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SUMMARY

Despite advances in defining diverse somatic mutations that cause the myeloid malignancies, a
significant heritable component for these cancers remains largely unexplained. Here, we perform
rare variant association studies in a large population cohort to identify inherited predisposition
genes for these blood cancers. CTRY, which encodes a key component of the PAF1 transcription
elongation complex, is among the significant genes identified. The risk variants found in cases
cause loss-of-function and result in a ~10-fold increased odds of acquiring a myeloid malignancy.
Partial CTR9 loss-of-function expands human hematopoietic stem cells (HSCs) by increased
super elongation complex-mediated transcriptional activity, which thereby increases expression of
key regulators of HSC self-renewal. By following up on insights from a human genetic study
examining inherited predisposition to the myeloid malignancies, we define a previously unknown
antagonistic interaction between the PAF1 and super elongation complexes. These insights could
enable targeted approaches for blood cancer prevention.
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In Brief

Rare inherited CTR9loss-of-function variants predispose to myeloid malignancies by altering

the balance between the PAF1 and super elongation complexes. Specific subunits of the PAF1
complex then act in concert with the super elongation complex to promote transcription elongation
of genes that can drive hematopoietic stem cell self-renewal.

INTRODUCTION

The myeloid malignancies are a group of blood cancers that arise when somatic driver
mutations are acquired in the hematopoietic stem cell (HSC) compartment!-2, and includes
the myeloproliferative neoplasms (MPNs), myelodysplastic syndromes (MDS), and acute
myeloid leukemias (AMLs). While these cancers are heterogeneous in terms of phenotype
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and outcome, genomic studies over the past decades have uncovered the drivers underlying
most of these diseases and have revealed common molecular pathways impacted, including
factors involved in signaling, transcriptional regulation, DNA damage repair, and splicing®.
More recent studies of these diseases at single-cell resolution have uncovered additional
complexity in cell states in these diseases that could underlie some of the variable
phenotypes observed, even when similar driver mutations are found in cases?4-5. A great
deal of knowledge has emerged by cataloging and studying the acquired mutations that drive
these diseases.

However, it is clear that there is a significant heritable component to these cancers that
remains incompletely defined and poorly understood mechanistically’. Common variant
association studies (CVAS) have provided valuable insights®13, particularly for the MPNs,
but only identify a fraction of the heritable risk with effect estimates that are typically

quite small for significant loci (most often with odds ratios of <1.5). Studies of families
harboring multiple individuals with myeloid malignancies have revealed highly-penetrant
mutations that can strongly predispose individuals to acquire these blood cancers, but that
are rare in the population!4-17. With the increasing availability of large-scale sequencing
studies, we reasoned that rare variant association studies (RVAS) could serve as a valuable
complementary approach to CVAS and family-based studies to identify additional inherited
risk factors for the myeloid malignancies. In particular, this is likely to be the case

for inherited variants that occur at somewhat higher frequency, but lower penetrance,

than occurs with rare familial syndromes and which might have larger effects on risk

than the common variants identified in CVAS. Indeed, recent RVAS in large population
cohorts have proven valuable to provide unanticipated biological insights into the risk for
different complex diseases819. In addition to the opportunity to identify new risk variants
underlying these disorders, since predisposition to these cancers likely impacts the function
or regulation of HSCs, follow up of these genetic studies should provide opportunities to
gain new mechanistic insights into hematopoiesis.

CTR9 loss-of-function variants predispose to the development of myeloid malignancies

Given that no prior RVASs for myeloid malignancy predisposition have been reported to
date, we conducted such a study in 166,953 participants for whom exome sequencing data
was available from the UK Biobank cohort?0. Following quality control of this data (STAR
Methods), we identified 691,460 rare variants under a frequency of 0.1% and of predicted
deleteriousness that were included in a gene-based collapsing association analysis (Figure
1A). We combined the myeloid malignancies, including AML, MDS, and MPNs, into one
phenotype (Nmyeloid= 793 (Nmpn= 578, NamL= 175, Nmps= 135), Neontrols= 166,160),
given that many risk factors are shared across these blood cancers and to increase overall
power. Significant burden was seen in a number of genes (JAKZ, TETZ, IDHZ2, DNMT3A,
ASXL 1) known to harbor somatic mutations in clonal hematopoiesis of indeterminate
potential (CHIP)21.22, and served as positive controls for the assessment of deleterious
alleles, as the presence of CHIP is known to predispose to the myeloid malignancies. Of
note, we also identified significant burden in a number of genes including CTR9, CHEK?,
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AOXI, MCCC1, and HBB, which showed variant allele fractions in the germline range
(Figure S1A) and are typically not seen in CHIP nor as somatic mutations from prior studies
of cancer genomes?3,

While some of the genes harboring germline variants with a significant burden in myeloid
malignancy cases had previously been implicated in blood cancer predisposition, such as
CHEKZ4, several were unknown. Among this group, CTR9was of particular interest, as
germline variants in the gene had not been previously implicated in conferring risk for
developing myeloid malignancies, but heterozygous loss-of-function mutations in C7R9
have been associated with familial Wilms’ tumor2®, which suggested a broader role

for this protein as a tumor suppressor. CTR9encodes a key component of the PAF1
complex (PAF1c), which has multiple functions during transcription, including facilitating
transcription elongation after promoter-proximal pausing by RNA polymerase 112627, The
mammalian PAF1c is composed of five to six core subunits: CTR9, CDC73, PAF1, LEO1,
WDR61, and sometimes RTF128. Deleterious mutations in the CDC73 gene increase risk
of parathyroid carcinoma?® and cause the hyperparathyroidism-jaw tumor syndrome30.
Interestingly, PheWAS for deleterious CTR9 variants across 1,027 phenotypes revealed
cancer and disease of salivary glands, bone, and hyperparathyroidism as among the most
significant, suggesting possible interference with the PAF1c in a manner producing similar
phenotypic outcomes to CDC73 heterozygous loss-of-function (Figure S1B).

The majority of the signal from the gene burden testing for C7R9was driven by the

MPNSs, although it should be noted that these were among the most common myeloid
malignancies in the UK Biobank cohort (Figure 1B). As expected, rare variant collapsing
tests showed much larger odds ratios (OR) than variants identified from CVVAS of myeloid
malignancies (Figure 1C). Deleterious variants in CTR9showed a large OR of 9.6 for
myeloid malignancies (95%CI = 4.86-19.04, SKAT-O p-value = 5.47x10~7) (Table S1), but
were not significantly associated with risk of detectable CHIP (p=0.17). However, there is
low sensitivity to identify CHIP due to JAKZ mutations and specific other variants in this
cohort, as a result of low sequence coverage (STAR Methods). There were eight cases that
carried six deleterious mutations in CTR9, found across multiple exons of the gene (Figure
1D). Following our initial discovery association in an earlier release of UK Biobank exomes,
we had an opportunity to confirm our associations with the recent release of the entire

UK Biobank cohort (Nmyeloid =2211 (NMPN: 1608, Nap= 476, NMDS: 430), Ncontrols =
465,273) and identified significant burden in similar sets of genes, including genes known to
harbor CHIP associated variants and C7R9 (p<0.001).

Structural analysis of PAF1c31:32 revealed how the deleterious variants in CTR9 found in
cases often occur at interfaces involving other key components necessary for transcription.
For example, residue 498 is located at the binding interface between CDC73 and PAF1,
while residues 698 and 701 are located at the binding interface with subunit RPB8 of

RNA polymerase Il (Figure 2A, B)31:32, Consistent with the likely disruptive role of these
mutations, when expressed as a tagged protein along with wildtype CTR9, we observed
consistently reduced interactions with other PAF1c components and RNA polymerase |1
(RPB1/POLR2A is the large subunit of this complex), demonstrating loss-of-function by all
of these variants (Figure 2C, D). Crucially, we observed similar binding by wildtype CTR9
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in all of these cases, demonstrating that no mutations were acting in a dominant negative
manner, at least in terms of PAF1c assembly (Figure S2).

Partial loss of CTR9 augments HSC maintenance in vitro

A greater extent of hematopoietic stem cell (HSC) self-renewal has been shown to

increase the risk for acquiring myeloid malignancies®:33-35, Given that the risk variants

in CTRY cause loss-of-function, we hypothesized that these variants might impact HSC

or progenitor self-renewal or function. To recreate loss-of-function alleles in an isogenic
setting in primary human hematopoietic stem and progenitor cells (HSPCs), we used

Cas9 ribonucleoprotein (RNP) delivery with four independent guide RNAs targeting C7TR9
with an editing efficiency of over 80% (Figure S3A). Interestingly, there was an increase

in phenotypic long-term repopulating HSCs (LT-HSC)836:37 in the days after editing,

but these cells were then depleted (Figure 3A-D). We noted that while CTR9 protein

levels were partially reduced (~50%) soon after RNP delivery, more profound depletion
(>80%) occurred subsequently in tandem with the reduction in LT-HSCs (Figure S3A-

B). To more faithfully model heterozygous loss-of-function, we titrated the amount of

Cas9 RNP delivered into HSPCs so that C7R9would be edited in a predominantly
heterozygous manner, as we have done in the case of other heterozygous mutations we
have studied previously® (Figure S3C-E). Strikingly, this editing achieved expansion of both
the phenotypic LT-HSC and more differentiated short-term HSC (ST-HSC) compartments
without any change in the overall number of HSPCs (marked by CD34*CD45RA™) across
multiple time points in culture (Figure 3E-H). As phenotypic markers to assess HSCs

can be limited, we also performed single-cell RNA sequencing (SCRNA-seq) on 3,335
AAVS1 edited control and 4,154 CTR9edited CD34*CD90"CD45RA™ cells and observed
an expansion in cells harboring a previously defined HSC molecular signature® with C7TR9
editing (Figure 31-J, Figure S3F-G). In addition to the observed phenotypic and molecular
HSC expansion, we also observed increased colony plating capacity of HSPCs with larger
colonies noted upon CTR9 editing (Figure 3K-L). Given that prior studies have shown how
HOXA family members are both necessary for HSC self-renewal and demonstrate increased
expression with altered transcription elongation38-40 - the major function of PAF1c and
other interacting complexes - we examined expression of HOXA family genes and saw
consistent increases accompanying the observed HSC expansion (Figure S3H), whereas
this expression of HOXA genes was diminished as CTR9 levels were reduced with more
profound depletion (Figure S3l).

Partial loss of CTR9 increases HSC self-renewal in vivo and collaborates with myeloid
malignancy driver mutations

To fully characterize the effect of partial loss of CTR9 on HSC function /n

vivo, we performed transplantation of CD34* HSPCs with editing targeting the

AAVS] control locus or CTR9in a partial or complete manner into the NOD.Cg-
KitWAlTyr+ PrikdcsCcidi2rg™mIWil/ ThomJ (NBSGW) strain of immunodeficient and Kit
mutant mice3741:42, Consistent with the increase observed Jn vitro in phenotypic HSCs,
partial CTR9edited HSPCs showed consistently higher engraftment of human CD45™ cells
in the peripheral blood over a period of 20 weeks of transplantation, whereas complete
CTR9edited HSPCs showed significantly lower engraftment (Figure 4A). Similarly, there
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is also a slightly higher engraftment observed in the bone marrow and spleen of NBSGW
mice transplanted with C7R9 partially edited HSPCs, which was diminished with complete
editing of CTR9 (Figure 4B, C). Indeed, we observed no significant change of the editing
efficiency with partially edited HSPC xenotransplants, but a significant reduction of editing
efficiency with completely edited HSPC xenotransplants in peripheral blood, bone marrow,
and spleen (Figure S4). Notably, in NBSGW mice transplanted with completely edited
CTRIHSPCs, the editing efficiency was reduced down to ~30% overall after 20 weeks. The
strongest negative selection appeared to occur within the first 8 weeks, which resulted in a
population with an editing efficiency of ~50% overall.

To comprehensively assess the role of CTR9 in hematopoietic differentiation, we

assessed the reconstitution of various lineages in NBSGW mice transplanted with AAVS1
control, partial CTR9edited, or complete C7R9edited HSPCs and found significantly
higher reconstitution by HSPCs with partial C7R9editing, while complete CTR9

editing significantly reduced the level of human hematopoietic engraftment (Figure 4D).
Importantly, we found that no lineage deviated significantly from the reconstitution of
human hematopoietic cells, as assessed by human CD45 expression, suggesting that the
effect of partial or complete CTR9editing impacted overall hematopoietic reconstitution
by HSCs, rather than selectively altering specific lineages (Figure 4E). Given this observed
impact on HSC function, we estimated HSC numbers by modeling engraftment dynamics
across the 20-week period using maximum likelihood estimation methods (STAR Methods)
and found that HSPCs with partial loss of C7TR9required ~250 functional HSCs, which is
~100 fewer than is seen for control AAVSI edited HSPCs, whereas complete C7R9 edited
cells require ~1200 more functional HSCs to achieve a similar level of engraftment (Figure
4F).

To further assess the capacity of long-term self-renewal by HSCs upon partial loss of CTR9,
we performed serial replating with long-term engrafted HSCs after xenotransplantation.
While colonies for all lineages were exhausted in control edited cells, partial CTR9

edited cells had robust replating potential with minimal loss over four rounds of replating,
providing further support for the observed increase in self-renewal (Figure 4G).

The prior experiments demonstrate how partial loss of CTR9 can alter hematopoiesis and
thereby increase the likelihood for any HSC acquiring a somatic driver mutation. However,
it is possible that in addition to the impact that would increase the risk for acquiring
somatic driver mutations, there might also be cooperativity between these germline variants
and drivers of the myeloid malignancies. We examined what happens when we combined
partial CTR9 loss with concomitant loss of function mutations in drivers of the myeloid
malignancies, TET2 and ASXL1. Strikingly, when CTR9 is partially edited in tandem
with perturbation of TET2 or ASXL1, we observed an additive increase in HSC numbers
in comparison with individual perturbations (Figure 4H). These observations extend our
findings and show that these germline variants might also collaborate with myeloid
malignancy drivers in enabling disease initiation and progression. Collectively, our data
show that partial loss of CTR9 enables HSC expansion and promotes the development of
myeloid malignancies.
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Partial loss of CTR9 augments HSC function through enhanced transcription elongation

PAF1c has been suggested to be critical for maintenance of HSCs*3. Therefore, the observed
HSC expansion and increased HOXA family gene expression with heterozygous loss-of-
function of CTR9appeared paradoxical and raised the question of underlying mechanisms
by which blood cancer predisposition could arise. We examined differentially expressed
genes in the HSC subpopulation through scRNA-seq. While gene ontology analysis on

the differentially expressed genes (both those that are up and downregulated upon C7R9
editing), revealed a number of pathways including alterations in RNA processing and
metabolism, protein translation, processing and membrane targeting, and cellular respiration
(Figure S5A), none of these provided clear insights into underlying mechanisms that

could explain the observed HSC expansion. Given known interactions between PAF1c and
components of the super elongation complex (SEC)#446, as well as the HSC expansion
phenotype seen with increased expression of SEC component MLLT3 (also known as
AF9)#7 that is similar to what we observe with CTR9 heterozygous loss-of-function, we
examined the extent to which targets of MLLT3 in human HSCs were upregulated upon
CTR9 editing. Remarkably, we observed a significant enrichment of MLLT3 upregulated
genes that were increased upon CTR9 editing in HSCs by gene set enrichment analysis
(normalized enrichment score = 3.29, p-value < 0.001, Figure 5A, B). These targets
included many key HSC self-renewal regulators including mid to posterior HOXA genes
and MECOM, and similar findings were also observed with an independent guide RNA
(Figure S5B, C). Since increased SEC activity should promote transcription elongation,

we examined nascent RNAs using precision run-on sequencing (PRO-seq) in edited

CD34* HSPCs (STAR Methods). While there was a slight global increase in transcription
elongation, the major contributions appeared to come from known MLLT3 targets in

human hematopoiesis and from genes that are upregulated in the ScCRNA-seq data from
HSCs (Figure 5C). Indeed, these genes showed dramatic downregulation in their calculated
pausing indices, suggesting that augmented transcription elongation underlies their increased
expression (Figure 5D, Figure S5D).

In light of these compelling findings suggesting that SEC activity might be increased in

the setting of partial CTR9 loss (as would occur with heterozygous loss-of-function of
CTR9), we sought to functionally validate these observations. We used a recently described
specific and potent inhibitor of the YEATS domains of MLLT3 and MLLT1 (also known

as ENL)#8-50, Although we cannot formally discriminate between targeting of MLLT3 vs.
MLLT1, MLLT3 is much more highly expressed in human HSCs than MLLT1 (Figure S5E),
suggesting that MLLT3 is the major target in primary human HSCs. Using the YEATS
domain inhibitor, SR-0813, we noted suppression of phenotypic LT- and ST-HSC expansion
without a major impact on the bulk HSPC population (Figure S5F). Importantly, however,
this inhibitor completely suppressed the CTR9-perturbation-mediated HSC expansion and
concomitantly downregulated many of the key upregulated target genes (Figure S5G). To
ensure that this suppression of MLLT3 was acting through the SEC, we also inhibited
CDKQ9, a key kinase subunit of the p-TEFb subcomplex in the SEC that phosphorylates RNA
polymerase 1l to promote transcription elongation, and observed a similar reduction of HSC
expansion that arises from partial CTR9 loss (Figure S5H).
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Relocalization of PAF1 complex subunits augments super elongation complex-mediated
HSC gene transcription

Given the previously reported antagonism between PAF1c and the SEC*4, as well as given
the specific alterations and myeloid malignancy predisposition observed due to CTR9

loss, we investigated the possibility that partial loss of CTR9 results in altered PAF1c
complex assembly in primary human HSPCs and this thereby results in the increase in

SEC activity observed. When we pulled down PAF1, all binding partners from PAF1c were
co-immunoprecipitated as expected, but we also observed MLLT3 co-immunoprecipitation.
Importantly, the amount of MLLT3 interacting with PAF1 increases with partial CTR9 loss,
suggesting that CTR9 might act as an inhibitor of this interaction (Figure 5E). In contrast,
when we immunoprecipitated MLLT3, only the PAF1 and CDC73 subunits of the PAF1c co-
immunoprecipitated with MLLT3, and the amount of co-immunoprecipitation also increased
with partial CTR9 loss (Figure 5E). Therefore, our results suggest that the increase in HSC
self-renewal is a consequence of augmented SEC activity in the setting of reorganized
binding by specific PAF1c subunits, including PAF1 and CDC73. To functionally assess the
impact of perturbing these other PAF1c components on human HSCs, we edited PAFZ and
CDC?73. In contrast to editing of CTRY, we observed that the phenotypic HSC populations
were depleted even at early time points in culture with PAFI and CDC73editing (Figure
S6B-C). Moreover, even Cas9 RNP titration to achieve heterozygous PAFI editing resulted
in depletion of HSCs and progenitors (Figure S6A, D-E). Interestingly, when we edit
another subunit of PAF1c that does not interact with MLLT3, LEOL, we observed an
expansion of phenotypic HSCs in culture, as was the case with CTR9 (Figure S6B-C).

To extend our finding in an /n vivo setting, we transplanted CD34* HSPCs with partial

or complete PAF1, CDC73, or LEOI edits into NBSGW recipients and found that in
contrast to PAF1and CDC73edits, which showed a significant reduction of engraftment

in peripheral blood, bone marrow, and spleen, LEO1 edited cells showed normal to higher
engraftment compared to the AAVSI edited control, which recapitulated what we observed
in vitro (Figure 5F, H, Figure S6F, G). Analysis of editing efficiency also showed that PAFI
and CDC73edits were significantly depleted after 20 weeks, whereas L £0O1 edits were
maintained at ~50% editing efficiency, similar to what we observed for CTR9 perturbations
(Figure 51). Notably, in contrast to CTR9, which showed an overall reduction of editing
efficiency to ~30%-50%, PAFI or CDC73editing were reduced to negligible levels starting
from 8 weeks post-transplantation, which further suggested that normal expression of PAF1
or CDC73 is required for HSC function, whereas LEO1 appears to be tolerant of partial
loss, given that editing remained at ~50% while permitting effective reconstitution of long-
term hematopoiesis. Further analysis of human hematopoietic reconstitution demonstrated
broad impacts on all lineages by PAFI or CDC73edits, but not LEOI (Figure S6H,

). Consistent with this, maximum likelihood estimations (STAR Methods) revealed the
need for significantly more HSCs that would be required with PAFZ or CDC73 editing to
achieve similar reconstitution as seen for controls over 20 weeks (Figure 5J). These findings
demonstrate that loss of PAF1 or CDC73 impairs human HSC function.

We next sought to more fully define the interaction between PAF1, CDC73, and the SEC.
With immunoprecipitation of PAF1 or MLLT3, all SEC subunits could be identified, with
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the exception of AFF2, which is a core subunit of an alternative SEC complex, SEC-L.251
(Figure S7A). We next sought to examine the nature of potential complexes in cells by
performing gel filtration with lysates from human CD34* HSPCs after either AAVSI or
partial CTR9editing. Indeed, consistent with previous reports®, we observed that PAF1 and
CDCT73 are more widely distributed in comparison to other PAF1c subunits (Figure 6A).
Moreover, upon partial loss of CTR9, PAF1 and CDC73 appear to redistribute to larger
fractions that overlap with the SEC (Figure 6A-B, Figure S6B).

Our data suggests that MLLT3 enables PAF1 and CDC73 to interact with the SEC. To
examine the nature of this interaction, we used the YEATS domain inhibitor, SR-0813,
targeting MLLT3. Interestingly, inhibiting the MLLT3 YEATS domain does not alter

the PAF1-CDC73-SEC interaction (Figure 6C). In contrast, when we deplete MLLT3 in
CD34" HSPCs, the PAF1-CDC73-SEC interaction was largely abrogated (Figure 6D),
demonstrating that MLLTS3 is required for this interaction. Together, our data suggests that
MLLT3 has a key role in the interface between PAF1-CDC73 and the SEC, but this does
not require YEATS domain binding. We also overexpressed MLLT3 in CD34* HSPCs, but
we did not observe any increase in interactions with higher MLLT3 expression (Figure 6C).
This suggests that while MLLT3 is a critical part of this interaction involving PAF1 and
CDC73, it is insufficient to drive this interaction, which suggests that other unknown factors
are required for this process (Figure 6E). Finally, to bolster these observations, we could
show that we could reverse the partial CTR9-dependent HSC expansion by concomitant
perturbation of either PAF1 or CDC73, validating that the PAF1-CDC73-SEC interaction is
necessary for the HSC expansion phenotype we observe (Figure 6F).

Given these findings, we sought to define how this alteration in human HSC function

could arise mechanistically. We performed chromatin immunoprecipitation by sequencing
(ChlP-seq) analyses to examine chromatin occupancy of MLLT3, PAF1, CDC73, LEOL,
RNA polymerase I1, along with two active transcription histone marks, H3K79me2 and
H3K36me3, in human HSC-enriched populations. Consistent with our hypothesis, we
observed a significant increase in the distribution of H3K79me2 and RNA polymerase

I1 on the gene body regions of numerous HSC self-renewal genes upon partial CTR9

loss (Figure 7A). These observations are consistent with the augmentation of nascent

RNA production upon partial CTR9 loss, which were seen by PRO-seq (Figure 7A). The
levels of H3K4me3 across promoter regions showed no difference upon partial CTR9

loss, suggesting that no alterations in transcription initiation were present. Moreover,
consistent with our biochemical observations in bulk nuclear extracts, we also observed
that the chromatin occupancy of MLLT3, PAF1, CDC73, but not LEO1, on these genes
was also increased upon partial CTR9 loss (Figure 7A). This reveals how this complex

of select PAF1c components, including PAF1 and CDC73, appear to act with the SEC to
augment transcription elongation at key genes necessary for HSC self-renewal. To more
systematically assess the global occupancy of these subunits and their relationship with
MLLT3, we focused on genomic regions that were previously shown to be regulated by
MLLT34’. The intensity of MLLT3, PAF1, CDC73, but not LEO1 ChIP-seq signals on these
genes were significantly enriched after partial CTR9 loss, which complement the augmented
transcription elongation seen with PRO-seq. Moreover, there was also a significant increase
in RNA polymerase Il occupancy across these gene bodies, suggesting that these MLLT3-
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regulated genes were more actively transcribed upon partial CTR9 loss (Figure 7B, C,
Figure S7C).

Together, these functional experiments in tandem with our biochemical studies validate a
model whereby heterozygous loss of CTR9, which confers significant predisposition to
myeloid malignancies, frees specific PAF1c subunits, including PAF1 and CDC73, that can
then cooperate with components of the SEC, including MLLT3, to augment and promote
transcription elongation of genes necessary for HSC self-renewal (Figure 7D).

DISCUSSION

While significant progress has been made in understanding the numerous somatic mutations
that can be acquired to give rise to the myeloid malignancies, a significant heritable
component for these diseases exists’-3, yet remains incompletely defined and poorly
understood. Family-based studies have identified some large effect risk alleles that are rare
in the population, while CVAS have defined common variants that are more frequently
observed, yet confer smaller risks for developing these blood cancers. Here, we have
employed RVAS to gain new insights into alleles that have comparable effects to those
observed in some family-based studies, yet which are more common in the population.
Indeed, in the context of CTR9, we estimate that ~0.1% of individuals in the population
carry distinct deleterious mutations that confer a ~10-fold increased risk for acquiring a
myeloid malignancy. Our study will enable further studies to define the full allelic spectrum
of inherited genetic variation that confers risk to acquire these cancers.

Importantly, not only have we been able to define CTR9 and some other risk variants

for the myeloid malignancies through our study, but we are also able to define critical

new pathways involved in the regulation of transcription elongation. While prior studies
had suggested interactions between the PAF1c and SEC in the context of transcription
elongation26:44, our follow up studies of CTR9 loss have uncovered how specific PAF1c
components, namely PAF1 and CDC73, can interact with the SEC to augment its activity, at
least it the context of human hematopoietic stem and progenitor cells, which are known to
rely on SEC activity to modulate self-renewal*’. While further studies are needed to more
fully define how widespread these mechanisms might be and to more fully study how this
variable localization of select components can be regulated, these insights pave the way for a
deeper understanding of the regulation of transcription elongation.

Given that the incidence of CTR9 loss-of-function variants is far more common than the
frequency of individuals who have myeloid malignancies, we have focused our study on
how these variants can alter native hematopoiesis to confer an increased risk for acquiring
somatic driver mutations that can cause these cancers. The increased self-renewal of human
HSCs observed with CTR9 partial loss would increase the likelihood that one of these cells
could acquire a mutation that could result in a myeloid malignancy. Importantly, we also
observe cooperativity between these germline variants and specific somatic driver mutations,
such as mutations disrupting TET2 and ASXL1, and this is an area that warrants further
investigation in future studies.
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A critical implication of these findings is that they might suggest broader and more
generalizable approaches for mitigating the risk of developing one of these blood cancers.
Limiting HSC self-renewal and modulating their function reduces the likelihood of
developing blood cancers in model systems33-35, Our genetic findings suggest that it might
be possible to modulate these processes in at-risk individuals by altering transcription
elongation to prevent myeloid malignancy initiation.

Limitations of the study

We would note a few limitations to this study. First, although we have used a large
population-based human genetic study to identify rare variants in CTR9as conferring

risk for acquiring myeloid malignancies, further population studies will help to better
delineate the overall disease risk conferred by these variants, particularly in more diverse
cohorts. Second, while we would ideally examine hematopoietic stem cells from individuals
with germline CTR9variants, given the rarity of these variants and limited access to
hematopoietic cells from individuals with known genotypes, we needed to rely upon
isogenic genome editing to perturb C7R9in healthy hematopoietic cells to enable deep
mechanistic studies. Third, while we have focused on mechanisms that regulate transcription
elongation in human hematopoietic stem and progenitor cells, the applicability of these
findings to other cellular contexts remains to be studied.

STAR METHODS

Resource Availability

Lead contact—*Further information and reagent requests should be directed to and will be
fulfilled by the Lead Contact Vijay G. Sankaran (sankaran@broadinstitute.org)

Materials availability—All unique materials will be available upon request to the lead
contact.

Data and Code Availability—The data supporting the findings of this manuscript are
reported in the main text, in the figures, or in the supplementary tables. UK Biobank
individual genotypic and phenotypic data are available to approved investigators via the UK
Biobank study (www.ukbiobank.ac.uk/). Additional information about registration for access
to the data are available at www.ukbiobank.ac.uk/register-apply/. Data access for approved
applications requires a data transfer agreement between the researcher’s institution and UK
Biobank. Sequencing data is available under GEO accession GSE186591.

Experimental model and subject details

Cell culture—HEK?293T cells were cultured in DMEM supplemented with 10% FBS

and 1X penicillin/streptomycin. Human CD34* HSPCs were purchased from Fred
Hutchinson Cancer Institute and cultured in StemSpan serum free culture medium (StemCell
Technologies) supplemented with 1X CC100, 2mM L-glutamine, 100ng/mL TPO, 1X
UML171 and 1X penicillin/streptomycin.
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Xenotransplantation and animal models—All animal procedures were performed
under the protocol approved by Boston Children’s Hospital Institutional Animal Care and
Use Committee (IACUC). Xenotransplantation was done as previously described3’. Briefly,
cord blood was acquired from Dana-Farber Cancer Institute’s Pasquarello tissue core.
CD34" HSPCs were enriched by EasySep Human Cord Blood CD34™ positive selection

kit (StemCell Technologies) according to the manufacturer’s instructions. Enriched cells
were nucleofected with AAVSI control, CTRY, PAF1, LEOI, or CDC73sgRNASs in a
manner identical to what was done for adult CD34* HSPCs using gRNA/Cas9 RNP
delivered through nucleofection by Lonza 4D nucleofector as described in the above section.
Two days post-nucleofection, a small fraction of cells will be harvested for ICE analysis

of editing efficiency. The remaining cells will be intravenously injected into NOD.Cg-
KitW=4LTyr*Prkdcscid|12rgtmIWil/ Thom) (NBSGW) immunodeficient and Kit mutant mice
(JAX#026622) at 1x10° cells per mouse. Autoclaved sulfatrim antibiotic water was given
and changed weekly to prevent infections. Peripheral blood was harvested every four weeks,
starting from 8 weeks post-transplantation, and bone marrow, and spleen were harvested

20 weeks post-transplantation for analysis of engraftment, editing efficiency of each
corresponding edited gene, and lineage-specific markers. Specifically, peripheral blood was
harvested through the retro-orbital plexus before sacrifice and through cardiac puncture right
after the mice were sacrificed and collected in EDTA coated tubes to prevent coagulation.
Red blood cells were depleted by addition of ddH,O. The cells were resuspended in ddH,0,
which typically takes about 20 seconds for complete resuspension. The osmolarity was
balanced immediately after resuspension by adding 10X PBS solution. The cells were
centrifuged and pelleted at 470g for 5 minutes. If the pellet appears to be red, a second
round of RBC lysis with the same method was used to deplete remaining RBCs. For bone
marrow cell harvest, femurs, and tibia were dissected and crushed by mortar and pestle

in RPMI 1640 medium supplemented with 10% FBS and 1X penicillin/streptomycin. The
cells were passed through 40 gm cell strainer. The cells were washed by ice-cold PBS once
and washed cells were frozen down in 90% FBS + 10% DMSO. The majority of RBCs
were automatically depleted by cryopreservation. Prior to analysis, the thawed bone marrow
cells were further RBC depleted by the above method. For splenocyte isolation, spleens
were dissected and minced. The minced spleen was digested by 1 mg/ml collagenase IV

for 30 minutes at 37 degrees C. The digestion was stopped by addition of EDTA at a final
concentration of 1 mM. Splenocytes were frozen in 90% FBS + 10% DMSO to deplete
RBCs and stored in liquid nitrogen for subsequent analysis.

Estimated HSC required for a specific extent of engraftment is calculated by the maximum
likelihood estimation method (MLE) using the following formula: HSCyeqyireq = -log(1
-fraction_stem_cells) * total_cells_transplanted / mean(log(1-donor_chimerism)), where the
fraction of stem cell frequency here is assumed to be 0.005 across all groups. While not
providing a precise estimate of the number of HSCs in a mix population, as can be achieved
with limiting dilution analyses, this approach provides an estimate of how many HSCs are
required to achieve a specified level of engraftment and thus provides a metric of HSC
numbers based on xenotransplantation®4-57,
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UKB RVAS—UK Biobank (UKB) whole exome sequencing (WES) data (Category 170,
UKB Showcase) was accessed under application 31063. Written consent is in place for

all UKB participants. Any participants whom have since withdrawn their consent from the
UKB were removed from this analysis. Exome capture was conducted using IDT xGen
Exome Research Panel v1.0 including supplemental probes. The population-level variant
call format (pVCF) file was created by UKB as described elsewhere>8 (STAR Methods
sections: OQFE protocol and OQFE mapping and variant calling). All data was aligned to
the GRCh38 reference genome.

Quality Control—The original, unfiltered, pVCF from UKB was subjected to several
filtering requirements prior to analysis. Filtering was performed in Hail®®. Genotypes:
Genotype entries were hard filtered using DP > 10 and GQ > 20. Allele balance was
required to be within 0.25 and 0.75 if a heterozygous call, or <0.1, >0.9 if a homozygous
call. Samples: Samples were excluded if they were not of self-reported White-British
ancestry with the same genetic ancestry inference based on a principal components analysis,
not included in kinship inference, an excess (>10) of putative third-degree relatives inferred
from Kkinship, an outlier in heterozygosity and missing rates, and putative sex chromosome
aneuploidy (generated by UKB). Samples were also filtered out if they had a missing rate
of >0.1. Variants: Variants were excluded if they were multiallelic, had a missing rate >0.1,
Hardy-Weinberg equilibrium p-value of >1e-15. Variants were required to have an allele
frequency of <0.01 (1%) to be classified as rare, anything above this threshold was filtered.

Annotation of variants—Variants in the filtered pVCF files were annotated

using VEP® (including the LOFTEE® plugin), ANNOVAR®2 (using dbNSFP v4.1%3,
ClinVar v20200316% and ALoFT®9), and InMeRF86. Genes were annotated using

RefSeq (via ANNOVAR). Loss-of-function (LoF) was determined by LOFTEE and
ALOFT tools, variants were required to be high-confidence (HC), with none of the
following warning flags (“SINGLE_EXON”, “NAGNAG_SITE”, “PHYLOCSF_WEAK?”,
“PHYLOCSF_UNLIKELY_ORF”, “NON_CAN_SPLICE"). Missense variants were
determined by an InMeRF score of >0.5. The choice of InMeRF to determine deleterious
variants was made from an AUROC performance analysis of several existing tools in
dbNSFP. Classifying variants (True Positives) used were ClinVar (Sept-2018 release)
“Pathogenic” clinical significance interpretation (CLNSIG) filtered to only include high
confidence variants using the CLNREVSTAT field: “multiple submitters”, a “reviewed by
expert panel” or using “practice guideline”, and “no conflicts” (N=4460). True negatives
were common benign missense variants were obtained from the gnomAD database (in

this database there are no known severe Mendelian disorders and as such it is assumed
that highly penetrant disease-causing missense variants will be rare in this database

(allele frequency < 1%)), these were downsampled for computational efficiency (N=9200).
Supplementary Table S2 provides results, INMeRF provided the highest performance
(AUROC=0.83), significantly higher than the second highest AUROC (MetaSVM), p=0.007.
Importantly, multiple compound combinations of tools were also estimated to have lower
performance than InMeRF classification alone.
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Phenotype derivation—To gain the largest degree of power and because of the view that
these phenotypes share many elements, we combined myeloproliferative neoplasm (MPN),
acute myeloid leukemia (AML), and myelodysplastic syndrome (MDS) into a myeloid
malignancy mega-phenotype for primary analysis. The individual phenotypes were curated
as follows. MPN: polycythemia (ICD10 D45; ICD9 2384), essential thrombocythemia
(ICD10 D47.3, D75.2), osteomyelofibrosis (ICD10 D47.4, D75.81), chronic myeloid
leukemia (ICD10 C921, C922, C931; ICD9 2051), and chronic myeloproliferative disease
(ICD10 D47.1). AML: acute myeloid leukemia (ICD10 C92.0, C92.4, C92.5, C92.6, C92.8;
ICD9 2050). MDS: myelodysplastic syndrome (ICD10 D46.0, D46.1, D46.2, D46.3, D46.4,
D46.5, D46.6, D46.7, D46.9). Individuals were also classified as cases if they had a self-
reported cancer, self-reported illness code, or histology of cancer tumor code for any of the
above.

Association testing—When collapsing, only genes for which there was a combined
minor allele count (cMAC) of 20 or greater were included in the association analysis.

Only deleterious variants were used in the collapsing association test, i.e. classified LoF

or disruptive missense. Association in the 200K cohort was tested using SAIGE-GENE
v0.44.157 which utilizes a robust saddle point approximation (SPA) SKAT-O approach

to collapsing tests in a generalized linear mixed model. The genetic relationship matrix
(GRM) for step 0 and 1 was formed using common markers (allele frequency >0.01) and
was formed using PLINK®8:69 Association analysis in the 500K cohort was tested using
REGENIE v3.2.5 in two steps’?. First, a whole-genome logistic regression model was used
to estimate the fraction of phenotypic variance explained by a subset of SNPs. Then, the
predictors from step 1 are used to perform gene based association testing by collapsing
SNPs with InMeRF > 0.5 and LoF annotations. The following were included as covariates
in the association testing: age, gender, first 10 principal components of ancestry. In addition,
the originally sequenced 50K exome samples used a different IDT v1.0 oligo lot so a
covariate was included to label this subset’?. To correct for the multiple genes across the
genome being tested, p-values were adjusted using the FDR Benjamini-Hochberg procedure,
any gene unit with a g-value less than 0.05 (5% FDR) was considered significant.

Plotting—Results were composed into a Manhattan style plot, by obtaining the RefSeq
start coordinates of the genes. Plotting was done in R v4.0.372, using ggplot273.

Estimation of effect size—Effect size was estimated in a cohort of unrelated samples.
The KING kinship coefficient was calculated and used to determine those in 3rd-degree
relation or greater, then one of the sample pairs was removed. Priority was given to cases,
afterwards exclusion was based on random selection. To allow convergence despite rare
events, three methods were used to determine effect size for significant genes, penalized
maximum likelihood firth-biased logistic regression (using brgim274), bayesian MCMC
logistic regression (using rstanarm’®), and generalized logistic regression (using glm-base).

CTR9 germline assessment—We undertook several ancillary approaches to robustly
classify deleterious CTR9variants as likely to be germline. First, as is becoming more
common in WGS/WES sequencing analyses, we analysed VAF or percentage alternative
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reads’® and found CTR9 variants consistently had a VAF over 0.376 (Figure S1A). Although
helpful, VAF does not completely enable separation between somatic clones with large
allelic burdens >0.3/0.4, particularly for samples obtained from the blood. Second, we
analysed age at blood sampling compared to diagnosis. It is known that somatic clone size
is often largest around diagnosis, somatic clones in MPN are detectable, in some cases,
years before diagnosis, but are often of small VAF. Years after diagnosis, cytoreductive
therapy often reduces clone size and VAF’?. We found that in 4 of the CTR9 deleterious
variant carriers, blood was sampled years before diagnosis, and that in the remaining 3 blood
was sampled at least 5 years after diagnosis (Figure S1D). Both scenarios would suggest a
smaller clone size than the average VAF detected in CTR9at ~0.45. In addition, none of

the deleterious CTR9 carriers progressed to AML which would be the most likely of the
myeloid diseases here to possess a clone likely to progress to a large VVAF. Indeed, we know
currently that CTR9does not harbor driver mutations in CHIP or myeloid malignancies
from extensive prior studies. Through analysis of COSMIC, a widely used somatic mutation
database with just over 336,000 hematopoietic cancer tissue samples, we observed no
evidence for CTR9 variants acting as driver mutations in hematologic malignancies?3. Of
those 336,000 only 4 carry confirmed somatic variants in the CTR9 gene making the
probability (4/336,000 = 0.00001) of somatic mutation in CTR9very small. Lastly we note
in a comprehensive recent review on this topic from Kraft and Godley, that “diagnosis

of a hematopoietic malignancy at a younger age than seen in the general population” is a
factor leaning towards germline variation. In our analysis, we find CTR9deleterious variant
carriers have a median age at diagnosis of 59 [50 — 62] yrs old whereas other myeloid
malignancy cases that are not carrying deleterious C7/R9variants are on average 64 [57 —
70] years old, p=0.10 (Wilcoxon rank sum). Although this is a nonsignificant difference,
there is certainly a tendency towards younger age in the carriers, and if there were more
carriers of these rare deleterious variants in CTR9 then we might see a significant difference
in age. We also called somatic variants using Mutect2 in the analyzed samples and found no
evidence of somatic calls in the CTR9 gene. Familial cases are not present to analyze. All of
this taken together suggest that the observed deleterious alleles in CTR9are likely to be in
the germline.

PheWAS of CTR9—Phenotypes were mapped onto ICD10 codes using a Phecodes map
file’8. Only phenotypes with more than n=60 cases were included in the analysis. 1027
phenotypes were tested. SAIGE-GENE was run on the C7/R9gene region with deleterious
variants (as previously defined) individually on each phenotype and results were combined.

Somatic mutation analysis—Somatic calls in UKBB were derived from CRAM files
using Mutect2. Quality control included excluding variants seen in a panel of normal
samples (n=100) aged less than 40 years old, excluding variants with MMQ<25 and
MBQ<15, excluding genotypes with a read depth (DP) <20 and a VAF <2%, as well as

the default passing filters employed by Mutect2 and FilterMutectCalls. CHIP was defined in
individuals according to previous standards using somatic calls (Table S2 in Bick et. al.)2L.
Prevalence of CHIP in UKBB closely followed that of previous reports (Figure S1C). We
found, within the 166,953 filtered samples used for this analysis, that Ncpip= 4,682,
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CRISPR editing in CD34* HSPCs, and HSC phenotyping—For RNP based
CRISPR editing of CD34* HSPCs, chemically synthesized gRNA and Cas9 protein were
mixed and set at room temperature for 10 mins to allow the formation of deliverable RNP.
The assembled RNP complexes were then delivered into CD34* HSPCs by a Lonza 4D
Nucleofector with program DZ-100. 48—72hrs after nucleofection, cells were harvested

for genomic DNA and the edited region was PCR amplified and the editing efficiency

was analyzed by the ICE analysis from Synthego. Edited CD34* HSPCs were allowed to
expand in the culture medium and harvested twice at days 3 and 6 (for complete CTR9
edits) or days 4 and 6 (for titrated CTR9 edits) post-nucleofection. Harvested cells were
washed in cold PBS and stained by HSC phenotyping antibody cocktail, which is composed
of Brilliant Violet 421 anti-CD34, APC-H7 anti-CD45RA, PE-Cy7 anti-CD90, BB700 anti-
CD133, PE anti-EPCR and APC anti-ITGA3 in ice cold FACS buffer (PBS+2%FBS) at 1:60
for 30 minutes in ice®37. Stained cells were then analyzed by BD LSRII flow cytometer. ST-
HSC is defined as CD34*CD45RACD90*CD133*EPCR*ITGA3™ population, whereas LT-
HSC is defined as CD34*CD45RACD90*CD133*EPCR*ITGA3" cells. For the chemical
rescue experiment, CDK9 inhibitors (LDC000067 and AZD4573) and the YEATS domain
inhibitor of ENL/MLLT3 (SR-0813) were used at the concentration of 1C50.

Molecular Cloning and co-Immunoprecipitation—Human C7R9cDNA was
amplified from the cDNA library of 293T cells. The amplified C7TR9cDNA was then

TA cloned and sequenced for verification. pLVX-IRES-ZsGreen and pLVX-IRES-mCherry
vector, which was modified from pLVX-IRES-ZsGreen by replacing ZsGreen by mCherry,
was digested by Notl restriction enzyme at 37C overnight. The verified CTR9 cDNA was
amplified as three fragments with FLAG and/or HA tags included in the N terminus and
overhangs overlapped each other and were brought into digested vectors by the InFusion
cloning kit from ClonTech. Positive colonies were confirmed by Sanger Sequencing.

All CTR9 mutation primers were designed by NEBase Changer online software (https://
nebasechanger.neb.com/) and the mutagenesis was performed using Q5 mutagenesis Kit
according to manufacturer’s instructions. Sequence verified WT and mutant constructs were
co-transfected by Lipofectamine 3000 kit at 1:1 molar ratio. For co-immunoprecipitation,
cells were then harvested 48 hrs post-transfection (for HEK293T cells) or 5 days post-
nucleofection (for CD34+ HSPCs). The cells were then lysed by EBC buffer (50 mM Tris
pH8.0, 120mM NaCl, 0.5%NP40) in presence of protease inhibitor cocktail and PMSF. The
extracted protein was then quantified by DC protein quantification assay and 0.5 mg of
protein lysate was used for immunoprecipitation. Samples were pre-incubated with target
antibody (PAF1, AF9, FLAG, HA or IgG) for 2 hours at 4°C on a head-over-tail rotor, the
protein-antibody complex was then incubated with 30 microliter of protein A/G dynabeads
for addition 1 hour at 4°C. The supernatant was then removed and the beads were then
washed by NETN buffer (20mM Tris pH8.0, 100mM NacCl, 0.5% NP40) for five times at
room temperature. The immunoprecipitated proteins were then eluted by 1XSDS sample
loading buffer with 55°C heat and run on 5%-20% precast gel along with 5% input for
analysis. For normalization and IP efficiency calculations, the band intensity was determined
by Biorad Image Lab software. Quantified bands in the IP group were then normalized by
the band intensity of the corresponding input.
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Colony Forming Unit Assay—Three days post-nucleofection, edited CD34* HSPCs
were plated at a density of 500 cells/mL methylcellulose medium (H4034, Stem Cell
Technologies) according to manufacturer’s instructions. Plated cells were allowed to grow
for 14 days before quantification and analysis. For serial replating colony assays, 50,000
bone marrow cells from long-term xenotransplant recipients were plated in methylcellulose
medium. After 7-9 days of growth, the colonies were counted, and then harvested for
replating with the same cell numbers.

Single Cell RNA-seq Analysis—Edited CD34* HSPCs were sorted and enriched for
CD34*CD45RA~CD90* population. The library was prepared using the 10X Genomics
protocol according to the manufacturer’s instructions. The sequencing results were pre-
analyzed by the CellRanger pipeline to generate the matrix file, which was brought to
downstream analysis. Normalization, scaling and cell clustering was done in R by the Seurat
v4.0.2 package. The top 1000 most highly variable genes were used to calculate the top 50
principal components. The HSC cluster was highlighted by averaging the z-score normalized
expression of CD34, HLF, CRHBP for each cell. The HSC population, defined by the
averaged z score of more than 0.5 for the HSC signature, was used for DEG calling by
DESeq2.

Real Time PCR Analysis and Immunoblotting—RNA from HSPCs was harvested by
Qiagen RNeasy kit and quantified by nanodrop. 1 microgram of total RNA was then reverse
transcribed using Biorad iScript cDNA synthesis kit following manufacturer’s instructions.
The reverse transcribed cDNA was then diluted (1:20) and real time PCR was run using
Biorad iQ SYBR green supermix. Data was normalized by loading control and presented

as fold change compared to control samples. For immunoblotting, total protein lysate was
extracted by RIPA buffer in presence of protease inhibitor cocktail and PMSF on ice for

10 minutes followed by a 5-minute incubation with MNase at 37C. The total lysate was
then linearized by 1X SDS loading buffer and heated at 55C for 10 minutes. The lysate

was run on 5-20% gradient gel and then transferred onto PVDF membrane. The membrane
was then blocked by 5% nonfat dry milk in TBS/T. The membrane was then incubated with
primary antibodies at 1:1000 dilution at 4C overnight. HRP conjugated secondary antibodies
were then incubated for 1hr at room temperature. Membrane was developed using ECL and
imaged in the Biorad gel imaging system.

PRO-seq library construction—Aliquots of frozen (-80°C) permeabilized CD34*
HSPCs were thawed on ice and pipetted gently to fully resuspend. Aliquots were removed
and permeabilized cells were counted using a Luna 11, Logos Biosystems instrument. For
each sample, 1 million permeabilized cells were used for nuclear run-on, with 50,000
permeabilized Drosophila S2 cells added to each sample for normalization. Nuclear run
on assays and library preparation were performed essentially as described in Reimer et
al.” with modifications noted: 2X nuclear run-on buffer consisted of (10 mM Tris (pH
8), 10 mM MgCI2, 1 mM DTT, 300mM KCI, 20uM/ea biotin-11-NTPs (Perkin Elmer),
0.8U/uL SuperaselN (Thermo), 1% sarkosyl). Run-on reactions were performed at 37°C.
Adenylated 3’ adapter was prepared using the 5’ DNA adenylation kit (NEB) and ligated
using T4 RNA ligase 2, truncated KQ (NEB, per manufacturers instructions with 15%

Cell. Author manuscript; available in PMC 2025 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhao et al.

Page 18

PEG-8000 final) and incubated at 16°C overnight. 180uL of betaine blocking buffer (1.42g
of betaine brought to 10mL with binding buffer supplemented to 0.6 uM blocking oligo
(TCCGACGATCCCACGTTCCCGTGG/3InvdT/)) was mixed with ligations and incubated
5 min at 65°C and 2 min on ice prior to addition of streptavidin beads. After T4
polynucleotide kinase (NEB) treatment, beads were washed once each with high salt, low
salt, and blocking oligo wash (0.25X T4 RNA ligase buffer (NEB), 0.3uM blocking oligo)
solutions and resuspended in 5’ adapter mix (10 pmol 5’ adapter, 30 pmol blocking oligo,
water). 5° adapter ligation was per Reimer but with 15% PEG-8000 final. Eluted cDNA
was amplified 5-cycles (NEBNext Ultra 11 Q5 master mix (NEB) with Illumina TruSeq
PCR primers RP-1 and RPI-X) following the manufacturer’s suggested cycling protocol for
library construction. A portion of preCR was serially diluted and for test amplification to
determine optimal amplification of final libraries. Pooled libraries were sequenced using the
Illumina NovaSeq platform.

PRO-seq data analysis—All custom scripts described herein are available on the
AdelmanLab Github (https://github.com/AdelmanLab/NIH_scripts). Using a custom script
(trim_and_filter_PE.pl), FASTQ read pairs were trimmed to 41bp per mate, and read

pairs with a minimum average base quality score of 20 were retained. Read pairs were
further trimmed using cutadapt 1.14 to remove adapter sequences and low-quality 3’ bases
(--match-read-wildcards -m 20 -q 10). R1 reads, corresponding to RNA 3’ ends, were then
aligned to the spiked in Drosophila genome index (dm6) using BWA, with those reads

not mapping to the spike genome serving as input to the primary genome alignment step.
Reads mapping to the hg38 reference genome were then sorted, via samtools 1.3.1 (-n),
and subsequently converted to bam files. The bam files are converted to bigwig files by
bamCoverage of deepTools-3.5. For metagene plots, bigwig files of three replicates of each
group and combined and averaged using WiggleTools. The pausing indices were calculated
using NRSA v2 packages®0.

Gel filtration (size exclusion chromatography)—Gel filtration similar to a prior
report8L, Briefly, modified human CD34* HSPCs were lysed to obtain nuclear extracts.

The nuclear extract was then dialyzed with gel filtration buffer, which contains 20 mM
4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid, 10 mM KCI, 1.5 mM MgCI2, 1

mM ethylenediaminetetraacetic acid (EDTA), 1 mM (ethylenebis(oxonitrilo))tetra-acetate,
0.02% 3-((3-cholamidopropyl)dimethylammonio)propane-1-sulfonic acid (CHAPS), pH 7.5
supplemented with supplemented with 200 mM NaCl and 1 mM DTT, concentrated to 0.5
ml using the Amicon ultracentrifugal filter and loaded on to column loaded with Superose-6
resin (Cytiva) pre-equilibrated with gel-filtration buffer. Proteins were eluted at a flow rate
of 0.5 ml min~1 and collected at 0.2 ml per fraction. Eluted protein fractions were then
analyzed by Western blots.

ChlP-seq analysis

Native ChIP (N-ChIP)—For histone mark ChIP (i.e. H3K4me3, H3K36me3 and
H3K79me2), sorted CD34*CD45RA~CD90™ cells were lysed in hypotonic buffer (10
mmol/L HEPES pH7.9, 10 mmol/L KCI, 1.5 mmol/L MgCl,, 0.34 mol/L sucrose, 10%
glycerol, and 1 mmol/L DTT) in presence of protease inhibitor cocktail®2, the lysed
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cells were then digested by MNase until the majority of chromatin was digested to
mononucleosome. The rest of the digested genomic DNA was precleared by rabbit I1gG

and then immunoprecipitated by H3K4me3, H3K36me3 and H3K79me2 antibody bound to
protein A/G dynabeads in RIPA buffer overnight at 4°C. The complex was then washed by
RIPA buffer twice, high salt RIPA buffer (RIPA buffer + 300 mmol/L NaCl) twice, LiCl
wash buffer (250 mmol/L LiCl, 0.5% NP-40, 0.5% sodium deoxycholate) twice and 1XTE
buffer + 50 mmol/L NaCl. The DNA was then eluted in SDS elution buffer (50 mmol/L Tris
pH 8.0, 10 mmol/L EDTA, 1% SDS) at 65°C for at least 6 hours and treated with RNase and
proteinase K. The eluted ChlPed DNA was then purified by NEB Monarch PCR purification
kit.

Crosslinked ChIP (X-ChIP)—MLLT3, PAF1, LEO1, CDC73 and RNA polymerase

I1 ChIP was done with Active Motif ChIP-1T Express Enzymatic kit according to the
manufacturer’s instructions. Briefly, the sorted CD34*CD45RA~CD90* cells were fixed in
1% formaldehyde with methanol for 10 minutes at room temperature. The fixation was
terminated by addition of 1X glycine stop solution after a brief wash with ice-cold PBS

to remove residual fixative buffer. The cells were then sheared by diluted shearing enzyme
cocktail at 37 degrees celsius for 10 minutes. The shearing reaction was stopped by addition
of EDTA. Before immunoprecipitation, the protein A/G beads were pre-cleared by rabbit or
mouse IgG, depending on the source of primary antibody being used. Up to 25 wg of sheared
chromatin were used for ChlP with 3 1g of target antibody. Incubation of primary antibody
and protein A/G beads were performed at 4 degrees celsius overnight in presence of protease
inhibitor cocktail. The complexes were then washed by ChlP buffer 1 for once and ChIP
buffer 2 for twice. For DNA elution, the ChlPed complexes were resuspended with 50 /4

of AM2 elution buffer and incubated for 15 minutes at room temperature. The DNA was
reverse crosslinked by addition of 50 /4 of reverse crosslink buffer. The reverse crosslinked
DNA was then digested by protease K and RNase A for 4 hours at room temperature. DNA
was purified by the NEB Monarch PCR purification Kit.

Library preparation—The ChIP-seq library was prepared by NEBnext Ultra |1 DNA kit
according to the manufacturer’s instructions. Briefly, the ChIPed DNA was end-repaired and
A tailed by the end repairing and A-tailing module. The end-repaired and A tailed DNA was
then ligated by the adaptor, followed by a 15-minute treatment of USER enzyme for removal
of the U base at 37 degrees celsius. The adaptor-ligated DNA was then proceeded to library
amplification.

ChlP-seq data analysis—The raw fastq files were QCed by fastgc software for detection
of adaptor sequences. The fastq files were then trimmed for adaptor sequences by cutadapt
software. The trimmed fastq files were then aligned to hg38 genome by Bowtie2 software
by default setting. The aligned bam files were used for broad peak calling by MACS2

with input as the control sample. The bam files were converted to bigwig files by
DeepTools software with the bamCoverage command with bin size of 2. The bigwig files

of three replicates of each ChlIP-seq experiment were then merged by the mean using the
UCSC toolbox. Chromatin occupancy profiles or heatmap plots were plotted by DeepTools
software by “computeMatrix” followed by “plotProfile” or “plotHeatmap” commands.
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Quantification and Statistical Analysis

All experiments were done with at least three biological replicates. For CD34+ HSPC
experiments, biological replicates are defined by use of samples from different donors.

For xenotransplantation experiments, it is done with at least five biological replicates. In

all experiments, data were presented as meanzstandard deviation. When comparing two
samples, two-tailed Student’s t test was used for testing statistical significance. When
comparing three or more samples, Levene’s test was firstly used to test equality of variance.
If the variance across all samples were tested insignificantly differed, one way or two way
ANOVA with Dunnett’s test (for multiple comparison where no reference group is defined)
or Tukey’s test (for multiple comparison where reference group is defined) as post-hoc
analysis was used. If the variance across samples were tested to be significantly different,
Kruskal-Wallis test was used instead of ANOVA, with the Dunn test as the post-hoc multiple
comparison test used. All statistical tests were performed in Graphpad software or in R,
when statistical tests were not available through Graphpad.

Supplementary Tables

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Inherited CTRIloss-of-function variants predispose to the myeloid
malignancies.

Partial, but not complete, loss of CTR9 expands human HSCs.
Partial CTR9 loss expands HSCs through increased transcription elongation.

Select PAF1 complex subunits interact with and activate the super elongation
complex.
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Figure 1. Rare variant association results from UK Biobank show CTR9 among several
significant genes.

(A) Rare variant association results, collapsing of predicted loss-of-function and
nonsynonymous variants that are grouped by gene. Dashed line indicates the FDR threshold
of significance. The inset of this panel shows a Q-Q plot demonstrating the -log10 p-values
expected for each gene and the observed values. Higher than expected values that deviate
from the best fit line indicate significant enrichments. (B) Dividing myeloid malignancies
into constituent diseases, most signal for CTR9 arises from MPNs. (C) CTR9 shows

an odds ratio of 9.6 (95% CIl=4.86-19.04, SKAT-O p-value=5.47x10-7). Odds ratios for
collapsing tests on genes (red) are generally much larger than single variant odds on disease
risk (blue; showing GWAS significant common variant markers for MPN disease2). (D)

25 coding exomes of CTR9 are shown with identified LoF variants (red), and predicted
nonsynonymous variants (blue). Variants found in myeloid malignancy cases are labelled.

Cell. Author manuscript; available in PMC 2025 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhao et al. Page 28

<|p
15°
. \ PAF1
E .
p
c .f\wml
Vesol 1638V
C N157S S173F T498S V639l 1698V V7011
IP: HA IP: FLAG IP: HA IP: FLAG 1P: HA IP: FLAG IP: HA IP: FLAG 1P: HA IP: FLAG 1P HA IP: FLAG
2 ) o ) 5 )
gg 1t gg Pe_ Fs Pe  Bg Pz Bs 1 éza Eg
£ 8% 233 st 333 £t 3§32 ek 2322 EEEZE: EE EZZOZ
1B: PAF1 l- - —l I- -_—— -l |- - - | l— s -l |- - -l I. - e -l
6.5% 32% 7.2% 0.47% 6.1% 4.4% 84% 4.2% 7.8% 5.1% 6.5% 4.8%
|s~cuc73|- - -H. - -”- - -”- - -”- - _”- p—— -l
46% 5.8% 0.54% 5.1% 0.5. 5.5% 4.1% 52% 2.9% 5.7% 2.5%
1B: LEO1 l -! .! .l |- - - -”! ! -“' -! -”- - -l
5.6 1.4% 73% 59"0 OIIL 38\ 5.2% 8.9%
5.2% Hju 380 471) 6.1%
IB: RPB1 . -I = w2 = mwr mn ww .||- .. -| > wms =
11.3% 6.8% 14.5% 4.2% 16.9% 6.5% 15.4% 8.7% 21.2% 23.5% 42%
18: HA l-~. ||-~. Il ". ”x_. II- -‘ ”! - |
15.8% 17.4% 13.6% 13.1%
. - - - = | - -I
mrae | =g o == -_Illl IR 1 =
16.3% 14.2% 18.9% 17.3% 16.9%
PAF1 CDC73 LEO1 WDR61 RPB1
c 3 c c c
1 1 H E 5
o o o o
3 S g ke, 3 3
> k] =] > 5
a a a a a
o o 6 o o O
g g g g g
8 g ! 8 8 8
] o 2 5] o ]
a o a o a
0

“b‘(%ta\\\\\
'\‘3@"5%0
‘é\""h\\@\@x\

Figure 2. CTR9 variants result in loss of PAF1 complex assembly.
(A) Structure of CTR9-PAF1-CDC73 subcomplex with loss-of-function variants highlighted

(hot pink spheres) (PDB ID: 6TED). (B) Zoom in structures of CTR9 deleterious

variants. Rotations relative to view in panel A. (C) Co-immunoprecipitation results (with
quantification) of six CTR9 variants from myeloid malignancy cases in the discovery cohort.
(D) Quantification of immunoprecipitation of (C). All data are presented as mean + standard
deviations (*p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001).
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Figure 3. Partial loss of CTR9 results in phenotypic HSC expansion.
(A) Representative FACS plot of HSC phenotyping of CTR9 editing three days

post-nucleofection. (B) Quantification of CD34*CD45RA™, ST-HSC, and LT-HSC
populations three days post-nucleofection. Data are presented as mean+SD for
three biological replicates. (C) Representative FACS plot of HSC phenotyping

of CTRO editing at seven days post-nucleofection. ST-HSC is defined as the
CD34*CD45RA™CD90*CD133*EPCR*ITGA3™ population, whereas LT-HSC is defined
as the CD347CD45RA~CD90*CD133*EPCR*ITGA3™ population. (D) Quantification of
CD34*CD45RA™, ST-HSC, and LT-HSC populations seven days post-nucleofection. (E)
Representative FACS plot and gating strategy of HSC in AAVS1 edited control and
heterozygous edited CTR9 CD34* HSPCs three days post-nucleofection. (F) Quantification
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of CD347CD45RA", ST-HSC, and LT-HSC populations in AAVS1 control and CTR9 edited
groups. (G) Representative FACS plot of HSC phenotyping of CTR9 editing six days post-
nucleofection. (H) Quantification of CD34*CD45RA™, ST-HSC, and LT-HSC populations
six days post-nucleofection. (I) Uniform manifold approximation and projection (UMAP)
plots of 3,335 (AAVS1) and 4,154 (CTR9) CD34*CD45RA~CD90™ cells, highlighted
according to average z-score normalized HSC gene signature. The HSC signature is

defined as the averaged z-score of CD34, HLFand CRHBP expression in SCRNA-seq. (J)
Box plot of cells with z-score normalized HSC signature expression>0.2 of AAVS1 and
CTR9 edit groups. (K) Representative light microscopy of colony forming unit assay of
AAVS1 and CTR9 edit groups. Scale bar = 200um. (L) Quantification of total colonies

of BFU-E, CFU-G, CFU-M, and CFU-GEMM in AAVS1 and CTR9 edited groups.

BFU-E: Burst-forming unit-erythroid, CFU-G: Colony-forming unit-granulocyte, CFU-M:
Colony-forming unit-Monocyte, CFU-GEMM: Colony-forming unit-granulocyte/monocyte/
erythroid/megakaryocyte. All data are presented as mean * standard deviations (*p < 0.05;
**p < 0.01; ***p < 0.001, ****p < 0.0001).
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Figure 4. Phenotypically expanded HSCs due to partial loss of CTR9 are functional.
(A) Percentage of total human CD45+ cells after RBC depletion from peripheral blood of

NBSGW mice xenotransplanted with AAVS1, partial or complete CTR9 edited (g1) cord
blood CD34* HSPCs at indicated times post-transplantation. (B) Percentage of total human
CD45+ cells after RBC depletion from the bone marrow of NBSGW mice xenotransplanted
with AAVS1, partial or complete CTR9 edited cord blood CD34* HSPCs 20 weeks post-
transplantation. (C) Percentage of total human CD45+ cells after RBC depletion from the
spleen of NBSGW mice xenotransplanted with AAVS1, partial or complete CTR9 edited
cord blood CD34* HSPCs 20 weeks post-transplantation. (D) Cell numbers per 30,000 RBC
depleted bone marrow cells of progenitor cells (CD34%), T cells (CD3*), myeloid (CD33*
CD11b™), B cells (CD19%), and granulocytes (CD66b*). (E) Frequency of human CD45+
RBC depleted bone marrow cells of progenitor cells (CD34™), T cells (CD3*), myeloid
(CD33* CD11b™), B cells (CD19%), and granulocytes (CD66b*). (F) Estimated required
HSC numbers for the observed reconstitution dynamics for AAVS1, partial or complete
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CTR9 edited cord blood CD34* HSPCs in (A). All data are presented as mean + standard
deviations (*p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001). (G) Serial replating
assays using CTR9 or AAVS1 edited long-term xenotransplanted HSCs over four rounds,
with 7 days of growth in each round. (H) Quantification of CD34*CD45RA™, ST-HSC, and
LT-HSC populations of cells edited with AAVS1, CTR9 partial, TET2, ASXL1, or co-edits
of CTR9 partial and TET2 or ASXL1 seven days post-nucleofection.
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Figure 5. Partial loss of CTR9 increases super elongation complex activity to drive HSC self-

renewal gene expression.

(A) Volcano plot of gene expression of HSCs edited by CTR9 vs. AAVS1, highlighting
genes that are MLLT3 regulated at the leading edge by gene set enrichment analysis (bold
red dots), y-axis for p-values is on a custom scale (Methods). (B) Gene set enrichment
analysis of CTR9 vs. AAVS1 edited HSCs for the MLLT3 regulated HSC gene set.
Leading edge genes are highlighted. (C) PRO-seq metagene plots for all, MLLT3 bound,
MLLT3 regulated and leading edge genes of CTR9 (g1) vs AAVS1 edited cells. (D).
Quantification of pausing indices of key leading edge genes in AAVS1 control vs. CTR9
KO groups. (E) Co-immunoprecipitation of CD34" HSPCs by PAF1 and MLLT3 (AF9)
antibodies with AAVS1 and CTR9 edited by two guide RNAs (CTR9 g1 and g2). (F)
Percentage of total human CD45+ cells after RBC depletion from peripheral blood of
NBSGW mice xenotransplanted with AAVS1, partial or complete CTR9 edited, partial or
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complete PAF1 edited, LEO1 or CDC73 edited cord blood CD34* HSPCs at indicated

time of post-transplantation. The data points for AAVS1, partial or complete CTR9 edited
groups are the same as Figure 4A because they are from the experiments done at the

same time. (G) Percentage of total human CD45+ cells after RBC depletion from the bone
marrow of NBSGW mice xenotransplanted with AAVS1, partial or complete CTR9 edited,
partial or complete PAF1 edited, LEO1 or CDC73 edited cord blood CD34" HSPCs 20
weeks post-transplantation. The data points for AAVS1, partial or complete CTR9 edited
groups are the same as Figure 4B because they are from the experiments done at the same
time. (H) Percentage of total human CD45* cells after RBC depletion from the spleen of
NBSGW mice xenotransplanted with AAVS1, partial or complete CTR9 edited, partial or
complete PAF1 edited, LEO1 or CDC73 edited cord blood CD34" HSPCs 20 weeks post-
transplantation. The data points for AAVS1, partial or complete CTR9 edited groups are the
same as Figure 4C because they are from the experiments done at the same time. (1) Editing
efficiency analysis of cord blood CD34* HSPCs before transplantation and peripheral blood
cells post-transplantation at indicated time point of post-transplantation for NBSGW mice
transplanted with partial or complete PAF1 edited, CDC73 or LEO1 edited CD34* HSPCs.
Lines indicate samples from CD34* HSPCs and the corresponding transplanted mouse. (J)
Estimated required HSC numbers for the observed reconstitution dynamics for AAVS1,
partial or complete CTR9 edited, partial or complete PAF1 edited, LEO1 or CDC73 edited
cord blood CD34* HSPCs in (A). The data points for AAVS1, partial or complete CTR9
edited groups are the same as Figure 4F because they are from the experiments done at the
same time. All data are presented as mean = standard deviations (*p < 0.05; **p < 0.01;
***p < 0.001, ****p < 0.0001).
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Figure 6. Partial loss of CTR9 promotes PAF1-CDC73-SEC interaction dependent on MLLTS3.
(A) Gel filtration chromatography of AAVS1 or partial CTR9 edited CD34* HSPCs.

(B) Quantification of band intensity of PAF1 complex subunits across all fractions. (C)
Co-immunoprecipitation in CD34* HSPCs by PAF1 and MLLT3 (AF9) antibodies with
YEATS inhibitor SR-0813 or MLLT3 overexpression. (D) Co-immunoprecipitation of
MLLT3 KO only (CTR9 wildtype) CD34* HSPCs by the PAF1 antibody. (E) Schematic
diagram showing the increased PAF1-CDC73-SEC interaction upon partial loss of CTR9.
(F) Quantification of CD34*CD45RA™, ST-HSC, and LT-HSC populations of partial CTR9
edited cells rescued by concomitant editing of PAF1 (g1) or CDC73 (g1) guides.
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Figure 7. Augmented SEC activity is due to relocalization of PAF1 complex subunits.
(A) Representative BigWig tracks of input, H3K4me3, H3K36me3, H3K79me2, MLLTS3,

PAF1, LEO1, CDC73 and RNA polymerase Il ChlP-seq, PRO-seq and scRNA-seq data

of AAVS1 or partial CTR9 edited (g1) CD34*CD45RA"CD90™* cells at MECOM, HOXA
cluster, GF/1, and LMOZ2loci. Zoomed tracks correspond to the gene body region of
MECOM, HOXA9and LMO?Z, respectively. (B) ChlP-seq metaplots and heatmap plots for
H3K4me3, H3K36me3, H3K79me2, MLLT3, PAF1, LEO1, CDC73 and RNA polymerase

I ChIP-seq data of AAVSLI or partial CTR9 edited CD34*CD45RA-CD90* cells at

MLLT3 bound HSC transcription factor loci. (C) ChIP-seq metaplots and heatmap plots for
H3K4me3, H3K36me3, H3K79me2, MLLT3, PAF1, LEO1, CDC73 and RNA polymerase Il
ChlP-seq data of AAVS1 or partial CTR9 edited CD34"CD45RA~CD90* cells at all MLLT3
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bound gene loci. (D) Schematic of the mechanistic model by which partial loss of CTR9
results in HSC expansion.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-CTR9 antibody Cell Signaling Technology | 12619S

LEO1 Polyclonal antibody ProteinTech 12281-1-AP
RTF1 Polyclonal antibody ProteinTech 12170-1-AP
Rpbl CTD Antibody Sampler Kit Cell signaling Technology | 54020
Brilliant Violet 421™ anti-human CD34 Antibody BD Biosciences 562577

PE Mouse Anti-Human CD66b BD biosciences 561650

PE Mouse Anti-Human CD33 BD biosciences 555450

PE Mouse Anti-Human CD19 BD biosciences 555413
CDC73 Monoclonal antibody ProteinTech 66490-1-1g
PAF1 antibody Bethyl laboratories A300-172A-T
AF9 Antibody Bethyl laboratories A300-596A-T
anti-CD90-PECy7 BD biosciences 561558
APC-H7 Mouse Anti-Human CD45RA BD biosciences 560674

AF4 antibody Bethyl Laboratories A302-344A-T
WDR61 Polyclonal antibody 20uL Proteintech 22536-1-AP
RNA pol I antibody (mAb) active motif 61667

AF9 antibody ChIP grade GeneTex GTX102835
Anti-PAF1/PD2 antibody ChIP Abcam ab137519
HRPT2, CDC73 Polyclonal antibody 150ul proteintech 12310-1-AP
Histone H3K36me3 antibody (pAb) Active motif 61902
Anti-Histone H3 (di methyl K79) antibody - ChIP Grade Abcam ab3594

APC anti-human CD49c (integrin a3) Antibody Biolegend 343808
Histone H3K4me3 antibody (mAb) Active motif 61979

EAF1 Polyclonal antibody Proteintech 13787-1-AP
EAF2 Polyclonal antibody Proteintech 11172-1-AP
ELL Polyclonal antibody Proteintech 51044-1-AP
ELL2 Polyclonal antibody Proteintech 12727-1-AP
AFF4 Polyclonal antibody Proteintech 14662-1-AP
CDKO Polyclonal antibody Proteintech 11705-1-AP
Cyclin T1 Polyclonal antibody GeneTex GTX133413
Polyclonal Rabbit anti- Human AFF2 / OX19 Antibody (WB) LS- C670175 | LShio LS-C670175-50
Polyclonal Rabbit anti- Human LAF4 / AFF3 Antibody (WB) LS- C178457 | LShio LS-C178457-100
ELL3 Polyclonal Antibody Invitrogen PA5-70583
BB700 Mouse Anti-Human CD133 BD biosciences 747638

rat anti-human anti-EPCR-PE Biolegend 351904

PE anti-human CD34 Antibody Biolegend 343506
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REAGENT or RESOURCE SOURCE IDENTIFIER
PE anti-human CD3 Antibody Biolegend 317308

PE anti-human CD11b Antibody Biolegend 301306
Monoclonal ANTI-FLAG® M2 antibody produced in mouse Sigma Aldrich F1804
GAPDH Antibody Santa Cruz sc-32233
Chemicals, peptides, and recombinant proteins

AZDA4573 Selleck Chem S8719
LDC000067 Selleck Chem S7461
Pierce™ Protein A/G Magnetic Beads Thermo Scientific 88802

Q5® High-Fidelity 2X Master Mix NEB M0492S
Methocult H4034 Optimum Stem Cell Tech 4034
Normal Rabbit IgG Cell signaling technology 2729S
Normal mouse 1gG Santa Cruz sc-2025
USER® Enzyme NEB M5505S
SR-0813 Gift from Michael Erb

Polyethylenimine, Linear, MW 25000, Transfection Grade (PEI 25K™) PolySciences 23966-100
CC100 StemCell Technologies 2690
Methanol Sigma Aldrich 179337
RPMI1640 medium Life Technologies 11875-119
Opti-MEM Gibco 31985-062
Ficoll-Paque Premium sterile solution GE Healthcare 17-5442-02
0.25% Trypsin (1X) Gibco 15050-057
Blotting nonfat dry milk BioRad 1706404XTU
Cas9 protein, recombinant IDT 1081061
Penicillin-Streptomycin 10,000u/ml Life Technologies 15140-122

Recombinant Human TPO Peprotech 300-18-100UG
Superose 6 Prep Grade Cytiva 17048901
L-Glutamine 200mM for cell culture GIBCO 25-030-081
DMEM High Glucose Life Technologies 11965-118
Critical commercial assays

Kapa Library Quantification Kit - Complete Kit (Universal) Roche 7960140001
Deposited data

Single cell RNA seq This paper GSE186591
Pro-seq This paper GSE186591
ChlP-seq This paper GSE186591
Experimental models: Cell lines

CD34+ HSPCs Fred Hutch

HEK293T ATCC CRL-3216
Experimental models: Organisms/strains

NBSGW JAX Laboratory 026622
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REAGENT or RESOURCE SOURCE IDENTIFIER
Stellar Competent cells Takara/Clontech 636763
One Shot™ StbI3™ Chemically Competent E. coli Invitrogen C737303
Oligonucleotides
Alt-R® Cas9 Electroporation Enhancer IDT 1075916
gPCR primers Genewiz Table S3
Chemically synthesized sgRNA Synthego Table S4

Recombinant DNA

MGC Fully Sequenced Human MLLT3 cDNA

Horizon Discovery

MHS6278-202809020

MGC Human CTR9 Sequence-Verified cDNA

Horizon Discovery

MHS6278-202760315

Software and algorithms

Graphpad Prism v.9.0.1 Graphpad RRID:SCR_002798
Biorender Biorender RRID:SCR_018361
Flowjo Flowjo RRID:SCR_008520
ImageJ v1.52a Wayne Rasband RRID:SCR_003070
R The R Foundation

STARv2.7.10a

Bowtie2 v2.3.3

MACS v2.2.9

IGV v2.11.9

deepTools v3.5.4

Cutadapt v4.1

CellRanger v7.0.0

10xGenomics

Seurat v4.0.2

Python 3.10

Other

In-Fusion® HD Cloning Plus Takara/Clontech 638909

Qb5 site directed mutagenesis kit New England Biolabs E0554S
iScript™ cDNA Synthesis Kit BioRad 1708891
Monarch® DNA Gel Extraction Kit New England Biolabs T1020L
iQ™ SYBR® Green Supermix BioRad 1708882

P3 Primary Cell 4D Nucelofector X Kit S Lonza V4XP-3032
SuperScript™ 111 Reverse Transcriptase Invitrogen 18080044
Chromium Next GEM Single Cell 3’ Kit v3.1, 16 rxns 10XGenomics PN-1000268
Chromium Next GEM Chip G Single Cell Kit, 48 rxns 10XGenomics PN-1000120
Dual Index Kit TT Set A, 96 rxns 10XGenomics PN-1000215
Lipofectamine™ 3000 Transfection Reagent Thermo Scientific 3000015
ChIP-IT® Express Enzymatic 25rxn active motif 53009
StemSpan™ SFEM 11 StemCell Technologies 09655

Fetal Bovine Serum - Premium Select G21162 Bio-Techne S11550
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REAGENT or RESOURCE SOURCE IDENTIFIER
SUPERase+In™ RNase Inhibitor (20 U/uL) Invitrogen AM2694
EasySep Human Cord Blood CD34 Positive Selection Kit 11 StemCell Technologies 17896
Immobilon-P PVDF Membrane Millipore Sigma IPVVH00010
SPRiselect Beckman Coulter B23317
Qubit™ 1X dsDNA HS Assay Kit ThermoFisher Q33231
Zero Blunt™ TOPO™ PCR Cloning Kit for Sequencing, without competent | Invitrogen 450031
cells 25rxn
NEBNext® Ultra™ 11 DNA Library Prep with Sample Purification Beads NEB E7103S
4-20% Criterion™ TGX™ Precast Midi Protein Gel, 26 well, 15 pl Biorad 5671095

#5671095
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