests
that SF3B7™“*-MDS can be treated by either inhibition of
RIPK1-PANoptosis to restore normal erythropoiesis or by
inhibition of TAK1 signaling to induce synthetic lethality
of the mutant HSPC.

RIPK1 overactivation not only promotes spontaneous PAN-
optosis of EB but also induces aberrant differentiation of
EB. Consistent with the findings of Lieu et al.,>* we found
that the aberrant differentiation of Tak7¢°-EB is associated
with premature downregulation of Gatal. Lieu et al. pro-
posed that TAK1 downregulation promotes the proteasomal
degradation of GATA1 via the p38-MK2/HSP27 pathway.?3*
In fact, downregulation of p38-MK2 signaling can also
cause RIPK1 activation.®*2*¢ We found that the premature
downregulation of Gatal in Tak7*°-EB is largely mediated
by Ripk1-Casp8 signaling. Although Casp8 cannot directly
cleave Gatal, it activates Casp3 and Casp1, both of which
can cleave Gatal.®”*® Thus, both spontaneous PANoptosis
and the premature differentiation defects of Tak7*°- or
Sf3b71+/K1°E_EB can be reversed by Ripk1 inhibition. Many
RIPK1-specific inhibitors have been developed. Several of
them have been evaluated in clinical trials for autoimmune
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and neuroinflammatory diseases, and have shown excellent
safety and promising results.*® Therefore, it will be important
to test whether RIPK1 inhibition can mitigate the anemia
that is so common in SF3B71“*-MDS patients.

In normal HC, PANoptosis is restricted by TAK1 signaling.
TAK1 signaling is normally activated by PAMP, DAMP and
inflammatory cytokines.*®4" TAK1 and its downstream sig-
naling mediators IKK/NEMO and MK2 limit RIPK1-dependent
PANoptosis by phosphorylating RIPK1.2® clAP1/2 and LUBAC,
the upstream mediators of TAK1 signaling, also repress
RIPK1-dependent PANoptosis by mediating K63- and M1-
linked ubiquitination of RIPK1.#2 In BM-derived macrophages
(BMDM), Tak1”/- induces spontaneous Ripkl-dependent PAN-
optosis.*®* TAK1 signaling also restricts RIPK1-independent
PANoptosis by regulating NFkB-mediated the expression
of several pro-survival genes. BMDM deficient in Tak7 are
hypersensitive to LPS or polyl:C-induced Ripkl-depen-
dent and -independent PANoptosis.** However, all of our
experiments were performed in a specific pathogen-free
environment without any PAMP challenges. Future study
needs to determine whether Ripk1inhibitor treatment can
also mitigate anemia in mice with Tak7°-HSPC or Sf3b7*/
KI0E_HSPC in a pathogen infection setting. In addition, we
used LPS/polyl:C pre-treated BM HSPC in our transduction
studies. Although LPS/polyl:C pre-treatment only induces
age-like epigenetic/metabolic memory in BM HSPC without
increasing genetic mutations,? it is not known whether
Tak1%® in HSPC from untreated young or old mice can also
induce MDS-like disease. Furthermore, future study needs
to elucidate why Tak7*? in HSPC primarily affects certain
stages of EB.

In most types of tissue cells, TAK1 inactivation is always
associated with NFkB signaling inhibition.*® However, in
SF3B1™t-HSPC, NFkB signaling activity is enhanced.® We
found that such TAK1-independent NFxB signaling activa-
tion is most likely due to the overactivation of RIPK1-TBK1
signaling. In addition to activating PANoptosis, activated
RIPK1 can also activate TBK1-dependent IFNa/p?%4* and
NFkB signaling.*® Activated RIPK1 can also translocate to the
nucleus to promote the expression of NFkB target genes by
recruiting a BAF complex to enhancers/promotors.*” There-
fore, active RIPK1 might promote NFkB signaling activity via
both TBK1-mediated regulation and BAF complex-mediated
tight gene expression.

We found that TAK1 is downregulated in BM HC from pa-
tients with SF3B1m'-MDS, while dysregulation of other
master regulators of the PANoptotic pathway have been
reported in MDS patients with other genetic mutations. For
example, mutations of SRSF2 cause mis-splicing of CASP8."®
Down-regulating CASP8 results in hypersensitivity of cells
to necroptosis and pyroptosis due to elevated RIPK1 protein
levels.™ In low-grade MDS patients, downregulation of CASP8
and increased RIPK1 protein are detected in BM HC.*® Ripk1

L. Zhang et al.

overexpression or Casp8 knockout in HSPC induces PCD
and MDS-like disease in mice.®?? Thus, targeting PANoptotic
signaling might also be a useful strategy for treating MDS
with other genetic mutations.

Although increased PCD is commonly detected in HC
from MDS patients, the number of HSPC in MDS patients
is not reduced, most likely due to inflammatory cyto-
kine-stimulated compensatory proliferation. Cells which
die of PANoptosis produce inflammatory cytokines such
as TNFa and IL1B. TNFa and IL1B induce PCD and differ-
entiation in myeloid progenitor cells.**%° However, owing
to the higher-level expression of pro-survival genes such
as clAP2, HSC are relatively resistant to inflammatory cy-
tokine-induced PCD.*® Currently, we are developing more
sensitive assays for the detection of PANoptosis. We want
to determine which cell populations in MDS patient BM
are undergoing PANoptosis. We also want to distinguish
whether all three types of PCD occur in the same cells
versus different cell types.
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