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Systematic evaluation of AML-associated 
antigens identifies anti-U5 SNRNP200 
therapeutic antibodies for the treatment of 
acute myeloid leukemia
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Despite recent advances in the treatment of acute myeloid leukemia (AML), 
there has been limited success in targeting surface antigens in AML, in 
part due to shared expression across malignant and normal cells. Here, 
high-density immunophenotyping of AML coupled with proteogenomics 
identified unique expression of a variety of antigens, including the RNA 
helicase U5 snRNP200, on the surface of AML cells but not on normal 
hematopoietic precursors and skewed Fc receptor distribution in the AML 
immune microenvironment. Cell membrane localization of U5 snRNP200 
was linked to surface expression of the Fcγ receptor IIIA (FcγIIIA, also known 
as CD32A) and correlated with expression of interferon-regulated immune 
response genes. Anti-U5 snRNP200 antibodies engaging activating Fcγ 
receptors were efficacious across immunocompetent AML models and were 
augmented by combination with azacitidine. These data provide a roadmap 
of AML-associated antigens with Fc receptor distribution in AML and 
highlight the potential for targeting the AML cell surface using Fc-optimized 
therapeutics.

Following nearly 5 decades with few approved therapies for AML, the 
past 5 years have brought stellar progress, with the US Food and Drug 
Administration (FDA) approving several new therapies for patients 
with AML1,2. Despite these advances, 5-year survival for most adult 
patients with AML is less than 10%, illustrating the need for improved 
therapeutic approaches. While immunotherapies have revolution-
ized the treatment of many cancers, to date there are no effective 
immunotherapeutic agents for most patients with AML. One major 

challenge in developing antibody-based immunotherapies for AML, 
including therapeutic antibodies, antibody–drug conjugates and 
chimeric antigen receptor (CAR) T cells, has been identifying target 
antigens that effectively discriminate malignant cells from normal 
primitive hematopoietic stem and progenitor cells (HSPCs). This 
problematic ‘on-target off-tumor’ effect is illustrated by toxicities in 
patients with AML treated with therapies targeting CD33 and CD123 
(refs. 3–6).

Received: 18 November 2022

Accepted: 19 September 2023

Published online: 23 October 2023

 Check for updates

A full list of affiliations appears at the end of the paper.  e-mail: ravetch@mail.rockefeller.edu; abdelwao@mskcc.org

http://www.nature.com/natcancer
https://doi.org/10.1038/s43018-023-00656-2
http://orcid.org/0000-0003-2429-2370
http://orcid.org/0000-0002-3170-839X
http://orcid.org/0000-0002-8967-4954
http://orcid.org/0000-0002-7947-6540
http://orcid.org/0000-0001-6153-8793
http://orcid.org/0000-0003-2024-9041
http://orcid.org/0000-0002-3907-6171
http://crossmark.crossref.org/dialog/?doi=10.1038/s43018-023-00656-2&domain=pdf
mailto:ravetch@mail.rockefeller.edu
mailto:abdelwao@mskcc.org


Nature Cancer | Volume 4 | December 2023 | 1675–1692 1676

Article https://doi.org/10.1038/s43018-023-00656-2

and epithelial malignancies, respectively. However, the complexity 
of the FcγR system, with both activating and inhibitory receptors 
differentially expressed on discrete immune subsets, requires map-
ping FcγR abundance on immune effector cells within the tumor 
microenvironment.

Here, we provide a precise protein-level roadmap of AML- 
associated antigens as well as FcγR expression on immune cell sub-
sets within the AML bone marrow microenvironment. In so doing, we 
describe a therapeutic antibody targeting an AML-associated antigen, 
U5 snRNP200, which we rigorously demonstrate is limited to malignant 
cells and not expressed on normal HSPCs. We demonstrate that the 
therapeutic activity of AML-targeting antibodies can be optimized by 
engineering to preferentially bind activating FcγRs and minimize inter-
action with inhibitory FcγRs. Finally, we identify that a standard-of-care 
agent in AML therapy, azacitidine, can favorably alter FcγR expres-
sion, yielding an improved ratio of activating to inhibitory receptor 
expression.

Most efforts to design antibody-based therapeutic approaches 
for AML have focused on selection of targets optimized for binding to 
Fab domains of antibodies. By contrast, optimization of therapeutic 
antibodies for AML through engineering the Fc region that engages 
with Fcγ receptors (FcγRs) on immune effector cells to elicit innate 
and adaptive anti-tumor responses has not been extensively explored. 
Modification of the antibody Fc region can guide preferential bind-
ing to FcγRs to activate signaling on immune effector cells, including 
induction of potent anti-tumor activity via antibody-dependent cellular 
cytotoxicity (ADCC) or antibody-dependent cellular phagocytosis 
as well as induction of cytotoxic CD8+ T cells following dendritic cell 
activation7,8. So far, over a dozen Fc-modified antibodies for enhanced 
FcγR binding have been approved by the FDA7,8. For example, strategies 
to enhance therapeutic efficacy through Fc-engineering modifica-
tions that increase binding to the activating CD16 receptor for the 
anti-CD20 antibody obinutuzumab7 and the anti-HER2 antibody mar-
getuximab9 have been successful in improving responses in lymphoid 
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Fig. 1 | High-density immunophenotyping of AML surface antigen expression 
identifies AML-associated antigens. a, Oncoprint summarizing AML patient 
characteristics, clinical parameters and expression of AML-associated antigens 
on bone marrow leukemic blasts. ELN, European LeukemiaNet. b, Representative 
UMAPs comparing control and age-matched AML patient bone marrow samples 
subjected to 36-parameter phenotyping. Heatmap colors indicate relative 
surface antigen expression intensity. Red dashed lines indicate unbiased 
identification of malignant blasts. c, Median fluorescent intensity (MFI) of 
surface antigen expression on normal bone marrow HSPCs (n = 7 donors) versus 
AML blasts across patients (n = 46). HSCs (Lin−CD34+CD45dimCD90+CD38−); MPP 

(Lin−CD34+CD45dimCD90−CD38−); CMP, common myeloid progenitor (Lin−CD34+

CD45RA−CD38+CD123+); GMP, granulocyte–macrophage progenitor (Lin−CD34+

CD45RA+CD38+CD123+); MEP, megakaryocyte–erythroid progenitor (Lin−CD34+

CD45RA−CD38+CD123−); P values are from the Mann–Whitney test: U5 snRNP200 
blasts versus HSCs, ***P = 0.0006; blasts versus MPPs, ***P = 0.0001; blasts 
versus CMPs, **P = 0.0016; blasts versus granulocyte–macrophage progenitors, 
**P = 0.0068; blasts versus MEPs, ***P = 0.0004; CD47+ blasts versus HSCs, 
***P = 0.0005; blasts versus MPPs, **P = 0.0022; blasts versus CMPs, *P = 0.0202; 
blasts versus MEPs, *P = 0.0101; TIM-3+ blasts versus HSCs, *P = 0.0275; blasts 
versus MPPs, **P = 0.0028; blasts versus CMPs, *P = 0.0326. Data are mean ± s.e.m.
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Collectively, these results have the potential to guide and redirect 
the design of antibody-based therapies for AML through optimization 
of both the antibody Fab and Fc regions to specifically target AML 
cells, limit off-target hematologic toxicity and maximize expression 
and engagement of activating FcγRs on immune effector cells within 
the bone marrow.

Results
U5 snRNP200 expression on AML versus normal cells
We developed a custom 36-parameter spectral flow cytometry panel 
optimized to simultaneously interrogate AML blast surface phenotype, 
normal HSPC subsets, mature immune cells and individual activating 
and inhibitory FcγRs in human bone marrow (Supplementary Table 1). 

This assay included profiling of antigens (CD123, TIM-3, CD33, CD47, 
CD90, CD38, CD25, CD70 and U5 snRNP200) being actively assessed 
in clinical trials10–12 or previously described as putative AML-associated 
antigens13–15. U5 snRNP200 was specifically included based on prior 
identification of cell surface U5 snRNP200 protein expression on AML 
cells15. In this prior study, antibodies directed against U5 snRNP200 
were identified as produced in donor B cells from patients with 
AML in long-term remission after allogeneic HSC transplantation, 
suggesting that anti-U5 snRNP200 antibodies may be responsible 
for effective graft-versus-leukemia effect. Our antibody panel was 
applied to bone marrow samples from 46 newly diagnosed clinically 
and genetically annotated adult patients with AML (Supplementary 
Table 2). This cohort represents the heterogeneous features of newly 
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Fig. 2 | Cell surface expression of U5 snRNP200 in AML and coexpression 
patterns with other AML-associated antigens. a, Histograms of MFI on live 
HSCs (live Lin−CD34+CD45dimCD90+CD38−) and lympho-primed MPP cells (LMPPs; 
live Lin−CD34+CD38−CD90−CD45RA+ cells) from normal bone marrow (blue 
lines) versus on AML leukemia stem cells (LSCs; live CD34+CD38−CD90−CD45RA+ 
cells) for five distinct patients with AML whose bulk leukemic cells express cell 
surface U5 snRNP200. b, Bubble plot summarizing surface antigen expression 
and mutation status patterns. Bubbles with dark circle outlines highlight 

patterns that reach statistical significance (that is, CD25 expression and DNMT3A 
mutations co-occur, whereas CD33 and RUNX1 mutations are mutually exclusive). 
log-transformed P values were determined by one-sided Fisher test, with positive 
values indicating positive associations and negative values indicating negative 
associations. c, Circos plot depicting coexpression between U5 snRNP200 and 
known AML-associated surface antigens on AML patient bone marrow blasts. 
d, Correlogram depicting Pearson correlation coefficients of surface antigen 
intensity on AML patient bone marrow blasts.
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Fig. 3 | Alterations in frequencies and distribution of Fc receptor expression 
on immune cell subsets in the bone marrow microenvironment of patients 
with AML. a, Schematic summary of FcγR expression across normal immune 
cell subsets. ITAM, immunoreceptor tyrosine-based activating motif; ITIM, 
immunoreceptor tyrosine-based inhibitory motif. b, Expression of activating 
receptor CD32A on monocyte populations in AML bone marrow (orange, n = 44 
patients) compared to bone marrow from unaffected donors (blue, left, n = 6 
donors) and representative flow cytometry histogram of CD32A expression on 
AML nonclassical monocytes (orange) compared to controls from unaffected 
donors (blue, right); P values are from Welch’s unpaired t-test. *P = 0.0182 
(classical monocytes), *P = 0.0193 (immature monocytes), ****P < 0.0001 (left).  
c, Expression of activating receptor CD16 on CD56dim NK cells in AML bone 
marrow (n = 44 patients) compared to bone marrow from unaffected donors 
(left, n = 6 donors) and a representative flow cytometry histogram (right);  
P values are from Welch’s unpaired t-test. ***P = 0.0002 (left). d, Inhibitory 

receptor CD32B on B cells and monocytes in AML bone marrow (n = 44 patients) 
compared to bone marrow from unaffected donors (n = 6 donors) (top) and 
representative flow cytometry histograms (bottom); P values are from Welch’s 
unpaired t-test. **P = 0.0048 (classic memory B cells) and 0.0094 (non-naive  
B cells) (top). NS, not significant. e, Representative UMAP overlay generated 
from the 36-color spectral flow cytometry panel comparing normal bone marrow 
(blue) and AML bone marrow (orange, left) and individual representative UMAPs 
depicting classical monocyte and cDC2 cell populations (each demarcated with a 
red outline) in an unaffected control donor (top) compared to a patient with AML 
(bone marrow) in whom these populations are absent (bottom). f, Quantification 
of classical monocytes and cDC2 cells in AML bone marrow (n = 49) compared 
to bone marrow from control donors (n = 7 donors); P values are from Welch’s 
unpaired t-test. **P = 0.0028 (classical monocytes), **P = 0.0014 (cDC2) and 
****P < 0.0001 (pDC). Data are mean ± s.e.m.
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diagnosed patients with AML with a median age of 58 years and with 65%  
of patients being of adverse risk, respectively, according to 2022  
European LeukemiaNet risk classification1 (Fig. 1a and Supplementary 
Table 2). The median follow-up for the cohort is 4.3 years.

Using live cell populations from bone marrow samples from six 
unaffected donors (median age, 41.5 years) and patients with AML 
as input, we generated uniform manifold approximation and projec-
tions (UMAPs) to objectively delineate the malignant blast compart-
ment from normal cell populations in an unbiased manner (Fig. 1b 
and Extended Data Fig. 1a). One of the main challenges of current  
AML antibody-based therapeutics is on-target off-tumor side effects 
due to expression of the antibody target on normal HSPCs10,16. Compari-
son of surface expression of antigens under evaluation for AML thera-
peutic targeting revealed increased abundance of CD47 (P = 0.0005), 
TIM-3 (P = 0.028) and U5 snRNP200 (P = 0.0006) on the surface  
of AML cells relative to normal hematopoietic stem cells (HSCs)  

(Lin−CD34+CD45dimCD90+CD38−) from age-matched healthy individu-
als, consistent with prior reports15,17,18 (Fig. 1c). At the same time, the 
most significant differentially expressed antigen between AML blasts 
and normal CD34+ hematopoietic precursors was U5 snRNP200, as 
this antigen (originally identified as a potential AML-specific antigen  
in prior work15) was totally absent from normal HSCs, multipotent 
progenitors (MPPs) and any downstream myeloid progenitor popula-
tion (Fig. 1c). Of note, U5 snRNP200 was present on blasts from 50%  
of newly diagnosed patients with AML. In patients with AML in whom  
U5 snRNP200 cell surface expression was detected on bulk  
CD34+ malignant cells, U5 snRNP200 was also present on immuno
phenotypically defined leukemia stem cells (Fig. 2a).

We next examined the co-occurrence of mutations with antigen 
expression on blasts in this cohort of newly diagnosed adult patients 
with AML. This revealed a statistically significant positive association 
between DNMT3A mutations and surface CD25 expression as well as a 
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significant negative association in which patients with mutations in 
RUNX1 tended to have less CD33 on AML blasts (Fig. 2b). The associa-
tion between CD33-positive blasts and NPM1 mutation was captured in 
our data despite not reaching statistical significance19,20. Importantly, 
however, there were no clear statistically significant associations 
between any genetic alterations and surface U5 snRNP200 expres-
sion in this cohort. Moreover, there was no statistically significant 
association between U5 snRNP200 cell surface expression and age at 
diagnosis, AML risk group, sex or outcome at time of analysis (living 
or deceased).

Coexpression of antigens on AML blasts was also analyzed with 
the aim of defining antigen combinations suitable for multispecific or 
bispecific antibodies or multi-antigen CAR T cell therapy, approaches 
being actively pursued in hopes of reducing on-target off-tumor side 
effects. Indeed, we observed patterns of antigen coexpression on  
AML blasts (Fig. 2c,d) including statistically significant coexpres-
sion of U5 snRNP200 with CD47 (P = 0.002) and TIM-3 (P < 0.0001), 
two antigens under evaluation using separate therapeutic antibodies  
in phase 2–3 clinical trials for patients with AML or myelodysplastic 
syndrome currently21.

Skewed Fc receptor distribution in the AML 
microenvironment
There is abundant evidence that tumor-targeting antibodies with 
Fc regions optimized to activate immune cell subsets have greater 
anti-tumor effects than antibodies that do not engage immune cell 
subsets7. However, the precise distribution of Fc receptors on immune 
cell subsets present in the AML bone marrow microenvironment has 
not previously been explored. To address this, we integrated antibodies  
specific for the activating receptors CD32A (also known as FcγRIIA)  
and CD16 (FcγRIIIA) as well as the inhibitory receptor CD32B (FcγRIIB) 
(Fig. 3a) into our custom 36-parameter flow cytometry panel. This panel 
captures all Fc receptor-expressing immune effector cells that contrib-
ute to ADCC (classical, immature and nonclassical monocytes, natu-
ral killer (NK) cells) and other immune cell populations that express 
Fc receptors (conventional, plasmacytoid and monocyte-derived 
dendritic cells as well as B cells, plasmablasts and basophils). Impor-
tantly, the strategy of generating UMAP projections overlaying samples 
from unaffected donors and patients with AML allows for unbiased 
demarcation of the malignant cell population, which can be readily 
identified on the UMAP projection and eliminated from immune cell 
analysis (Extended Data Fig. 1b,c). Exclusion of malignant AML cells 
from normal cell populations is essential, given the potential overlap 
of expression of immune cell markers on leukemic cells, which can 
compromise the integrity of manual gating strategies22 (Extended 
Data Fig. 1d).

Comparison of expression of the activating Fc receptors CD32A 
and CD16 on mature immune cells in bone marrow of unaffected indivi
duals versus those with AML revealed significant downregulation of the 
activating receptor CD32A on classical (CD14+CD16−; P = 0.02), imma-
ture (CD14+CD16+; P = 0.02) and nonclassical (CD14−CD16+; P < 0.0001) 
monocytes (Fig. 3b) as well as downregulation of activating receptor 

CD16 on CD56dim NK cells (P = 0.0002) in patients with AML (Fig. 3c). 
Furthermore, there was increased expression of the inhibitory Fc recep-
tor CD32B on classic memory B cells (CD20+CD19+IgD−; P = 0.005) 
and non-naive B cells (CD20+CD19+IgD− and CD20+CD19+IgD+CD27+; 
P = 0.009) as well as classical and nonclassical monocytes in AML mar-
row compared to those from healthy control individuals (Fig. 3d). 
Moreover, patients with AML had a significantly lower frequency of 
classical monocytes (P = 0.003), type 2 conventional dendritic cells 
(cDC2; P = 0.001) and plasmacytoid dendritic cells (P < 0.0001), cell 
types required for ADCC and antigen presentation, respectively, in 
their marrow than unaffected individuals (Fig. 3e,f). Finally, there was 
no significant difference in the frequency of T cell populations in the 
bone marrow of newly diagnosed patients with AML and unaffected 
donors, consistent with prior reports23 (Extended Data Fig. 1e).

Overall, these data identify a previously unrecognized imbalance 
in the ratio of activating to inhibitory Fc receptors in the immune 
microenvironment of AML. In particular, the adult AML bone mar-
row is characterized by a greater proportion of immune effector cells 
expressing inhibitory Fc receptors as well as fewer classical monocytes, 
cDC2 cells and plasmacytoid dendritic (pDC) cells than in unaffected 
individuals.

Surface membrane regulation of U5 snRNP200 in AML
U5 snRNP200 is an ATP-dependent RNA helicase 250 kDa in size,  
which is an essential, evolutionarily conserved core component  
of the spliceosome24. Its function and molecular mechanism have  
been exquisitely defined as serving to unwind duplex RNA formed by 
U4 and U6 small nuclear RNA required for formation of the catalytic 
spliceosome25. It was therefore unexpected that a nuclear enzyme 
involved in RNA splicing would be present on the cell membrane15.

Given that antibody-based detection of U5 snRNP200 alone may 
not reliably prove the presence of full-length U5 snRNP200 on the 
plasma membrane, we sought to rigorously validate this observa-
tion by introducing the sequence encoding a HaloTag epitope in 
frame into the sequence for the N terminus of the protein encoded 
by SNRNP200 in K562 human AML cells using CRISPR-mediated 
homology directed repair (HDR) editing (Fig. 4a,b). Subcellular 
fractionation of HaloTag knock-in K562 cell clones and controls 
followed by western blotting for HaloTag and U5 snRNP200 con-
firmed the presence of endogenous U5 snRNP200 in the nuclear 
fraction in parental K562 cells and at its full size of 250 kDa in the two 
HaloTag knock-in clones. Moreover, western blotting of lysates from 
distinct cellular compartments revealed localization of full-length 
U5 snRNP200 (as indicated by the HaloTag) on the cell membrane 
(Fig. 4c). We further confirmed localization of endogenous U5 
snRNP200 at the cell membrane using cell-impermeable fluores-
cent ligands that interact with the HaloTag (Fig. 4d). At the same 
time, the abundance of cell membrane-localized U5 snRNP200 was 
only a fraction of U5 snRNP200 present within the cell, as revealed 
by membrane-permeable fluorescent ligands that interact with  
the HaloTag (Fig. 4d). These data indicate that the N terminus of  
U5 snRNP200 is extracellular on the surface of AML cells.

Fig. 5 | Determinants of U5 snRNP200 cell surface membrane localization 
on the AML cell surface and coexpression with CD32A. a, Schema of the 
whole-genome CRISPR screen to identify genes positively and negatively 
associated with U5 snRNP200 cell surface expression on AML cells. As shown, 
the Brunello sgRNA library (via GFP+ lentivirus) was stably introduced in K562 
and U937 cells, and, subsequently, the top 10% and bottom 10% of U5 snRNP200-
surface expressing GFP+ cells were sorted for sgRNA sequencing. b, Statistically 
significant sgRNA species associated with low U5 snRNP200 expression in U937 
(y axis) and K562 (x axis) cells. RRA, robust rank aggregation. As shown, knockout 
of FCGR2A (which encodes FcγRIIA or CD32A) was significantly associated with 
low cell surface snRNP200 expression across both cell lines. c, GO analysis 
of genes required for cell surface U5 snRNP200 expression from the CRISPR 

screen in e. d, Histograms of CD32A (left) and U5 snRNP200 (right) expression 
on U937 cells following stable knockout of FCGR2A and re-expression of CD32A 
using cDNA impervious to knockout. Histogram flow cytometry plots are 
representative of five flow cytometry experiments performed using these cell 
lines. e, Heatmap depicting coexpression patterns of antigens on AML blasts 
including coexpression of U5 snRNP200 and CD32A. f, UMAP overlay comparing 
samples from unaffected donors and patients with AML for identification 
of malignant AML cells (left, isolated orange cell island) and colorimetric 
overlays of known and new AML antigens for antibody targeting (right) 
facilitate visualization of expression on AML cells versus normal cells as well as 
coexpression patterns on AML cells. SRP, signal recognition particle.
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Fig. 6 | Physical interaction of CD32A and U5 snRNP200 at the AML cell 
membrane and requirement of the CD32A transmembrane domain for 
U5 snRNP200 surface membrane localization. a, Volcano plots of proteins 
differentially enriched in immunoprecipitation of CD32A from the membrane 
followed by mass spectrometry from wild-type versus knockout K562 cells. 
Proteins displayed were identified in FCGR2A-wild-type versus FCGR2A-
knockout cells in triplicate, and values displayed are the mean of triplicate 
results. P values were derived by two-sided t-test, and P values were adjusted 
for multiple comparisons. b, Quantification of CD32A (left) and U5 snRNP200 
(right) from immunoprecipitation–mass spectrometry of membrane-bound 
CD32A from FCGR2A-wild-type versus FCGR2A-knockout K562 cells. Each 
value represents data from a single mmunoprecipitation–mass spectrometry 

experiment with three biological replicates. c, Immunoprecipitation of CD32A 
followed by western blot in the cells from a. Representative of three independent 
experiments. d, Schematic of experiments to test the requirement of CD32A and 
its transmembrane (Tm) domain in the cell surface localization of U5 snRNP200 
in 293T cells. e, Histograms of CD32A (left) and U5 snRNP200 (right) in 293T cells 
transfected with control, FCGR2A-wild-type cDNA or FCGR2A cDNA with in-frame 
deletion of the sequence for the transmembrane domain (‘CD32A ΔTm domain’). 
f, Representative flow cytometry plot of CD32A versus U5 snRNP200 surface 
expression in 293T cells transfected to express CD32A. g, Cell surface expression 
of U5 snRNP200 (right) in the cells from d gated on low versus high CD32A-
expressing cells (left). Data are mean ± s.e.m.
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Given the unexpected presence of surface membrane U5 
snRNP200, we next sought to determine the molecular regulators 
of surface U5 snRNP200 expression. We applied the genome-wide 
Brunello single-guide RNA (sgRNA) library26 to two human AML cell 
lines expressing cell surface U5 snRNP200 (K562 and U937 cells) and 
sorted the highest (top 10%) and lowest (bottom 10%) surface U5 
snRNP200-expressing populations (Fig. 5a). Sequencing of sgRNA 
species in these two populations revealed that knockout of FCGR2A, 
the gene that encodes the activating Fc receptor CD32A, was highly 
associated with loss of surface U5 snRNP200 expression in both cell 
lines (P < 0.05; Fig. 5b). Moreover, Gene Ontology (GO) analysis indi-
cated numerous genes encoding proteins required for subcellular 
protein trafficking that were also required for cell surface U5 snRNP200 
expression (Fig. 5c).

To confirm the role of CD32A in surface U5 snRNP200 expression, 
we performed flow cytometry using U937 cells with CRISPR-mediated 
stable knockout of FCGR2A using an sgRNA independent from those 
used in the CRISPR screen. Flow cytometric staining for CD32A con-
firmed diminished expression in FCGR2A-knockout cells (Fig. 5d). 
Importantly, U5 snRNP200 cell surface expression mirrored that of 
CD32A, as U5 snRNP200 cell surface abundance was also abolished 
with FCGR2A knockout. Moreover, restoration of surface CD32A expres-
sion using FCGR2A cDNA impervious to sgRNA knockout rescued both 
cell surface U5 snRNP200 and CD32A expression (Fig. 5d). Consistent 
with these cell line data, a tight association between CD32A and U5 
snRNP200 protein abundance on the surface of AML cells was also 
clear in patient specimens (Fig. 5e,f).

Given that CD32A is a known transmembrane protein, we hypoth-
esized that the cell surface association with U5 snRNP200 occurs due 
to physical association of CD32A and U5 snRNP200 in AML cells. To 
test this hypothesis, we performed immunoprecipitation of CD32A in 
cell membrane protein fractions from control and FCGR2A-knockout 
K562 cells followed by mass spectrometry. This revealed a clear inter-
action of CD32A and U5 snRNP200 in the membrane of AML cells in 
K562 cells, and the specificity of this interaction was confirmed, as U5 
snRNP200 was not detected in the cell membrane of FCGR2A-knockout 
K562 cells (Fig. 6a,b). Immunoprecipitation–mass spectrometry data 
were validated by immunoprecipitation–western blot experiments in 
which CD32A and U5 snRNP200 interacted in both the cell membrane 
and the cytoplasm. Finally, we identify that the cell membrane asso-
ciation of U5 snRNP200 is dependent on the transmembrane domain 
of CD32A (Fig. 6c). Transfection of 293T cells (which lack cell surface 
expression of CD32A or U5 snRNP200) to express CD32A resulted in 
cell surface localization of both proteins (Fig. 6d–g). In fact, the levels 
of CD32A cell surface abundance in the transfected cells was associ-
ated with cell surface U5 snRNP200 abundance. Conversely, cells 
transfected to express CD32A constructs that lack the transmembrane 
domain failed to express cell membrane U5 snRNP200 (Fig. 6e). These 
studies rigorously validate surface U5 snRNP200 expression on AML 

cells and elucidate CD32A as a key regulator of the physical association 
of U5 snRNP200 at the AML cell surface.

Upregulation of viral RNA sensing in U5 snRNP200-high AML
We next sought to evaluate the biological characteristics of AML blasts 
with upregulated cell surface U5 snRNP200. We employed cellular 
indexing of transcriptomes and epitopes by sequencing (CITE-seq)27 
to simultaneously capture surface proteomes and gene expression.  
A panel of 131 oligonucleotide-tagged antibodies, including a custom 
antibody-derived tagged (ADT) anti-U5 snRNP200 antibody, was 
applied to 11 bone marrow samples including three from age-matched 
unaffected donors and eight newly diagnosed patients with AML (Sup-
plementary Table 3). A total of 42,251 cells were mapped28–30 using gene 
expression signatures from a previously published annotated refer-
ence dataset of bone marrow samples from newly diagnosed patients 
with AML and healthy age-matched controls (Fig. 7a)31. Clusters were 
validated based on expression of lineage-specific gene expression and 
cell surface markers known to demarcate specific immune cell popu-
lations32 (Extended Data Fig. 2a) and exhibited reliable pseudotime 
estimates33 (Extended Data Fig. 2b,c), consistent with differentiative 
expectation. Samples from unaffected donors contained preserved 
normal immune cell subsets, whereas these populations were variable 
in patients with AML, consistent with previous reports32,34 (Extended 
Data Fig. 2d,e).

Projection of U5 snRNP200 ADT signals onto the UMAP cell clus-
ters confirmed the absence of U5 snRNP200 surface expression on 
HSPCs while affirming the presence of cell surface U5 snRNP200 
on AML cells (Fig. 7b). In addition, surface U5 snRNP200 was clearly 
present on B cells and a subset of NK cells (CD56dim NK cells) and 
monocytes (classical monocytes) within bone marrow of unaffected 
donors and patients with AML (Fig. 7b). The expression pattern of 
cell surface U5 snRNP200 in unaffected donors was consistent across 
CITE-seq and spectral flow cytometry in which surface U5 snRNP200 
was present on B cells (Fig. 7c, green outline), a subset of NK cells  
(Fig. 7c, yellow outline) and monocytes (Fig. 7c, orange outline) but 
not CD34+ cells (Fig. 7c, purple outline). The cell surface distribution 
of U5 snRNP200 on normal human immune cell populations from the 
bone marrow of six unaffected adult individuals is shown in Extended 
Data Fig. 3a. This expression pattern of U5 snRNP200 was conserved 
in mice, in which U5 snRNP200 was present across all bone marrow 
and spleen B cell subsets but absent on T cells and HSPC populations 
(Extended Data Fig. 3b–e). Evaluation of cell surface U5 snRNP200 
expression on adult human tissues (including skeletal muscle cells, 
Kupffer cells, dermal fibroblasts, metabolically active hepatic cells, 
intestinal epithelial cells, pulmonary endothelial cells, renal proximal 
tubule epithelial cells and lung fibroblasts) revealed a clear absence 
of cell surface U5 snRNP200 (Extended Data Fig. 3f).

Following multimodal cell type identification of malignant 
populations by CITE-seq, AML cells were subsequently analyzed for 

Fig. 7 | Unbiased evaluation of cell surface U5 snRNP200 expression in normal 
and malignant hematopoietic cells and transcriptional characteristics 
of cell surface U5 snRNP200-expressing AML cells. a, Multimodal UMAP 
projection delineating cell populations originating form normal and malignant 
AML bone marrow samples (top) and cell type labels (bottom). CTL, cytotoxic T 
lymphocytes; proB, pro-B cells. b, Representative U5 snRNP200 ADT colorimetric 
overlay on AML (left) and control donor (right) bone marrow cell populations. 
c, Representative UMAPs generated from the custom 36-parameter spectral 
flow cytometry panel displaying cell populations in control bone marrow. 
Heatmap colors indicate relative antigen expression intensity. Dashed lines 
indicate cell island subsets for comparison of surface U5 snRNP200 expression 
(bottom left): CD19+ B cells, green; CD56+ NK cell subset, yellow; CD16+ NK cell 
subset, red; CD14+ monocyte subset, orange; CD34+ HSCs, purple). d, Pathway 
enrichment observed in high U5 snRNP200-surface expressing AML cells. 
Enrichment score was calculated for a given gene set using log2-transformed fold 

change ranking when comparing U5 snRNP200-high versus U5 snRNP200-low 
populations and then normalized by the size of that gene set. To identify the 
P value, 1,000 random gene sets were generated, and an enrichment score was 
calculated for each of them. The P value was estimated as the number of random 
gene set enrichment scores with the same or more extreme values divided by 
the total number of randomly generated gene sets. For the adjusted P value, the 
Benjamini–Hochberg procedure was used. e, Differential gene expression in high 
versus low U5 snRNP200-surface expressing AML cells. P values were identified 
by two-sided implementation of the Wilcoxon rank-sum test. The P value was 
adjusted for multiple testing using Bonferroni correction. f, Dedicated AML cell 
UMAP depicts distinct proteogenomic subsets. g, Colorimetric overlay of surface 
expression of U5 snRNP200, CD33 and CD32 ADT signals along with IFITM2 and 
IFITM3 mRNA expression in the top 10% highest (top) and bottom 10% lowest or 
negative (bottom) U5 snRNP200-surface expressing AML cells.
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differential gene expression profiles based on U5 snRNP200 surface 
expression. In comparing cell surface U5 snRNP200-high and -low AML 
cells (top and bottom 10% surface ADT expression, respectively), U5 
snRNP200-high AML cells were characterized by significant enrich-
ment of pathways responding to and mediating the inflammatory 
response (Fig. 7d). Interestingly, this prominently included upregula-
tion of IFITM2 and IFITM3 (encoding interferon-induced transmem-
brane proteins 2 and 3) in U5 snRNP200-high AML cells (Fig. 7e). These 
data are potentially consistent with a prior report of U5 snRNP200 in 
the inflammatory response to viral RNA infections through activation 
of interferon-stimulated genes via the transcription factor complex 
ISGF3 (ref. 35). These results were further supported by mapping the 
AML blast cell compartment, which illustrated the presence of distinct 
proteogenomic subsets (Fig. 7f), consistent with a previous similar 
analysis of AML blast populations31. Application of a colorimetric 
ADT scale filtered to demonstrate the highest U5 snRNP200-surface 
expressing cells (top 10%) to this map revealed expression of surface U5 
snRNP200 on the monocyte-like AML subset (Fig. 7g, left) and validated 
the corresponding upregulation of IFITM2 and IFITM3 gene expression 
on the same U5 snRNP200-high AML cells (Fig. 7g). Finally, unbiased 
proteogenomics via CITE-seq confirmed strong correlation of cell 
surface CD32 (r = 0.6183783, P < 2.2 × 1016) and CD33 (r = 0.3262483, 
P < 2.2 × 1016) with U5 snRNP200 among AML blasts with the highest 
(top 10%) U5 snRNP200 expression (Fig. 7g).

In vivo efficacy of anti-U5 snRNP200 antibodies in AML 
models
The presence of U5 snRNP200 on the surface of AML cells and not on 
normal HSPCs highlights U5 snRNP200 as an attractive therapeutic 
target in AML. To investigate the anti-leukemic effects of U5 snRNP200 
antibodies in syngeneic immunocompetent AML models, we first 
assessed surface U5 snRNP200 expression in murine models of AML 
and control wild-type C57/B6 mice. While we observed consistent 
U5 snRNP200 surface expression on B220+ B lymphocytes (Fig. 8a 
and Extended Data Fig. 3), as seen in humans, we observed a range of 
U5 snRNP200 surface expression on malignant myeloid cells across 
a number of myeloid leukemia mouse models (Fig. 8a). Across nine 
models, expression of U5 snRNP200 was most prominent on AML cells 
from mice bearing the humanized inversion chromosome 3q21q26 
allele (‘inversion 3 mice’)36,37 as well as simultaneous overexpression 
of fusion gene MLL-AF9 (also known as KMT2A-MLLT3) and NRASG12D 
cDNA (known as ‘RN2’ cells38). Evaluation of cell surface U5 snRNP200 
expression on five EVI1(also known as MECOM)-rearranged AML patient 
samples by high-density 36-color spectral flow cytometry as well as on 
three human EVI1-rearranged patient-derived AML cell lines (HNT-34, 
MUTZ-3 and YCU-AML1) revealed clear U5 snRNP200 surface expres-
sion on all five EVI1-rearranged patient samples as well as an overlap 
with CD33 and CD32A expression (Extended Data Fig. 4 and Supple-
mentary Table 4).

Using the inversion 3 mouse AML model (Fig. 8b), we tested an 
anti-U5 snRNP200 antibody variant with high affinity for activating 
Fc receptors on immune cell subsets (IgG2a; Fig. 8c). The single-agent 
IgG2a anti-U5 snRNP200 antibody yielded robust anti-leukemic activ-
ity, leading to a survival benefit compared to control mice treated 
with phosphate-buffered saline (PBS) (Fig. 8d). The fact that the IgG2a 
anti-U5 snRNP200 antibody provided therapeutic benefit suggests 
that the cellular mechanism of action of these antibodies may be 
via ADCC or antibody-dependent cellular phagocytosis39. To test  
this hypothesis, we next generated anti-U5 snRNP200 antibodies 
with murine subclass variant Fc regions that have lower activating/
inhibitory ratios for Fc receptor engagement than the IgG2a variant 
(Fig. 8c). This included anti-U5 snRNP200 antibodies with murine 
IgG2b or IgG1 Fc regions as well as an engineered version of IgG1 with a 
D265A substitution that does not bind Fc receptors40. As we observed 
in the inversion 3 mouse model, in vivo treatment of animals engrafted 
with RN2 cells (Extended Data Fig. 5a) with the IgG2a variant antibody 
yielded a consistent survival benefit compared to the antibody vari-
ant IgG2b that had lower affinity for activating Fc receptors (Fig. 8e). 
Therapeutic benefit was also evaluated based on quantification of 
bioluminescent imaging (as RN2 cells also contain a luciferase vector) 
(Fig. 8f,g), which again supported IgG2a as the variant with the maxi-
mum anti-leukemic effect, as it provided significant disease control 
compared to variants that do not activate FcRs (IgG1 and IgG1D265A). 
Given the expression of U5 snRNP200 on the cell surface of normal 
B cells as well as subsets of mature NK cells and monocytes, we also 
evaluated the impact of treatment with anti-U5 snRNP200 antibodies 
on these normal cell populations in vivo. This revealed a clear (~14%) 
downregulation of the frequency of peripheral blood CD19+ cells 
following just two doses of the IgG2a anti-U5 snRNP200 antibody. By 
contrast, there was no consistent change in NK or CD11b+ cell frequency 
(Extended Data Fig. 5b,c).

Given the limited clinical success with any single-agent therapy 
for overt AML, we also investigated the therapeutic impact of com-
bining the IgG2a anti-U5 snRNP200 antibody with a commonly used 
therapeutic for patients with AML: the nucleoside analog azacitidine. 
Azacitidine is currently being combined with other antibody-based 
therapeutic approaches in AML including anti-CD47 and anti-TIM-3 
antibodies2, which provided further motivation for testing in com-
bination with anti-U5 small nuclear ribonucleoprotein (snRNP) anti-
bodies. Importantly, combined azacitidine and anti-U5 snRNP200 
antibody treatment provided greater survival benefit to recipient 
mice engrafted with inversion 3 cells than either agent alone or the 
control (Fig. 8h). To interrogate the possible mechanism underlying 
the superior outcome of the combination therapy group, we profiled 
Fc receptor expression on immune cells in response to in vivo azaciti-
dine treatment. Interestingly, azacitidine treatment was associated 
with increased activating Fc receptor CD16.2 (also known as FcγRIV) 
but also decreased inhibitory Fc receptor CD32B on monocytes and 

Fig. 8 | Anti-U5 snRNP200 antibodies with high affinity for FcγRs 
demonstrate robust anti-leukemic effects. a, Histogram overlays of U5 
snRNP200 surface expression on peripheral blood B cells (left) and malignant 
myeloid cells (middle and right) by flow cytometry in murine genetically 
engineered models of AML. b, Schema of mouse inversion 3 AML model 
transplantation and treatment schedule. c, Table describing mouse IgG Fc 
subclass binding to activating and inhibitory Fc receptors. N/A, not applicable. 
d, Kaplan–Meier survival curve of recipient mice engrafted with inversion 3 AML 
cells following treatment with anti-U5 snRNP200 antibody engineered with the 
IgG2a Fc subclass (n = 7) or control (PBS) (n = 10). P values are from the log-rank 
test. e, Kaplan–Meier survival curve of recipient mice engrafted with mouse  
RN2 (MLL-AF9 overexpression and NRASG12D mutation) cells following treatment 
with anti-U5 snRNP200 antibody engineered with IgG2a Fc, IgG2b Fc or control.  
P values are from the log-rank test. **P = 0.0012 (n = 10 mice per group).  
f, Quantification of bioluminescent imaging comparing RN2 disease burden on 

day 14 among control mice and mice treated with anti-U5 snRNP200 antibody 
(n = 10 mice per group). P values are from the unpaired t-test; *P = 0.0204. ROI, 
region of interest. g, Representative images of bioluminescent signal (measured 
on day 14) in control mice and mice treated with anti-U5 snRNP200 antibody.  
h, Kaplan–Meier survival curve of recipient mice engrafted with inversion 3 AML 
cells following treatment with anti-U5 snRNP200 antibody engineered with the 
IgG2a Fc subclass or control with or without concomitant azacitidine treatment. 
P values are from the log-rank test; *P = 0.0110, **P = 0.0035, ****P < 0.0001. i, Fc 
receptor activating/inhibitory (A/I) ratios (CD16.2/CD32B) on peripheral blood 
CD45.2− monocytes or macrophages after 5 days of in vivo control or azacitidine 
treatment in inversion 3-engrafted mice (day 15, n = 9 mice per group; day 21, 
n = 4 mice per group). P values are from the unpaired t-test; left, *P = 0.036; right, 
*P = 0.023. j, Representative expression histograms from individual mice in i. 
Data are mean ± s.e.m.
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macrophages (CD45.2−NK1.1−CD11b+Ly6c+) that resulted in statistically 
significant improvement in the ratio of activating to inhibitory recep-
tor expression (Fig. 8i,j and Extended Data Figs. 5d and 6a). Moreover, 
evaluation of cell surface U5 snRNP200 on CD45.2+ inversion 3 murine 
AML cells engrafted into CD45.1+ recipient mice following azacitidine 
treatment revealed significant cell surface U5 snRNP200 upregula-
tion on malignant cells in peripheral blood, bone marrow and spleen 
10 d following the last dose of azacitidine (Extended Data Fig. 6b–d).

These results support U5 snRNP200 targeting as a promising 
therapeutic for AML, identify that anti-U5 snRNP200 antibodies  
exert maximum therapeutic benefit via activation of FcRs and  
highlight a contribution of azacitidine to improving the balance  
of activating/inhibitory Fc receptors in the AML microenvironment  
as well as impact on AML cell surface U5 snRNP200 abundance.

Discussion
In this study, a high-parameter spectral flow cytometry approach in 
conjunction with proteogenomic assessment by CITE-seq demon-
strated expression of U5 snRNP200, a highly conserved component 
of the RNA spliceosome, on the surface of malignant AML cells but 
not primitive hematopoietic stem or progenitor cells. Knock-in of the 
sequence for an epitope tag into the locus of the gene encoding U5 
snRNP200 further rigorously confirmed membrane localization of U5 
snRNP200, above and beyond the use of anti-U5 snRNP200 antibodies 
(which could be recognizing other proteins with domains homolo-
gous to those in U5 snRNP200). This differential expression makes U5 
snRNP200 an attractive therapeutic antibody target as it circumvents 
the on-target off-tumor side effects that are a liability of the majority of 
antigen targets currently pursued for AML therapy. While U5 snRNP200 
is expressed on B cells and a subset of NK cells and monocytes, this 
expression pattern is far more limited than therapeutic targets being 
currently explored for AML such as CD47 or CD123. Furthermore, we 
define patterns of antigens coexpressed with U5 snRNP200 within the 
malignant AML compartment that may be suitable for targeting via a 
multispecific or bispecific antibody or multi-antigen CAR T cell therapy.

U5 snRNP200 is a conserved and essential component of the RNA 
splicing machinery, which is a nuclear enzymatic process that does not 
clearly involve cytoplasmic- or cell membrane-localized processes. 
Interestingly, however, prior data demonstrated that the U5 snRNP 
complex forms in the cytoplasm specifically without U5 snRNP200, 
which later assembles into the larger U5 snRNP complex within the 
nucleus41. These data suggested a potential cytoplasmic role for U5 
snRNP200. More recently, a prior study identified an immunoregula-
tory role of cytoplasmic U5 snRNP200 as a viral RNA sensor and TBK1 
adaptor required for activation of the iIRF3-mediated antiviral innate 
response42. Here, single-cell RNA-seq in AML cells revealed a strik-
ing association between cell surface U5 snRNP200 and expression of 
factors within the same antiviral innate response pathway. Whether 
the RNA-binding or helicase function of cell membrane-localized 
U5 snRNP200 plays a role in AML pathogenesis will be interesting to 
explore and could provide another therapeutic, as chemical inhibitors 
of U5 snRNP200 helicase activity have been developed43.

In addition to exploring therapeutic antigen targets in AML, we 
also provide a clear delineation of human FcγR expression on immune 
cells within control donor and AML bone marrow microenvironments, 
a critical factor for effective antibody therapy. Specifically, we identify 
increased expression of the inhibitory CD32B receptor on immune 
effector cell populations within the bone marrow of patients with 
AML, therefore unveiling a previously unappreciated explanation for 
limited responses to therapeutic antibodies in the treatment of AML. 
These findings support the development of antibodies engineered to 
specifically bind activating FcγRs with absent or minimal binding to 
the inhibitory FcγR, a point demonstrated here by the evaluation of 
multiple classes of anti-U5 snRNP200 antibodies with distinct FcγR 
engagement.

Despite the evidence supporting immune-mediated clearance 
in response to IgG2a anti-U5 snRNP200 antibodies, the engineered 
anti-U5 snRNP200 antibody, unable to bind any FcγRs (IgG1D265A), which 
serves as a true blocking antibody, also resulted in a trend toward  
disease control. These data suggest a possible anti-leukemic contri-
bution of U5 snRNP200-targeting antibodies by blocking signaling 
through cell surface U5 snRNP200. Given the tight association we iden-
tify here of cell surface U5 snRNP200 and CD32A, a well-characterized 
activating FcR in which signaling through its ITAM domain acti-
vates mitogenic signaling pathways, it will be interesting to explore  
whether U5 snRNP200 interaction with CD32A promotes pathologic 
signaling in AML.

Overall, the studies reported here not only provide a high-density 
map of AML-associated antigens and distribution of Fc receptor 
expression, which have the potential for immediate development 
of antibody-based therapies and rationally designed combination 
approaches for AML, but also capture previously unknown aspects of 
AML disease biology that may determine response to antibody therapy.

Methods
This study complies with all relevant ethical regulations. Studies 
involving patient samples were approved by the institutional review 
boards of Memorial Sloan Kettering Cancer Center (MSKCC) and 
conducted in accordance with the Declaration of Helsinki protocol. 
Specimens were obtained as part of the MSKCC Institutional Review 
Board-approved clinical protocol 06-107 to which all participants 
consented. O.A-W. is a participating investigator on this protocol. All 
animal procedures were completed in accordance with the Guide-
lines for the Care and Use of Laboratory Animals and were approved 
by the Institutional Animal Care and Use Committees at MSKCC. All 
mouse experiments were performed in accordance with a protocol 
approved by the MSKCC Institutional Animal Care and Use Commit-
tees (13-04-003).

Cell lines and cell culture
HEK293T were obtained from the American Type Culture Collection 
(ATCC, CRL-3216) and cultured in DMEM medium with 10% FBS. HNT-34 
(purchased from DSMZ, ACC 600) and 5637 (purchased from ATCC, 
HTB-9) cells were cultured in RPMI 1640 with 10% FBS. MUTZ-3 cells 
(purchased from DSMZ, ACC 295) were cultured in a minimum essential 
medium (with ribonucleosides and deoxyribonucleosides) with 20% 
FBS and 20% conditioned medium from the cell line 5637. YCU-AML1 
cells (gift from H. Nakajima, Yokohama City University) were cultured 
with OP-9 (purchased from ATCC, CRL-2749) in IMDM medium with 
10% FBS, 55 mM β-mercaptoethanol (Sigma-Aldrich) and 20 ng ml−1 
granulocyte–macrophage colony-stimulating factor (PeproTech). 
U937 wild-type (CRL-1593.2, ATCC) and U937 FCGR2A-knockout cells 
were generated previously44, and CD32A re-expression was achieved 
by introducing the full-length sequence or a version with in-frame dele-
tion of the sequence for the transmembrane domain cloned into the 
piggyBac vector. Murine RN2 cells (MLL-AF9, NRASG12D) were generated 
as previously described45 and cultured in RPMI medium with 10% FBS 
and 1% penicillin–streptomycin and passaged every 2–3 d to maintain 
a density of less than 1 × 106 cells per ml. No further authentications 
were performed. No commonly misidentified cell lines were used in 
the study.

Animals
Male and female 8–10-week-old CD45.1+ mice were purchased from 
Jackson Laboratory and maintained until the age of 12 weeks before 
use for transplantation studies. The inv(3)(3q21q26) mouse strain36 
(RBRC09508) was provided by RIKEN BRC through the National BioRe-
source Project of the MEXT and AMED, Japan. Male and female Mx1Cre 
Sf3b1K700E/WT inv(3)(q21q26) CD45.2+ cells37 were serially transplanted 
into male and female CD45.1+ mice. Mice were bred and maintained in 
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individual ventilated cages and fed with autoclaved food and water at 
the Memorial Sloan Kettering Animal Facility. After transplantation, 
mice were maintained on acidified water and monitored closely for 
signs of disease or morbidity daily (or more frequently as required) 
for failure to thrive, weight loss > 10% total body weight, open skin 
lesions, bleeding, infection or fatigue. If mice developed any of the 
above complications or manifested symptoms of leukemia that were 
sufficiently informative (as assessed by blood count, failure to thrive, 
weight loss > 10% total body weight, open skin lesions, bleeding, infec-
tion and/or fatigue), they were killed immediately.

Human patient samples
De-identified, clinically annotated primary human AML samples 
derived from bone marrow mononuclear cells were used. Mutational 
genotyping of each sample was performed by the MSK-IMPACT assay 
as described previously46. Bone marrow from unaffected donors was 
acquired from Stemcell Technologies. Informed consent was obtained 
from all participants before sample acquisition. Normal human viably 
frozen cell samples were obtained from commercial sources (Lonza, 
ATCC and Gibco).

Generation of recombinant Fc receptor engineered antibodies
Sequences for anti-human snRNP200 (clone 1223, cross-reactive to 
both mouse and human U5 snRNP200) heavy and light chain variable 
regions were obtained from the patent literature and subsequently 
cloned into expression constructs for the various murine subclass 
variants (for example, mIgG1, mIgG1D265A, mIgG2b, mIgG2b, hIgG1) as 
previously described40. The variable heavy chain is CAGGTGCAGCT 
GGTGGAGTCTGGGGGAGGCGTGGTCCAGCCTGGGAGGTCCCTG 
AGACTCTCCTGTGCAGCGTCTGGATTCACCTTCAGTACCTATGGCA 
TGCACTGGGTCCGCCAGGCTCCAGGCAAGGGGCTTGAGTGGG 
TGGCAGTTATATGGTATGATGGAAGTAATACATACTATGCAGACTCCG 
TGAAGGGCCGATTCACCATCTCCAGAGACAATTCCAAGAACACAC 
TGTATCTGCA A ATA A AGAGCCTGAGAGCCGAGGACACGGCT 
GTCTATTACTGTGCGAGAGGCCGTGGATATAGTGCCCAAGGG 
A ATCGGA ATAGGGCT TACTACT T TGACTACTGGGGCCAGGG 
AACCCTGGTCACCGTCTCCTCA. The variable light chain is TCTTCT 
GAGCTGACTCAGGACCCTGCTGTGTCTGTGGCCTTGGGACAGAC 
AGTCAGGATCACATGCCAAGGAGACTTCCTCAGAAGCTATTATGC 
AAGCTGGTACCAGCAGAAGCCAGGACAGGCCCCTGTACTTGT 
CATCTTTGGTAAAAACAAGCGGCCCTCAGGGATCCCAGACCGAT 
TCTCTGGCTCCAGCTCAGGAAACACAGCTTCCTTGACCATCACTG 
GGGCTCAGGCGGAAGATGAGGCTGACTATTACTGTAACTCCC 
GGGACCGCAGTGGTAACCACCTGGTGTTCGGCGGAGGGACCAA 
GCTGACCGTCCTA. Recombinant antibodies were generated by tran-
sient transfection of Expi293 cells with heavy and light chain-expression 
plasmids using previously described protocols. Before transfection, 
plasmid sequences were validated by direct sequencing (GENEWIZ). 
Recombinant IgG antibodies were purified from cell-free supernatants 
by affinity purification using protein G or protein A Sepharose beads 
(GE Healthcare). Purified proteins were dialyzed in PBS, filter sterilized 
(0.22 μm) and stored at 4 °C.

Genome-scale CRISPR–Cas9 screening
The GFP+ lentivirus (U6 promoter, driving expression of sgRNA and 
RPBSA promoter, driving puromycin resistance and ZsGreen) carrying 
the genome-wide human Brunello library (77,441 sgRNA species target-
ing 19,114 genes and 1,000 nontargeting control sgRNA species) was 
produced in 293T cells. The viral titer was determined by measuring 
the percentage of puromycin-resistant cells following transduction. 
A titer resulting in approximately 30% transduction efficiency (puro-
mycin resistant) was used for the following experiments to ensure 
only one viral integration per cell. U937 and K562 cells expressing Cas9 
were transduced with Brunello lentivirus, and puromycin selection 
(8 µg ml−1 for U937 cells or 4 µg ml−1 for K562 cells) was performed for 

2 d before flow cytometry (Aria, BD Biosciences) for GFP+ cells. After 
an additional 8 d in culture, GFP+ cells were stained with APC-labeled 
anti-U5 snRNP200 antibody and subjected to flow cytometry, during 
which the bottom and top 10% U5 snRNP200-expressing cell popula-
tions were collected. Cell pellets from each population were lysed, and 
genomic DNA was extracted using the QIAamp DNA Mini Kit (Qiagen) 
and quantified with the Qubit machine (Thermo Scientific). gRNA 
amplicons were amplified by PCR using TaKaRa Ex Taq DNA Polymer-
ase (Takara) to add Illumina sequencing adaptors and multiplexing 
barcodes. Amplicons were quantified with the Qubit machine and 
the Bioanalyzer (Agilent), multiplexed and sequenced on an Illumina  
NextSeq 500 to obtain 75-bp single-end reads. Demultiplexed FASTQ 
files were trimmed from both the 5′ and the 3′ end to remove sequenc-
ing adaptor- and sgRNA-derived sequences using cutadapt (version 
2.5) to yield the 20-nucleotide sequence of the sgRNA using the fol-
lowing parameters: ‘-g TGTGGAAAGGACGAAACACCG -a GTTTTAGAGC 
TAGAAATAGCAAG–maximum-length 20’. Next, the frequency of  
each sgRNA was determined using the ‘count’ function of the  
MAGeCK (version 0.5.9.4) software package. sgRNA counts were  
normalized to sequencing depth by applying the following parameters: 
‘–norm-method total’. The corresponding normalized count matrix 
was used to perform the indicated pairwise statistical comparisons 
using the ‘test’ function of the MAGeCK package. All visualization of 
these CRISPR–Cas9 screening data was performed in RStudio (version 
1.3.1073) using the ggplot2 (version 3.3.5) package. Functional and 
pathway enrichment against existing GO signatures was performed 
using ToppFun, part of the ToppGene Suite, and included GO terms and 
pathways from the KEGG, Reactome and BioCarta databases. GO terms 
or pathways were identified as significant under a Benjamini–Hochberg 
multiple-correction procedure at a false discovery-rate (FDR) cutoff of 
0.05. As input for ToppFun, we manually selected the top 150 enriched 
genes (ranked by FDR) as identified by MAGeCK. GO term data were 
plotted in GraphPad Prism 8.

Western blotting
K562 cells expressing HaloTagged U5 snRNP200, parental K562 cells 
and FCGR2A-knockout K562 cells were collected by centrifugation, 
and subcellular fractions were obtained using a subcellular protein 
fractionation kit (Thermo Fisher). Protein concentrations were meas-
ured with the BCA reagent, and 10 µg was loaded per lane onto 4–12% 
Bis-Tris protein gels. After transfer, PVDF membranes were probed with 
anti-snRNP200 antibody (Bethyl Laboratories), anti-HaloTag antibody 
(Promega), anti-CD32A antibody (R&D Systems), anti-sodium–potas-
sium ATPase antibody (Cell Signaling Technologies), anti-tubulin anti-
body (Cell Signaling Technologies) or anti-SP1 antibody (Cell Signaling 
Technologies), followed by appropriate peroxidase-conjugated sec-
ondary antibodies, and visualized as previously described.

Flow cytometry
For conventional flow cytometry experiments, cells were collected by 
centrifugation and washed once with cold PBS before application of 
Fixable LIVE/DEAD NIR (Thermo Fisher). Mouse or human Fc receptor 
blocking was applied before staining (for all experiments in which Fc 
receptors were not profiled individually) with an antibody cocktail con-
taining Brilliant Stain Buffer (BD Biosciences) and monocyte blocker 
(BioLegend). After cocktail staining, cells were washed twice with 
cold PBS before data acquisition using the Attune cytometer (Thermo 
Fisher), and analysis was performed using FlowJo software (version 
9.0) or FACSDiva software (version 9.0). The 36-color or -parameter 
spectral flow cytometry panel was developed with guidance from 
Cytek Biosciences and a recently published 40-color peripheral blood  
spectral flow cytometry panel (OMIP-069)47, including individual 
antibody titrations and comparisons of performance in single versus 
multicolor staining. For spectral flow cytometry experiments, human 
bone marrow samples were thawed using prewarmed BD BSA stain 
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buffer (BD Biosciences), washed twice with ice-cold buffer and counted. 
After application of Fixable LIVE/DEAD NIR (diluted 1:3,000 in PBS; 
Thermo Fisher) to a maximum of 5 million cells, sequential staining 
included Fc receptor antibody cocktail containing Brilliant Stain Buffer 
and monocyte blocker followed by anti-CXCR5 antibody and finally 
the remaining surface antibody panel cocktail. Before acquisition 
using the Aurora cytometer (Cytek), samples were washed twice with 
cold BD BSA stain buffer. All antibody information including clones, 
vendors and dilution factors is summarized in Supplementary Table 1. 
Post-acquisition unmixing was performed using SpectroFlo software 
version 3.0 (Cytek). Analysis of samples including scaling, data-cleanup 
gating, manual gating, UMAP generation and heatmap generation was 
conducted using OMIQ software (online platform).

Cellular indexing of transcriptomes and epitopes by 
sequencing
Human bone marrow samples were thawed using prewarmed  
RPMI with 10% FBS and washed twice with cold PBS before labeling  
with unique TotalSeqC-compatible HashTags (BioLegend). Samples 
were subsequently incubated with human Fc receptor-blocking agent 
(BioLegend) and labeled with DAPI for live cell sorting by flow cyto
metry using an Aria cytometer (BD Biosciences). After sorting, 150,000 
cells were washed once with cold PBS before application of the Total-
SeqC cocktail (BioLegend) and subsequently a custom ADT-tagged 
anti-U5 snRNP200 antibody (BioLegend). Cells were washed three 
times with cold PBS and submitted to the MSKCC Integrative Genomics 
Core for sequencing.

FASTQ reads were processed using the Cell Ranger version 7.0.0 
‘count’ workflow to generate gene expression and antibody capture 
data matrices; the Cell Ranger ‘multi’ pipeline was additionally exe-
cuted to demultiplex hashed sequencing samples. Resultant filtered 
sparse count matrices were loaded into R version 4.0.0 as Seurat version 
4.0.6 objects. Multiplets were tagged using scDblFinder version 1.10.0 
and removed. Further filtering was applied to only retain (1) RNA fea-
tures detected in more than three cells and (2) cells with more than 200 
and less than 2,500 detected features. Gene expression and antibody 
capture data were normalized using Seurat’s ‘LogNormalize’ and DSB’s 
(version 1.0.2) ‘DSBNormalizeProtein’ functions, respectively. Cor-
rected data (n = 42,251) were used to perform clustering and generate a 
multimodal UMAP using Seurat’s weighted nearest-neighbor workflow.

To determine cluster identities, an annotated reference of 
AML (at-diagnosis) and healthy control bone marrow aspirates was  
loaded into R (n = 22 samples, n = 22,600 cells). Thereafter, blast and 
normal cell type markers were identified using SingleR’s (version 1.4.1) 
‘trainSingleR’ function and with the differential expression method set 
to the Wilcoxon ranked-sum test. Reference-defined labels were then 
applied to experimental data using Singler’s ‘classifySingleR’ function 
on log-normalized read counts. Putative labels were manually validated 
by examining canonical marker expression and by performing pseu-
dotime analysis using Monocle version 2.24.1.

Differential gene expression analysis between subsets of inter-
ests was performed using Seurat’s ‘findMarkers’ function (Wilcoxon  
ranked-sum test), and subsequent GSEA in fgsea version 1.22.0 against 
hallmark gene sets was performed using normalized RNA data.

Bone marrow transplantation
Freshly dissected femora and tibiae were isolated from CD45.1+ WT and 
CD45.2+ Mx1Cre Sf3b1K700E/WT inv(3)(q21q26) mice. Bones were spun at 
300g by benchtop centrifugation, and RBCs were lysed in ammonium 
chloride–potassium bicarbonate lysis buffer for 5 min. After centrifu-
gation, cells were resuspended in ice-cold sterile PBS, passed through 
a 100-μm cell strainer and counted. Finally, a total of 0.5 million bone 
marrow cells from CD45.2+ Mx1Cre Sf3b1K700E/WT inv(3)(q21q26) mice 
were mixed with 0.5 million wild-type CD45.1+ support bone marrow 
cells and transplanted by tail vein injection into lethally irradiated (two 

times, 450 cGy) CD45.1+ recipient mice. Engraftment was measured by 
flow cytometry from the peripheral blood 10 d after transplantation. 
For syngeneic RN2 cell-transplantation experiments, 50,000 cells were 
injected into sublethally irradiated (550 cGy) CD45.1+ recipient mice.

Animal antibody treatments
Mice engrafted with RN2 or EVI1-rearranged Mx1Cre Sf3b1K700E/WT AML 
were treated with a 400-µl intraperitoneal (i.p.) injection of control 
(PBS) or antibody (1 mg ml−1) according to the indicated experiment 
schemas. Mice were randomized to all treatments, and data collection 
from animals was performed in a randomized fashion. Azacitidine was 
dissolved in 20% 2-hydroxypropyl-β-cyclodextrin in sterile PBS and was 
dosed for 3 d (days 1–3, RN2 model) or 5 d (days 10–14, EVI1 model) at 
3 mg per kg by i.p. injection. All whole-body bioluminescent imaging 
was performed by i.p. injection of luciferin (GoldBio) at a concentration 
of 50 mg per kg, and imaging was performed after a 5-min incubation 
with the IVIS system. Bioluminescent signals (radiance) were quanti-
fied using Living Image software with standard region-of-interest 
rectangles.

Statistics and reproducibility
No statistical methods were used to predetermine sample sizes, but our 
sample sizes are similar to those reported in previous publications48,49, 
and the experiments were not randomized. The investigators were not 
blinded to allocation during experiments and outcome assessments. 
Data collection and analysis were not performed blind to the conditions 
of the experiments. No data were excluded from the analyses. Data dis-
tribution was assumed to be normal, but this was not formally tested. 
Bar graphs are presented as mean ± s.e.m. For statistical comparisons 
between experimental groups, ANOVA (when multiple groups were 
compared simultaneously), followed by either the Mann–Whitney test 
or the unpaired t-test with Welch’s correction was applied based on dis-
tribution of data values, and Bonferroni’s correction for multiple com-
parisons was applied when applicable (when statistically significant 
effects were found). Statistical differences between survival rates were 
analyzed by comparison of Kaplan–Meier curves using the log-rank 
(Mantel–Cox) test. Statistical analyses were performed using Prism 
software (GraphPad version 10.0.0). Data with statistical significance 
are as indicated. Further information on research design is available in 
the Nature Portfolio Reporting Summary linked to this article.

Immunoprecipitation–mass spectrometry
Cells were fractionated as described above before overnight incuba-
tion at 4 °C with protein A agarose beads (Millipore) conjugated to 
anti-CD32A antibody (clone IV.3) resuspended in immunoprecipita-
tion lysis buffer (Pierce). Beads were subsequently washed three times 
using immunoprecipitation lysis buffer and three times using 10 mM 
Tris-HCl, 150 mM NaCl, pH 7.5.

Protein digestion for proteomic analyses
Beads were resuspended in 40 µl of 2 M urea, 50 mM ammonium  
bicarbonate, pH 8.5 and treated with dl-dithiothreitol (final con
centration, 1 mM) for 30 min at 37 °C with shaking (1,100 r.p.m.) on a 
ThermoMixer (Thermo Fisher). Free cysteine residues were alkylated 
with 2-iodoacetamide (final concentration, 3.67 mM) for 45 min at 
25 °C and 1,100 r.p.m. in the dark. LysC (750 ng) was added, followed 
by incubation for 1 h at 37 °C and 1,150 r.p.m. Finally, trypsin (750 ng) 
was added, followed by incubation for 16 h at 37 °C and 1,150 r.p.m.

After incubation, the digest was acidified to pH <3 with the addi-
tion of 50% trifluoroacetic acid, and the peptides were desalted on 
3-plug C18 (3M Empore High Performance Extraction Disks) stage 
tips. Briefly, the stage tips were conditioned by sequential addition of 
(1) 100 μl 100% acetonitrile (ACN), (2) 100 μl 70% ACN–0.1% trifluoro-
acetic acid, (3) 100 μl 0.1% formic acid, (4) 100 μl 0.1% formic acid. 
Following conditioning, the acidified peptide digest was loaded onto 
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the stage tip. The stationary phase was washed once with 100 μl 0.1% 
formic acid. Finally, samples were eluted using 50 μl of 70% ACN–0.1% 
formic acid twice. Eluted peptides were dried under vacuum, followed 
by reconstitution in 12 μl of 0.1% formic acid, sonication and transfer to 
an autosampler vial. Peptide yield was quantified with the NanoDrop 
(Thermo Fisher).

Mass spectrometry analyses
Peptides were separated on a 50-cm column composed of C18 station-
ary phase (Thermo Fisher, ES903) using a gradient from 0.5% to 25% 
buffer B over 100 min, to 50% in 15 min and to 90% in 5 min (buffer A, 
0.1% formic acid in HPLC-grade water; buffer B, 99.9% ACN, 0.1% formic 
acid) with a flow rate of 300 nl min−1 using a nanoACQUITY HPLC system 
(Waters). Mass spectrometry data were acquired on an Eclipse mass 
spectrometer (Thermo Fisher Scientific) using a data-independent 
acquisition method. The method consisted of one MS1 scan, stand-
ard AGC target, a maximum injection time of 50 ms, a scan range of 
380–985 m/z and a resolution of 120,000. Fragment ions were analyzed 
in 60 data-independent acquisition windows at a resolution of 15,000.

Data-independent acquisition data analysis
Raw data files were processed using Spectronaut version 17.4  
(Biognosys) and searched with the Pulsar search engine with a Homo 
sapiens UniProt protein database downloaded on 23 September 2022 
(226,953 entries). Cysteine carbamidomethylation was specified as 
a fixed modification, while methionine oxidation, acetylation of the 
protein N terminus and deamidation (NQ) were set as variable modi-
fications. A maximum of two trypsin-missed cleavages were permit-
ted. Searches used a reversed sequence decoy strategy to control the 
peptide FDR, and 1% FDR was set as the threshold for identification. The 
unpaired t-test was used to calculate P values in differential analysis; 
the volcano plot was generated based on log2 (fold change) and q values 
(multiple-testing-corrected P values). A q value of ≤0.05 was considered 
the statistically significant cutoff.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
CITE-seq and AML cell line CRISPR screen data have been deposited 
under Gene Expressiom Omnibus (GEO) accession GSE220474. Immu-
noprecipitation–mass spectrometry data have been deposited at the 
ProteomeXchange Consortium via the PRIDE partner repository with 
the dataset identifier PXD042514 located at this page: http://www. 
ebi.ac.uk/pride/archive/projects/PXD042514. The datasets used in 
this study were UniProt (https://www.uniprot.org/) and a previously 
published reference dataset of bone marrow samples from newly 
diagnosed patients with AML and healthy age-matched controls at 
GSE116256 (ref. 31). All other data supporting the findings of this study 
are available from the corresponding author upon request. Source data 
are provided with this paper.

Code availability
All packages used for the bioinformatic analysis are described in the 
Methods.

References
1.	 Dohner, H. et al. Diagnosis and management of AML in adults: 

2022 recommendations from an international expert panel on 
behalf of the ELN. Blood 140, 1345–1377 (2022).

2.	 Kayser, S. & Levis, M. J. Updates on targeted therapies for acute 
myeloid leukaemia. Br. J. Haematol. 196, 316–328 (2022).

3.	 Appelbaum, F. R. & Bernstein, I. D. Gemtuzumab ozogamicin for 
acute myeloid leukemia. Blood 130, 2373–2376 (2017).

4.	 Castaigne, S. et al. Effect of gemtuzumab ozogamicin on  
survival of adult patients with de-novo acute myeloid leukaemia 
(ALFA-0701): a randomised, open-label, phase 3 study. Lancet 
379, 1508–1516 (2012).

5.	 Testa, U., Pelosi, E. & Castelli, G. CD123 as a therapeutic target in 
the treatment of hematological malignancies. Cancers 11, 1358 
(2019).

6.	 Mani, R. et al. The interleukin-3 receptor CD123 targeted SL-401 
mediates potent cytotoxic activity against CD34+CD123+ cells 
from acute myeloid leukemia/myelodysplastic syndrome patients 
and healthy donors. Haematologica 103, 1288–1297 (2018).

7.	 Liu, R., Oldham, R. J., Teal, E., Beers, S. A. & Cragg, M. S. 
Fc-engineering for modulated effector functions—improving 
antibodies for cancer treatment. Antibodies 9, 64 (2020).

8.	 Bournazos, S., Gupta, A. & Ravetch, J. V. The role of IgG Fc 
receptors in antibody-dependent enhancement. Nat. Rev. 
Immunol. 20, 633–643 (2020).

9.	 Gradishar, W. J. et al. Margetuximab in HER2-positive metastatic 
breast cancer. Future Oncol. 19, 1099–1112 (2023).

10.	 Venugopal, S., Daver, N. & Ravandi, F. An update on the clinical 
evaluation of antibody-based therapeutics in acute myeloid 
leukemia. Curr. Hematol. Malig. Rep. 16, 89–96 (2021).

11.	 Zeidan, A. M. et al. AML-484 first results of a 
phase II study (STIMULUS-AML1) investigating 
sabatolimab + azacitidine + venetoclax in patients with newly 
diagnosed acute myeloid leukemia (ND AML). Clin. Lymphoma 
Myeloma Leuk. 22, S255 (2022).

12.	 Riether, C. et al. Targeting CD70 with cusatuzumab eliminates 
acute myeloid leukemia stem cells in patients treated with 
hypomethylating agents. Nat. Med. 26, 1459–1467 (2020).

13.	 Buccisano, F. et al. CD90/Thy-1 is preferentially expressed on blast 
cells of high risk acute myeloid leukaemias. Br. J. Haematol. 125, 
203–212 (2004).

14.	 Arnone, M. et al. Acute myeloid leukemia stem cells: the 
challenges of phenotypic heterogeneity. Cancers 12, 3742 (2020).

15.	 Gillissen, M. A. et al. AML-specific cytotoxic antibodies in patients 
with durable graft-versus-leukemia responses. Blood 131, 131–143 
(2018).

16.	 Safety concerns prompt pause of magrolimab trials. Cancer 
Discov. 12, 877–878 (2022).

17.	 Majeti, R. et al. CD47 is an adverse prognostic factor and 
therapeutic antibody target on human acute myeloid leukemia 
stem cells. Cell 138, 286–299 (2009).

18.	 Y, K. & T, M. TIM-3 as a novel therapeutic target for eradicating 
acute myelogenous leukemia stem cells. Int. J. Hematol. 98, 
627–633 (2013).

19.	 De Propris, M. S. et al. High CD33 expression levels in acute 
myeloid leukemia cells carrying the nucleophosmin (NPM1) 
mutation. Haematologica 96, 1548–1551 (2011).

20.	 Schlenk, R. F. et al. Gemtuzumab ozogamicin in NPM1-mutated 
acute myeloid leukemia: early results from the prospective 
randomized AMLSG 09-09 phase III study. J. Clin. Oncol. 38, 
623–632 (2020).

21.	 Gallazzi, M. et al. New frontiers in monoclonal antibodies for the 
targeted therapy of acute myeloid leukemia and myelodysplastic 
syndromes. Int. J. Mol. Sci. 23, 7542 (2022).

22.	 Wood, B. L. Acute myeloid leukemia minimal residual disease 
detection: the difference from normal approach. Curr. Protoc. 
Cytom. 93, e73 (2020).

23.	 Williams, P. et al. The distribution of T-cell subsets and the 
expression of immune checkpoint receptors and ligands in 
patients with newly diagnosed and relapsed acute myeloid 
leukemia. Cancer 125, 1470–1481 (2019).

24.	 Agafonov, D. E. et al. Molecular architecture of the human U4/
U6.U5 tri-snRNP. Science 351, 1416–1420 (2016).

http://www.nature.com/natcancer
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE220474
https://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD042514
http://www.ebi.ac.uk/pride/archive/projects/PXD042514
http://www.ebi.ac.uk/pride/archive/projects/PXD042514
https://www.uniprot.org/
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE116256


Nature Cancer | Volume 4 | December 2023 | 1675–1692 1691

Article https://doi.org/10.1038/s43018-023-00656-2

25.	 Tarn, W. Y. & Steitz, J. A. Highly diverged U4 and U6 small nuclear 
RNAs required for splicing rare AT–AC introns. Science 273, 
1824–1832 (1996).

26.	 Doench, J. G. et al. Optimized sgRNA design to maximize activity 
and minimize off-target effects of CRISPR–Cas9. Nat. Biotechnol. 
34, 184–191 (2016).

27.	 M, S. et al. Simultaneous epitope and transcriptome 
measurement in single cells. Nat. Methods 14, 865–868  
(2017).

28.	 Zheng, G. X. et al. Massively parallel digital transcriptional 
profiling of single cells. Nat. Commun. 8, 14049 (2017).

29.	 Mule, M. P., Martins, A. J. & Tsang, J. S. Normalizing and denoising 
protein expression data from droplet-based single cell profiling. 
Nat. Commun. 13, 2099 (2022).

30.	 Hao, Y. et al. Integrated analysis of multimodal single-cell data. 
Cell 184, 3573–3587 (2021).

31.	 van Galen, P. et al. Single-cell RNA-seq reveals AML hierarchies 
relevant to disease progression and immunity. Cell 176, 1265–1281 
(2019).

32.	 Aran, D. et al. Reference-based analysis of lung single-cell 
sequencing reveals a transitional profibrotic macrophage.  
Nat. Immunol. 20, 163–172 (2019).

33.	 Trapnell, C. et al. The dynamics and regulators of cell fate 
decisions are revealed by pseudotemporal ordering of single 
cells. Nat. Biotechnol. 32, 381–386 (2014).

34.	 Mercier, F. E., Ragu, C. & Scadden, D. T. The bone marrow at the 
crossroads of blood and immunity. Nat. Rev. Immunol. 12, 49–60 
(2011).

35.	 N, T. et al. Spliceosome SNRNP200 promotes viral RNA sensing 
and IRF3 activation of antiviral response. PLoS Pathog. 12, 
e1005772 (2016).

36.	 Yamazaki, H. et al. A remote GATA2 hematopoietic enhancer 
drives leukemogenesis in inv(3)(q21;q26) by activating EVI1 
expression. Cancer Cell 25, 415–427 (2014).

37.	 Tanaka, A. et al. Aberrant EVI1 splicing contributes to 
EVI1-rearranged leukemia. Blood 140, 875–888 (2022).

38.	 Zuber, J. et al. An integrated approach to dissecting oncogene 
addiction implicates a Myb-coordinated self-renewal program as 
essential for leukemia maintenance. Genes Dev. 25, 1628–1640 
(2011).

39.	 Nimmerjahn, F. et al. FcγRIV deletion reveals its central role for 
IgG2a and IgG2b activity in vivo. Proc. Natl Acad. Sci. USA 107, 
19396–19401 (2010).

40.	 Nimmerjahn, F. & Ravetch, J. V. Divergent immunoglobulin G 
subclass activity through selective Fc receptor binding. Science 
310, 1510–1512 (2005).

41.	 Gottschalk, A., Kastner, B., Luhrmann, R. & Fabrizio, P. The yeast 
U5 snRNP coisolated with the U1 snRNP has an unexpected 
protein composition and includes the splicing factor Aar2p. RNA 
7, 1554–1565 (2001).

42.	 Tremblay, N. et al. Spliceosome SNRNP200 promotes viral RNA 
sensing and IRF3 activation of antiviral response. PLoS Pathog. 12, 
e1005772 (2016).

43.	 Iwatani-Yoshihara, M. et al. Discovery of allosteric inhibitors 
targeting the spliceosomal RNA helicase Brr2. J. Med. Chem. 60, 
5759–5771 (2017).

44.	 Thulin, N. K. et al. Maternal anti-dengue IgG fucosylation predicts 
susceptibility to dengue disease in infants. Cell Rep. 31, 107642 
(2020).

45.	 Zuber, J. et al. RNAi screen identifies Brd4 as a therapeutic  
target in acute myeloid leukaemia. Nature 478, 524–528  
(2011).

46.	 Durham, B. H. et al. Genomic analysis of hairy cell leukemia 
identifies novel recurrent genetic alterations. Blood 130,  
1644–1648 (2017).

47.	 Park, L. M., Lannigan, J. & Jaimes, M. C. OMIP-069: forty-color full 
spectrum flow cytometry panel for deep immunophenotyping of 
major cell subsets in human peripheral blood. Cytometry A 97, 
1044–1051 (2020).

48.	 Lu, S. X. et al. Pharmacologic modulation of RNA splicing 
enhances anti-tumor immunity. Cell 184, 4032–4047 (2021).

49.	 Wang, E. et al. Targeting an RNA-binding protein network in acute 
myeloid leukemia. Cancer Cell 35, 369–384 (2019).

Acknowledgements
K.K. was supported by an American Society of Hematology Research 
Training Award for Fellows, the Rockefeller Shapiro-Silverberg 
Fund for the Advancement of Translational Research, an American 
Society of Clinical Oncology Young Investigator Award, a Doris Duke 
Charitable Foundation Physician Scientist Award and the Rockefeller 
Clinical Scholars Training Program. D.K. is supported in part by 
K08CA248966 and J. Ravetch by R01CA244327, R35CA196620 and 
P01CA190174. O.A.-W. is supported in part by the Edward P. Evans 
Foundation, Break Through Cancer, the NIH–NCI (R01 CA251138, R01 
CA242020, P50 CA254838-01), the NIH–NHLBI (R01 HL128239) and 
the Leukemia and Lymphoma Society. We acknowledge the use of 
the Integrated Genomics Operation Core, funded by the NCI Cancer 
Center Support Grant (CCSG, P30 CA08748), Cycle for Survival and 
the Marie-Josée and Henry R. Kravis Center for Molecular Oncology.

Author contributions
K.K., D.K., J. Ravetch and O.A.-W. designed the study. K.K., C.E., E.W., 
A.J., S.X.L., R.F.S., M.B., N.F., C.C., A.E.M., H.K., H.N., K.N., D.I. and D.K. 
performed laboratory experiments. M.M., Z.L. and J.O.-P. performed 
proteomic analyses. K.K., C.E., M.B. and N.F. performed animal studies. 
K.K. analyzed 36-parameter spectral flow cytometry data. S.J.H. 
performed CRISPR screen analysis. J. Rahman, X.M. and B.G. analyzed 
CITE-seq data. K.K. performed all other data analysis. K.K., J. Rahman, 
C.J., A.P. and S.J.H. performed statistical analyses. K.K. and O.A.-W. 
prepared the manuscript with input from all co-authors.

Competing interests
The authors declare the following competing interests: B.G. has 
received honoraria for speaking engagements from Merck, Bristol 
Meyers Squibb and Chugai Pharmaceuticals; has received research 
funding from Bristol Meyers Squibb and Merck; and has been a 
compensated consultant for Darwin Health, Merck, PMV Pharma, 
Shennon Biotechnologies and Rome Therapeutics of which he is a 
co-founder. O.A.-W. has served as a consultant for H3B Biomedicine, 
Foundation Medicine, Merck, Prelude Therapeutics and Janssen 
and is on the scientific advisory board of Envisagenics, AIChemy, 
Harmonic Discovery and Pfizer Boulder; O.A.-W. has received prior 
research funding from H3B Biomedicine, Nurix Therapeutics, Minovia 
Therapeutics and Loxo Oncology unrelated to the current paper. The 
remaining authors declare no competing interests. The remaining 
authors have nothing to disclose.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s43018-023-00656-2.

Supplementary information The online version contains supplementary 
material available at https://doi.org/10.1038/s43018-023-00656-2.

Correspondence and requests for materials should be addressed to 
Jeffrey Ravetch or Omar Abdel-Wahab.

Peer review information Nature Cancer thanks Ali Roghanian and the 
other, anonymous, reviewer(s) for their contribution to the peer review 
of this work.

http://www.nature.com/natcancer
https://doi.org/10.1038/s43018-023-00656-2
https://doi.org/10.1038/s43018-023-00656-2


Nature Cancer | Volume 4 | December 2023 | 1675–1692 1692

Article https://doi.org/10.1038/s43018-023-00656-2

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard  
to jurisdictional claims in published maps and institutional  
affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 

source, provide a link to the Creative Commons license, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons license and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2023

1Molecular Pharmacology Program, Sloan Kettering Institute, Memorial Sloan Kettering Cancer Center, New York, NY, USA. 2Laboratory of Molecular 
Genetics and Immunology, Rockefeller University, New York, NY, USA. 3Center for Hematologic Malignancies, Memorial Sloan Kettering Cancer Center, 
New York, NY, USA. 4The Jackson Laboratory for Genomic Medicine, Farmington, CT, USA. 5Stanford University School of Medicine, Stanford, CA, 
USA. 6Department of Stem Cell and Immune Regulation, Graduate School of Medicine, Yokohama City University, Yokohama, Japan. 7Department of 
Hematology–Oncology, Institute of Biomedical Research and Innovation, Foundation for Biomedical Research and Innovation at Kobe, Kobe, Japan. 
8Computational Oncology, Department of Epidemiology and Biostatistics, Memorial Sloan Kettering Cancer Center, New York, NY, USA. 9Physiology, 
Biophysics & Systems Biology, Weill Cornell Medicine, Weill Cornell Medical College, New York, NY, USA.  e-mail: ravetch@mail.rockefeller.edu; 
abdelwao@mskcc.org

http://www.nature.com/natcancer
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:ravetch@mail.rockefeller.edu
mailto:abdelwao@mskcc.org


Nature Cancer

Article https://doi.org/10.1038/s43018-023-00656-2

a

!

17 -8.5 -0.4 7.7 16

AML20

-17

-8.5

0.3

9.2

18

Normal
marrow

Control overlayed 
over AML

AML overlayed 
over Control  

AML overlayed 
over Control  

AML20

Normal
marrow

AML26
Normal
marrow

UMAP2

UM
AP

1

17 -8.5 -0.4 7.7 16

0

104

105

UMAP2

UM
AP

1
Control AML20 AML26

Gate on non-AML cells

CD4

CD4

CD14

CD14

Control AML20 AML26

Gate on non-AML cells

-17

-8.5

0.3

9.2

18

-17

-8.5

0.3

9.2

18

-17

-8.5

0.3

9.2

18

-17

-8.5

0.3

9.2

18

17 -8.5 -0.4 7.7 16 17 -8.5 -0.4 7.7 16 17 -8.5 -0.4 7.7 16

b

c

17 -8.5 -0.4 7.7 16 17 -8.5 -0.4 7.7 16 17 -8.5 -0.4 7.7 16

0

104

0

104

105

0

20

40

60

80

100

 o
f p

ar
en

t

CD4 CD8

Normal 
marrow
AML

e

M
FI

M
FI

M
FI

M
FI

0

104

105

106

Gated on live cells

Malignant AML 
compartment

“Not blast” gate
(normal cells)

Control
AML

Control AML

Control AML

Classical 
Monocyte Gate

Classical 
Monocyte Gate

CD14

CD16

0

104

105

106

0 104 105 106 0 104 105 106

0 104 105 106 0 104 105 106

d

UMAP2

UM
AP

1

17 -8.5 -0.4 7.7 16 17 -8.5 -0.4 7.7 1617 -8.5 -0.4 7.7 16
-17

-8.5

0.3

9.2

18

0
103

104

U
5 snR

N
P200 M

FI

UMAP2

UM
AP

1

Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | High density immunophenotyping UMAP gating 
strategies eliminate blast contamination in normal cell populations and 
summary of antigen/mutation co-expression patterns. (a) UMAP overlay 
examples showing normal cell populations as defined in normal donor sample. 
Malignant AML cell populations (in red and purple dotted outlines) form 
individual cell islands that do not overlap with any normal populations. Top left 
panel: normal donor sample cell islands (in blue) overlayed on AML sample 20 (in 
red). Top middle panel: same normal donor and AML sample 20 as depicted in top 
left panel but here the AML sample 20 is overlayed on the normal donor sample. 
Top right panel: AML sample 26 (purple) overlayed on the same normal donor 
sample (blue). The panels in the middle rows are identical UMAPs depicted in 
top rows but displayed in contour form rather than solid color form. The panels 
in the third row are identical UMAPs depicted in top rows but contain a heatmap 
indicate relative surface antigen expression intensity of U5 snRNP200. (b) UMAP 
examples demonstrating preservation of normal cell islands between normal 
donor and AML samples. Colorimetric overlay is CD4 in top and bottom panels 
(that is CD4 T cell island is red). To eliminate malignant AML cell contamination 
(‘blasts’) while analyzing normal cell populations through manual gating, the 
malignant AML blast cell island was gated in the top panel UMAP and excluded 
from subsequent manual gating analysis (outside pink dotted line, ‘not gate’). 
Bottom panels depict UMAPs filtered to display resulting manually gated CD4 
T cells and no changes are seen in these populations compared with original 

ungated UMAP (top panel). (c) Same UMAP examples as featured in (b) but with 
CD14 colorimetric overlay. Again, blasts were excluded through gating on the 
UMAP (pink dotted line) and subsequently manual gating (outside pink dotted 
line, ‘not gate’) was performed to identify normal cell populations without blast 
contamination. Bottom panels depict UMAPs filtered to display manually gated 
immature monocytes (present in control and one of two AML samples) and no 
changes are seen in these cell islands compared with original ungated UMAP (top 
panel). (d) Example of UMAP gating strategy for exclusion of malignant AML cells 
via UMAP ‘blast gate’ prior to quantification and analysis of immune cell subsets 
by traditional manual gating. Top left UMAP depicts all live cells from one normal 
donor (blue) and one AML sample (orange); bottom left UMAP depicts malignant 
AML cells isolated by the ‘blast’ gate (that is cell island unique to AML sample) 
and bottom right UMAP depicts all cells outside of the ‘blast’ gate (that is the 
‘not blast’ gate). Middle panels contain scatter plots depicting manual gating of 
classical monocytes in normal donor (blue gate) and AML sample (orange gate) 
comparing results when gated from all live cells (top row) versus ‘not blast’ gate 
(bottom row). Right panels depict subsequent UMAP images generated from 
classical monocyte gates from normal donor (blue) and AML sample (orange) 
either from the all live cell gating approach (top) or the approach where blasts are 
excluded from analysis (bottom). (e) Frequency of CD4 and CD8+ T cells in AML 
bone marrow (orange, n = 50 patients) compared to normal donor bone marrow 
(blue, n = 7 donors). Bar graphs represent the mean ± SEM.
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Extended Data Fig. 2 | Validation of CITE-seq data. (a) Bubble plot demonstrating RNA expression levels of canonical markers within indicated cell cluster. (b) 
Normal donor and (c) AML blast pseudotime plots. (d) Normal donor and (e) AML cell type composition summaries.
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Extended Data Fig. 3 | U5 snRNP200 expression in normal murine 
hematopoietic cells. (a) Median fluorescence intensity (MFI) values of U5 
snRNP200 expression on immune cell populations from six normal adult 
bone marrow samples (n = 6 donors). Bar graphs represent mean ± SEM. (b) 
Quantification of U5 snRNP200 expression across immune cell subsets in the 
spleen and bone marrow (n = 5 mice). Bar graphs represent mean ± SEM. (c) 
Representative histogram (left panel) and quantification of U5 snRNP200 
expression on peripheral blood immune cell subsets. n = 5 mice. Bar graphs 

represent mean ± SEM. (d) Representative histogram (left panel) and 
quantification of U5 snRNP200 expression on bone marrow stem cells compared 
to B-cells. n = 5 mice. Bar graphs represent mean ± SEM. (e) Quantification of 
U5 snRNP200 expression across B cell differentiation states. n = 5 mice. Bar 
graphs represent mean ± SEM. MFI = mean fluorescent intensity. (f ) Histogram 
of U5 snRNP200 cell surface expression on K562 cells versus normal non-
hematopoietic tissues stained for U5 snRNP200 versus unstained K562 cells.
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Extended Data Fig. 4 | Cell surface U5 snRNP200 expression on inversion(3) 
AML patient samples and human patient-derived cell lines. (a) UMAP overlay 
comparing normal donor (blue islands) and AML samples for identification of 
malignant AML cells (top panel, yellow cell islands; bottom panel, orange cell 

islands) and colorimetric overlays of CD34, CD33, U5 snRNP200, and CD32A. 
(b) Histograms of U5 snRNP200 expression on U937 cells versus three distinct 
human inversion(3) AML cell lines (HNT-34, MUTZ3, and YCU-AML1).
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Extended Data Fig. 5 | RN2 AML Model for U5 snRNP200 antibody treatment 
and assessment of azacitidine effects on hematopoietic cells. (a) Schematic 
summarizing RN2 cell engraftment, antibody treatment schedule, and disease 
burden assessment. (b) Impact of control or IgG2A anti-U5 snRNP200 antibody 
treatment on CD19 (left) and CD11b (right) cells in the peripheral blood. Bar 
graphs represent mean ± SEM shown. Control group n = 9 mice; treated group 

n = 10 mice. (p value from paired t-test; **p = 0.032. (c) Representative FACS plots 
of data from (b). (d) Gating schema for identification, quantification, and FcR 
expression characterization of immune cell subsets in CD45.1 mice engrafted 
with CD45.2 AML cells. From the live, CD45.2− gate: NK cells = CD11b−NK1.1+, DCs = 
NK1.1−CD11C+, Monocyte/Macrophage = NK1.1−CD11c−CD11b+Ly6g−; Neutrophils 
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Extended Data Fig. 6 | Impact of in vivo azacitidine treatment on Fc receptor 
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expression on monocytes/macrophages in peripheral blood from mice engrafted 
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