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Human bone marrow failure (BMF) syndromes result from the loss of hematopoietic
stem and progenitor cells (HSPC), and this loss has been attributed to cell death; how-
ever, the cell death triggers, and mechanisms remain unknown. During BME tumor
necrosis factor-ot (TNFa) and interferon-y (IFNY) increase. These ligands are known to
induce necroptosis, an inflammatory form of cell death mediated by RIPK1, RIPK3,
and MLKL. We previously discovered that mice with a hematopoietic RIPK1 defi-
ciency (Rip/eIHE Ko) exhibit inflammation, HSPC loss, and BME which is partially
ameliorated by a RIPK3 deficiency; however, whether RIPK3 exerts its effects through
its function in mediating necroptosis or other forms of cell death remains unclear.
Here, we demonstrate that similar to a RIPK3 deficiency, an MLKL deficiency signif-
icantly extends survival and like Ripk3 deficiency partially restores hematopoiesis in
Ripkl HEMKO 4 ice revealing that both necroptosis and apoptosis contribute to BMF in
these mice. Using mouse models, we show that the nucleic acid sensor Z-DNA binding
protein 1 (ZBP1) is up-regulated in mouse RIPK1-deficient bone marrow cells and
that ZBP1’s function in endogenous nucleic acid sensing is necessary for HSPC death
and contributes to BME We also provide evidence that IFNy mediates HSPC death in
Riphk 1™ " mice, as ablation of IFNy but not TNF« receptor signaling significantly
extends survival of these mice. Together, these data suggest that RIPK1 maintains

hematopoietic homeostasis by preventing ZBP1 activation and induction of HSPC
death.

bone marrow failure | hematopoiesis | necroptosis | apoptosis | ZBP1

Ovur previous study demonstrated a role for receptor-interacting protein kinase 1 (RIPK1)
during bone marrow failure (BMF) and demonstrated that a deficiency in the related
receptor-interacting protein kinase 3 (RIPK3) partially rescued BME suggesting that
necroptosis may underlie the pathogenesis of BMF syndromes (1). As RIPK1 is a critical
regulator of multiple forms of cell death, including pyroptosis, apoptosis, and necroptosis
(PAN-optosis), we sought to determine the cell death mechanisms involved. Cell death
pathways have unique features: Pyroptosis and necroptosis are considered inflammatory
forms of cell death because the process involves cell lysis and the release of cytokines and
other cellular contents that drive inflammation, whereas apoptosis has been considered
immunologically silent, although plasma membrane rupture may also occur in apoptotic
cells if they are not efficiently cleared in vivo (2).

Necroptosis is mediated by RIPK1 and/or RIPK3 and mixed lineage kinase-like pseu-
dokinase (MLKL). RIPK3 phosphorylates MLKL on serine 345, leading to its oligomer-
ization and translocation to the plasma membrane. At the plasma membrane, MLKL
leads to the release of cellular contents that trigger innate immune activation. Necroptosis
is induced by TNFa, Toll-like receptor (TLR)3/4 ligands, and nucleic acids in the Z
conformation (Z-NA) sensed by the antiviral sensor Z-DNA-binding protein 1 (ZBP1).
ZBP1 contains multiple RIP Homotypic Interaction Motifs (RHIMs) that interact with
RIPKI and RIPK3. Studies have shown that ZBP1 functions in innate antiviral immunity
by recognizing viral RNA/DNA and complexing with RIPK3 and MLKL to mediate
mutant murine cytomegalovirus-induced necroptosis and influenza A virus-induced
PANoptosis (3-6). In addition to alerting the host to viral infection, ZBP1 has been
suggested to recognize endogenous retroelements to induce necroptosis and skin inflam-
mation (7, 8).

Studies in mouse models have uncovered specific roles for RIPK1 in different cell death
pathways. Ripkl knock-out mice undergo multiorgan inflammation and die during the
perinatal period due to unrestrained necroptosis and apoptosis (9—11). Studies in condi-
tional RipkI mice revealed tissue- and stage-specific roles for RIPK1 as a negative regulator
of necroptosis and apoptosis (12). For example, RIPK1 prevents TNFa-mediated apoptosis
in the intestinal epithelium, whereas in keratinocytes, it primarily restrains ZBP1-mediated
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Significance

Elucidating the cell death
mechanisms involved in bone
marrow failure (BMF) syndromes
is crucial to develop prevention
and treatment strategies. Here,
we identify the mechanisms
underlying the cell death
pathways in hematopoietic stem
and progenitor cells (HSPCs) that
lead to BMF syndromes. We
demonstrate that in mice lacking
RIPK1, we detect increased Zbp1
expression and show that
expression of a mutant form of
Zbp1 significantly delays BMF,
suggesting that ZBP1-mediated
HSPC death contributes to BMF.
Our results identify a key
mechanism underlying the
pathogenesis of BMF in the
mouse that may be operative in
human HSPCs.
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necroptosis (7, 13-15). RIPK1 deletion in keratinocytes or a
mutation in the RIPK1 RHIM (Rz'p/e]mRh'm) activates ZBP1 to
induce necroptosis and skin inflammation (7, 8, 13, 15).
ZBP1-mediated necroptosis also contributes to the inflammation
and perinatal lethality associated with a complete RIPK1 defi-
ciency or with a RIPK1 expressing a mutant RHIM (8, 13, 15).
These studies suggest that in the absence of RIPK1 or a functional
RHIM, ZBP1 engages RIPK3 to activate MLKL to induce
necroptosis.

Recent studies suggest that ZBP1 may interact with endogenous
RNAs (16) and that expression of a mutant form of ZBP1 (N46A,
Y50A, N122A, and Y126A) that cannot bind/sense Z-nucleic
acids prevents necroptosis and inflammation in mice with
keratinocyte-specific RIPK1 deficiency (7, 8). RNA sequencing
of RIPK1-deficient keratinocytes implicates dsRNAs from endog-
enous retroelements as potential ZBP1 ligands (8), suggesting that
in keratinocytes, RIPK1 prevents ZBP1-mediated necroptosis
triggered by endogenous Z-RNAs. This alternate role for ZBP1
as an endogenous nucleic acid sensor has yet to be demonstrated
in other cell types besides keratinocytes.

We showed that mice with a hematopoietic RIPK1 deficiency
(designated Vav-iCre Ripk 1"/ or Ripk I"PMKO) exhibit HSPC loss
and inflammation that results in BMF (1). In fetal liver and bone
marrow transplant studies, we and others showed that RIPK1 is
essential for HSPC survival/function (1, 11, 17). Like human
BMF syndromes, disease in Vav-iCre Rz'_p/e]ﬂ ' mice was associated
with increases in serum TNFa and IFNy, and RIPK1-deficient
HSPCs were sensitive to TNFa and type I and II IFN-induced
cell death in vitro (1). Survival of Vav-iCre Rl'p/elﬂ/ " mice was sig-
nificantly increased and cytokine/chemokine levels were signifi-
cantly reduced when placed on a RIPK3-deficient background
(1); however, HSPC numbers remained reduced, suggesting that
a RIPK1 deficiency in mouse HSPC:s triggers additional forms of
cell death. Here, we sought to determine the cell death pathways
behind the RIPK1-mediated loss of HSPCs.

We provide evidence that although the survival of mice with a
hematopoietic RIPK1 deficiency is significantly extended by a
RIPK3 or MLKL deficiency, HSPC numbers remain suppressed,
indicating that other forms of cell death contribute to BMF in
this model. Surprisingly, we find that TNF receptor 1 and 2 defi-
ciencies had no effect on survival, whereas an IFENGR1 deficiency
significantly extended survival. We demonstrate that the expres-
sion of a ZBP1 mutant that cannot sense Z-NA increases mouse
HSPC numbers and significantly extends the survival of Vav-iCre
Rz'p/elﬂ ! mice. Thus, RIPK1 exerts its anti-inflammatory func-
tion(s) in mouse skin and blood systems by preventing ZBP1
activation. However, unlike in skin, where a RIPK1 deficiency
results primarily in ZBP1-mediated necroptosis, a hematopoietic
RIPK1 deficiency triggers multiple forms of IFNy and/or
ZBP1-mediated cell death.

Results

Mice with a Hematopoietic RIPK1 Deficiency undergo BMF that
Is Partially Rescued by a RIPK3 or MLKL Deficiency. We previously
published that conditional deletion of Ripk1 in the hematopoietic
system leads to HSPC loss and BME, revealing that RIPK1 prevents
HSPC death by unclear mechanisms (1). Deleting Ripk3 in these
hematopoietic RIPK1-deficient mice rescued the inflammation,
pancytopenia, anemia, and bone marrow hypocellularity; however,
HSPC numbers remained reduced at 5 wk, suggesting that the
overall survival may be compromised. To test whether survival
is compromised, we examined survival in Vav-iCre Rz'pklﬂ A
and Vav-iCre Riph?™ Ripk3™ (as well as littermate controls),
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we found that an absence of RIPK3 extended overall survival
with the Vav-iCre Ripk™ Ripk3™ mice surviving significantly
longer than Vav-iCre Rz'pklﬂ " mice with a median latency of 127
d (Fig. 14; P < 0.001). We next sought to determine whether the
Ripk3”" rescue of survival was mediated through its necroptosis
function by examining the downstream effector MLKL.

Although the protection provided by RIPK3 deficiency sug-
gested that RIPK1-deficient HSPCs undergo necroptosis (1),
RIPK3 also has necroptosis-independent functions in cytokine
regulation and inflammasome activation (18, 19). To provide
genetic evidence that RIPK1-deficient HSPCs undergo necrop-
tosis, we generated and analyzed Vav-iCre Ripk P Mkl mice.
Once phosphorylated by RIPK3, MLKL undergoes a conforma-
tional change and translocates to the plasma membrane where it
forms pores and releases intracellular contents. Like the Vav-iCre
Ripk™ Ripk3™" mice, the Vav-iCre Riph ™ MikI”~ mice devel-
oped normally and reached adulthood without showing any mac-
roscopic or histologic abnormalities. Vav-iCre Rip/e]ﬂ/ " Mikl”™ mice
survived significantly longer than Vav-iCre Ripk™ mice with a
median survival of 144 d (Fig. 14; P < 0.001); however, no sig-
nificant difference in overall survival was observed between
Vav-iCre Ripk™ Ripk3™" and Vav-iCre Ripk ™ Mikl"™ mice
(Fig. 1A), suggesting that blocking necroptosis (as opposed to
other RIPK3-dependent forms of cell death) is sufficient to extend
survival in these mice. Body weights of Vav-iCre Ripk ™ Mikl"
mice were comparable to littermate controls; however, bone mar-
row cellularity and total white blood cell (WBC) count remained
suppressed in S-wk-old Vav-iCre Ripk™ Mikl”~ mice (Fig. 1
B-D). Interestingly, a RIPK3- or MLKL deficiency both signifi-
cantly increased red blood cell (RBC) numbers in the peripheral
blood and improved the hematocrit, suggesting that erythroid
necroptosis may underlie the anemia associated with a hemato-
poietic RIPK1 deficiency (ref. 1 and Fig. 1D).

Because MLKL extended the survival time but did not rescue
the loss of HSPCs, we sought to characterize the effects of the
MLKL deficiency on specific HSPC lineages. We analyzed the
HSPC compartments in the bone marrow of 5-week-old wild-type
(WT) and Vav-iCre Rz'pk]ﬂ/ " Mikl”~ mice. Flow analysis was per-
formed to determine the percentages and absolute cell numbers of
lineage-negative SCA-1 and c-KIT-positive (LIN"SCA-1"c-KIT",
LSK) cells, long-term and short-term hematopoietic stem cells
(LT-HSC, ST-HSC), and multipotential progenitors (MPP) in
these mice. We observed significant increases in the percentages of
LSK HSPCs, LT-HSCs, and ST-HSCs in Vav-iCre Ripk " Mkl
mice compared to age-matched WT controls (Fig. 1 £and F). The
apparent increase in these populations was inconsistent with reduced
in vitro hematopoietic colony formation (Fig. 1G) and the bone
marrow histopathology observed in Vav-iCre R{pk]ﬂ/ " Mkl mice
(Fig. 1H). We examined cytokine and chemokine levels in Vav-iCre
Ripk "™ Mikl" mice and as we observed with Ripk3 deficiency (1)
found cytokine/chemokine levels reduced in the absence of Mlkl
(Fig. 11). These data suggest that necroptosis is responsible for the
cytokine/chemokine dysregulation in the Vav-iCre Ripk1 ™ mice.

Although cytokines were reduced on Mkl background, we
detected evidence of SCA-1 deregulation in the LSK flow plots
of Vav-iCre Ri_pk]ﬂ/ " Mkl mice (Fig. 1 E, Upper Right) but not
in age-matched WT or littermate controls (Fig. 1 E, Left and data
not shown). Thus, to quantify HSPC numbers, we used the CD86
marker known to be constitutively expressed on HSPCs and unaf-
fected by inflammation or stress hematopoiesis (20). The LSK
and LIN™ CD86+ c-KIT" (L86K) populations were similar in WT
mice and, unlike the LSK analysis, which showed increases in
LSK, LT-HSC, and ST-HSC populations but decreases in MPPs,
L86K analysis revealed decreases in the L86K population and
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Fig. 1. ARipk3 or Mlkl deficiency stimulates hematopoiesis and significantly extends the survival of Vav-iCre Ripk1"/ mice. (A) Kaplan-Meier survival curves reveal
median latencies of 127 d for Vav-iCre Ripk?™ Ripk3™" mice (n = 16) and 144 d for Vav-iCre Ripk " MikI”~ mice (n = 10) compared to the average latency of 35 d
for Vav-iCre Rikaﬂ/ﬂ mice P < 0.0001 [Vav-iCre Ripk7ﬂ/f’ data presented herein have been published previously (1)]. (B) Total weight, (C) bone marrow cellularity,
and (D) white and red blood cell counts and hematocrits of Vav-iCre Ripk1ﬂ/ﬂ MIkI”™ (n = 4) are compared to control Vav-iCre Ripk?ﬂ“Mlkl”’ mice (n =2 to 3) at
day 35. [Vav-iCre Ripk?™ (n = 11) and Vav-iCre Ripk?"* (n = 14) mice are from ref. 1.] (F) Representative LSK and L86K flow cytometry plots of a WT and Vav-iCre
Ripk™" MikI”~ mouse. (F) Absolute numbers of HSPCs in WT (n = 5) and Vav-iCre Ripk?" MikI”~ mice (n = 4) determined by flow cytometry using the LSK or L86K
method. (G) Hematopoietic colony number from the bone marrow of day 35 Vav-Cre Ripk?"/' MIkI”~ (n = 3) compared to control Vav-iCre Ripk?"* MIkI”~ (n = 3).
Values compared to colony number from day 35 Vav-iCre Ri,ok?ff’/+ (n =4) and Vav-iCre Ripk1ﬂ/f' (n =5) bone marrow from ref. 1. (H) Representative images of BM
at day 35 stained with H&E. (/) Graphs showing serum cytokine and chemokine levels for Vav-iCre Ripk?™ (n = 9) and Vav-iCre Ripk "™ MIkI”" (n = 3) mice. Error
bars represent SEM, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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MPPs, with no significant changes in ST-HSC populations
(Fig. 1F). We did observe significant increases in Vav-iCre Rz'_p/e]ﬂ/ "
Mikl"™ LT-HSC compared to age-matched W'T controls, leading
us to speculate that inflammation may be responsible for the
apparent increase in LT-HSCs (21). Together, these data indicate
that the specific HSPC types that are lost due to the RIPK1 defect
are the L86K population and MPPs. Thus, our data suggest that
HSPCs and MPPs depend on RIPK1 for survival.

To identify additional changes that would account for the
extended survival of the Vav-iCre Ripk ™" Mk~ mice, we exam-
ined other cell types in the thymus, spleen, bone marrow, and
blood during different stages of development. An absence of
MLKL significantly increased thymic and splenic cellularity com-
pared to Vav-iCre Rz'_p/e]ﬂ M mice (ST Appendix, Fig. S1). Thymocyte
numbers were significantly increased at all developmental stages
(SI Appendix, Fig. S1B). A lineage analysis of 5-wk-old Vav-iCre
Ripk ™ Mikl”" mice found lymphoid and myeloid lincage devel-
opment suppressed in peripheral blood (Fig. 1D) and bone mar-
row (81 Appendix, Fig. S1C), whereas numbers of splenic B220"
B cells, Macl® myeloid cells, and neutrophils were similar to lit-
termate controls (87 Appendix, Fig. S1D). However, CD8 T cells,
monocytes, and inflammatory monocytes remained significantly
decreased in spleens (ST Appendix, Fig. S1D). Importantly, eryth-
roid lineage development was rescued in the bone marrow and
spleen of Vav-iCre Ripk ™ Mikl"~ mice (SI Appendix, Fig. S1 C
and D}, potentially explaining the extended survival of Vav-iCre
Ripkl Mkl mice (Fig. 14) and implicating necroptosis in
erythropoiesis.

The f;)artial rescue of hematopoiesis observed in Vav-iCre
Rz'p/e]ﬂ ) Rl'p/e3_/_ (1) and Mkl mice (Fig. 1) suggests that when
necroptosis is blocked by an absence of RIPK3 or MLKL, a
hematopoietic RIPK1 deficiency triggers other forms of cell death.
To examine this possibility, we prepared bone marrow lysates from
5-wk-old Vav-iCre Ripk?"" on a W'T or Ripk3™" or Mlkl”" back-
ground and probed with antibodies to phospho-MLKL or cleaved
Caspase-3 (CC3) to detect necroptosis or apoptosis, respectivejl‘zf.
We detected phospho-MLKL in one of three Vav-iCre Ripk ™
samples examined but were unable to detect total MLKL in the
other 2 samples due to low cell numbers (Fig. 24). We detected
CC3 reactivity in murine embryonic fibroblasts (MEF) treated
with TNFa (10 ng/mL) and cycloheximide (1 mg/mL) and in
three of five Vav-iCre Rz‘pk]ﬂ/ " bone marrow samples examined
(Fig. 2B). We also detected CC3 in the four Vav-iCre R{p/e]ﬂ/ '
Ripk3™" and five Vav-iCre Ripk™ Mikl”~ bone marrow samples
examined (Fig. 2 C and D). These data suggest that RIPK1 is
essential for HSPC survival by preventing apoptosis and necrop-
tosis, thereby explaining why a RIPK3 or MLKL deficiency was
insufficient to completely rescue HSPC numbers and prevent
BMF in these mice.

IFNY, not TNFa, Triggers HSPC Death and BMF in Ripk1"EM KO

Mice. To identify the receptors/ligands that trigger apoptosis and
necroptosis in RIPK1-deficient HSPCs, we focused on TNFo and
IFNY, which we found increased in the serum of Vav-iCre Rz'pklﬂ/ U
mice prior to signs of pancytopenia, anemia, or reductions in
HSPC numbers (1). TNFa and IFNY affect HSPC quiescence, and
overproduction of these two cytokines is associated with human
BMF syndromes, such as aplastic anemia and myelodysplastic
syndrome (21-23).

To examine the contribution of IFNYy in this BMF model, we
generated Vav-iCre Rz'p/elﬂ A Ifngr1™" mice and littermate controls.
We show that ablation of IFNYy signaling rescued the lethal BMF
of Vav-iCre Rz'p/e]ﬂ/ " mice, increasing median survival to 133 d
(Fig. 34; P < 0.001). Vav-iCre Rz;p/elﬂ/ﬂ Ifhgrl_/_ mice were of

https://doi.org/10.1073/pnas.2309628121
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Fig. 2. Necroptosis and apoptosis are detected in the bone marrow of Vav-iCre
Ripk?™ mice, whereas apoptosis is detected in Vav-iCre Ripk "/ Ripk3™~ and Vav-
iCre Ripk1™ MIKI”~ mice. (A) To detect necroptosis, L929 cells were left untreated
or treated with TNFa and Z-VAD-fmk. Lysates were prepared from L929 cells and
from bone marrow samples from Vav-iCre Ripk?"" or Ripk1"/ littermate controls
and probed with phospho-MIk, total MIkl, or Erk1/2. (B-D) To detect apoptosis,
lysates were prepared from wild-type murine embryonic fibroblasts (MEFs) left
untreated or treated with TNFa (10 ng/mL) and CHX (1 pg/mL) and from bone
marrow cells from Vav-iCre Ripk" (n = 5), Vav-iCre Ripk?™" Ripk3™" (n = 4), or
Vav-iCre Ripk™" MIkI”~ mice (n = 5). Lysates were probed for cleaved Caspase-3
(c. caspase 3; p19 and p17) or Erk1/2 by immunoblotting.

typical weight and exhibited near typical bone marrow cellularity
and total WBC counts (Fig. 3 B-D and G). Remarkably, red blood
cell numbers and the hematocrit were at normal levels in the
5-wk-old Vav-iCre Rz'p/e]ﬂ/ # Ifngrl " mice examined (Fig. 3D). In
the absence of IFNGR1, we did not observe SCA-1 deregulation
and, therefore, used LSK analysis to determine HSPC numbers.
Absolute numbers of LSK, ST-HSC, and MPPs were also signif-
icantly increased when compared to Vav-iCre Ripk™ mice at
day 35 (Fig. 3E). A Ripkl and IfngrI deficiency reduced LT-HSC
numbers compared to littermate controls; LT-HSC numbers were
not significantly different when compared to Vav-iCre Ripk ™
mice (Fig. 3E). An absence of IFNy signaling also rescued the
colony-forming activity of RIPK1-deficient HSPCs (Fig. 35).
Interestingly, an absence of IFNY signaling appeared to protect
the ST-HSC and MPP populations and overall led to a better
rescue of hematopoietic colony growth than either a RIPK3- (1)
or MLKL deficiency (Figs. 1 Fand G and 3 E and F), indicating
that apoptosis induced by IFNy signaling plays a role in
RIPK1-deficient HSPC loss.

In addition to BM cellularity (Fig. 3C), cellularity in the thy-
mus and spleen was increased in Vav-iCre Rz'pk]ﬂ " Ifngrl " mice
(SI Appendix, Fig. S2A). Thymocyte cellularity was significantly
rescued at each developmental stage (S/Appendix, Fig. S2B).
Absolute numbers of B lymphoid and myeloid cells were all
increased in the Vav-iCre Ripk1™ Ifngr1™~ bone marrow and, in
some cases, were similar to littermate controls (S/ Appendix,
Fig. S2C). Similarly, in the spleen, B cells, macrophages,
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Fig. 3. IFNGR1 deficiency rescues hematopoiesis and significantly extends the survival of Vav-iCre Ripk " mice. (A) The Kaplan-Meier survival curve reveals an
increased median latency of 133 d for Vav-iCre Ripk™" Ifngr1™ mice (n = 5) compared to the average latency of 35 d for Vav-iCre Ripk " mice (1). (B) Weight, (C)
bone marrow cellularity, and (D) blood cell counts and hematocrits of Vav-iCre Ripk1"" Ifngr1™~ mice compared to littermate controls Vav-iCre Ripk?"* Ifngr1™”~ mice
at day 35 [*Bone marrow cellularity of Vav-iCre R/’pk1f’/ﬂ (n=11) and Vav-iCre Ripk1ﬂ/* (n = 14) mice is from ref. 1.] (E) Absolute numbers of HSPCs determined by
flow cytometry of Vav-iCre Ripk"" Ifngr1”~ (n = 4) and control Vavi-Cre Ripk?"* Ifngr1™" (n = 3 to 4) mice are compared to Vav-iCre Ripk?", * (n = 3) and control
Vav-Cre Ripk?ﬂ/+ #(n=3) mice at day 35% (*LSK, LT-HSC, ST-HSC, and MPP values are from ref. 1) (F) Hematopoietic colony numbers from the bone marrow of day
35 control Vav-iCre Ripk1"* Ifngr1™ (n = 4) and Vav-iCre Ripk?™" |fngr1™~ (n = 4) mice, values compared to the bone marrow from day 35 Vav-iCre Ripk?"* (n = 3)
and Vav-iCre Ripk7™" (n = 3) mice (1). (G) Representative images of the day 35 bone marrow stained with H&E from control Vavi-Cre Ripk?"* Ifngr1”~ and Vav-iCre
Ripk?™ Ifngr1™ mice. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

monocytes, neutrophils, and inflammatory monocytes were all ~ numbers remained reduced (S Appendix, Fig. S2D). And as

significantly increased in the Vav-iCre Ripk?™ Ifugrl”™ mice  observed in Vav-iCre Ripk™ Mkl mice, erythropoiesis was
examined at day 35, whereas splenic CD4 and CD8 T cell ~ improved in the bone marrow and restored in the spleen of
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Vav-iCre Rz'p/e]ﬂ/ﬂ lﬁzgrl_/_ mice (S Appendix, Fig. S2 Cand D).
Opverall, blocking IFNY signaling appeared to rescue hematopoie-
sis more effectively than either a RIPK3 or MLKL deficiency (1)
and Figs. 1 and 3 and SI Appendix, Figs. S1 and S2), suggesting
that IFNy drives HSPC death in Vav-iCre Riphk?™ mice.

The detection of cleaved Caspase-3 in the Vav-iCre Rz‘pklﬂ/ " ,
Vav-iCre R{p/e]ﬂ/ﬂ Ripkﬁ’_/_, and Vav-iCre Rz'p/e]ﬂ/ﬂ Mkl bone
marrow (Fig. 2) led us to hypothesize that the hematopoietic
defects observed in these mice reflected TNFa-mediated apopto-
sis. To examine the contribution of TNFa in vivo, we generated
Vav-iCre Rz'pk]ﬂ ' mice on the Tnfrl 7~ and Tnfrl” 'TnﬁZ'/'
genetic backgrounds, as TNFR2 is expressed on mouse HSPCs
(24) and recent evidence suggests that ligation of both TNFR1
and TNFR2 are needed to induce necroptosis (25). Surprisingly,
an absence of TNF signaling failed to prevent HSPC death in vivo,
and consequently, both Vav-iCre Ripk " Tnfr1”~ and Vav-iCre
Ripk1"™ Tufr1”” Tnfr2"~ mice rapidly succumbed to BMF with
median latencies of 35 and 29 d, respectively (Fig. 4A4). Vav-iCre
Rz'p/e]ﬂ /+ Tnfrl '~ and Vav-iCre R{p/e]ﬂ/ # Tnfrl “~ mice exhibited
no differences in weight (Fig. 4B). However, Vav-iCre Rzp/e]ﬂ/ "
Tnfrl - TnﬁZ’/’ mice were lymphopenic and exhibited hypocel-
lularity in the BM due to significant decreases in the numbers of
HSPCs (Fig. 4 C-F). Although an absence of TNF signali%
appeared to rescue erythropoiesis in 2 of 3 Vav-iCre Ripkl
Tnfrl - TnﬁQ—/— mice examined at 5 wk (Fig. 4D), this had no
effect on overall survival (Fig. 44). We reasoned that BMF in
Vav-iCre Rz'p/elﬂ I mice m;‘z?’ reflect apoptosis and necroptosis and
generated Vav-iCre Ripkl ? Rz'p/ef/* Tnfrl o TnﬁZf/’ mice to test
this possibility. Although these mice exhibited normal bone mar-
row cellularity at day 35, they developed hematological disease
and died significantly earlier than Vav-iCre Ripk P"" Ripk3™"~ mice
(Karna and Kelliher, unpublished data). Hence, blocking TNF
and RIPK3 signaling prevents BMF but alters disease pathogen-
esis. Taken together, these mouse genetic data provide evidence
that IFNy drives HSPC death in this BMF model, and this cell
death is only partially dependent on RIPK3 and MLKL.

ARole for the Nucleic Acid Sensor ZBP1in HSPC Death and BMF in
RIPK1TEMKO pice. During development, RIPK1 functions via its
RIP Homotypic Interacting Motif (RHIM) to prevent necroptosis
mediated by the nucleic-acid sensor ZBP1. In keratinocytes that
lack RIPK1, ZBP1 binds endogenous Z-RNAs and activates
RIPK3 and MLKL to induce necroptosis and skin inflammation
(7, 8). We found Zbp1 and the IFNY target Stazl up-regulated in
the absence of Ripk1 (Fig. 54). Treatment with IFNb significantly
increased Zbp1 and Starl expression as expected but increases were
also observed with IFNy treatment (Fig. 5A4). This result could
reflect a recently described feed-forward loop by which ZBP1
activation can promote type I IFN signaling (26).

To determine whether ZBP1 sensing contributes to BME, we
generated Vav-iCre Rz;p/dﬂ " and littermate controls on a ZBP1
DNA-binding domain mutant background where the two
Za-domain-coding regions were mutated (Zb_pIZ”I”Z/Z”I”Z), result-
ing in the expression of a mutant ZBP1 that is unable to interact
with nucleic acids in the Z conformation (Z-NA) (7, 16).
Expression of a Z-nucleic acid—binding domain mutant of ZBP1
significantly extended the survival of Vav-iCre Ripk P mice from
35 d to 106 d (Fig. 5B; P < 0.001). Compared to littermate con-
trols, body weight was significantly reduced in Vav-iCre Rz;o/elﬂ/ 7
Zbp 17142720142 e (Fig. 5C). Although mouse weight decreased,
bone marrow cellularity, white blood cell, red blood cell, and hema-
tocrit were all significantly increased compared to Vav-iCre Ripk1™
mice (Fig. 5 D and E). Absolute numbers of LSK, LT-HSC, and
ST-HSC in Vav-iCre Rzlp/e]ﬁy ﬂ Zb])]ZMﬂZ/Z'ZM2 mice were all

https://doi.org/10.1073/pnas.2309628121

significantly increased and approximated numbers observed in
littermate controls (Fig. 5F), indicating that, in the absence of
RIPK1, ZBP1l-mediated HSPC death contributes to BME
Consistent with these HSPC analyses, in vitro colony-forming
assays revealed that expression of a ZBP1 nucleic acid-binding
mutant completely rescued the hematopoietic colony defect and
stimulated multilineage differentiation in the Vav-iCre Rz;p/elﬂ/ i
Zb_p]Z”MZ/Z”]”Z bone marrow (Fig. 5 G and H). We also analyzed
inflammatory cytokine/chemokine levels in these mice and as
observed with an MIkl deficiency (Fig. 17) found IFNy and IL-6
reduced with significant reductions in IP-10 and G-CSF (Fig. 51).

We analyzed erythroid, myeloid, and lymphoid lineages in the
thymus, bone marrow, and spleen of 5-week-old Vav-iCre Ripk ™"
Zbp 17174142 mice. Thymic and splenic cellularity was signifi-
cantly increased (S Appendix, Fig. S3A) with increased numbers of
double-negative (DN), CD4 and CD8 double-positive (DP), and
CD4 or CDS8 single-positive (SP) thymocytes (SIAppendix,
Fig. S3B). As observed in M/k/-deficient mice, we found that B lym-
phoid and myeloid lineage development remained suppressed in the
bone marrow, with significant decreases in B cells, Macl" myeloid
cells, neutrophils, and inflammatory monocytes (SIAppendix,
Fig. S3C). However, significant increases in bone marrow erythro-
blasts were observed (SI Appendix, Fig. S3C). Like an Mlkl or Ifngr1
deficiency, hematopoiesis in the spleen showed the most significant
rescue with mutant ZBP1 expression resulting in normal numbers
of B lymphoid, myeloid, and erythroid cells (57 Appendix,
Fig. S3D). Mature single-positive CD4 and CD8 T cell numbers
remained low (87 Appendix, Fig. S3D).

These data implicate nucleic acid sensing in mouse HSPC death
and BMF leading us to query whether ZBP1 may also regulate
human hematopoiesis. To test this, we treated human CD34" cells
isolated from cord blood from four different donors with vehicle
or IFNy and observed a trend of increased ZBPI expression in
IFNy-treated human CD34" cells, whereas MLKL expression was
not affected (Fig. 5/). Although ZBP1 upregulation may not be
sufficient to induce cell death, its expression is up-regulated in
mammary tumor models (27) and correlates with COVID-19
patient outcome (28), suggesting a link between ZBP1 levels and
pathogenesis.

While an Mkl or Ifngrl deficiency or expression of a Zbpl Za
mutant led to increases in HSPC numbers and significantly
extended the survival of Vav-iCre Rl'p/elﬂ/ " mice (Figs. 14, 34, and
5B), the partial rescue observed in MPPs and in the myeloid and
B lymphoid lineages in the BM suggests that hematopoietic stem
and progenitor activity remained compromised. Consistent with
these data, Vav-iCre Rz%/e]ﬂ/ " mice on the Ripk3™", Milkl",
IfngrI”” or mutant Zbp 17"“*#!*? backgrounds all succumbed to
BMF (81 Appendix, Fig. S4). At killing, these mice exhibited sig-
nificant decreases in thymic and splenic cellularity and in the
number of myeloid, B, and T lymphoid cells in the bone marrow,
spleen, and thymus (S/ Appendix, Figs. S5-S8). These data reveal
that other TLRs or nucleic acid sensors also contribute to hemato-
poietic failure in these mice.

Discussion

A hematopoietic RIPK1 deficiency resulted in lethal BMF with
Vav-iCre Rz'pklﬂ M mice exhibiting a median survival of 35 d (1).
Combining a RIPK3 or MLKL deficiency with the hematopoietic
RIPK1 deficiency significantly extended survival; however,
hematopoiesis remained suppressed in these mice. An IFNGR1
deficiency or expression of mutant ZBP1 that cannot sense Z-NA
also significantly extended survival in these mice, whereas an

absence of TNFR1 and TNFR2 had no significant effects on the
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Fig. 4. TNFR1/2 deficiencies fail to rescue HSPC death in vivo or prevent bone marrow failure in Vav-iCre Ripk™" mice. (A) The Kaplan-Meier survival curve
reveals a median latency of 35 d for Vav-iCre Ripk?" Tnfr1”~ and a median latency of 29 d for Vav-iCre Ripk?™ Tnfr1™~ Tnfr2”" mice compared to the average
latency of Vav-iCre Ripk?"" at 35 d (1). (B) Weight, (C) bone marrow cellularity, and (D) blood cell counts and hematocrits of Vav-iCre Ripk?™ Tnfr1”~ Tnfr2”~ mice
(n = 3) compared to littermate controls Vav-iCre Ripk?"* Tnfr1”~ Tnfr2”~ (n = 3 to 4) at the time of disease. [*Bone marrow cellularity of Vav-iCre Ripk?™ (n = 11)
and Vav-iCre Ripk1ﬂ” (n = 14) mice is from ref. 1]. (E) Flow cytometry showing the number of HSPCs in control Vav-iCre R/‘pk7ﬂ/* Tnfr?’/’ TnfrZ’/’ (n =3)and Vav-iCre
Ripk?" Tnfr1™~ Tnfr2™" (n = 3) mice at the time of disease. (F) Representative image of BM stained with H&E from Vav-iCre Ripk?"* Tnfr1™" Tnfr2”~ and Vav-iCre
Ripk"" Tnfr1™~ Tnfr2™" mice at the time of disease. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig.5. Expression of Zbp1 DNA binding mutant rescues hematopoiesis and extends survival of Vav-iCre Ripk?" mice. (A) qPCR of Zbp1 and Stat7 in lineage-negative
HSPCs isolated from Ripk7"®*° mutant mice (n = 5) or littermate controls (n = 4) treated with PBS, IFNy, or IFNB (20 ng/mL). (B) The Kaplan-Meier survival curve
reveals an increased median latency of 106 d for Vav-iCre Ripk1"/! Zbp1 %@1°%7a%2 mjice (n = 7) compared to the average latency of 35 d for Vav-iCre Ripk?" mice (1)
(***P < 0.001). (C) Weight, (D) bone marrow cellularity, and (£) blood cell counts and hematocrits of Vav-iCre Ripk1™ zbp179792/2372 mice (n = 4) compared to littermate
control Vav-iCre Ripk""* Zbp1 #41922a12 mice (n = 4) at day 35 [*Bone marrow cellularity of Vav-iCre Ripk?™ (n = 11) and Vav-iCre Ripk?"* (n = 14) mice is from ref. 1.]
(F) Absolute numbers of HSPCs determined by flow cytometry of Vav-iCre Ripk#"!' Zbp17719#23192 (n = 4) and littermate control Vav-iCre Ripk?"* Zbp1 #219220192 (n = 4)
mice are compared to Vav-iCre Ripk?™ (n = 3) and control Vav-iCre Ripk?"* (n = 3) mice at day 35 (LSK, LT-HSC, ST-HSC, and MPP values are for Vav-iCre Ripk?"™" mice
from ref. 1. (G) Hematopoietic colony numbers from the bone marrow of Vav-iCre Ripk """ Zbp1721°%2412 (n = 4) and Vav-iCre Ripk?"™" Zbp17792/2192 (n = 4) mice, values
compared to the bone marrow from day 35 Vav-iCre R/pk1ﬂ’+ (n=3)and Vav-iCre R/pk1ﬂ/f’(n 3) mice (1). (H) Representative images of the bone marrow stained with
H&E from control Vav-iCre Ripk1"* Z émz"mw‘”"z and Vav-iCre Ripk " Zpp 17979220192 mjce. (1) Graphs showing serum cytokine and chemokine levels for Vav-iCre Ripk ™"
(n=9) and Vav-iCre Ripkt"" Zpp 17719923192 = 4) mice. Error bars represent SEM, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (/) qPCR of ZBPT and MLKL
gene expression in human CD34+ progenitors isolated from cord blood donors and treated with vehicle or IFNy (1000 1U) for 18 h (n = 4 independent cord blood
donors). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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survival of Vav-iCre Ripk ™ mice. These genetic data implicate
[FNy and/or ZBP1-mediated cell death in the Ripkl-deficient
bone marrow.

It is possible that BMF reflects non-cell-autonomous effects of
the RIPK3 or MLKL deficiencies in the bone marrow microen-
vironment. We think the latter scenario is unlikely as transplant
of Vav-iCre Ripk ™" Ripk3™~ bone marrow cells into lethally irra-
diated WT recipients results in hematopoietic failure, whereas
mice transplanted with bone marrow cells from age-matched lit-
termate controls (Vav-iCre RipkP"* Ripk3™ or Mikl”~ or Ripk1™
Ripk3™ or MilkI"") exhibit normal bone marrow cellularity/his-
tology and successfully reconstitute irradiated WT hosts (1).

An IFNGRI1 deficiency or mutant ZBP1 expression restored
hematopoiesis and rescued intrinsic survival defects of
RIPK1-deficient HSPCs to a greater degree than deficiencies in
RIPK3 (1) or MLKL (Figs. 1, 3, and 5). These data suggest that
the effects of RIPK1 deficiency are cell-autonomous and that
RIPK1-deficient HSPCs undergo additional forms of cell death.
We detected cleaved Caspase-3 reactivity in the Vav-iCre Ripk ™,
Vav-iCre Rz'p/e]ﬂ/ﬂ Rz'pkj’f/*, or Mlkl”™ bone marrow (Fig. 2), indi-
cating that apoptosis is also induced. The fact that TNFR1/2
deficiencies had no effect on hematopoiesis or survival (Fig. 4)
suggests that the apoptosis is TNFa-independent.

Hematopoiesis is best restored by IFNGR1 deficiency or expres-
sion of mutant ZBP1, indicating that in RIPK1-deficient HSPCs,
IFNYy and/or ZBP1 induces necroptosis and apoptosis. An IFNGR1
deficiency or mutant ZBP1 expression rescued the Vav-iCre Rz'p/e]ﬂ 7
ST-HSC and MPDs, whereas an MLKL deficiency rescued the
ST-HSC but not the MPPs (Figs. 1F, 3E, and 5F). Taken together,
these data suggest that RIPKI1-deficient ST-HSCs undergo
IFNYy/ZBP1-mediated necroptosis, whereas IFNy/ZBP1-dependent
apoptosis depletes the MPPs. ZBP1-mediated activation of Caspase-8
has been observed in RIPK1-deficient murine embryonic fibroblasts
(29). In response to influenza A virus (IAV) infection, ZBP1 recruits
RIPK3 to activate MLKL, NLRP3, and Caspase-3/-6/-7 to induce
necroptosis, pyroptosis, and apoptosis, respectively (4, 30). Precisely
how ZBP1 engages Caspases to induce apoptosis in the absence of
RIPK1 is unclear, although RIPK3 has been shown to engage
Caspase-6 during IAV infection (31).

Hematopoiesis in the spleen was rescued to a greater degree
than in the bone marrow with significant increases in splenic mye-
loid, B lymphoid, and erythroid cells in Mkl™", Ifugri™", or
mutant ZBP1 backgrounds (87 Appendix, Figs. S1-§3 Cand D).
This likely reflects, in part, the splenic extramedullary hemato-
poiesis induced by BME We also observed significant increases in
the number of RIPK1-deficient erythroblasts and/or erythrocytes
in the absence of MLKL or IFNGRI or in the presence of mutant
ZBP1 (8] Appendix, Figs. S1D, S2D, and S3D). These data suggest
that RIPK1-deficient mouse erythroid progenitors may be prone
to IFNy/ZBP1-mediated necroptosis. Interestingly, a deficiency
in the related Adenosine deaminase acting on RNA 1 (ADAR1),
which also contains a Za domain that recognizes endogenous
Z-RNAs, and a C-terminal deaminase domain that converts aden-
osine (A) to inosine (I), results in embryonic lethality due to failed
erythropoiesis (32). The erythroid cell death is thought not to
involve apoptosis (33), raising the possibility that unedited RNAs
trigger erythroid necroptosis.

These genetic studies demonstrate that mutations in the Za
nucleic acid—sensing domains of ZBP1 rescue HSPC death and
significantly delay BMF in Vav-iCre Ripk " mice, indicating that
endogenous Z-NAs have the potential to trigger cell death and
inflammation in RIPK1-deficient hematopoietic cells as has been
observed in keratinocytes (7, 13, 15). Unlike a keratinocyte RIPK1
deficiency, which results primarily in necroptosis rescued by a
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RIPK3 or MLKL deficiency (8, 15), a hematopoietic RIPK1 defi-
ciency triggers necroptosis and apoptosis in the bone marrow that
is not completely rescued by a RIPK3-, MLKL-, or TNFR1/2
deficiency. These death outcomes may reflect differential expression
of FADD, Caspase-8, c-FLID, or cIAP1/2 levels in mouse kerati-
nocytes vs. HSPC. However, keratinocyte-specific deletion of the
Linear Ubiquitin chain Assembly Complex (responsible for pre-
venting cell death) triggers TNFa-mediated apoptosis (34, 35)
rather than ZBP1-mediated necroptosis, indicating that other
factors determine the predominant cell death mode, not the line-
age, per se. We show that IFNYy levels are elevated in the serum of
Vav-iCre Rz'p/e]ﬂ ' tice (1), and we detect increased Zbp1 expres-
sion in the RIPK1-deficient bone marrow (Fig. 5A4). These findings
led us to speculate that IFNy activates endogenous retroelements
that are sensed by ZBP1. Mice with a keratinocyte RIPK1 defi-
ciency are also rescued by mutant ZBP1 expression, and treatment
with reverse transcriptase inhibitors partially ameliorates the skin
inflammation (8, 13). Some retroelements may have highly con-
served sequences that favor Z-RNA formation (36), structures
sensed and edited by the ADAR1 deaminase to prevent innate
immune activation (37). Although these studies do not identify
the nature of the Z-NAs sensed by ZBP1 due to the limited num-
ber of viable HSPC:s, they suggest that endogenous retroelement-
derived dsRNAs may trigger ZBP1 activation.

These mouse genetic data demonstrate that RIPK1 prevents
ZBP1 activation to ensure hematopoietic cell survival, but
whether human RIPK1 functions similarly is unclear. Biallelic
loss-of-function variants in RIPK1 have been detected in unre-
lated families, and these individuals exhibit lymphopenia and
immune deficiency that in one patient was corrected with a
hematopoietic stem cell transplant (38). These data suggest that
RIPK1 is also required for human HSPC survival/differentiation
and may have implications for hematopoietic stem cell therapy,
where virus reactivation may trigger ZBP1-mediated cell death
and contribute to hematopoietic failure. Additional data are also
emerging to link necroptosis to human BMF syndromes, such
as myelodysplastic syndrome (MDS). MLKL is up-regulated in
MDS patients, and MLKL levels correlate with response to hypo-
methylating agent therapy (39, 40). MDS is also associated with
mutations in splicing factors (U2AF1, SF3B1, and SRSF2),
formation of R-loops, and an IFN signature (41, 42), raising the
possibility that aberrant nucleic acid sensing triggers human

HSPC death in MDS.

Materials and Methods

7fl/fl ) 1 fi/fl

Mice. Ripk conditional mice (Ripk1™") described previously (14) or Ripk
Ripk3~"~ mice were crossed with Vav-iCre mice (Jackson Laboratory 035670),
MIkI™"~ mice (43) (gift of Warren Alexander), Zbp1%7%#%72 mice (16) (gift
of Jan Rehwinkel), Infgr7’/’ (Jackson Laboratory 003288), Tnfr1™~ (Jackson
Laboratory 003242) and Tnfr1™~Tnfr2™"~ mice (Jackson Laboratory 003243)
were purchased from Jackson Labs. All mouse experiments and procedures
were approved by the UMass Chan Medical School’s Institutional Care and
Animal Use Committee.

Histology. Tissues were fixed in 10% formalin (Fisher Scientific), and the bone
marrow was decalcified in Cal-Rite (Richard Allen Scientific) for 48 h. Samples were
stained with H&E. Images were taken at 20 x magnification on an Olympus BX41
microscope using an Evolution MP 5.0 Mega-Pixel Camera (MediaCybernetics)
and QCapture Pro software (QImaging).

Blood Analysis and Flow Cytometry. Complete blood counts and hemat-
ocrits were performed on a Hemavet 950FS analyzer (Drew Scientific). Single-
cell suspensions of peripheral blood, bone marrow, spleen, and thymus were
stained with cell surface antibodies for myeloid (Gr-1, Lyé-c, and CD11b)
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and lymphoid (CD4, CD8, and B220) markers. For LSK or L86K analyses,
bone marrow cells were stained with a biotin lineage mixture, SCA-1, CD86,
¢-KIT, CD34, FLK2, and CD150. All samples were run on a BD LSRII or a Cytek
Aurora flow cytometer (BD Bioscience) and analyzed using FlowJo software
(Tree Star). A complete list of antibodies, including clone numbers, is given
in SI Appendix, Table S1.

Colony-Forming Assay. Bone marrow cells were seeded in MethoCult medium
M3434 (STEMCELLTechnologies), and the total colony number was determined
following the manufacturer's protocol. Ligands were added at the time of plating
at the following concentrations: mTNF-a, 10 ng/mL(R&D), and mIFN-y, 10 ng/mL
(Pepro Tech). zZVAD-FMK (Enzo) was added at a concentration of 20 pM.

Mouse HSPC and Human CD34 Isolation and Treatment. Lineage-negative
HSPCs were isolated from the mouse bone marrow using the Stem Cell Lineage-
Depletion Kit. CD34 cells were isolated from cord blood obtained from the
UMass Memorial Cord Blood Bank. Cells were selected for using the human
(D34 Microbead Kit (Miltenyi Biotec). Cells were expanded in Stemspan SFEM
I (STEMCELL Technologies) supplemented with StemSpan CD34+ Expansion
Supplement (10x) (STEMCELLTechnologies) for 1 to 2 d. Cells were treated with
1,000 U of human interferon-gamma (STEMCELLTechnologies) for 18 h and then
harvested in TRIzol for gene expression analysis.

Gene Expression Analysis. RNA was prepared using TRIzol (Invitrogen). cDNA
was prepared using the SuperScript First-Strand Synthesis System (Invitrogen).
Quantitative real-time PCR was performed using Power SYBR Green PCR Master Mix
(Applied Biosystems)and run on the AB7300 Detection System (Applied Biosystems).
Relative gene expression was normalized to B-actin and determined using the AACT
method. The primers used to amplify genes are listed in S/ Appendix, Table S2.

Western Blotting. Bone marrow cells were lysed in RIPA buffer (Thermo
Scientific™, 89900) supplemented with 1x halt protease and phosphatase
inhibitor cocktail (Thermo Scientific™, 78440) for 30 min on ice, followed by
mixing every 10 min. Cell lysates were centrifuged at 14,000 rpm for 20 min at
4 °C. Protein concentration was determined by Bradford protein assay, and 20
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pg of total protein was separated by electrophoresis through 4 to 20% gradient
polyacrylamide gels (Bio-Rad, #4568094) and transferred to PVDF membranes
(Millipore, 78440).The membrane was blocked with 5% nonfat milk foran hour
at4 °Cand incubated overnightat 4 °C with antibodies to cleaved Caspase-3 (CST,
#9664,1:1,000), phospho-MLKL(Abcam #196436), total MLKL (Abcam #184718),
or ERK1/2 (CST, #9102, 1:1,000). The membrane was washed with Tris-buffered
saline containing 0.01% Tween 20 (TBST, pH 7.2) three times and then incubated
with a secondary anti-rabbit antibody (Amersham, NA934V 1:5,000) at room
temperature for 1 h. Blotimages were developed using Femto chemiluminescent
substrates (Thermo Fisher, 34095) and acquired with a ChemiDoc™ XRS system
(Bio-Rad).

statistics. Statistical analyses were performed using GraphPad Prism software,
version 6.0. Kaplan-Meier survival curves were analyzed using a log-rank test
with a 95% CI. A two-sided P < 0.05 was considered statistically significant for
Student's t tests and nonparametric Mann-Whitney U tests. For comparisons of
3 or more groups, a one-way ANOVA test was performed.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix. Previously published data were used for this work (1).
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