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TO THE EDITOR:

Monosomy 7 and del(7q) are adverse-risk cytogenetic abnormalities
prevalent in myeloid malignancies in both pediatric and adult acute
myeloid leukemia (AML) and myelodysplastic syndrome (MDS) [1].
—7 and del(7q) are detected in clonal hematopoiesis and can be
initiating events in transformation [2, 3]. Despite its clear clinical
import, the underlying mechanism by which —7/del(7q) promotes
transformation is incompletely understood. It has been postulated
that critical tumor suppressor genes (TSGs) are encoded on
chromosome 7, however identifying these genes has been challen-
ging. Approaches have included mapping commonly deleted
regions (CDRs), which helped identify CUXT [4], and searching for
second-hit mutations, which pinpointed EZH2 [5]. Large-scale cancer
re-sequencing has shown that, with the exception of EZH2 and CUXT,
recurrent somatic mutations in chromosome 7 genes are rare. Here
we implement in silico and in vitro screening as an alternative means
to systematically uncover latent chromosome 7 TSGs.

To identify potential chromosome 7 TSGs in an unbiased
manner, we mined genome-wide proliferation screens using
CRISPR, gene-trap, and cDNA libraries performed in hematopoietic
and non-hematopoietic cells. Thresholds for inclusion were set
based on increased growth/selection in essential gene screens
(CRISPRko, CRISPRI, and gene-trap) or decreased growth/selection
in overexpression screens (CRISPRa and cDNA libraries). Overlap
between multiple studies was prioritized, but thresholds were not
stringent to cast a wide net for inclusion in further testing. We also
included TSGs predicted from pan-cancer analyses of mutational
patterns across thousands of primary patient cancers and TSGs
from the Cancer Gene Census list. From these 12 datasets, we
identified 96 coding genes with evidence of TSG activity that are
also expressed in human HSPCs (Supplementary Table 1). For
completeness, we also included all HSPC-expressed coding genes
within the CDRs of 7q (q21.3, g22.1, g34, and g35-36), resulting in
a total of 161 genes (Fig. 1A).

We next functionally tested the impact of editing the candidate
genes in primary, human CD34+ HSPCs. We reasoned that deletion
of putative TSGs would increase hematopoietic stem and progenitor
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cell (HSPCQ) proliferation and/or impair erythroid differentiation, both
features of AML and myelodysplastic syndrome, respectively [6]. We
chose an array-based CRISPR screen in lieu of a pooled approach
for increased power to detect these features [7] (Fig. 1B). We
transfected Cas9-gRNA ribonucleoprotein complexes into CD34+
HSPCs in a 96-well format, with one gRNA per gene per well. Two
parallel screens were performed: (i) cells were cultured in
maintenance media to assess HSPC proliferation, and (ii) cells were
cultured in EPO-containing media to promote erythroid differentia-
tion (see Supplementary Methods). AAVST gRNA was used as a
negative control, gPTEN was included as a positive control for
increased proliferation, and gGATA1 was used as a control for
decreased differentiation (Supplementary Fig. 1). Each gRNA was
tested in 3-4 biological replicates with 108 guides (excluding
controls) passing a threshold of >25% mean editing across all
replicates, with a final mean editing efficiency of 47.9% (Fig. 1C). We
chose this threshold with the assumption that knockout of a TSG
causes edited cell outgrowth, which was borne out (Supplementary
Fig. 2). We selected day 5 for proliferation measurements as that
time point showed the greatest separation of genes without a
plateau due to well overgrowth (Supplementary Fig. 3). Overall,
replicates in both the proliferation and differentiation assay were
well correlated (Supplementary Figs. 4, 5, 6).

Thirty-nine percent (42/108) of target genes significantly increased
proliferation when edited (Fig. 1D). Only two genes, CUX7 and ACHE,
had a significant impairment of erythroid differentiation (Fig. 1E). This
indicates that CUXT and ACHE may play a major role in differentiation
defects in —7/del(7qg)-associated myeloid malignancies. Across all
genes, accelerated proliferation correlated with impaired erythropoi-
esis, consistent with the known link between these two processes
(Fig. 1F). Using a combined proliferation and erythroid impairment
metric (see Methods), twelve target genes scored significantly
different from gAAVS1 (p < 0.05; FDR < 0.12, red circles, Fig. 1F). Nine
of the twelve genes are within the CDRs and six encode DNA binding
proteins; several of these have known roles in the regulation of
proliferation while others are less well characterized (further discussed
in Supplementary Note).
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Fig. 1 Arrayed CRISPR-Cas9 screen and machine learning classification identify multiple chromosome 7 genes with myeloid tumor
suppressor activity, concentrated within 7q CDRs. A Graphic depicting the selection of previously defined CDRs in chromosome 7q. Black
bars indicate regions identified by each publication; blue boxes are the regions included in this study. YAC-FISH: Yeast artificial
chromosome-fluorescence in situ hybridization, SNP-array: single nucleotide polymorphism array, mCGH microarray: comparative genomic
hybridization. B Flow chart describing the arrayed CRISPR-Cas9 screen experimental design. “Prime” datasets were defined as those with
complete statistical data available and performed in AML cell lines. C Mean editing percentages of each gene targeted by a single gRNA across
replicates, shown as a frequency distribution. Dotted line indicates 25% threshold required for inclusion in analysis, with 67% of gRNAs
included. D, E Volcano plots depicting log, fold change (to gAAVS1 control) and —log g value of day 5 proliferation assays (D; n=7) and day
14 erythroid differentiation assays (E; n = 8). Each dot is the mean value of a gene across replicates; controls denoted by a triangle; red
indicates statistical significance determined by Dunnett multiple comparisons test for proliferation and multiple t tests for erythroid
differentiation, g < 0.1. F Proliferation and erythroid differentiation values were scaled to fall between 0 and 1, and the erythroid sign inverted
so that a higher score is associated with increased proliferation and decreased erythroid differentiation. Each dot is the mean value of a gene
across replicates; controls denoted by a triangle; red indicates statistical significance determined by Mann-Whitney-Wilcoxon test on
summed proliferation and erythroid differentiation impairment scores, p < 0.05, g < 0.12. Correlation statistics calculated with Pearson R value
and student t test p value. G Proliferation normalized to gAAVS1 or (H) combined score of genes within commonly deleted regions of 7q
compared to those outside. Significance determined by student t test, *p < 0.05; **p < 0.01; ***p < 0.001. n =59 non-CDR genes; n =53 CDR
genes. | Machine learning score of genes within (n = 74) or outside of CDRs (n = 825). Significance determined by Mann-Whitney-Wilcoxon
test, *p < 0.05. J Genomic track of all chromosome 7 genes. Rows depict gene density, machine learning score, combined proliferation and

erythroid differentiation score, and overlay of machine learning (ML) and experimental scores. Red boxes indicate CDRs.

Across all genes, the effect on proliferation was non-random, with
a significant bias towards increased proliferation (Supplementary
Fig. 7). This is perhaps a consequence of, and affirms, our inclusion
criteria (Fig. 1A). The effect size for genes within CDRs was
significantly more pronounced, as measured by either proliferation
alone (Fig. 1G) or through the combined score (Fig. TH). This result is
remarkable because while the other genes in the screen were pre-
selected for by their performance in other CRISPR screens, all CDR
genes were included, regardless of previous evidence of TSG activity.
That the CDR regions are significantly enriched for TSGs implies that
the deletion of these regions in myeloid malignancies contributes
to disease progression through the combined loss of several
contributing genes.

We next sought to validate and extend our finding of increased
TSGs within CDRs through an orthogonal approach assessing all
chromosome 7 coding genes. In recent years, machine learning has
proved a powerful tool in uncovering biological associations hidden
in large datasets [8]. We implemented a random forest classification
model using eight cancer genome-wide screens and one mutational
signature dataset spanning 24 different cell lines to assign a TSG
score for each gene (Supplementary Figs. 8, 9). We created training
and testing datasets from all protein coding genes outside of
chromosome 7 using the bootstrap method and used canonical
TSGs curated from Cancer Gene Census as the ground truth for our
training process. The performance of the classification system was
strong, yielding an average AUC of 0.777 [0.747-0.806, 95% Cl]). We
then ran the classifier on chromosome 7 genes, and many highly
scoring genes overlapped with genes that scored significantly
experimentally, such as CUX1, LUC7L2 [9], and TRIM24 [10]
(Supplementary Fig. 10). The overlap of the experimental and
classifier results did not reach significance (hypergeometric test p =
0.12). Conceivably, this may reflect a limitation of the classifier and/
or some hits in the classifier may exhibit tumor suppressor activity
by other measurements, such as apoptosis, metastasis, or DNA
repair. Nonetheless, using the classifier scores, genes within CDRs
are again significantly enriched for TSGs (Fig. 11, J). This result from
disparate datasets, across tumor types, mirrors our experimental
results. To our knowledge, the successful application of machine
learning with genomic and CRISPR screen data to identify TSGs has
not been previously reported. Furthermore, our result buttresses the
concept of CDRs manifesting as a contiguous gene syndrome.

As CUX1 and ACHE were the only genes with significant
experimental effects on both proliferation and differentiation
(by non-combined metrics), we chose these candidates for
further investigation. We validated our findings with indepen-
dent gRNAs targeting CUX7 and ACHE. All gRNAs decreased
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protein levels (Fig. 2A, D) and recapitulated the proliferation and
erythroid differentiation phenotypes seen in the screen (Fig. 2B,
C and G, H). These CUXT results are consistent with the HSPC
proliferation and anemia we observed in CUX1-knockdown mice
[11]. ACHE is located with CUXT in the 7g22.1 CDR and encodes
extracellular membrane-associated acetylcholinesterase, also
known as the Cartwright blood group. In neuromuscular
junctions, acetylcholinesterase degrades acetylcholine to abro-
gate acetylcholine receptor signaling [12], however the hema-
topoietic function of ACHE is unknown. We tested the effect of
the muscarinic acetycholine receptor inhibitor, oxyphenonium
bromide, and found that it had the opposite effect of loss of
ACHE, causing decreased proliferation and increased erythroid
differentiation (Fig. 2E, F). Importantly, oxyphenonium bromide
treatment in gACHE cells restored proliferation and differentia-
tion to the same level as the gAAVS1 control (Fig. 2G, H). This is
congruent with a model wherein loss of ACHE in HSPCs causes
increased muscarinic acetylcholine receptor signaling, leading
to increased proliferation and impaired erythroid differentiation,
contributing to the myeloid expansion and anemia seen in —7/
del7q myeloid malignancies (Fig. 2I). As multiple muscarinic
antagonists are FDA-approved or in clinical trials, this may be a
feasible treatment avenue for anemia associated with —7/del
(7q) myeloid disease.

Overall, our study identifies several potential chromosome 7
TSGs and demonstrates that TSG activity is enriched within the 7q
CDRs. While CUXT and ACHE exert the strongest TSG phenotypes,
combinatorial loss of multiple genes may characterize a contig-
uous gene syndrome in the leukemogenesis of monosomy 7.

A limitation of our study is that 33% of the tested genes have
been excluded from our analysis due to either inefficient transfec-
tion or gRNA editing in some cases. Some of these genes have been
reported to display TSG activity, including EZH2 [5] and KMT2C [13],
which also score highly by our machine learing classifier, and
KMT2E [14] and SAMD?9 [15]. Thus, we cannot rule out a role for the
excluded genes. SAMDOL [15] was included in our analysis but did
not score highly as a TSG in the CRISPR screen or by machine
learning. Due to the shorter duration of the proliferation assay, rare
proteins with particularly long half-lives may present as false
negatives. Another limitation is that gRNAs generate both hetero-
zygous and homozygous editing; further experiments determining
the haploinsufficient nature of these putative TSGs is warranted.

Overall, we demonstrate that datamining and machine learning
with existing genome-wide datasets is a high-yield approach to
dissecting the pathogenesis of recurrent, chromosome arm-level
aneuploidies in cancer.
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Fig. 2 CUX1 and ACHE are potential TSGs in the 7q22.1 CDR, and ACHE loss can be rescued by a muscarinic acetylcholine inhibitor.
A Representative western blot of p200 CUX1 protein knockdown in human CD34+ cells 3 days after transfection with two different gRNAs. p-actin
loading control. Relative protein quantified by densitometry, significance determined by one-way ANOVA and Dunnett’s multiple comparisons test,
n=2. *p <0.05; **p <0.01; ***p <0.001. B Proliferation time course normalized to gAAVS1. Significance determined by 2-way repeated measures
ANOVA with Geisser-Greenhouse correction and Dunnett’s multiple comparisons test, n = 6. *p < 0.05; **p < 0.01; ***p < 0.001. C gAAVS1 normalized
mature/total erythroid differentiation ratio, determined by flow for CD71 and GlyA markers after 14 days in culture. Significance determined by paired
t test, n = 5. D Representative western blot of ACHE protein knockdown 3 days after transfection with two different gRNAs. -actin loading control.
Relative protein quantified by densitometry, significance determined by one-way ANOVA and Dunnett’s multiple comparisons test, n = 2. *p < 0.05;
*¥*p < 0.01; ***p<0.001. E Proliferation time course after treatment with muscarinic acetylcholine receptor inhibitor oxyphenonium bromide,
normalized to DMSO vehicle control. Significance determined by 2-way repeated measures ANOVA with Geisser-Greenhouse correction and
Dunnett’s multiple comparisons test, n = 4. *p < 0.05; **p < 0.01; ***p < 0.001. F gAAVS1 normalized mature/total erythroid differentiation ratio after
14 days in culture. Significance determined by one-way ANOVA and Dunnett’s multiple comparisons test, n = 4. G 5-day proliferation and (H) 14-day
mature/total erythroid differentiation ratio normalized to gAAVS1 with ACHE gRNAs and/or 200 pM oxyphenonium bromide. Significance determined
by one-way ANOVA and Tukey's multiple comparisons test, n = 4. | Graphic depicting the proposed model for the impact of ACHE loss in CD34+
cells. When ACHE is present on the cell surface, acetylcholine (ACh) signaling through muscarinic acetylcholine receptors is limited in duration and/or
magnitude. Without ACHE, the ACh signal persists and leads to increased proliferation and impaired erythroid differentiation. Treatment with the
oxyphenonium (OB) inhibitor blocks aberrant ACh signal and restores CD34+ cell to a normal level of proliferation and erythroid differentiation. *p <
2.05; **p <0.01; ***p < 0.001; ****p < 0.0001; ns not significant, ACHE acetylcholinesterase, ACh acetylcholine, OB oxyphenonium bromide.
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