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Abstract:
TET2 is among the most commonly mutated genes in both clonal hematopoiesis and myeloid
malignancies, thus, the ability to identify selective dependencies in TET2 deficient cells has
broad translational significance. Here, we identify regulators of Tet2 knockout (KO) hematopoietic
stem and progenitor cell (HSPC) expansion using an in vivo CRISPR-Cas9 KO screen, in which
nucleotide barcoding enabled large-scale clonal tracing of Tet2 deficient HSPCs in a physiological
setting. Our screen identified candidate genes, including Ncoa4, that are selectively required for
Tet2 KO clonal outgrowth compared to wild-type (WT). Ncoa4 targets ferritin for lysosomal
degradation (ferritinophagy), maintaining intracellular iron homeostasis by releasing labile iron
(Fe2+) in response to cellular demands. In Tet2-deficient HSPCs, increased mitochondrial ATP
production correlates with increased cellular iron requirements, and in turn, promotes Ncoa4-
dependent ferritinophagy. Restricting iron availability reduces Tet2 KO stem cell numbers,
revealing a dependency in TET2-mutated myeloid neoplasms.
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Abstract (144/250 words) 

TET2 is among the most commonly mutated genes in both clonal hematopoiesis and 

myeloid malignancies, thus, the ability to identify selective dependencies in TET2 

deficient cells has broad translational significance. Here, we identify regulators of Tet2 

knockout (KO) hematopoietic stem and progenitor cell (HSPC) expansion using an in 

vivo CRISPR-Cas9 KO screen, in which nucleotide barcoding enabled large-scale 

clonal tracing of Tet2 deficient HSPCs in a physiological setting. Our screen identified 

candidate genes, including Ncoa4, that are selectively required for Tet2 KO clonal 

outgrowth compared to wild-type (WT). Ncoa4 targets ferritin for lysosomal degradation 

(ferritinophagy), maintaining intracellular iron homeostasis by releasing labile iron 

(Fe2+) in response to cellular demands. In Tet2-deficient HSPCs, increased 

mitochondrial ATP production correlates with increased cellular iron requirements, and 

in turn, promotes Ncoa4-dependent ferritinophagy.  Restricting iron availability reduces 

Tet2 KO stem cell numbers, revealing a dependency in TET2-mutated myeloid 

neoplasms.    

 

Key Points (140 characters each): 

 

1) A barcoded in vivo CRISPR-Cas9 knockout screen identifies Ncoa4 as a dependency 

in Tet2 mutant hematopoietic stem-progenitor cells. 

 

2) In Tet2 mutant stem-progenitor cells, Ncoa4-mediated ferritinophagy maintains iron 

availability for increased mitochondrial ATP production. 
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Introduction 

Loss-of-function mutations in TET2 are commonly found in clonal hematopoiesis of 
indeterminate potential (CHIP) as well as in hematological malignancies, including 
myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML)1.  CHIP is 
maintained over the lifetime of an individual2, consistent with the presence of driver 
mutations in hematopoietic stem cells (HSCs)3.  TET2 is an iron and 2-oxoglutaric acid-
dependent enzyme that catalyzes the oxidation of methyl-cytosine resulting in 
demethylation of the cytosine residue4.  Conditional knockout (KO) modeling of Tet2 in 
the murine hematopoietic system faithfully recapitulates clonal expansion observed in 
CHIP through increased hematopoietic stem cell (HSC) renewal and pre-malignancy5,6. 
 
Both CHIP and normal HSCs reside in a specialized bone marrow niche with specific 

nutrient availability, cellular interactions, and cytokine and chemokine exposure7-10.  

HSCs with CHIP mutations may re-model bone marrow microenvironments and depend 

on secreted factors at precise concentrations for their expansion11-13.  Genetic screens 

have the ability to identify selective dependencies in somatically mutated cells, and in 

vivo screens have the potential to access aspects of normal and neoplastic biology that 

exist only within the native HSC microenvironment.  A central challenge of such screens 

is the tremendous diversity of differentiation and proliferative potential of hematopoietic 

stem and progenitor cells (HSPCs)14-18.  This challenge of cellular heterogeneity in an in 

vivo CRISPR-Cas9 screen can be addressed using barcoding strategies to track 

simultaneously the clonal progeny of each virally transduced HSPC clone and the 

corresponding effect of the single guide-RNA (sgRNA) mediated genetic perturbation. 

 
In this study, we developed an in vivo barcoded CRISPR-Cas9 screening methodology 
to identify genetic dependencies in HSPCs and applied this technique to identify novel 
regulators of TET2 mutant expansion in a model of CHIP.  We provide orthogonal 
validation using a genetic KO mouse model and pharmacological manipulation of the 
target pathway.  Finally, we utilize both in vivo and in vitro experiments in primary mouse 
and human HSPCs to provide a rationale to the synthetic lethal vulnerability observed in 
TET2 KO as compared to WT HSPCs. 
 

Methods 

Barcoded CRISPR-Cas9 sgRNA Library construction 

Barcoded libraries were constructed by  cloning UMIs into the KflI site of the CROPseq-
guide-puro vector using Gibson Assembly (NEB)19. Custom library targeting all 
transcription and chromatin factors were generated based on previously established 
lists20,21. Single guide RNAs were picked using the GUIDES algorithm22.  Lentiviral 
particles were generated via transfection of HEK293T cells using FuGENE (Promega). 
Viral constructs were co-transfected with pMD2.G (plasmid 12259; Addgene) and 
psPAX2 (plasmid 12260; Addgene), and lentiviral particles were harvested on 2 to 3 
days after transfection.  
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Bone marrow was isolated from B6J.129(Cg)-Gt(ROSA)26Sortm1.1(CAG-cas9*,-
EGFP)Fezh/J (Jax 026179) bred to the Vav-Cre +Tet2 fl/fl or control Vav-Cre + 
background.  Following euthanasia, bone marrow was stained with CD117 microbeads 
(Miltentyl Biotech) and CD117 expressing bone marrow was purified by magnetic 
column selection.  Lin-Sca1+cKit+(LSK) HSPC or CD150+CD48-CD34-CD135-LSK 
(HSC) antibody cocktail (see supplementary table) was used to stain CD117+ enriched 
bone marrow.  LSK HSPC or HSC were then purified by fluorescence activated cell 
sorting (FACS) using a Sony MA900 cell sorter.  FACS purified HSCs or LSK HSPCs 
and concentrated viruses were resuspended in PVA based medium23. Virus generated 
from HEK293T cells was concentrated via ultracentrifugation for 2 hours at 25000rpm 
prior to LSK transduction. LSKs were transduced for 30 minutes at 2000rpm by 
spinfection in presence of polybrene (2µg/ml).  After viral transduction, cells were 
cultured overnight in a humidified incubator at 37 degrees Celsius and subsequently 
were retro-orbitally injected into lethally irradiated mice (450cGy x2) (10 recipients each 
per genotype per library).  
 
The transduction of HSPCs or HSCs using our UMI-labeled gRNAs enables 
identification of descendants of each initial lentiviral transduced cell in vivo, as identified 
by independent unique UMI shared by their progeny. This technology identifies the 
number of related clones (clone frequency) that survive to the terminal time-point as 
well as the change in the size (number of cells) of these clones. These measurements 
can then be related to the genetic perturbation mediated by the corresponding sgRNA.  
We subsequently pooled the results from all the mice in the in vivo screen, within the 
shared experimental conditions, to maintain adequate coverage of the sgRNA library 
(97% of the genes were represented across the mouse pool at the terminal analysis).  
Further details, and discussion of this analysis, is provided in the supplementary 
methods and in supplementary figure 1.  
 

Competitive Bone Marrow Transplantation 

Whole bone marrow cells from Cd45.1/Cd45.2 were mixed with Tet2 fl/fl;Cd45.2 (Tet2 
KO), Ncoa4 fl/fl ;Cd45.2 (Ncoa4 KO), or Tet2 fl/fl Ncoa4 fl/fl Cd45.2  (Tet2 KO Ncoa4 
KO) in PBS (phosphate buffer saline) at 80:20 ratio. In these mice Cre recombinase 
expression was driven either by Mx- or Vav- promoter depending on the experiments 
described.  Cells were injected retro-orbitally into lethally irradiated B6.SJL-Cd45.1 
recipient mice (450cGy x2).  Induction of Cre recombinase expression in the Mx-Cre 
models was accomplished by intra-peritoneal (i.p.) injection of Poly(I:C) (high molecular 
weight) (Invivogen) 10mg/Kg, for 3 doses on alternate days in Mx-Cre transgenic 
mice24. 
 
DFCI IACUC reviewed, authorized and monitors the mouse work used during this study. 
 
Additional methods are enclosed in the supplementary information. 
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Results 

Identification of synthetic lethal vulnerabilities in Tet2 deficient HSPCs 

We generated a library of 12727 single guide RNAs (sgRNAs) targeting 2055 genes (6 
sgRNAs per gene) identified as putative epigenetic and transcription factors alongside 
354 control sgRNAs. To enable the tracking of the clonal progeny of each cell 
transduced by a lentivirus, we encoded a nucleotide-based unique molecular identifier 
(UMI) library within the sgRNA-expressing vector enabling simultaneous clonal tracing 
of each HSPC transduction event as well as identification of the corresponding 
CRISPR-Cas9 mediated genetic perturbation (Fig.1A, Supplementary Fig.1A), whereby 
clonally related descendants from the transduced HSPC would share the same UMI-
gRNA.  The size of the clone could be inferred from the variant allelic frequency 
(normalized read depth) of the detected UMI-gRNA.    
 
To investigate the genes that are selectively required for clonal fitness in Tet2 KO 
compared to WT cells, we transplanted 4 million Cas9-expressing Tet2 KO or WT 
Lineage-Sca-1+cKit+ (LSK) HSPCs, which were transduced with our UMI-labeled 
sgRNA library, into 40 lethally irradiated recipient mice. The screening platform detected 
each clone with sufficient sequencing depth, maintained adequate representation of 
library genes during transplantation, and enabled tracking of over 200,000 unique 
clones with 81-137 cells represented per sgRNA (Supplementary Fig. 1B-F). 
 
We examined bone marrow from mice at 14 weeks post-transplant, a time-point by 
which transplanted HSCs contribute to the majority of the hematopoietic system18.  We 
identified 500-2500 unique clones per mouse at this terminal analysis (Supplementary 
Fig.1G-H).  At this time-point, we quantified the number of surviving clones with sgRNA 
targeting genes compared to control sgRNAs, as a surrogate for HSC potential.  Genes 
known to cooperate with Tet2 loss to drive hematological malignancy (e.g. Bcor and 
Tet3) resulted in an increase in number of Tet2 KO clones. (Fig.1C).  BCOR loss-of-
function mutations have been identified in TET2-mutated MDS25, and Bcor deletion in 
Tet2-mutant mouse models results in MDS/MPN26.  Deletion of Tet3 has been observed 
to accelerate the development of Tet2-deficient AML in mice27.  
 
We next sought to identify genetic dependencies of Tet2 KO HSPCs.  We hypothesized 
that sgRNA-mediated gene KOs which result in a reduction in both the number (i.e. 
unique clones) and size (i.e. variant allelic frequency, related to the number of cells) 
(Supplemental figure 1A) of Tet2 KO clones as compared to WT were most likely to 
represent synthetic lethal vulnerabilities in Tet2 KO HSPCs (Fig. 1B, Supplementary Fig. 
1I, Supplementary Table 2).  We identified candidate genes which were associated with 
a reduction in number of Tet2 KO clones.  Next, we ranked these candidate genes by 
their effect on Tet2 KO clone size.  Top candidate genes identified by this strategy have 
recently been shown to contribute to myeloid neoplasia: Six128, Cdx229, Piwil430, 
Prmt531 (Fig. 1D-E, Supplementary Fig. 1I), showing remarkable predictive power to 
identify genes required for oncogenesis.  Our approach identified genetic dependencies 
in hematological cell lines annotated by the Cancer Dependency Map (DepMap)32 
(Supplementary Figure 1J).   In contrast, we found that analysis by existing pipelines 
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(MAGeCK33) misclassifies known tumor suppressor genes as potential Tet2 synthetic 
lethal candidates (Supplementary Table 3)34.  
 
Taken together, we establish the use of a UMI-barcoded CRISPR-Cas9 in vivo screen to 
enable clonal tracing over a long-term transplant, and thereby robustly identify genetic 
dependencies in Tet2 KO HSPCs.  
  

Ncoa4 KO impairs competitive transplantation advantage of Tet2 KO HSPCs 

To validate the synthetic lethal candidates identified by this screen we used CRISPR-
Cas9 to target 24 top candidate genes in CD150+CD48-CD135-LSK HSCs with an 
independent validation library of sgRNAs.  This confirmed that KO of top candidate 
genes Cdx2, Piwil4, and Ncoa4, resulted in a significant detriment to Tet2 KO HSC 
clonal competitiveness (Supplementary Fig. 2A).  Having identified and validated 
putative synthetic lethal targets of Tet2 mutant HSPCs, we sought to further investigate 
Ncoa4, a top candidate gene, whose role in both normal and Tet2-deficient HSPCs was 
previously unclear.   Specifically, we aimed to validate Ncoa4 as a synthetic lethal target 
of Tet2-mutant HSPCs and understand the underlying impact of Ncoa4 KO on Tet2 KO 
HSPC function.  We transduced Cas9-expressing Tet2 KO or WT HSCs (CD150+CD48-
CD135-LSK35) with lentiviral vectors encoding a fluorescent protein in series with Ncoa4 
or control sgRNA (Fig. 2A).  This enabled flow cytometry-based tracking of CRISPR-
Cas9 modified hematopoietic progeny.  This transplantation revealed a progressive 
reduction in peripheral blood chimerism from Ncoa4 sgRNA as compared to control 
sgRNA (Fig. 2B), which was more pronounced in Tet2 KO than WT.   
 
We next sought to validate the CRISPR-Cas9 screen results by using a transgenic 

Ncoa4 KO mouse model36.  We first used a Cre recombinase regulated by the Vav 

promoter; which enabled excision of Ncoa4 and/or Tet2 starting from the earliest fetal 

hematopoietic compartments37 (Fig. 2C).  By 12 weeks, the expansion of Tet2 KO blood 

cells relative to WT cells was reduced in the setting of Tet2; Ncoa4 double KO (Fig. 2D, 

Supplementary Fig. 2B).  However, there was a reduction in differences in peripheral 

blood and bone marrow expansion capacity between Ncoa4 KO; Tet2 KO and Tet2 KO 

in the Vav-Cre driven system at 16 weeks, possibly due to compensatory CD71 

upregulation (Figure 2D and Supplementary Figure 2C-D).  Despite this compensation, 

in a secondary transplantation of whole bone marrow, Tet2; Ncoa4 double KO had 

reduced repopulating capacity compared to Tet2 KO alone (Fig. 2E, Supplementary 

figure 2D), demonstrating a long-term functional deficit in Tet2; Ncoa4 double KO as 

compared to Tet2 KO HSPCs. 

 

We hypothesized that acute loss of Ncoa4, without developmental compensation, would 

more closely reflect the findings from the CRISPR-Cas9 screen.  Therefore, we used a 

Cre recombinase under the Mx promoter (Mx-Cre), which results in the deletion of Tet2, 

Ncoa4, or both following injections of poly(I:C).  In a transplantation experiment, bone 

marrow from WT, Tet2 KO, Ncoa4 KO or Tet2 KO; Ncoa4 KO was competed against WT 

in a 20:80 ratio (Fig. 2F).  Following excision of Ncoa4, Tet2 KO peripheral blood 
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chimerism was significantly reduced compared to Tet2 KO alone in both myeloid and 

lymphoid fractions (Fig. 2G). Consistent with this observation, this reduction in 

Tet2;Ncoa4 double KO as compared to Tet2 KO, was seen in the lineage negative and 

HSC fractions of the bone marrow (Fig. 2H).  

 
We performed single-cell RNA-sequencing (scRNAseq) on sorted LSK HSPCs 
containing non-targeting control or Ncoa4 sgRNAs, to understand the transcriptional 
effects of Ncoa4 KO on Tet2 KO HSPCs.  First, we confirmed our observations from the 
MxCre transgenic, by flow cytometry35, that there was a reduction of HSCs 
(CD150+CD48-CD135-LSK) expressing Ncoa4 gRNA compared to control gRNA (Fig. 
2I, Supplementary Fig. 2F).  Conversely, Tet2 KO, but not WT myeloid biased 
multipotent progenitors (MPPs; CD150-CD48+CD135-LSK) increased in number when 
expressing Ncoa4 gRNA as compared to control gRNA (Supplementary Fig. 2G). No 
significant differences in erythroid progenitors were observed in the bone marrow 
transplantations of WT or Tet2 KO Cas9 expressing HSCs transduced with Ncoa4 
gRNAs (Supplementary Fig. 2H-I).  Cells expressing Ncoa4 gRNA exhibited lower 
Ncoa4 expression, consistent with CRISPR-Cas9 KO (Supplementary Fig. 2J).  
Pseudo-time analysis positioned HSCs and progenitor cells along the established 
differentiation trajectory in both WT and Tet2 KO HSPCs, with and without Ncoa4 
loss38,39 (Fig. 2J). Consistent with previously reported HSC markers, Tcf15-expressing 
HSCs resided at the earliest pseudo-time, followed by cells expressing other HSPC 
markers such as Cd34, Hlf, Flt3 and Kit (Supplementary Fig. 2K)40-42. HSPCs further 
along the pseudo-time trajectory expressed surface markers such as Fcgcr343, known to 
be enriched in myeloid progenitors (Supplementary Fig. 2K). Quantification of cells with 
early pseudo-time signatures revealed that Ncoa4 loss resulted in a relative decrease in 
HSCs and a relative increase in progenitor cells, with these effects being more 
pronounced in Tet2 KO mice (Supplementary Fig. 2L-M). Similarly, Ncoa4 loss in Tet2 
KO HSPCs reduced the expression of stem cell gene signatures, to a greater degree 
than that which is seen in WT HSPCs (Fig. 2K-L, supplementary Fig.2N).  In contrast to 
these differences in differentiation between Ncoa4 KO and WT cells, there was no 
increase in apoptosis following CRISPR-Cas9 mediated KO of Ncoa4 in WT or Tet2 KO 
HSCs (Supplementary Fig. 2O-Q). 
 
In summary, both CRISPR-Cas9 and Cre recombinase-mediated deletion of Ncoa4 
diminished the competitive fitness of Tet2 mutant hematopoiesis. Acute depletion of 
Ncoa4 by CRISPR-Cas9 or a Mx promoter drivenCre recombinase reduces HSC 
numbers in Tet2 mutant cells, as observed by flow cytometry and single cell RNA-seq. 
 

Ferritinophagy-dependent labile iron flux is increased in Tet2 KO HSPCs 

Excess intracellular iron is toxic due to increased oxidative stress (e.g. iron-mediated 

lipid oxidation leading to ferroptosis)44; thus, intracellular iron homeostasis is tightly 

regulated.  Excess labile iron (Fe2+) is stored in ferritin and is released in response to 

cellular demands by lysosomal degradation of ferritin45, a process known as 

ferritinophagy.  NCOA4 is an adapter for ferritin heavy chain (FTH1), directing FTH1 to 

autophagosomes resulting in release of labile iron (Fe2+) following lysosomal 
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degradation of their contents45,46.  The selective reliance of Tet2 KO HSPCs on Ncoa4 

suggests that the Tet2 KO cells have a greater requirement for labile iron. To test this 

hypothesis, we examined whether iron availability selectively impacts Tet2 KO cell 

growth compared to WT cells.  To examine this question in vitro, we used Tet2 KO and 

WT HSPCs immortalized by exogenous expression of a Hoxb8-ER fusion47.  We found 

that the selective growth advantage of Tet2 KO Hoxb8-ER relative to WT cells was 

dependent on abundant iron availability in the media (Fig. 3A).   

 

Based on the selective dependency of Tet2 KO cells on Ncoa4 and iron availability, we 

hypothesized that Tet2 KO cells have increased ferritinophagy to maintain labile iron 

availability.  We assessed ferritinophagy by measuring FTH1 protein levels, including 

the lysosomal-processed FTH1 product, at steady state and in response to either 

activators or inhibitors of ferritin degradation (iron chelation or lysosomal protease 

inhibitors, respectively) (Fig.3B).   As expected, the lysosomal cathepsin inhibitor E64D 

decreased the lysosomal-processed FTH1 product46, both at steady-state and after 

FTH1 degradation stimulated by iron chelation (deferoxamine; DFO) (Fig. 3B, 

Supplementary Fig. 3A).  We found an increase in the lysosome-degraded form of 

FTH1, consistent with a higher level of ferritinophagy, in Tet2 KO Hoxb8-ER HSPCs 

compared to WT cells (Fig.3B).  

 

An increase in lysosomal degradation of FTH1 should result in greater labile iron (Fe2+) 

release48.  To test this, we isolated primary WT and Tet2 KO HSCs and used an 

intracellular dye to measure labile iron concentration, with or without DFO treatment to 

control for the dye specificity.  We observed in primary Tet2 KO HSCs and HSPCs an 

increase in intracellular labile iron compared to WT, which was dependent on iron 

chelation (Fig. 3C and Supplementary Fig. 3B). To confirm that intracellular 

ferritinophagy via Ncoa4 is a major source of labile iron in Tet2 KO, we knocked down 

Ncoa4 using shRNA, which reduced lysosomal degradation of FTH1 and labile iron pool 

(Supplementary Fig. 3C-E)48.  Recovery of HSC expansion and peripheral blood 

chimerism by week 16 in our VavCre dependent Ncoa4 KO system, which results in 

fetal hematopoietic KO of both Tet2 and Ncoa4 (Fig. 2C-D)49, was associated with an 

increased expression of the transferrin receptor (CD7150) in HSCs and HSPCs 

(Supplementary Fig. 2C-D).  This suggested increased iron uptake followed Ncoa4 KO 

to maintain the labile iron demand in Tet2 KO HSPCs. 

 

Following ferritin degradation, intracellular iron is released from lysosomes.  We sought 

to manipulate labile iron release from lysosomes in vivo to investigate whether this 

mimics the effects of Ncoa4 KO on Tet2 mutant hematopoiesis.  Lysosomal iron release 

can be inhibited with ironomycin, which sequesters iron in lysosomes both in vitro and in 

vivo51 (Supplementary Fig. 3F-G).  To investigate whether ironomycin has a greater 

effect on Tet2 KO HSPCs as compared to WT, we competitively transplanted Tet2 KO 

and WT bone marrow at a 20:80 ratio into lethally irradiated recipient mice and 

monitored engraftment.  Following engraftment, recipient mice were treated with a 4-
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week intra-peritoneal course of ironomycin (3mg/kg) or vehicle control52 (Fig. 3D).  

Inhibition of lysosomal iron release by ironomycin reduced Tet2 KO expansion in 

myeloid but not lymphoid compartments (Fig. 3E, Supplementary Fig. 3H-I), consistent 

with results from our Tet2; Ncoa4 double KO VavCre system.  Tet2 KO Lin-Sca1+cKit+ 

HSPC chimerism decreased in mice treated with ironomycin as compared to control 

(Fig. 3F). 

 

Taken together, we demonstrate that the increased cell growth of Tet2 KO relative to WT 

cells is dependent on iron availability.  Ncoa4 regulates intracellular labile iron, depletion 

of iron decreases the competitive growth of Tet2 KO cells, and Tet2 KO HSPCs have 

elevated iron levels and increased ferritinophagy compared to WT cells.  Pharmacologic 

inhibition of lysosomal iron release, an alternative mechanism to decrease labile iron 

availability, phenocopied loss of Ncoa4, decreasing the competitive advantage of Tet2 

KO HSPCs. 

 

Ferritinophagy maintains increased mitochondrial ATP production in Tet2 KO as 
compared to WT HSPCs 

We next sought to identify specific cellular processes that increase iron demand in Tet2 

KO HSPCs compared to WT.  We compared scRNA-seq results between WT and Tet2 

KO LSKs transduced with control sgRNA for hematopoietic cells at similar differentiation 

states in the earliest pseudo-time clusters. Gene set enrichment analysis in Tet2 KO 

versus WT HSCs revealed increased expression of oxidative phosphorylation, 

mitochondrial, and PGC-1alpha gene sets (Fig. 4A-B)53.  

 

To complement the analysis of gene sets enriched in Tet2 KO cells, we performed an in 

vivo genetic screen using our UMI-labelled CRISPR-Cas9 screening platform with a 

curated library of 4440 sgRNAs targeting 1032 genes related to iron homeostasis and 

mitochondrial function.  The screen highlighted Steap3, a ferri-reductase that converts 

Fe3+ to labile Fe2+, as one of the top dependencies for Tet2 KO expansion (Fig. 4C-D, 

Supplemental Figure 4A).  Additionally, genes involved in mitochondrial respiration 

(Idh3g) and mitochondrial translation (Mief1) were selectively required for clonal 

advantage of Tet2 KO relative to WT cells (Fig. 4C-D). These findings provide further 

evidence that Tet2 KO clonal fitness is selectively dependent on labile iron homeostasis 

and mitochondrial function54. 

 

Given the selective dependence of Tet2 KO HSPCs on mitochondrial synthesis and 

function, we hypothesized that Tet2 KO and WT HSPCs might exhibit differences in 

mitochondrial morphology. Using transmission electron microscopy (TEM), we 

examined mitochondrial features in WT and Tet2 KO LSK HSPCs, specifically focusing 

on mitochondrial cristae morphology. Cristae, the location of the respiratory electron 

transport chain (ETC), adapt to meet the cell’s metabolic demands and these 

morphological adaptations define cellular respiratory capacity.55-59 Indicative of 
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increased mitochondrial respiration, Tet2 KO HSPCs and Hoxb8-ER cells had higher 

cristae density than that of WT (Fig. 4E-F, Supplementary Fig. 4B).  Given that the 

competitive advantage of Tet2 KO HSPCs is iron dependent, we investigated whether 

cristae density in Tet2 KO Hoxb8-ER cells could be reversed by inhibiting ferritinophagy.  

Both Ncoa4 shRNA knockdown and ironomycin treatment reduced the cristae density of 

Tet2 KO Hoxb8-ER cells to that of WT cells (Fig.4F, Supplementary Fig. 4B). 

 

To determine if this mitochondrial difference seen in HSPCs extend to HSCs (CD135-

CD34-CD48-CD150+LSK), we stained mitochondria in WT and Tet2 KO HSCs. 3D-

Structured-Illumination Microscopy (SIM) images were analysed via a validated 

pipeline60-62 demonstrating that Tet2 KO HSCs have increased mitochondrial volume 

compared to WT (Fig. 4G). Finally, quantitative PCR measurement of mitochondrial 

DNA suggested increased mitochondrial mass in Tet2 KO as compared to WT Hoxb8-

ER cells (Supplementary Fig. 4C)63. 

 

To assess whether these phenotypic changes corresponded to functional increases in 

mitochondrial ATP production, we performed mitostress Seahorse assays. Mitochondrial 

ATP production in Tet2 KO Hoxb8 HSPCs was markedly increased compared to WT.  

Once again, this could be reversed with Ncoa4 knockdown or ironomycin treatment 

(Fig. 4H, Supplementary Fig. 4D-E).  This finding demonstrates that mitochondrial ATP 

production, in addition to mitochondrial cristae density, is increased in Tet2 KO cells. 

 

We next sought to determine whether the increase in mitochondrial ATP production 

observed in Tet2 KO HSPCs is conserved in human HSPCs. Using human umbilical 

cord blood CD34+ HSPCs, we edited the genomic loci at either TET2 or control site 

(AAVS1) using a Cas9-ribonucleotide protein sgRNA complex. To mark CD34+ HSPCs 

with successful TET2 editing, an adenovirus vector encoding a fluorescent reporter 

(mNeonGreen) and a sequence with homology to the edited genomic sites was 

introduced. This allowed integration of the gene encoding a fluorescent protein at the 

CRISPR edited site via homologous recombination64.  We performed mitostress 

Seahorse assay on the purified, successfully edited control or TET2 mutated HSPCs.  

Consistent with the findings in murine cells, human CD34+ cells with an edited TET2 

locus had an elevated mitochondrial ATP production rate (Fig. 4I, Supplementary figure 

F).  Inhibition of ferritinophagy using ironomycin reduced the increase in mitochondrial 

ATP production seen in TET2 mutant human CD34+ cord blood cells (Figure 4J). 

 

In summary, in Tet2 KO HSPCs, we observed increased mitochondria cristae density 

and mass correlating with a ferritinophagy-dependent increase in mitochondrial ATP 

production. We note that this ferritinophagy- dependent increase in mitochondrial ATP 

production was also conserved in human CD34+ HSPCs with TET2 mutations. 
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Discussion 

We utilized a large-scale barcoded CRISPR/Cas9 screening platform to perform clonally 

tracked genetic perturbations in HSPCs over long-term transplantation, thereby 

identifying selective dependencies of Tet2 KO HSPCs.  We identified Ncoa4 as a 

vulnerability in our model of Tet2-deficient CHIP.  NCOA4 is an adaptor protein which 

directs ferritin to lysosomes, resulting in autophagy-dependent degradation 

(ferritinophagy).  Our data suggests Tet2 KO HSPCs have increased ferritinophagic flux 

and an expanded labile iron (Fe2+) pool, which is acutely inhibited by Ncoa4 

knockdown. Through microscopy, genetic perturbations, and mitochondrial assays, we 

demonstrate that Tet2 deficient HSPCs have increased mitochondrial demand in 

comparison to WT, and that reducing ferritinophagic flux and labile iron content, either 

through Ncoa4 knockdown or ironomycin treatment, reduce mitochondrial ATP 

production in Tet2 KO cells. 

 

Utilizing nucleotide-based unique molecular identifiers (UMIs), we were able to track 

stem and progenitor cells clonally in a large-scale in vivo CRISPR/Cas9 KO screen.  

Our screens demonstrate the capability of this strategy to study stem and progenitor cell 

biology, which requires long-term tracking of clonal dynamics. For example, by 

conventional analysis, HSPCs with genetic perturbations against known cancer genetic 

drivers (e.g. Dnmt3a) are mistakenly identified as deleterious to stem-progenitor 

function because they increase stem cell renewal65 and reduce proliferation during 

hematopoietic differentiation (Supplemental Table 3).  The tracking of clonal growth over 

long-term transplantation using barcodes enables the identification of true genetic 

dependencies by tracking malignant clones with late clonal growth.  Other putative 

targets requiring further validation may provide novel insights into Tet2 mutant HSPC 

biology (Supplemental Table 2). Our ability to identify an important regulator of iron 

homeostasis as a dependency in HSPCs was contingent on performing this screen in 

vivo, where local iron availability in the HSC niche is dependent on BM macrophages66. 

Prior CRISPR-Cas9 screens in primary HSPCs have been predominantly limited to in 

vitro settings67 or to smaller sgRNA libraries40.  Recent work which is complementary to 

our approach has utilized an in vivo CRISPR-Cas9 screen to assess genetic 

perturbations and single cell transcriptomics simultaneously (Perturb-seq)68.  Efforts to 

understand clonal dynamics using nucleotide barcoded CRISPR-Cas9 screen in vivo 

have been applied to more differentiated cells such as T-cells69.  The ability to track 

clonal growth in vivo has many potential applications including tracking clonal infiltration 

into tumors and tissues, and to study normal and malignant cell biology in a 

physiological setting. 

 

We identified labile iron (Fe2+) as a dependency for the competitive advantage of Tet2 

KO HSPCs, which exhibit increased HSC self-renewal5 and clonal expansion in CHIP2.  

The importance of iron availability in maintaining HSCs have been recently 

recognised66,70.  Ncoa4 plays a central role in maintaining this iron dependency by 

mediating ferritinophagy, the autophagy-dependent degradation of ferritin that releases 
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Fe2+. We confirmed that inhibition of ferritinophagy, either genetically, by Ncoa4 KO, or 

pharmacologically, with ironomycin, reduced Tet2 KO HSC numbers relative to WT 

HSCs. Our observations that reducing iron availability through Ncoa4 inhibition reverses 

the mitochondrial phenotype seen in Tet2 KO cells is consistent with a prior study in 

pancreatic cancer showing that NCOA4 knockdown downregulates mitochondrial iron-

sulfur cluster-containing proteins, which are important for the electron transport chain 

and mitochondrial respiration48. The dependency on ferritinophagy observed in Tet2-

mutant CHIP in our study and in recent work in primary human AML stem cells71 

suggests that ferritinophagy is a dependency across myeloid malignancies.  Although 

iron overload is commonly observed in MDS, Ncoa4 is overexpressed in bone marrow 

stem and progenitor cells from MDS patients compared to healthy individuals72, 

highlighting a persistent demand for labile iron and iron chelation appears to improve 

event-free survival in individuals with MDS73.  Agents that inhibit NCOA4 activity are in 

development for clinical use74. 

 

A striking finding of this study is the difference in mitochondrial morphology and function 

between Tet2 KO and WT HSPCs. Tet2 KO HSPCs exhibit increased mitochondrial size 

and cristae density, compared to WT.  Experimental evidence suggests that inhibiting 

mitochondrial fusion is sufficient to decrease cellular proliferation75, indicating a possible 

link between Tet2 KO clonal outgrowth and its mitochondrial morphology.  Our functional 

findings are consistent with the observation of increased oxidative phosphorylation gene 

expression program in HSCs from patients with TET2 mutated CHIP compared to 

healthy individuals76.  

 

In summary, we identified genetic dependencies of Tet2 KO stem and progenitor cells 

using a large UMI-barcoded CRISPR-Cas9 in vivo screen.  We describe an important 

role for Ncoa4-mediated ferritinophagy, linked to increased iron utilization for 

mitochondrial ATP metabolism in stem cells, as a mechanism that aids clonal advantage 

in CHIP and myeloid malignancies. 
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Figure legends 
 
 

Figure 1 - A unique molecular identifier barcoded in vivo CRISPR-Cas9 screen 
identifies synthetic lethal targets of Tet2 knockout driven expansion of 
hematopoietic stem and progenitor cells 

 
A) Nucleotide encoded unique molecular identifier (UMI) linked to a single guide RNA 
(sgRNA) expression cassette in a lentiviral vector allows clonal tracing post-
transduction.  Lentiviral Infection of wildtype (WT) or Tet2 knockout (KO) Cas9 
expressing murine Lin-Sca1+cKit+ (LSK) hematopoietic stem progenitor cells (HSPCs) 
were harvested 14 weeks (wk) after transplantation into lethally irradiated (IR) 
recipients.  LTR, long-terminal repeat; BM, bone marrow. 
 
B) Analysis strategy to identify genetic dependencies of Tet2 KO HSPC growth following 
UMI-based in vivo screening. 
 

C-D) Results of the pooled CRISPR-Cas9 KO screen in Tet2 KO and WT HSPCs.   
C) Candidate genes result in a reduced number of Tet2 KO clones as compared to WT.  
P-value was obtained using a Fisher’s exact test comparing the number of clones 
containing non-targeting sgRNAs compared to the number of clones containing gene-
specific sgRNAs in WT versus Tet2 KO.   
D) Genes with greater persisting clones in WT (Tet2 KO – WT clone numbers > 50), 
were subsequently ranked by Tet2 KO-specific decrease in clone size (variant allelic 
frequency; VAF) at 14 weeks and VAF differences were assessed by a Welch’s t-test.  
Row normalized by Z-score.  All p-values were adjusted for multiple hypothesis testing 
via FDR. LSK, Lineage-Sca1+cKit+; FDR, false discovery rate.  

 
E) Examination of clone numbers and VAF for the top Tet2 KO specific target genes 
identified in the CRISPR-Cas9 screen.  Welch’s t test: n.s. non-significant, *<0.01 
,**<0.001, ***<0.0001. 
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Figure 2 - Ncoa4 knockout impair Tet2 KO competitive advantage in mouse 
transplant models 
 

A) Competitive transplantation of Cas9 expressing WT or Tet2 KO hematopoietic stem cells 
(HSCs) (CD150+CD135-CD48-Lin-Sca1+Kit+) transduced with sgRNA targeting Ncoa4 (sgNcoa4) 
or non-targeting control (sgNTG).  Lentiviral vector expresses a fluorescent protein, 

enabling tracing of transduced hematopoietic progeny.  IR; irradiated, WT; wildtype, KO; 
knockout.  
 

B) Serial peripheral blood flow cytometric analysis after transplantation of WT or Tet2 KO cells 
containing blue-fluorescent protein (BFP) labelled sgNTG or red-fluorescent protein (RFP) 
labelled sgNcoa4. Results were normalized to percentage of BFP-labelled cells expressing 
sgNTG.  Significance test by two-way ANOVA. Bars showing mean with SEM (standard 

error of the mean). N = 9-10 mice per arm. 
 
C) Competition experiment between Vav-Cre+;Cd45.1/2 control cells against either Tet2 
fl/fl Vav-Cre+;Cd45.2 (Tet2 KO), Ncoa4 fl/fl Vav-Cre+;Cd45.2 (Ncoa4 KO), Tet2 fl/fl 
Ncoa4 fl/fl Cd45.2 (Tet2 KO Ncoa4 KO) or wild-type (WT) Vav-Cre+;Cd45.2 BM cells 
transplanted at a 80:20 (WT: competitor) ratio, injected into lethally irradiated Cd45.1 
recipients. 
 
D) CD45.2 chimerism analysis from peripheral blood at each time point, as a 
percentage of total donor (CD45.2 and CD45.1/CD45.2) in mice transplanted with Vav-
Cre transgenic mice as per C).  Bars showing mean with SEM. N = 18-20 mice per arm.  
Unpaired t-test between Tet2 KO and Tet2 KO Ncoa4 KO, * <0.01; **<0.001. 
 
E) Transplant of whole BM from primary Vav-Cre transgenic mice (from Figure 2C) into 
secondary recipients.  Peripheral blood analysis of whole BM based on CD45 
chimerism.   Bars showing mean with SEM. N = 5 mice per arm. 
 
F) Competition experiment between Mx-Cre+;Cd45.1/2 control against either Tet2 fl/fl 
Mx-Cre+;Cd45.2 (Tet2 KO), Ncoa4 fl/fl Mx-Cre+;Cd45.2 (Ncoa4 KO), Tet2 fl/fl Ncoa4 fl/fl 
Cd45.2 (Tet2 KO Ncoa4 KO) or wild-type (WT) Mx-Cre+;Cd45.2 BM cells. BM 
transplanted at a 80:20 (WT: competitor) ratio into lethally irradiated Cd45.1 recipients.  
pIpC injections 10mg/kg i.p. on alternate days for 3 doses. 
 
G) CD45.2 chimerism analysis from peripheral blood at each time point, as a 
percentage of total donor (CD45.2 and CD45.1/CD45.2) from F).  Bars showing mean 
with SEM. N = 17-20 mice per arm.  Unpaired t-test between Tet2 fl/fl and Tet2 fl/fl; 
Ncoa4 fl/fl.  Dashed line demarcates the start of pIpC injections. 
 
H) CD45 chimerism in lineage negative (Lin-), Lin-cKit+ (LK), Lin-Sca1+cKit+ (LSK) and 
CD150+CD48-LSK (HSC) BM fractions from Mx-Cre transgenic mice from 2F) at 11 
weeks post-transplant.  N=9-10 mice per arm.  Unpaired t-test between genotypes 
indicated.   
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I )Flow cytometric analysis of HSC and multipotent progenitor (MPP) BM populations 
from mice transplanted with Cas9-expressing WT or Tet2 KO HSCs infected with either 

sgNcoa4 or sgNTG.  Results were normalized to percentage of cells expressing sgNTG.  Flow 

gating strategy depicted in Supplementary Figure 2F. Unpaired t-test, bars showing 
mean with SEM.  Each point represents an individual mouse. N = 7-10 mice per arm. 
 
J) Pseudo-time trajectory of WT or Tet2 KO Cas9 LSK HSPCs transduced with control 
or Ncoa4 gRNAs. Analysis was performed using Monocle3.  Pseudo-time trajectory 
annotation with expression of stem and HSPC markers are highlighted in 
Supplementary Figure 2K. 
 
K) Using cell clusters at the top of the pseudo-time trajectory (blue label), which 
excludes differentiated Fcgcr3+ progenitors, gene set enrichment analysis (GSEA) was 
performed using all of C2 Molecular Signatures Database77. Tet2 KO HSPCs 
transduced with control non-targeting gRNAs (gNTG) were compared to Tet2 KO 
HSPCs transduced with Ncoa4 gRNAs (gNcoa4). This revealed enrichment of gene 
sets expressed in stem cell (red) and leukemia (orange) signatures. 
 
L) Highlighted HSPC gene sets enriched in sgNTG as compared to sgNcoa4 
transduced Tet2 KO HSPCs. 
 
 

Figure 3 - Expansion of Tet2 knockout hematopoietic stem and progenitor cells 
(HSPCs) are dependent on lysosomal dependent ferritinophagy 

 
A) Tet2 fl/fl; Vav-Cre+ (Tet2 KO) compared to Vav-Cre+ (WT) Hoxb8-ER immortalized 
HSPC have increased growth after 4 days in RPMI+10% fetal calf serum (FCS), but not 

in 1% FCS unless supplemented with ferric ammonium citrate (FAC) (100M). N = 6. 
 
B) Immunoblot of WT and Tet2 KO Hoxb8-ER HSPC treated with deferoxamine (DFO) 

50M, and/or E64D lysosomal protease inhibitor 2g/ml for 16 hours. Immunoblot with 
ferritin heavy chain (FTH1) and β-Actin antibody.  Dashed line: total FTH1 protein, solid 
line: lysosomal degraded FTH1 product46. Fold change quantification of lysosomal 
degraded FTH1 product, normalized to Beta-Actin and untreated WT cells.  N = 3. 
 
C)  Cytoplasmic Fe2+ pool in HSC from Tet2 KO as compared to WT.  Median 
fluorescent intensity of labile iron stain relative to untreated WT. Cells either treated with 

DFO at 50M or vehicle control during concurrent staining, to demonstrate specificity of 
labile iron stain. Each dot represents an individual mouse.  Gating strategy as per 
Supplementary Figure 2F.  Representative flow cytometry histogram of HSCs from WT 
or Tet2 KO mice. N = 7. 
 
D) Schematic of a competition experiment between WT or Tet2 KO CD45.2+ (20% 
composition) vs. WT CD45.1+/CD45.2+ control (80% composition) BM cells 
transplanted into lethally irradiated (IR) CD45.1 recipients.  Following engraftment at 4 
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weeks (wk), mice were treated with 4-week treatment of ironomycin (3mg/kg i.p.  5 days 
per week) vs vehicle prior to harvest for peripheral blood and BM. 
 
E-F) 
E) Peripheral blood analysis of whole blood and CD11b compartments and F) BM 
analysis of CD45.2+ Tet2 KO and CD45.1+/CD45.2+ WT donor chimerism following 4-
week treatment of either ironomycin or vehicle control.  Each point represents an 
individual mouse. N=12-15 per arm. 
 
Bars show mean with SEM, with unpaired t-test used unless otherwise specified.  
 

Figure 4 - Increased Mitochondrial ATP production in Tet2 KO HSPCs is 
dependent on ferritinophagy 

 
A) Using cell clusters at the top of the pseudo-time trajectory (blue label) (from Figure 
2J), which excludes Fcgcr3+ differentiated progenitors, GSEA was performed 
comparing WT vs Tet2 KO HSPCs using all of C2 Molecular Signatures Database. 
(Subramanian, Tamayo, et al. PNAS 2005). This revealed enrichment of gene sets 
involved in mitochondrial function (green) and oxidative phosphorylation (purple). 
 
B) Highlighted mitochondrial and oxidative phosphorylation gene sets comparing WT vs 
Tet2 KO HSPCs. 
 
C) Targeted CRISPR screen using mitochondrial and iron homeostasis regulatory genes 
in WT and Tet2 KO Cas9 LSK HSPCs.  Tet2 KO HSPCs exhibit genetic dependency to 
regulators of iron, mitochondrial respiration, and translation.  Highlighted genes have 
false-discovery rate (FDR) < 0.25, WT / Tet2 KO persisting clone differences > 2, and 
WT / Tet2 KO VAF > 1. 
 
D) Doxycycline inducible Cas9 expressing WT or Tet2 fl/fl Vav1-Cre (Tet2 KO) in Hoxb8 

HSPC system transduced with either control sgRNA (NTG), or C) Steap3 targeting 

sgRNA (sg1 and sg2) or Idh3g targeting sgRNA (sg1 and sg2).  Growth relative to no 

doxycycline treated cells at 4 days. N=5.  Bars showing mean+/-SEM, unpaired t-test. 

 
E) Transmission electron microscopy (TEM) of primary WT and Tet2 KO Lin-Sca1+cKit+ 
(LSK) HSPCs.  Cristae number normalized to length of mitochondria.  Scale bar = 
500nM.  N=50-57 mitochondria from 5 mice per genotype.  Mean and SEM displayed 
with results of unpaired t-test.   
 
F) TEM of WT and Tet2 KO Hoxb8 with either control shRNA, Ncoa4 shRNA or 
Ironomycin treatment 50nM for 48hrs.  Images in Supplementary Fig 4A.  Cristae 
number was normalized to the length of mitochondria.  N=30-71 mitochondria per 
experimental condition. Mean and SEM displayed with results of unpaired t-test. 
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G). Mitochondrial staining of primary WT and Tet2 KO CD135-CD48-CD34-CD150+ 

hematopoietic stem cells (HSCs).  Scale bar = 5M.  Representative slice from 3D-
Structured-Illumination Microscopy (SIM) image shown.  Quantification of mean volume 
divided by counted mitochondria.  Bars showing mean+/-SEM, with unpaired t-test.  
Each dot represents analysis of individual cell from 5 mice per genotype. 
 
H). Representative Mitostress Seahorse assay of WT and Tet2 KO Hoxb8 treated with 
either vehicle (DMSO) or ironomycin (50nM) for 48hrs.  Oligo: oligomycin, AMA/Rot: 
Antimycin A/Rotenone, FCCP: Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone.  
Quantification of mitochondrial and glycolytic ATP production shown in Supplementary 
Fig 4. 
 
I)  Primary human CD34+ umbilical cord HSPCs were transfected with either AAVS1 or 
TET2 (sg1 and sg2) gRNA- CRISPR-Cas9 ribonucleoprotein (RNP) complexes.  
Adenovirus encoding mNeon-green sequence with adjoining DNA sequence 
homologous to edited loci, results in integration at targeted genes. After sorting 
successfully edited cells via fluorescent expression, cells were analyzed with Mitostress 
Seahorse assay.   Mitochondrial ATP production rate derived from oxygen consumption 
rate (OCR) and extracellular acidification rate (ECAR). N=7.  KI, knock-in. 
 
J)  Primary human CD34 HSPCs transfected with either AAVS1 or TET2 targeting 
gRNA were treated with either DMSO (Vehicle) or Ironomycin 200nM for 48hrs.  N=2-6.  
Mean, SEM displayed with results of unpaired t-test. 
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Identification of genetic dependencies in  
Tet2 KO hematopoietic stem progenitor cells (HSPC) 

. 

Conclusions:  

1) Barcoded in vivo CRISPR-Cas9 knockout screen identify Ncoa4 as a dependency in Tet2 
mutant hematopoietic stem-progenitor cells. 

2) In Tet2 mutant stem-progenitor cells, Ncoa4-mediated ferritinophagy maintains iron 
availability for increased mitochondrial ATP production. 

Loke, Kim et al. DOI: 10.xxxx/blood.2024xxxxxx 

Context of Research 
Genetic screens can identify selective dependencies in somatically 

mutated cells. Tet2 knockout (KO) expand more rapidly than 

wildtype hematopoietic stem and progenitor cell (HSPC). 

Aim of This Study 
To develop a CRISPR-Cas9 screening method for in vivo 

application, in order to identify regulators of Tet2 KO HSPC 

expansion.  

Findings 
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