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Summary

Somatic mutations accumulate in all cells with age and can confer a selective advantage, leading
to clonal expansion over time. In hematopoietic cells, mutations in a subset of genes regulating
DNA repair or epigenetics frequently lead to clonal hematopoiesis. Here we describe the context
and mechanisms that lead to enrichment of hematopoietic stem cells with mutations in SRCAP,
which encodes a chromatin remodeler that also influences DNA repair. We show that SRCAP
mutations confer a selective advantage in human cells and in mice upon treatment with the
anthracycline-class chemotherapeutic doxorubicin and bone marrow transplantation. Furthermore,
Srcap mutations lead to a lymphoid-biased expansion, driven by loss of SRCAP-regulated H2A.Z
deposition and increased DNA repair. Altogether, we demonstrate that SRCAP operates at the
intersection of multiple pathways in stem and progenitor cells, offering a new perspective on the
functional impact of genetic variants that promote stem cell competition in the hematopoietic
system.
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eTOC Blurb:

Chen and colleagues demonstrate that mutations in the chromatin remodeler SRCAP are
recurrently found in clonal hematopoiesis, particularly after genotoxic exposure. Modeling
reveals mutant cell advantage is triggered by stress and driven by enhanced stem cell function.
Augmented epigenetic regulation with DNA damage repair reveal new mechanisms promoting
clonal hematopoiesis.
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Introduction

Mutations steadily accumulate in all somatic cells throughout life.! Some somatic mutations
confer a selective advantage such that the mutant cell and its progeny outcompete other cells
within a tissue, forming an expanded clone. This ultimately leads to somatic mosaicism, a
process that is now recognized to be universal across all tissue types and that increases with
age.2 Clonal hematopoiesis (CH) is one case of such competition within the blood.3 In CH,
hematopoietic stem cells (HSCs) acquire somatic mutations that confer selective advantages,
leading to clonal expansion of variant HSCs and their progeny.* CH increases with age and
is ubiquitously found in elderly individuals.® The development of CH can be accompanied
by a lymphoid or myeloid lineage bias,® affecting downstream peripheral blood production,
and is associated with an increased risk of hematologic malignancy.’

Recurrent CH gene mutations can be broadly grouped into several functional classes.
Epigenetic modifiers, such as DNMT3A and TETZ2, form the largest class. Mutations in
these genes drive clonal expansion through intrinsic regulation of epigenetic landscape.8-10
These mutations confer mutant HSCs with enhanced stem cell self-renewal capacity due

to dysregulation of the cellular epigenetic landscape.1! Another major class of genes
recurrently found in CH includes several involve in DNA damage repair (DDR), such as
TP53and PPM1D, where mutant HSCs show increased survival under stress. While such
expanded clones can be found in all large studies,}2-1° they are highly enriched under
certain contexts. For example, PPM1D mutations are prevalent in individuals who have had
prior exposure to the platinum chemotherapeutic agent cisplatin.1®17 Some of these CH
drivers, such as 7P53, are associated with higher risk of malignancy development and a poor
long-term prognosis.13:18 Therefore, it is not only important to identify CH driver genes, but
also the context in which they are relevant.

While the above classifications of CH genes have been useful to begin to understand

the phenomenon, discrete categorization ignores overlap in their functional impact. For
example, while DNMT3A mutations are thought to confer enhanced stem cell self-renewal
primarily through the role of this DNA methyltransferase in epigenetic regulation,19-21
enhanced DDR has also been observed with the DNMT3AR882 mytant.22 Similarly, clonal
advantage of 7P53 mutants may be influenced by epigenetic regulation in addition to their
canonical effects on DDR.23 Therefore, to better understand the mechanisms driving CH, it
is critical to interrogate multiple facets of the functional potential of CH-associated variants.

Mutations in a few genes such as DNMT3A and TETZ2 account for the majority of cases

of CH with identifiable drivers, but there is a sizable number of genes in which mutations
are observed less frequently, and which collectively contribute to a large proportion of

CH. Understanding the role played by these genes in regulating stem cell fitness and

clonal expansion may lend insight into hematopoiesis, broadly, as well as aging and cancer.
We became interested in an understudied gene, SRCAP (encoding Snf2-related CREBBP
activator protein), which has appeared in CH in multiple studies.14.15.24.25

SRCAP is a CREB-binding protein that encodes the core catalytic ATPase component of
the chromatin remodeling SRCAP complex.28 This complex is important for introducing
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the histone H2A variant, H2A.Z, into the nucleosome, evicting canonical H2A.27 H2A.Z is
important for gene regulation, epigenetic modification, and mammalian development.27-30
The introduction of H2A.Z decreases chromatin accessibility and negatively regulates gene
expression.31-34 |nterestingly, SRCAP has also been implicated in the DDR. SRCAP

is recruited to the site of DNA double-stranded breaks?® and promotes homologous
recombination.3> Thus, SRCAP is associated with epigenetic regulation and the DDR, both
of which are implicated in CH. However, little is known about the role of SRCAP in
hematopoiesis and stem cell function, whether SRCAP mutations are selected under certain
conditions, and which pathways are relevant.

Here, we analyzed human CH data to study the context in which SRCAP mutations are
relevant and generated a Srcap mutant mouse model to demonstrate a role for the enzyme
in modulating the chromatin landscape and gene expression. Understanding how SRCAP
mutations in CH offered an opportunity to examine the potential contribution of different
functional aspects in the development of CH.

CH-associated SRCAP mutations are enriched following exposure to genotoxic agents

In order to determine the distribution of SRCAP mutations in humans, we collected data
from twelve independent clinical studies of both healthy individuals and those with a cancer
diagnosis!415.24.25: these studies harbored 367 SRCAP mutations. In addition to the UK
and Mass General Brigham (MGB) Biobanks, which primarily include individuals without
a cancer diagnosis, these cohorts include a diverse set of patients with malignant diagnoses
including multiple myeloma (MM), non-Hodgkin lymphoma (NHL),1524 myelodysplastic
syndromes (MDS), acute myeloid leukemia (AML),36:37 chronic lymphocytic leukemia
(CLL),38 melanoma,3? and breast cancer*® many of whom have been previously exposed to
anti-cancer therapies (Figure 1A).

Since SRCAP CH has not been extensively studied, we assessed the age-dependency and sex
bias by analyzing individuals in the UK Biobank cohort where sex and age information are
available. The prevalence of SRCAP mutations increases with age and is higher in females
(n=95) over males (n=46) (Figure 1B). In a multivariable logistic regression model adjusting
for age and smoking status, the odds ratio for SRCAP mutations in females was 1.71 (95%
confidence interval = 1.2 — 2.44, p=0.0028). In addition, an identical analysis with MGB
Biobank cohort showed similar age-dependent increase in occurrence with a trend towards

a female bias (Figure S1A). This observation suggests a potential sex-specific selection for
SRCAP mutations.

Importantly, in several of the cancer cohorts (MM, NHL, melanoma, and breast cancer),
sequencing was performed from peripheral blood samples and thus the SRCAP mutations
are not in the tumor cells representing CH. In addition, these patients were sequenced with
the same NGS panel allowing for direct comparison. Because patients are typically treated
with multi-agent chemotherapy, we stratify the patients into two cohorts based on their
history of exposure to genotoxic chemotherapy to determine whether SRCAP mutations
are enriched following exposures. We compared the prevalence of SRCAP mutations in
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two cohorts of patients: MM or NHL patients heavily exposed to (chemo-exposed) and
melanoma patients without exposure to (chemo-naive) genotoxic therapy. We found a
significant enrichment of SRCAP mutations, as well as for mutations in other genes that
regulate the DNA damage response including PPM1D and 7P53, in the chemo-exposed
cohort (Figure 1C). When we included mutations with a VAF less than 0.01, the difference
was even more significant (14% vs 3%, p<0.0001). We conclude that SRCAP mutations are
enriched in individuals exposed to cellular genotoxic stress.

With many known functional domains of the SRCAP protein, we plotted the distribution
of 367 SRCAP mutations and found that, while SRCAP mutations occur across the entire
length of the gene, nonsense and frameshift mutations were enriched at the region close

to the CREB-binding protein (CBP) interaction domain (Figure 1D). To determine whether
exposure to cellular stress shapes the spectrum of SRCAP mutations, we compared the
distribution of SRCAP mutations in patients with (n=86) and without (n=269) prior exposure
to genotoxic therapy. We found no notable difference in the distribution (Figure S1B).

This suggests that genotoxic exposure does not cause SRCAP mutations but selects the
fitness of SRCAP mutants. Based on all the clinical cohorts collected, we then assessed the
importance of SRCAP mutations clustering at the region close to CBP-binding domain by
examining the structure of SRCAP chromatin remodeling complex28 (PDB 61GM, Figure
1E). This analysis shows that the CH-enriched region is located where SRCAP interacts
with the nucleosome, connecting the two lobes of SRCAP (Figure S1C). This implicates
that this region may play a pivotal role in SRCAP function. We therefore hypothesize that
nonsense mutations in the CH-enriched region lead to a truncated SRCAP protein which
impacts hematopoiesis and potentially confers a competitive advantage on HSCs.

Increased clonal expansion of SRCAP mutant cells following genotoxic stress

To investigate the impact of SRCAP mutations on clonal hematopoiesis, we modeled a
recurrent CH-associated mutation in human cells. We generated a truncating mutation

at residue 1963 (Q1963* in exon 26) using CRISPR-Cas9 and homology-based DNA
repair, simultaneously inserting a C-terminal FLAG tag (Figure S1D) in human leukemia
MOLM-13 cells (hereafter SRCAFPM™Y*) (Figure S1E). To verify expression of WT and
mutant alleles, we examined their MRNA expression in WT and SRCAP™Y* MOLM-13
cells with allele-specific RT-gPCR primers. While only WT was expressed in the WT cells,
both WT and mutant alleles were present in SRCAP™U* cells (Figure S1F). This verified
that the SRCAP mutant allele is expressed at least at the RNA level and has the potential to
generate a truncated protein.

Due to the enrichment of SRCAP CH-mutations in individuals treated with
chemotherapeutic agents, often with combinations of multiple agents, it is critical to
understand specific contexts that enhance the selective advantage of SRCAP mutant cells.
We tested the response of SRCAFPMUY* cells to various classes of frequently used cytotoxic
agents with different mechanisms of action. First, we established dose-response curves

at baseline or treated with other cytotoxic drugs, including doxorubicin, etoposide, and
cytarabine (Figure 2A and S2A), and observed that SRCAP™Y* cells were specifically
more resistant to doxorubicin with a significantly higher 1C50. The drug specificity towards
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doxorubicin was recapitulated in K562 leukemia cells and mouse embryonic fibroblasts
(MEFs), which represent healthy cells with a defined genetic background (Figure S2B).

Next, we determined the cellular responses leading to such drug specificity. In the apoptosis
assay, SRCAP™* cells demonstrated an increased proportion of viable cells and a
decreased proportion of apoptotic cells after doxorubicin treatment (Figure 2B and S2C).
While a slight decrease in apoptosis was also observed in SRCAPMUU* cells treated with
etoposide, treatment with cytarabine did not induce a differential apoptotic response between
WT and mutant cells (Figure S2D).

Doxorubicin is known to cause cell cycle arrest at the G2/M phase, so we used BrdU

to examine the effect of the SRCAP mutation on cell cycle progression. Strikingly,
SRCAPMU* cells were more resistant to doxorubicin-induced G2/M arrest and maintained
an unaltered cell cycle distribution before and after treatment (Figure 2C). The resistance to
G2/M arrest was the most dramatic with doxorubicin compared to other chemotherapeutic
agents (Figure S2E). The data suggest that the differential responses between WT and
SRCAPMU* cells may be specific to particular classes of drugs, and we sought to better
understand the drug specificity in the context of competition.

To assess if SRCAPMUU* cells exhibit a competitive advantage over WT cells, we competed
the cells in the same mixture by generating a constitutive GFP-labeled MOLM-13 cell

line using CRISPR/Cas9. The isogenic WT GFP-positive clone was clearly distinguishable
from the isogenic SRCAP™Y*+ GFP-negative population by flow cytometry (Figure 2D).
After mixing SRCAP™Y* and WT cells at 20:80, this ratio remained stable in untreated
culture for at least eight days (Figure S2F), indicating no selective advantage. However,
when mixed cultures were treated with doxorubicin, SRCAPMY+ MOLM-13 cells gradually
outcompeted WT GFP+ cells (Figure 2D) demonstrating a drug-induced selective advantage.
Such significant expansion in competition assays is consistent with the behavior of other
CH-associated genes®:17, in which a modest fitness advantage with a single exposure
(Figure 2A~C) is compounded with multiple exposures, particularly over time (Figure 2D),
leading to a readily discernable advantage and phenotype

The mutant cell expansion was not observed when treated with other chemotherapeutic
agents (Figure S2F), indicating the anthracycline drug doxorubicin can specifically promote
the fitness of SRCAPMUU* cells. This expansion phenotype was also absent in SRCAP
heterozygous (SRCAP'-) knockout cells (Figure S2G), suggesting a neomorphic function
of this SRCAP mutation. Together, these data demonstrate that the response of SRCAPMUY*
cells is drug specific in this context, and that the fitness of SRCAPMY* cells is selected for
particularly by the anthracycline drug doxorubicin.

SRCAP mutant cells exhibit enhanced DNA damage response

Given the role of SRCAP in DDR,35 we considered whether the selective resistance of
SRCAP™U* cells to doxorubicin was a result of differential DNA damage response, as
doxorubicin intercalates into DNA and leads to adduct formation. We first determined
whether there were changes in protein levels after doxorubicin treatment by utilizing MEFs.
We found that there were no significant differences between endogenous SRCAP WT
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(~400 kDa) and mutant (~240 kDa) protein expression at baseline or after treatment with
doxorubicin (Figure 2E). Therefore, we hypothesized that SRCAP™Y* cells demonstrated
selective resistance to doxorubicin due to enhanced DDR in the heterozygous state.

Since SRCAP has also been implicated in promoting homologous recombination (HR),3° we
utilized reporter cell lines to assess repair efficiency through either HR or non-homologous
end joining (NHEJ) to examine DDR mechanisms leveraged by SRCAPMUY* cells. The
U20S-based HR and NHEJ reporter cell lines harbor cassettes in which DNA damage is
induced by expression of 1-Scel endonuclease. Successful repair through HR or NHEJ is
identified by GFP expression.! We generated isogenic SRCAPMU* clones in both lines
using CRISPR-Cas9 (Figure S2H). We observed a significant increase in both HR and
NHEJ efficiency in SRCAP™U+ cells (Figure 2F), indicating SRCAP™U* cells leverage
both repair pathways to promote cellular fitness.

Next, we assessed whether increased DDR led to selective advantage in the MOLM-13
human cell line. SRCAP™U+ MOLM-13 cells upregulated DDR genes after doxorubicin
treatment (Figure 2G), consistent with increased DDR as a mechanism for the SRCAP
fitness advantage. Finally, treatment with a PARP inhibitor, Pamiparib, which blocks the
DDR, along with doxorubicin abrogated the fitness advantage of SRCAP™Y* in the cell-
based competition assay (Figure 2H). This indicates that the enhanced fitness of this SRCAP
mutant to anthracycline drugs is at least in part a result of increased DDR.

Srcap-mutant mice exhibit normal hematopoiesis in the absence of stress

To investigate the effect of SRCAP mutations on a normal WT genetic background in

vivo, we generated mice bearing the same FLAG-tagged truncating mutation described
above at the endogenous Srcap locus (Figure S1D). WT and mutant mRNA expression

were confirmed by allele-specific PCR in hematopoietic stem and progenitor cells (HSPCs,
defined throughout using Lin~Scal*cKit* markers; see Table S3; Figure S3A). Of note,
heterozygous mice bearing Srcap-Q1963* (hereafter Srcag™!V*) were maintained in a
heterozygous state with no obvious impact on their breeding or appearance. No Srcapm™utUmut
mice were identified indicating that the homozygous mutant state is embryonically lethal.

We next examined baseline hematopoiesis and HSC function in germline Srcag™¥* mice.
We assessed the properties of bone-marrow derived long-term hematopoietic stem cells
(HSCs, CD150*CD48~ HSPCs; see Table S3), observing that WT and Srcap™ U+ HSCs
showed similar cell cycle distribution, with each the population predominantly quiescent in
GO/G1 phase (Figure S3B). Colony-forming capacity in each background was similar after
primary and secondary plating (Figure S3C), suggesting similar proliferative capacity of
HSCs. Hematopoietic lineage distribution for myeloid (CD11b*Ly6C/Ly6G*), B (B220%),
and T (CD4*Cd8*) cells from bone marrow and peripheral blood was also similar between
WT and Srcapg™U* mice (Figure S3D). Together, this demonstrates that the CH-associated
mutation does not affect normal hematopoiesis. Therefore, SRCAP mutants likely require
cellular stressors to promote their competitive advantage in the context of CH.
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SrcapMut* expansion originates from HSCs

While SRCAP mutants are selected by genotoxic stress, most individuals have had prior
exposure to cytotoxic therapeutics before transplantation. We sought to utilize the murine
model to study healthy cells and determine whether transplantation is a stressor that
promotes Srcap™U* cell expansion. We mixed Srcap™U* bone marrow cells with those
from WT mice at a 10:90 ratio and transplanted them into lethally irradiated WT mice.
The donor cells and their progeny can be distinguished using the CD45.1/2 allelic system
(nucleated hematopoietic cells from mutant mice express CD45.2, and from the WT
CD45.1; Figure 3A). A parallel transplant competing WT (CD45.2) against WT (CD45.1)
cells serves as a control.

At early time points after transplantation, the Srcag™V* cells had a similar contribution

to blood production when competing with the WT cells. Interestingly, 12 weeks after

the transplantation, we observed an expansion of Srcap™U* cells in the peripheral blood
of recipients that continued to increase until 20 weeks post-transplantation. These data
indicate that Srcap™ut* cells exhibited a marked advantage compared to the parallel WT:WT
transplant, and they generated almost 50% more progeny than WT cells 20 weeks after

the transplantation (Figure 3B). Such expansion was observed in both male and female
mice, indicating that the mechanism leading to the female bias is not fully recapitulated

in this model. We also performed competitive transplantation with heterozygous knock-out
(Srcapt’™) cells and, similar to human cell lines, observed no expansion (Figure S3E),
suggesting that the Srcap mutation is neomorphic.

We also assessed cell expansion after additional stressors. After secondary transplantation,
we observed no further expansion (Figure S3F). Similarly, doxorubicin treatment after
primary transplantation did not lead to further expansion (Figure S3G). These data suggest
that, despite significantly increased fitness upon the primary stress, Srcag™V* cells do not
gain further advantage upon a secondary exposure, at least within the timeframes examined
here. We hypothesize that the elevated DDR is accompanied by epigenetic changes which,
after the altered epigenetic landscape is established during the primary exposure, SrcapMut/*
cells are not subject to further alterations.

To characterize Srcap™U* expansion in blood, we analyzed the chimerism of donor
(CD45.2) cells in the bone marrow 20 weeks after transplantation. The most significant
increase in Srcap™U* chimerism was observed in the HSPC and purified HSC populations
(Figure 3C-D), indicating that Srcap expansion originated from HSCs, accounting for

the greater representation of their progeny in the peripheral blood. As CH is sometimes
accompanied by a lineage bias,” we examined the hematopoietic lineage composition in
our competitive transplant model. Strikingly, within the lineage-committed progenitors, the
expansion of Srcag™V* cells was restricted to the common lymphoid progenitors (CLPs;
Figure 3E, S3H, and Table S3). In addition, we found similar absolute number of HSCs
and CLPs in the bone marrow between the Srcap™U+:WT and WT:WT transplant cohorts
(Figure S3I), demonstrating that the advantage of the Srcap mutant cells is due to a dynamic
competition with WT HSCs and not aberrant outgrowth.
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Importantly, we observed over-representation of Srcag™UU* cells within the B-cell
population in the bone marrow, peripheral blood, and spleen (Figure 3F and S3J). In
accordance, Srcap™UU* expansion occurs at 12 weeks post-transplantation (Figure S3K)
and can be found in the blood, bone marrow, and spleen, which is mostly comprised of
B-cells, but not in the thymus (Figure 3G), which is largely composed of T-cells. Together,
these results indicate that Srcap expansion originates from the HSC population, and
affects the downstream lymphoid lineage, ultimately contributing to B-cells. Furthermore,
we demonstrate that transplantation is a cellular stressor that promotes the advantage of
Srcap™iU* cells, consistent with other reports showing SRCAP-mutant CH.14.24

Transcriptomic regulation of Srcap lymphoid-biased expansion

To examine the mechanism through which mutations in SRCAP, a chromatin remodeler,
affect Srcap™V* expansion, we investigated the transcriptome of the hematopoietic
progenitors. We performed RNA-sequencing on sorted donor (CD45.2) HSPCs from

the bone marrow transplants described above (Figure 3A). We first asked whether
differentially expressed genes suggested enhanced stem cell function, consistent with the
competitive advantage of mutant HSCs. While no significant differences were observed
pre-transplantation, after transplantation, Srcap™Ut* HSPCs harbored elevated expression of
genes typically found at high levels in HSCs*2 (Figure 4A—B and S4A\). This indicates that
the Srcap™uU* cells harbor an up-regulation of these HSC-associated genes in the context of
bone marrow transplantation.

Because HSPCs are heterogeneous, we turned to single-cell RNA sequencing to examine

if transcriptional changes in HSPCs from transplant recipients could explain the lymphoid-
biased differentiation (Figure 4C and S4B). While we observed no significant differential
abundance of cell clusters between WT and Srcag™U* HSPCs (Figure S4C), we found that
the top differentially regulated genes within the lymphoid-primed clusters were involved

in cell fate commitment during hematopoiesis such as Hoxcé6, Cxc/10, and Lyé6c2 (Figure
S4D).

To better understand the transcriptome, we extracted the top differentially regulated gene
signature found in the Srcag™¥* lymphoid cluster (Figure S4E). When scoring based on
this gene signature and plotting in all clusters, we found that the Srcap™V* signature was
also up-regulated in Srcag™tU* HSCs but not in the myeloid cluster (Figure 4D). This is
consistent with the Srcap expansion phenotype. We performed gene set enrichment analysis
(GSEA) comparing Srcag™ ¥+ to WT lymphoid clusters focusing on pathways related to
hematopoiesis and the expansion. This revealed up-regulation of GO terms related to cell
fate commitment and cell growth (Figure S4F). We then analyzed genes in one of the most
significantly up-regulated GO terms, ‘positive regulation of cell growtfr (GO:0030307). We
observed significant up-regulation in “ positive regulation of cell growth’ in the Srcap™ut+
lymphoid, but not the myeloid, cluster (Figure 4E). Thus, the transcriptomic analyses are
consistent with a competitive advantage in Srcap™ U+ HSCs and lymphoid, but not myeloid,
cells, aligning with the phenotype observed in mice.
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Taken together, our characterization of Srcap expansion demonstrates that Srcag™ v+
expansion originates from HSCs, impacting downstream hematopoiesis with a lymphoid
bias specifically restricted to the B-cell compartment (Figure 4F).

Srcap-mutant cell fitness is enhanced by distinct modes of stress

Data from MOLM-13 human cell line indicated anthracycline exposure led to increased
selection of SRCAP™U+ gver WT cells due to enhanced DDR and decreased cell cycle
arrest. Similarly, data from mice indicated enhanced fitness of Srcag™/V* cells after
transplantation based on up-regulation of a stem cell-related program. Genotoxic therapies!?
and transplantation443 are both common stressors in the hematopoietic system. Since we
reported that the advantage of SRCAP mutant cells was promoted by both stressors, we
sought to directly compare the impact of the two cellular stressors, doxorubicin treatment
and transplantation, on the competitive advantage of Srcap™ U+ cells.

To compare the two cellular stressors 7 vivo, we established new mouse cohorts in

which we harvested WT or Srcag™V* HSPCs 12 hours after a single dose of doxorubicin
treatment, or 2 weeks after bone marrow transplantation (the earliest possible time-point
after recovery from irradiation; Figure 5A). We assessed transcriptome in response to the
two stressors by performing RNA-sequencing on purified HSPCs (Figure 5A and S5A).
GSEA revealed similar up-regulation of pathways related to cell cycle and DDR and
down-regulation in immune response between the two cohorts (Figure 5B). While there
was no difference at baseline pre-treatment, HSC genes and “ positive regulation of DNA
repair (GO:0045739) were two of the most up-regulated pathways in Srcag™* HSPCs
after exposure to doxorubicin or transplantation (Figure 5C and S5B-D). Interestingly, this
up-regulation of DDR was also accompanied by elevated expression of genes enriched in
HSCs*2 (Figure 5D). The enhanced fitness of Srcag™* HSPCs was functionally validated
with increased colony-forming capacity (Figure S5E). This transcriptomic up-regulation in
both DDR and HSC maintenance pathways suggests the involvement of SRCAP in both
CH-associated functional classes, DDR and epigenetics.

We validated that transcriptional upregulation of DDR pathways was associated

with a functional difference in DDR activation using a comet assay and yH2AX
immunofluorescence. The induction of DDR was detectable by both techniques at 12 hours
after doxorubicin and two weeks after transplantation (Figure S5F-G). We evaluated the
DDR response by analyzing the tail moment of each cell in the comet assay to denote the
amount of DNA damage. We observed that, after doxorubicin treatment and transplantation,
Srcap™ U+ HSPCs exhibited significantly lower levels of DNA damage (Figure 5E). Such
decreased level of DNA damage was not found in Srcag™U* HSPCs when treated with
non-anthracycline drugs, cytarabine and etoposide (Figure S5H), indicating that the elevated
DDR is specific to the anthracycline drug doxorubicin. Similarly, Srcag™¥* HSPCs showed
significantly fewer yH2AX foci after doxorubicin treatment and transplantation (Figure 5F).
Moreover, when we assessed the percentage of yH2AX-positive cells in HSCs, there were
fewer yH2AX-positive cells in Srcag™U* HSPCs, indicating enhanced DDR following both
doxorubicin and transplantation as stress mechanisms (Figure 5G and S5I-J).
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Finally, to validate that increased DDR was associated with the expansion phenotype,

we assessed the transcriptome of downstream lineage populations by performing RNA-
sequencing in B and T cells isolated from the bone marrow after transplantation. We found
the up-regulation of gene set “positive regulation of DNA repair’ in the B- but not T-cells
(Figure 5H), indicating that the transcriptomic up-regulation of DDR was associated with
Srcap expansion and the lineage bias observed at the phenotypic level.

Taken together, these data show that distinct cellular stressors, doxorubicin treatment

and bone marrow transplantation, lead to similar DDR and transcriptional changes in
Srcag™V* stem cells, indicating that exposure to the two stressors potentially promotes
Srcap expansion through the same mechanism. Since gene expression patterns are linked to
epigenetic landscape, and given SRCAP’s role in chromatin remodeling, we considered the
broader role of SRCAP in epigenetic regulation.

Decreased chromatin remodeling of Srcap mutant cells after stress

SRCAP remodels chromatin by incorporating histone variant, H2A.Z, into the nucleosome;
and H2A.Z at promoters can affect gene expression.2”-2% A role for SRCAP and H2A.Z
has not been investigated in blood; therefore, we assessed whether the epigenetic landscape
is linked to transcriptomic regulation as a mechanism leading to enhanced fitness. RNA-
sequencing data generated after transplantation revealed decreased chromatin remodeling
(G0:0006338) capacity (Figure 5B), indicating that the differential chromatin landscape
may be associated with the competitive advantage of mutant cells.

To test this hypothesis, we examined SRCAP chromatin remodeling activity and SRCAP-
regulated H2A.Z deposition 12 weeks after competitive transplantation, the earliest
timepoint in which mutant expansion was observed. We performed ATAC (Assay for
Transposase Accessible Chromatin) and CUT&RUN (Cleavage Under Targets & Release
Using Nuclease) sequencing in purified CD45.2 HSPCs 12 weeks after competitive
transplantation to identify SRCAP and H2A.Z localization. We focused on promoter regions
and transcriptional start sites (TSSs) where H2A.Z deposition is associated with repressing
transcription.32-34 Since H2A.Z regulation by SRCAP is not well understood in blood, we
first evaluated WT HSPCs to establish the enrichment profile. This revealed 1375 peaks

in promoter-TSS regions that were accessible by ATAC and also bound by SRCAP and
H2A.Z (Figure 6A and S6A), in agreement with previous findings in other tissues that
SRCAP incorporates H2A.Z at promoters.274445 The corresponding genes of these 1375
peaks were highly enriched in pathways related to histone modification and DNA repair
(Figure S6B), correlated with the top differentially expressed pathways in RNA-sequencing
result as described above. To further characterize SRCAP-regulated H2A.Z deposition, we
performed motif analysis on the SRCAP-enriched peaks and found that the top two were
AT-rich binding motifs (Figure 6B), consistent with previous reports showing that SRCAP
preferentially binds to AT-rich DNA sequences through its AT hooks in the C-terminus,27+2°
a region that is absent in the SRCAP-Q1963* mutant.

After establishing the characteristics of SRCAP and H2A.Z localization in WT HSPCs, we
examined the differential chromatin landscape between Srcap™U* and WT HSPCs with
transplantation and doxorubicin treatment. Without stress, Srcao™V* cells showed similar
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SRCAP and H2A.Z abundance at the 1375 peak regions (Figure 6C). In WT HSPCs with
transplantation and doxorubicin, both SRCAP and H2A.Z were enriched at these regions
in response to stress. Importantly, Srcag™V* HSPCs demonstrated a decrease in both
SRCAP and H2A.Z localization after exposure to stress (Figure 6C and S6C). Given the
corresponding changes in SRCAP and H2A.Z abundance, Srcag™V* cells appear to have
decreased SRCAP-regulated H2A.Z deposition under stress compared to WT cells.

With the role of H2A.Z in gene regulation, we examined the relationship between SRCAP-
regulated H2A.Z chromatin remodeling and transcriptional regulation by correlating
CUT&RUN sequencing with RNA-sequencing results, focusing on the most up-regulated
DDR pathway and HSC genes. SRCAP and H2A.Z abundance were both decreased at the
promoter regions of these genes after transplantation in the Srcap™U* HSPCs (Figure 6D
and S6D), indicating that the transcriptional regulation DDR and HSC genes is dependent
on the proper localization of SRCAP and H2A.Z. To assess whether H2A.Z is associated
with gene silencing as previously reported,31-34 we compared RNA-seq expression of genes
with H2A.Z localization at the promoters according to CUT&RUN. Indeed, as H2A.Z
deposition was decreased in Srcag™V* cells after transplantation, these H2A.Z-bound genes
were also transcriptionally upregulated (Figure 6E). This finding indicates that the H2A.Z
mark represses gene expression, and that decreased H2A.Z deposition at the promoters of
DDR genes is associated with upregulated gene expression. Importantly, decreased H2A.Z
deposition was recapitulated in MOLM-13 cells after doxorubicin treatment (Figure S6E).

Interestingly, we assessed a protein-coding gene, Chromobox 8 (Cbx8), which is included
in the gene set ‘positive requlation of DNA repair and associated with DNA methylation.
Cbx8is one of the most highly up-regulated genes and exhibits loss of SRCAP-regulated
H2A.Z deposition after transplantation (Figure 6F). We confirmed that H2A.Z is anti-
correlated with DNA methylation at this site (Figure S6F). These observations indicate
that Srcap™V* stem cells acquire a competitive advantage via epigenetic regulation of the
transcriptome.

Together, these data demonstrate that after exposure to transplantation or doxorubicin,
Srcag™V* cells lose SRCAP-regulated H2A.Z chromatin remodeling capacity, and the loss
correlates with the transcriptional up-regulation of the DDR pathway and of HSC-associated
genes (Figure 6G).

Discussion

In this study, we interrogated how SRCAP mutations confer a selective advantage leading

to clonal hematopoiesis. We showed SRCAP mutations are enriched in patients with prior
exposure to genotoxic stress and demonstrated Srcap lymphoid-biased expansion in a mouse
model. We identified doxorubicin and bone marrow transplantation as cellular stressors that
promote Srcap™iU* expansion via loss of SRCAP-regulated H2A.Z deposition leading to
enhanced DNA damage response. We conclude that increased fitness of SrcagMutU* stem
cells is a result of both altered epigenetic regulation and enhanced DDR, bridging two key
pathways that drive CH.
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Drug-specific advantage in CH has been previously reported for other mutations such as
PPM1D.18 Here, we compared the response to various classes of chemotherapy drugs and
showed that SRCAP™ U+ expansion was promoted by the anthracycline drug doxorubicin
more than other agents. This may partially explain the enrichment of SRCAP mutations

in about 20% (27/154) patients having received chimeric antigen receptor T (CAR-T)

cell therapy for lymphoma as they were typically treated with anthracyclines. Because
most patients received multi-agent chemotherapy regimens, we could not further assess the
selectivity of anthracyclines in patients. Larger human sequencing cohorts with longitudinal
analysis will be necessary to assess the contribution of single chemotherapy drugs to CH in
patients. Nevertheless, these 7 vitro experiments allow us to dissect specific exposures that
contribute to the competitive advantage of SRCAFPMY* cells.

Most studies of CH mouse models have reported myeloid-biased differentiation of mutant
clones.#6:47 However, we observed a clear lymphoid bias. While lymphoid malignancies are
commonly reported in patients with CH,” and lymphoid-biased CH is driven by distinct but
partially overlapping mutations, they are relatively understudied. Notably, our observation
of B-cell expansion accompanied by up-regulated DDR may implicate the role of SRCAP
in class switch recombination and related immune functions, which are significantly down-
regulated in our RNA-seq data (Figure 5B), potentially impacting immune response by

the mutant B cells.#849 Consistent with our findings, SRCAP mutations are frequently
observed in, but not restricted to, patients with lymphoid malignancies.” 1425 While we did
not observe disease development in the Srcap transplanted mice, the 6-month time frame is
limited. Interestingly, the phenotype of lymphoid-biased hematopoiesis recapitulates that of
Crebbp knock-out mice.50 As the truncation of our Srcap mutant model occurs at the end
of its CBP-binding domain, it could impair the participation of SRCAP as a co-activator of
CBP, leading to reduced CBP activity®! and consequent lymphoid bias.

We also showed that the selective advantage of Srcag™V* cells could be driven by two
distinct cellular stressors: doxorubicin and transplantation, consistent with observations

in humans.1424 Indeed, both stressors impact epigenetic modifications: anthracyclines
rapidly reshape the chromatin landscape and protein-DNA binding,?2:53 and bone marrow
transplantation affects DNA methylation,>* which is negatively associated with H2A.Z
mark.>® Epigenetic reshaping may explain why transplantation and anthracycline treatment
most dramatically promote the advantage of Srcapg™* cells relative to other chemotherapy
drugs. One of the loci with the most dramatic decrease in SRCAP-regulated H2A.Z
deposition, Cbx8, is part of the Polycomb complex that also interacts with DNA
methyltransferases, implicating DNA methylation in Srcap expansion.

Finally, DDR and epigenetics are the two most frequently disrupted pathways in CH,

and SRCAP is directly involved in both. Srcag™Ut'* cells acquire increased DDR and
survival under stress (similar to cells with 7P53 or PPM1D mutations); on the other hand,
Srcap™iU* stem cells exhibit enhanced HSC function via epigenetic regulation enabling
them to outcompete WT clones (similar to DNMT3A and TET2 mutations). Importantly,
the increased DDR response in SRCAP™U* cells can be epigenetically regulated. Our work
suggests a new perspective that CH mutations may simultaneously and interdependently
impact both DDR and epigenetic modifications leading to increased stem cell competition.
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Other CH-associated mutations likely impact both pathways, even though they are typically
classified into a single group.22:23

Limitations of the study

In humans, we observed an enrichment of SRCAP mutations in females in cohorts without
a known cancer diagnosis. Such female-biased CH has also been associated with additional
mutations, particularly the epigenetic modifier DNMT3A, as well as the DDR regulator
7P5356 It is possible that chemotherapeutic exposures may also influence the sex bias, but
the size of our exposed cohorts limits this analysis. Similarly, SRCAP CH has not yet been
shown to be associated with adverse clinical outcomes. Larger patient cohorts longitudinally
traced with treatment regimens available and detailed long-term clinical follow-up will

be necessary to definitively evaluate risks associated with SRCAP CH. In addition, the
lymphoid bias observed in our murine model is difficult to validate in humans but may be
reassessed when larger cohorts of patients are sequenced. Finally, we showed the selection
of SRCAP mutant cells by anthracycline drug doxorubicin in human cell lines and mice
within the time frame of our experimental assay and cannot exclude the possibility of
selection by other drugs at a slower rate.

STAR Methods
~~RESOURCE AVAILABILITY~~

Lead contact—Further information and requests for resources should be directed to and
will be fulfilled by Lead Contact, Margaret A. Goodell (goodell@bcm.edu).

Materials availability—This study generated heterozygous SRCAP-mutant cell lines
and Srcap-mutant mice. The human cell lines and mouse line generated by the Goodell
laboratory are available upon request and will require a standard Material Transfer
Agreement (MTA).

Data and code availability

. All raw and processed sequencing data generated in this work is publicly
available at GEO data repository as of the date of publication. Accession number
is listed as key resources table. Microscopy data reported in this paper will be
shared by the lead contact upon request.

. No original code for analysis in this work.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

~~EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILSs~~

Cell Culture and CRISPR/Cas9 genetic engineering: MOLM-13 cells were cultured
in RPMI 1640 medium supplemented with 10% FBS, 1% penicillin/streptomycin/glutamine,
U-2 OS cells and HEK293T cells were cultured in DMEM supplemented with 10% FBS and
1% Pen/Strep. All cells were cultured in humidified incubator containing 5% CO, at 37°C.
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MOLM-13 cells were grown in T-25 flasks and passaged approximately every three days.
U-2 OS cells and HEK293T cells were grown in 10 cm? dishes and passaged every three to
four days with trypsin. All experiments involving isolation of single colonies were compared
between mutant and isogenic control lines from the same parental line. The sex of the cell
lines is as follows: HEK293T (female), MOLM-13 (male), U-2 OS (female).

We generated the heterozygous SRCAP mutant (SRCAP™U*) cell lines in MOLM-13

and U-2 OS as well as GFP-positive MOLM-13 cell line using RNP-based CRISPR/Cas9
delivery method as described in Huang et al., 202210, In brief, 1 pg sgRNA (Synthego) was
incubated with 1 pg Cas9 protein (PNA Bio) for 30 minutes at room temperature to obtain
Cas9-sgRNA RNPs. Next, 1.2 ug single-stranded DNA donor template (Integrated DNA
Technologies) (see Table S2 for guide RNA and donor DNA sequences) containing desired
variant sequence was added prior to electroporation using a Neon transfection system
(Thermo Fisher Scientific), and 2 x 10 cells were electroporated using the optimized
electroporation condition of 1,350 V, 35 ms, and one pulse for MOLM-13, or 1,230 V, 10
ms, and four pulse for U-2 OS. After electroporation, we collected single-cell colonies for
each cell line, and the sequences of single colonies were validated by Sanger sequencing.

Mice Housing and generation of Srcap-mutant murine model: All mice were
housed in AAALAC-accredited, specific-pathogen-free animal care facilities at Baylor
College of Medicine, and all procedures were approved by the BCM Institutional Animal
Care and Use Committee. Mice of both sexes were used for all experiments. All mice were
immune-competent and healthy prior to the experiments described.

We generated the heterozygous Srcap mutant (Srcag™U+) knock-in murine model using
CRISPR/Cas9 technology in collaboration with the Mouse Embryonic Stem Cell Core and
Genetically Engineered Rodent Models Core at Baylor College of Medicine. A sgRNA was
designed to induce a double-stranded break in the endogenous Srcap exon 26 along with

a single-stranded oligodeoxynucleotide (ssODN) containing a 3x FLAG tag followed by a
premature stop codon flanked by proximal and distal homology arms for homology-directed
repair (see Table S2 for guide RNA and donor DNA sequences). A total of 200 C57BL/6
embryos were injected to the cytoplasm with 100 ng/uL Cas9 protein, 20 ng/uL sgRNA, and
100 ng/uL ssODN diluted in nuclease-free PBS. After culture, about 20 to 30 blastocysts
were transferred into the oviducts of pseudo-pregnant ICR females. Genotype identification
of Srcap™¥* mice was performed with genotyping primers and Sanger Sequencing (see
Table S2), then CRISPR on-target and top ten predicted off-target sites were screened using
PCR (see Table S2). Srcap™U* mice showed normal breeding and appearance. Germline
Srcapg™ U+ mice exhibited no altered hematopoiesis in hematopoietic stem cell properties or
downstream lineage distribution. We used the progeny following at least F4 for experiments
in this work.

~~METHOD DETAILS~~

SRCAP analysis in the UK Biobank and MGB Biobank cohort: Somatic variations
in the SRCAP gene region were queried in the whole-exome sequencing data from
180,465 unrelated participants (99,184 female and 81,281 male) with no prior hematologic
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malignancies in the UK Biobank.58 Somatic mutations in the whole exome sequencing
(WES) data from each participant were called using Mutect2.5 The Genome Aggregation
Database’? (gnomAD) used a germline reference and a panel-of-normal consisting of
randomly selected 500 youngest participants were used to filter out artifacts. The mutations
were included if all of the following criteria were met:

1. Sequencing depth (DP) >= 20

2. Reads supporting the variant allele (AD) >= 3

3. Reads supporting in both forward and reverse direction (FIR2 & F2R1) >=1
4. Variant allele fraction (VAF) >=0.02 & <0.35

5. gnomAD allele frequency < 0.005

6. variant frequency in the cohort < 0.01

7. AD for insertions and deletion in homopolymer regions >= 10 and VAF >=0.1

In total, we identified 141 participants with at least one pathogenic somatic mutation in
the SRCAP gene. Only frameshift, nonsense, and splice site variants were considered
pathogenic.

SRCAP analysis in CAR-T and melanoma cohorts: Somatic variant calling was
done as described previously.3? Mutations with five or more alternative reads were
considered in analysis. Mutations with a variant allele fraction (VAF) greater than 0.35
were excluded to avoid inclusion of germline variants.

Mouse genotyping: Mouse DNA was extracted from mouse tails using DirectPCR Lysis
Buffer (Viagen, 102-T) with 0.3 mg/ml Proteinase K (genDEPOT, P2180). Forward and
reverse primer pairs were designed targeting Srcap exon 26 in Srcap™Ut* mice (see Table
S2). The PCR product was 291 bp for the WT allele and 375 bp for the mutant allele
containing a 3x FLAG tag and a premature stop codon.

DNA constructs and cloning: Human SRCAP ORF Clone in Gateway Cloning
Vector (Antibodies-online, ABIN3417640) was used to acquire the SRCAP overexpression
plasmid. SRCAP WT and truncated mutant proteins were each tagged with an in-frame
C-terminal 3x FLAG tag. SRCAP ORF template sequence was amplified with PCR. For
WT SRCAP, two PCR amplifications were performed separately to acquire the first and
second half of SRCAP (~4.8 kb each) and assemble them into full-length SRCAP (~9.7
kb). For mutant SRCAP, a similar strategy was adopted to amplify two PCR products
before constructing into truncated SRCAP (~5.9 kb). The vector backbone with Ampicillin
resistance gene was acquired from VectorBuilder and amplified. All the PCR products
were purified using QIAquick Gel Extraction Kit (Qiagen, 28704) and validated using
Sanger Sequencing. Plasmids were then generated with 4-fragment Gibson Assembly using
NEBuilder® HiFi DNA Assembly Master Mix (New England BioLabs, E2621S). The
assembled products were then transformed into TOP10 competent cells and selected on
LB plates with Ampicillin (50 pg/ml) overnight before plasmid extraction and validation
with Sanger Sequencing.
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Real-time quantitative reverse transcription PCR: RNA was extracted from AllPrep
DNA/RNA micro kit (Qiagen, 80284) from cells. 1 ug of RNA was mixed with 4 pL
iScript™ Reverse Transcription Supermix (Bio-rad, 1708841) and 15 L nuclease-free water.
The mixture was incubated in the thermocycler for 5 minutes at 25 °C for priming, followed
by 20 minutes at 46 °C for reverse transcription and 1 minutes at 95 °C for inactivation. The
reverse transcription cDNA product was diluted 10-fold. 1 uL diluted cDNA was then mixed
with 1 uL of 10 pmol/L forward and reverse primers (see Table S2), 8 uL ddH20, and 10 uL
2% SsoAdvanced Universal SYBR Green Supermix (Bio-rad, 1725271) for real-time PCR.
Samples were heat activated at 95°C for 3 minutes, then kept at 95°C for 10 seconds, 58°C
for 10 seconds, and 72°C for 30 seconds and repeated from the second step for 40 cycles.
The cycle threshold (Ct) values of reactions were determined for analysis.

Cytotoxic drug-sensitivity assay: Drug sensitivity assays were done using the Cell
Proliferation MTT Kit (Sigma, 11465007001) per manufacturer’s protocol. Briefly, 1 x 10%
cells were plated in 96-well, flat bottom plates and treated with vehicle or drugs in a total
volume of 100 uL. Plates were incubated at 37°C for at least 24 hours. 10 uL of MTT
labeling reagent was added to each well and incubated for 4 hours. 100 uL of solubilization
buffer was then added to each well and incubated overnight. Plates were analyzed using a
fluorometric microplate reader at 550 nm.

Apoptosis assay: FITC Annexin V Apoptosis Detection Kit | (BD Bioscience, 556547)
was used for the quantification of early and late apoptotic cells. Cells were treated

with each drug for 48 hours. Cells are treated to IC50 of the drug to assess apoptotic
response. After drug treatment, cells were washed and stained with annexin V-FITC (3:100
concentration) and 7-AAD (3:100 concentration) for 20 minutes. Cells were then analyzed
using flow cytometry (LSRII, Becton Dickinson) with FACSdiva software (BD Bioscience).
A minimum of 10,000 cells were analyzed per sample.

In vitro cell cycle assay: FITC BrdU Flow Kit (BD Bioscience, 559619) was used for
cell cycle assay with MOLM-13 cell line according to the manufacturer’s protocol. Cells are
treated to 1C60 of the drug to minimize the impact of apoptosis and assess the difference in
cell cycle distribution. In brief, cells were treated with cytotoxic drugs for 24 hours and then
paused with 50 uM BrdU in the media for 40 minutes before harvesting. The BrdU-pulsed
cells were fixed and permeabilized. The cells were then re-fixed, treated with 100 pL DNase
(300 pg/mL) at 37°C for 1 hour, and stained with intracellular FITC-BrdU antibody at room
temperature for 20 minutes. DNA staining with 20 uL 7-AAD was performed before flow
cytometry analysis (LSRII, Becton Dickinson) with FACSdiva software (BD Bioscience). A
minimum of 20,000 cells were analyzed per sample.

In vivo cell cycle assay: FITC BrdU Flow Kit (BD Bioscience, 559619) was used

for murine bone marrow according to the manufacturer’s protocol. In brief, mice were
intraperitoneally injected with 200 UL BrdU solution (10 mg/mL) in sterile PBS. Whole
bone marrow was harvested and enriched for HSC 24 hours post-injection. The enriched
bone marrow cells were stained with surface markers, fixed and permeabilized. The cells
were then re-fixed, treated with 100 pL DNase (300 pg/mL) at 37°C for 1 hour, and stained
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with intracellular FITC-BrdU antibody at room temperature for 20 minutes. DNA staining
with 20 pL 7-AAD was performed before analyzing using flow cytometry (LSRII, Becton
Dickinson) with FACSdiva software (BD Bioscience). A minimum of 10,000,000 cells were
analyzed per sample to assess HSC cell cycle.

Cell-based competition Assay: In the cell-based competition assay, GFPis knocked
in endogenously in-frame at the AAVSI safe harbor locus. Isogenic mutant GFP-negative
MOLM-13 cells were mixed with WT GFP-positive cells at a 10% to 90% ratio in 6 well
plates with a total of 2 x 10° cells per well. The cell mixtures were treated with cytotoxic
drugs or DMSO as control. Cells are treated to 1C75 of the drug to evaluate the impact to
apoptosis and cell cycle gradually over time. The mixture was assayed with flow cytometry
to monitor the percentage of GFP-negative and GFP-positive portion every two days after
treatment. At each timepoint, cells were spun down and replenished with fresh 5 mL cell
culture medium with appropriate concentration of drugs.

Alkaline comet assay: Comet assays were conducted with mouse bone marrow cells
by resuspending to 1 x 10° cells/mL and mixed with 1% low-melting agarose (R&D
Systems, 4250-050-02) at a 1:10 ratio and plated on 2-well CometSlides (R&D Systems,
4250-050-03). Cells were lysed overnight and immersed in alkaline unwinding solution
as per manufacturer’s protocol (Trevigen, 4250-050-ESK). Fluorescence microscopy was
performed at 10X magnification using the Keyence BZ-X800 microscope and comet tails
were analyzed using the Comet Assay IV software (Instem). At least 150 comet tails were
measured per sample.

GFP-based DNA repair (HR or NHEJ) reporter assay: For the DNA repair reporter
assay, 100,000 U-2 OS cells were seeded in a 12-well plate. After attachment to the

plate, cells were transfected with 3.6 uL of Lipofectamine 2000 (Invitrogen) in 200 uL of
OptiMEM with 0.8 ug of the I-Scel expression plasmid (pCBASce). The media was replaced
after 12 hours, and the cells were trypsinized 48 hours after transfection for flow cytometry
analysis GFP-positive population and proportion.

Immunoblotting: Protein lysates were harvested with Cytobuster (Millipore, 71009-3)
buffer supplemented with protease inhibitor cocktail for 15 min at 4°C and then boiled at
95°C in 1x Laemmli sample buffer (Bio-rad, 1610747) for 7 minutes. The proteins were
separated by 4-15% mini-PROTEAN TGX precast protein gels (Bio-rad, 456-1084) and
transferred on to P\VDF membranes using the iBlot 2 Dry Blotting system (ThermoFisher,
IB21001). Blots were blocked 5% milk in Tris-buffered saline solution with 0.05%
Tween-20 (TBST) for 1 hour at room temperature. After washing with TBST, blots were
then probed with different primary antibodies overnight at 4°C. Blots were washed with
TBST before incubation with secondary antibodies conjugated with Horseradish Peroxidase
(HRP) for 45 minutes at room temperature. After washing with TBST, imagines were taken
using Clarity ECL Substrate on the ChemiDoc imaging system (Bio-rad).

Immunofluorescence: Before staining, 3 x 10° cells/slide were harvested and washed
with PBS three times. The cells were then fixed with 4% paraformaldehyde for 10 minutes
at 37°C and washed with PBS three times. Fixed cells were resuspended in PBS and
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cytocentrifuge was performed at 250 rpm for 4 min to attach the cells to the slide. The cells
on the slide were then permeabilized with 0.5% Triton-X-100 in PBS at room temperature
for 20 minutes, washed with PBS, and blocked with 1% BSA in 15% goat serum at

room temperature 1 hour. Samples were then stained with different primary antibodies

in 0.1% BSA in PBS at 4°C overnight. The following day, samples were washed with
0.01% Triton-X-100 in PBS before staining with secondary antibodies conjugated with
fluorophores at room temperature for 1 hour. Samples were washed with 0.01% Triton-
X-100 in PBS and then mounted onto slides with Fluoromount-G Mounting Medium with
DAPI (ThermoFisher, 00-4959-52) and sealed with nail polish. Immunostained coverslips
were imaged on the Keyence BZ-X800 microscope.

Flow cytometry intracellular staining: Murine bone marrow cells for intercellular
staining were harvested, fixed and permeabilized using BD Cytofix/Cytoperm Buffer.

The fixed cells were then stained with FITC-yH2A.X antibody at 4°C for 20 minutes.
Fluorescence intensity was analyzed using flow cytometry (LSRII, Becton Dickinson) with
FACSdiva software (BD Bioscience). A minimum of 10,000,000 cells were analyze per
sample.

Colony formation Assay: Fresh bone marrow cells harvested from mice were seeded

in 6 well plates at a density of 250 cell/well in 3 mL Methocult (STEMCELL Technology,
M3434) for 7 days. Number of colonies were quantified at Day7 for primary plating using a
microscope. The cells were then collected from each well, washed with phosphate-buffered
saline (PBS), resuspended with fresh 3 mL of Methocult, and seeded again in 6 well plates
for 7 days. At Day 14, the number of colonies was quantified for secondary plating.

Murine competitive bone marrow transplantation: We utilized the CD45 allelic
system to perform murine competitive bone marrow transplantation. Bone marrow from WT
or mutant donor mice (bearing the CD45.2 surface alloantigen) was harvested and combined
with bone marrow from WT recipient mice (bearing the CD45.1 surface alloantigen).

Cell numbers for each sample were quantified, and test cells (CD45.2) were mixed with
competitor cells (CD45.1) at a 10:90 ratio, resulting in a mutant (CD45.2) with WT
(CD45.1) mixture and a WT (CD45.2) with WT (CD45.1) mixture as parallel control.

We calculated a total of 2x108 cells to transplant into each recipient mouse, consisting of
0.2x10° test Cd45.2 cells and 1.8x108 CD45.1 cells. Next, the bone marrow mixtures were
retro-orbitally injected into 6- to 8-week-old lethally irradiated recipient mice (split-dose of
10 Gy separated by 3 hours) in both the mutant and parallel control cohort.

The recipient mice were bled every 4 weeks post-transplantation for donor (CD45.2) cell
chimerism and lineage composition analyses in the peripheral blood with flow cytometry
(BD Biosciences, LSR |1 for data acquisition and FlowJo software for analysis). All

data points were normalized to the data at the 4-weeks timepoint in each mouse as
baseline engraftment. After 20 weeks post-transplantation, the recipient mice were bled
and sacrificed to harvest peripheral blood, bone marrow, spleen, and thymus for further
enrichment and analysis.
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Hematopoietic stem cell enrichment: Bone marrow from the mice were harvested
with HBSS (2% FBS, 5% HEPES, and 40 uM EDTA) and the whole bone marrow
underwent lysis of red blood cells. Cells were then incubated with CD117-conjugated
Microbeads (Miltenyi, 130-091-224) at 4 °C for 30 minutes. Unbound beads were removed
by washing with PBS. Then, the mixture was applied to the QuadroMacs column (Miltenyi,
130-042-401), followed by two washes with 5 mL HBSS. CD117-enriched bone marrow
cells were eluted with 5 mL HBSS using a plunger.

RNA-sequencing: Cells were sorted directly into Lysis Buffer, and RNA was isolated
using the Allprep DNA/RNA Micro Kit (Qiagen). RNA-sequencing was performed with
True-Seq Stranded mRNA library preparation kit (Illumina, 20020594) according to the
manufacturer’s protocol. Quality control of libraries was performed using a TapeStation
D1000 ScreenTape (Agilent, 5067-5584). Libraries were then sequenced using an lllumina
Nextseq 2000 sequencer, aiming for >20 million reads per biological replicate. Paired-end
RNA-sequencing reads were obtained.

Single-cell RNA-sequencing: Single-cell RNA-sequencing was performed with isolated
hematopoietic stem and progenitor cells (HSPCs) from the bone marrow using the 10x
platform 3v31 assay and the chromium Single Cell 3’ solution without multiplexing. Quality
control of libraries was done with TapeStation D1000 ScreenTape (Agilent, 5067-5584).
Libraries were then sequenced using an Illumina Nextseq 2000 sequencer, aiming for a
minimum coverage of 30,000 reads per single cell. Paired-end (readl: 28 cycles; i7 index:
10 cycles; i5 index: 10 cycles; read2: 90 cycles) single-cell RNA-sequencing reads were
obtained.

ATAC-sequencing: ATAC-sequencing for chromatin accessibility was performed using
the Omni-ATAC protocol. In brief, 20,000 mouse bone marrow cells were isolated, washed,
and permeabilized with ATAC-Resuspension Buffer (10 mM Tris-HCI, pH7.4, 10 mM NaCl,
3 mM MgCl, in sterile water) containing 0.1% NP40, 0.1% Tween-20, and 0.01% Digitonin
for 3 minutes on ice. The lysis was washed, and nuclei were pelleted for transposition in 50
UL Transposition mix (25 pL 2x TD buffer, 2.5 pL Tn5 transposases, 16.5 pL PBS, 0.5 uL
1% digitonin, 0.5 pL 10% Tween-20, 5 uL ddH,0) with enzymes from Nextera XT DNA
Library Preparation Kit (Illumina, FC-131-1096). The mixture was then incubated at 37 °C
for 30 minutes and cleaned up with DNA Clean & Concentrator (Zymo, D4030).

ATAC-sequencing library preparation was performed using NEBNext® Ultra™ 11 DNA
Library Prep Kit for lllumina (New England Biolabs, E7645) according to the
manufacturer’s protocol. Quality control of libraries was done with TapeStation D5000
ScreenTape (Agilent, 5067-5588). Libraries were then sequenced using lllumina Nextseq
2000 sequencer, aiming for >50 million reads per biological replicate. Paired-end DNA-
sequencing reads were obtained.

Cut-and-run sequencing: Cut-and-run sequencing was performed using Epicypher®
CUTANA™ CUT&RUN protocol (V2.0). In brief, 50,000 cells were harvested or sorted, and
washed with Wash Buffer (20 mM HEPES, pH 7.5, 150 mM NacCl, 0.5 mM Spermidine,

1x Roche cOmplete™, Mini, EDTA-free Protease Inhibitor tab) at room temperature three
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times. The cells were then incubated with ConA beads (Promega, BP531) activated with
iced Bead Activation Buffer (20 mM HEPES, pH7.9, 10 mM KCI, 1 mM CaCl,, 1 mM
MnCl,) at room temperature for 20 minutes on a rotator. After the incubation, the cells
conjugated with beads were transferred to 8-strip tubes for binding with primary antibody
(1:100) in 100 pL Antibody Buffer (Wash Buffer, 0.01% Digitonin, 2 mM EDTA) on a
nutator overnight at 4°C. The next day, the beads were washed three times with Digitonin
Buffer (Wash Buffer, 0.01% Digitonin) and incubated with pAG-MNase (1:20) in Digitonin
Buffer on nutator for 20 minutes at room temperature. Targeted chromatin cleavage was
performed after three washes with 100 mM CacCl;, in Digitonin Buffer on nutator for 2 hours
at 4°C. Targeted DNA was released with 33 pL Stop Buffer (340 mM NaCl, 20 mM EDTA,
4 mM EGTA, 50 pug/mL RNase A, 50 ug/mL Glycogen) and incubated for 10 minutes at
37°C. Finally, DNA released in the supernatant was collected and purified with CUTANA™
DNA Purification Kit (Epicypher, 14-0050) according to the manufacturer’s protocol.

Cut-and-run sequencing library preparation was performed using NEBNext® Ultra™ 11
DNA Library Prep Kit for Illumina (New England Biolabs, E7645) according to the
manufacturer’s protocol. Quality control of libraries was done with TapeStation D5000
ScreenTape (Agilent, 5067-5588). Libraries were then sequenced using lllumina Nextseq
2000 sequencer, aiming for >10 million reads per condition. Paired-end enriched DNA-
sequencing reads were obtained.

~~QUNATIFICATION AND STATISTICAL ANALYSIS~~

Immunofluorescence foci analysis: High resolution imaging was obtained on a
Cytivia DVLive epifluorescence image restoration microscope with an Olympus PlanApo
60%/1.42 NA objective. Z stacks (0.25 pm) were acquired before applying a conservative
restorative algorithm for quantitative image deconvolution. Random fields of view (FOVs)
were acquired for analysis. Then, automated image analysis was performed using
CellProfiler v.4.2.1 with the following pipeline: first, the DAPI channel was smoothed
(median filter) and then used to identify nuclei with minimum cross entropy algorithm and
filtered by size (40-120 pixels); second, the yH2AX signal was thresholded using otsu to
identify individual spots (“foci”) from the antibody channel; next, the identified foci where
then related to the parent nuclei; finally, foci counts and intensity features were extracted for
post-analysis.

RNA-sequencing analysis: Paired-end bulk RNA-sequencing reads were mapped to
the STAR mouse reference genome index (mm39) using STAR. Quantification of mapped
reads for RNA-sequencing was performed using Subread package (featureCounts). Read
count normalization of all conditions and differential analysis were then performed using
DESeq2 package. At least two biological replicates were used for differential analysis, and
genes with average read counts <15 per sample were excluded for differential analysis for
each condition (WT pre-treatment to WT post-treatment, mutant pre-treatment to mutant
post-treatment, or WT post-treatment to mutant post-treatment). DESeq?2 utilizes the degree
of freedom equals to two for duplicates to estimate dispersion and calculate differential
expression with statistical significance. The fold change and statistical outputs for each
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comparison were used for downstream Gene Set Enrichment Analysis (GSEA), gene list
subsetting, and figure plotting.

Single-cell RNA-sequencing analysis: Paired-end sequencing data were mapped and
quantified using Cell Ranger Single Cell Suite v3.1.0 to the mouse genome (mm10)
provided by 10x Genomics’ Cell Ranger. Cells with 6,500-30,000 detected genes and

less than 10% total mitochondrial gene expression were filtered and retained for analysis.

R package scuttle was used to normalize for library size and perform log-transformation.
Next, R package scran was used to perform feature selection of highly variable genes

for dimensional reduction via principal component analysis (PCA). The resulting principal
components were visualized using Uniform manifold approximation and projection (UMAP)
and used to cluster the cells. Clusters were identified by fitting the top 13 principal
components as determined by PCA elbow method to compute a neighborhood graph with
the center of 15 using R scran package. Cells were then clustered into subgroups using
SingleR package referencing mouse Immunologic Genome Project (ImmGen) data obtained
from R celldex package. Differential analysis of each cell type clusters was performed
using edgeR. The fold change and statistical outputs for each comparison were used

for downstream Gene Set Enrichment Analysis (GSEA), gene list subsetting, and figure
plotting.

ATAC-sequencing analysis: Paired-end sequencing data were mapped to the mouse
genome (mm10) using Bowtie2 with command line option *“--dovetail”. ATAC peaks

were shifted using deepTools alignmentSieve with command line option “--ATACshift”.
Biological replicates were then merged for peak calling using MACS3 with command line
options “-g mm -f BAMPE -q 0.01 --nomodel --keep-dup=all --call-summits”. HOMER
was used to annotate peaks in the TF peak regions identified by MACS3. Quantification of
peaks for ATAC-sequencing was performed using Subread package. The count results were
used for differential analysis and statistics with DESeq2 package. At least two biological
replicates were used for differential analysis, and genes with average read counts <100 per
sample were excluded for differential analysis for each condition. Peak region identified
by MACS3 with the 3kb region centered around the transcriptional start site were used for
candidate gene RefSeq annotations and figure plotting.

Cut-and-run sequencing analysis: Paired-end sequencing data were mapped to the
mouse genome (mm10) using Bowtie2 with command line option “--dovetail”. Cut-and-
run reads from biological replicates were then merged for peak calling using MACS3
with command line options “-g mm -f BAMPE -q 0.01 --nomodel --keep-dup=all --call-
summits”. HOMER was used to annotate peaks in the TF peak regions identified by
MACS3. Quantification of peaks for Cut-and-run sequencing was performed using Subread
package. The count results were used for differential analysis and statistics with DESeq?2
package. At least two biological replicates were used for differential analysis, and genes
with average read counts <50 per sample were excluded for differential analysis for

each condition. Peak region identified by MACS3 with the 3kb region centered around
the transcriptional start site were used for candidate gene RefSeq annotations and figure
plotting. Top binding motifs were discovered and characterized using R memes package.
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Statistical analysis: Statistical tests were applied with the sample size listed in the
Figure Legends. Sample size represents the number of independent biological replicates
(denoted by “n”). Data supporting the main conclusions represents results from at least
two biological replicates. Graphs with error bars report mean + SEM or mean + SD as
indicated in the Figure Legends. Statistics were calculated using two-tailed #tests, without
assuming equal standard deviations, unless otherwise indicated. PRISM was used for basic
statistical analysis and figure generation (https://www.graphpad.com), and the R language
and programming environment (https://www.r-project.org) was used for the remainder of
statistical analysis. Multiple hypothesis testing correction was applied where indicated.
Statistical significance was determined using GraphPad PRISM and indicated in the figures.
Data were considered statistically significant at *p<0.05, **p<0.01, ***p<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
. SRCAP mutations in human clonal hematopoiesis are enriched in context of
stress
. Srcap mutation enhances stem and progenitor cell function with a lymphoid
bias
. Clonal advantage is manifest via augmented DNA repair and epigenetic
regulation

. SRCAP represses the expression of DDR and HSC regulatory genes
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Figurel. CH-associated SRCAP mutations are enriched following exposure to genotoxic agents
(A) Characteristics of 367 individuals with SRCAP mutations. The patient cohort, disease

type, number of cases with SRCAP mutations, and tissue sequenced are indicated. The
MGB and UK Biobanks primarily include individuals without a known cancer diagnosis.
(B) Prevalence of SRCAP mutations in the UK Biobank. Males, n=46; females, n=95.
Statistical significance determined by a multivariable logistic regression model adjusting for
age and ever-smoked status.

(C) Frequency of mutations in recurrent CH genes in chemo-exposed (n=154) or a similar
group of chemo-naive patients (n=91). Cohorts were sequenced with the same NGS panel
and have similar median age (63 vs 65 years). VAF threshold 0.01. Statistical significance
determined by one-tailed #test for the relative difference in proportions.
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(D) Distribution of SRCAP mutations (n=367). Known functional domains and
corresponding amino acids are indicated. The SRCAP CH-enriched region is labeled in

red. The number of individuals with each mutation is indicated in the lollipops.

(E) Structure of the SRCAP complex (PDB 61GM). SRCAP is highlighted in magenta with
the SRCAP CH-enriched region in (D) labeled in red. Other proteins in the complex include
RUVBL1 (light gray), RUVBL?2 (dark gray), and ARP6 (Blue).

See also Table S1 and Figure S1.
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Figure 2. SRCAPMUY* cells exhibit enhanced DDR in vitro following genotoxic stress
(A) Dose-response with doxorubicin in WT and SRCAFP™Y+ MOLM-13 cells. Cell viability

values were normalized to baseline (n=3). Statistical significance was determined by a
non-linear regression modeling comparing LogIC50.

(B) Annexin V/7-AAD apoptosis with 120 nM (1C50) doxorubicin for 48 hr (n=4) and (C)
BrdU/7-AAD cell cycle analysis with 100 nM (IC60) doxorubicin for 24 hr of WT and
SRCAP™U+ MOLM-13 cells.

(D) /n vitro competition of WT (GFP*) and SRCAP™U* (GFP-) MOLM-13 cells with 60
nM (1C75) doxorubicin or DMSO. Left: proportion of WT and SRCAPMUY* cells measured
by flow cytometry on indicated days (n=4). Right: representative flow plots. Data points are
normalized to Day 0.

(E) WT and Srcag™t* mouse embryonic fibroblasts (MEFs) cells treated with 200 nM
(1C50) doxorubicin for 24 hr followed by western blot analysis probing with anti-SRCAP,
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anti-FLAG and GAPDH. Endogenous SRCAP WT (3271 a.a.) and mutant (1963 a.a.) copies
are highlighted with arrows.

(F) Top: schematic of the homologous recombination (HR) or non-homologous end joining
(NHEJ) cassettes in U20S cells. Gene-editing was performed on cells with integrated
cassettes to generate isogenic WT and mutant clones. 1-Scel digestion sites are shown in
solid bars and GFP expression in green. Bottom: DNA repair via HR or NHEJ measured as
percentages of GFP-positive cells in WT or SRCAP™Y* cells after 1-Scel digestion (n=5)
along with non-digested controls.

(G) Relative RNA expression levels of WT and SRCAP™Y* human MOLM-13 cells lines
with or without doxorubicin (120 nM) for 24 hr.

(H) /n vitro competition of WT (GFP*) and SRCAP™U* (GFP~) MOLM-13 cells in the
presence of 60 nM doxorubicin and 2 nM PARP inhibitor (Pamiparib). Proportion of WT
and SRCAPMUU+ cells measured by flow cytometry (n=3). All data points are normalized to
Day 0.

Statistical significance was determined by unpaired two-tailed #test (with Welch correction).
All data represent mean + SEM.

See also Figure S2.
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Figure 3. Srcap mutation leads to HSC expansion and lymphoid-biased hematopoiesis
(A) Murine competitive transplantation workflow. Whole bone marrow (WBM) was

harvested from donor CD45.2 Srcap™ U+ and CD45.1 WT (blue) mice, mixed at a 10:90
ratio, and transplanted to lethally irradiated CD45.1 recipients. Mice were bled every 4
weeks to analyze the contribution of test cells. A parallel transplant competed WT (CD45.2)
against WT (CD45.1) cells serves as the WT:WT control cohort.

(B) Test cell (CD45.2) chimerism in the peripheral blood of recipients in (A) (n=60).
Srcap™it* cohort is depicted in red and the parallel WT:WT control cohort in gray.

(C) Representative flow plots depicting the gating strategy for HSPC and HSC.

(D-G) Recipient mice in (B) were sacrificed at 20 weeks post-transplantation, and the
contributions of test cells were assessed in (D) WBM (n=18), HSPC (nh=10), and HSC
populations (n=10), (E) common lymphoid progenitors (CLP) (n=10), (F) myeloid, B-cell,
T-cell lineages in peripheral blood (n=58), and (G) spleen (n=14) and thymus (n=14). The
Srcap™* cohort is indicated in red, and the parallel WT:WT cohort in gray.

Statistical significance was determined by unpaired two-tailed #test (with Welch correction).
All data represent mean + SEM with individual values.

See also Figure S3 and Table S3.
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Figure 4. Transcriptomic regulation of Srcap mutant lymphoid-biased expansion
(A) Relative gene expression from RNA-sequencing of HSPCs before and after competitive

transplantation as in Figure 3A. Test cells (CD45.2) were isolated from the Srcag™uU/+:WT
and the WT:WT cohorts. The gene set displayed includes genes highly expressed in HSCs
(Immunological Genome Project).2 Statistical significance determined by DESeq2 with

duplicates.

(B) Normalized read counts assigned to genes (n=36). Statistical significance determined by

Mann-Whitney U-test.

(C) Single-cell RNA-seq of HSPCs 20 weeks after competitive. UMAP clustering
colored by cell types: long-term HSCs (LT-HSCs), short-term HSCs (ST-HSCs),
multipotent progenitors (MPPs), lymphoid-primed multipotent progenitors (LMPPs),
granulocyte/monocyte/lymphoid progenitors (GMLPs), common lymphoid progenitors
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(CLPs), megakaryocyte-erythrocyte progenitors (MEPs), common myeloid progenitors
(CMPs), and granulocyte-macrophage progenitors (GMPs).

(D) Single-cell RNA-seq UMAP colored by the Srcap™U* signature. Gene signature scores
are extracted based on top differentially expressed genes (p<0.05) in the lymphoid clusters
determined by Mann-Whitney U statistics. The color is scaled to maximum score in blue and
minimum score in gray. Feature plots separated by genotype are shown.

(E) Gene set enrichment analysis (GSEA) of Srcap™U* lymphoid and myeloid clusters
compared to WT counterparts for the gene set ‘ positive regulation of cell growthr
(G0O:0045787). Normalized enrichment score (NES) and adjusted p-value are indicated.

(F) Depiction of the cell populations (red) affected by Srcap™ ¥+ mutation in our mouse
model.

See also Figure S4.
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Figure 5. Doxorubicin and transplantation are stressors promoting Srcapm“t/+ advantage
(A) Schematic to study doxorubicin and transplantation as cellular stressors. Doxorubicin:

mice were intraperitoneally injected with one dose of 10 mg/kg doxorubicin, and bone
marrow was harvested after 12 hr. Transplantation: Srcag™ ¥+ or WT cells were transplanted
non-competitively into lethally irradiated recipients and then isolated from bone marrow
after 2 weeks followed by enrichment and/or sorting for HSPCs.
(B) GSEA plot of Srcap™ U+ HSPCs after doxorubicin or transplantation. Red and blue
bars indicate significantly up- and down-regulated pathways. Normalized enrichment score
(NES) and adjusted p-value < 0.05 are indicated.
(C-D) Relative gene expression from RNA-sequencing of HSPCs at baseline or after
stress showing normalized read counts of (C) the gene set “positive regulation of DNA
repair’ (GO: GO:0045739) (D) genes typically enriched in HSC.42 Statistical significance
determined by DESeq2 with duplicates.
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(E-F) HSC-enriched bone marrow cells with stress were used for (E) comet assay

showing the amount of DNA damage (left: representative comet microscopy image;

right: quantification of tail moment) and (F) yH2A.X foci analysis (left: representative
immunofluorescence microscopy images; right: number of -yH2A.X foci per cell). Statistical
significance was determined by Mann-Whitney U-test. Data represent mean + 95%
confidence interval (n=256 each group).

(G)Percentage of yH2A.X-positive WT or Srcag™ U+ HSPCs with doxorubicin (n=4) or
after transplantation (n=5). Statistical significance was determined by unpaired two-tailed
ttest (with Welch correction). Data represent mean + SEM.

(H) Relative gene expression from RNA-sequencing of bone marrow-derived B- and T-cells
at baseline and after stress showing normalized read counts of genes in the gene set “positive
regulation of DNA repair’. Statistical significance determined by DESeqg2 with duplicates.
See also Figure S5.
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Figure 6. Decreased chromatin remodeling in Srcap'm“t/+ stem cells after stress
(A) Venn diagram of TSS-promoter peaks from ATAC-sequencing and CUT&RUN for

SRCAP and H2A.Z of WT HSPCs after 12 weeks of competitive transplantation. Numbers

of overlapping peaks are indicated.

(B) Multiple Em for Motif Elicitation (MEME) analysis of SRCAP localization at the

TSS-promoter. Top two motifs and

E-value are shown.

(C) Enrichment of SRCAP and H2A.Z at TSS-promoter before and after competitive
transplantation. Enrichment at the clustered regions based on high and low SRCAP

abundance is shown.

(D) Average density of mapped reads (left) and normalized read count (right) of HSPCs
were before or after 12 weeks of competitive transplantation. SRCAP and H2A.Z signals
centered to TSS of genes in the gene set “positive regulation of DNA repair’ (GO:
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G0:0045739). Statistical significance determined by Mann-Whitney U-test. Mean and o
value are shown.

(E) Multi-omics integration of normalized RNA-seq read counts of CD45.2 HSPCs 12
weeks after transplantation. H2A.Z-high and not H2A.Z-bound genes are determined by
CUT&RUN as in (C).

(F) Integrative Genomic Viewer (IGV) browser tracks for SRCAP (blue) and H2A.Z (red)
enrichment at Cbx8 (mm10, chr11:119,036,305-119,040,969) in the HSPCs before or after
competitive transplantation. H3K27me3 and mlgG enrichment tracks for each condition are
shown as positive and negative controls.

(G) Diagram depicting the epigenetic and transcriptomic regulation of Srcao™iU* cells
with exposure to stressors. The circular arrows denote stem cell survival under stress and
proliferation.

See also Figure S6.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

PE-Cy7 anti-Mouse Ly-6G eBioscience 25-5931-82
PE-Cy7 anti-Mouse CD11b BD Bioscience 552850
PE-Cy7 anti-Mouse B220 BD Bioscience 552772
eFluor 450 anti-Mouse CD4 eBioscience 48-0042-82
eFluor 450 anti-Mouse CD8a eBioscience 48-0081-82
eFluor 450 anti-Mouse B220 eBioscience 48-0452-82
eFluor 450 anti-Mouse TER-119 eBioscience 48-5921-82
APC-Cy7 anti-Mouse CD117 BioLegend 135136
PE-Cy7 anti-Mouse Sca-1 eBioscience 25-5981-82
BV510 anti-mouse CD48 BD Bioscience 563536

PE anti-Mouse CD150 eBioscience 12-1502-82
APC anti-Mouse CD45.1 eBioscience 17-0453-82
FITC anti-Mouse CD45.2 eBioscience 11-0454-82
PE anti-Mouse CD16/32 eBioscience 12-0161-82
FITC anti-Mouse CD127 eBioscience 11-1271-82
PB anti-Mouse CD45.2 eBioscience 48-0454-82
APC anti-Mouse CD34 BioLegend 119309
Mouse monoclonal M2 anti-FLAG Sigma Aldrich F1804-200UG
Rabbit monoclonal phospho-Histone H2A.X (Ser139) Cell Signaling 9718S

Alexa Fluor® 647 AffiniPure Donkey Anti-Rabbit IgG (H+L) | Jackson Immuno 711-605-152
Alexa Fluor® 488 AffiniPure Goat Anti-Mouse 1gG (H+L) Jackson Immuno 115-545-062
Alexa Fluor® 488 AffiniPure Donkey Anti-Rabbit IgG (H+L) | Jackson Immuno 711-545-152
FITC anti-mouse Phospho H2A. X Phospho (Ser139) BioLegend 613403
Rabbit monoclonal anti-H3K27me3 Cell Signaling 9733S
Rabbit polyclonal anti-1gG Abcam ab46540
Rabbit polyclonal anti-SRCAP Kerafast ESL103
Rabbit monoclonal anti-H2A.Z Cell Signaling 50722S
Chemicals, peptides, and recombinant proteins

Doxorubicin Selleck $1208
Etoposide Selleck S1225
Cytarabine MedChemExpress HY-13605
Daunorubicin Selleck S3035
Pamiparib MedChemExpress 1446261-44-4
DAPI Sigma Aldrich D8417
Mouse CD117 MicroBeads Miltenyi 130-091-224
Digtonin Promega G9441
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REAGENT or RESOURCE SOURCE IDENTIFIER
Concanavalin-coated Magnetic Beads Bangs Laboratories BP531
cOmplete™, EDTA-free Protease Inhibitor Cocktail Sigma Aldrich 11873580001
CUTANA® pAG-MNase EpiCypher 15-1016

Critical commercial assays

AllPrep DNA/RNA Micro Kit Qiagen 80284

Cell Proliferation Kit | Sigma Aldrich 11465007001
FITC BrdU Flow Kit BD Bioscience 559619

FITC Annexin V Apoptosis Detection Kit | BD Bioscience 556547

TruSeq® Stranded mRNA Library Prep 1llumina 20020594
CUTANA™ DNA Purification Kit EpiCypher 14-0050
NEBNext® Ultra™ I DNA Library Prep Kit for lllumina New England Biolabs | E7645

Nextera XT DNA Library Preparation Kit Ilumina FC-131-1096
DNA Clean & Concentrator Zymo Research D4030

Deposited data

RNA-sequencing data This paper GEO #GSE230155
Single cell RNA-seq data This paper GEO #GSE230155
CUT&RUN data This paper GEO #GSE230155
ATAC-sequencing data This paper GEO #GSE230155
Experimental models: Cell lines

MOLM-13 WT DSMz Cat# ACC-554
MOLM-13 SRCAPQ1963X/+ This paper N/A

Lenti-X™ 293T WT Takara 632180

Lenti-X™ 293T SRCAPQL63XI+ This paper N/A

U-2 OS HR reporter WT Bertuch Lab*! N/A

U-2 OS HR reporter This paper N/A

U-2 OS NHEJ reporter WT Bertuch Lab?! N/A

U-2 OS NHEJ reporter SRCAPQ1963X/+ This paper N/A

Experimental models: Organisms/strains

Mice: SrcapQ1963x/+ This paper N/A

Mice: C57BL6/J Jackson Laboratory Stock #000664
Mice: CD45.1 (B6.SJL-Ptprc2pepc®/Boyj) Jackson Laboratory Stock #002014
Oligonucleotides

Primers for cloning See Table S2 N/A

Primers for genotyping See Table S2 N/A

Recombinant DNA

pCBAScel plasmid Addgene 26477

Human SRCAP ORF Clone in Gateway Cloning Vector

Antibodies-online

ABIN3417640

sgRNAs for CRISPR

See Table S2

N/A

ssODNs for CRISPR

See Table S2

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Adobe Illustrator Adobe https://www.adobe.com/products/illustrator.html

SnapGene (v4.3.11) Dotmatics https://www.snapgene.com/

Comet Assay IV software Instem https://www.instem.com/solutions/genetic-
toxicology/comet-assay.php

PRISM (v8.4.2) GraphPad https://www.graphpad.com/scientific-software/prism/

FACSdiva (v8.0.1)

BD Biosciences

https://www.bdbiosciences.com/en-eu/products/
software/instrument-software/bd-facsdiva-software

FlowJo (v10.7.1)

BD Biosciences

https://www.flowjo.com/

CellProfiler (v4.2.1)

Stirling et al.>”

https://cellprofiler.org/

Cell Ranger (v6.1.2)

10x Genomics

https://support.10xgenomics.com/single-cell-gene-
expression/software/overview/welcome

bcl2fastq conversion software IHlumina https://sapac.support.illumina.com/sequencing/
sequencing_software/bcl2fastg-conversion-
software.html

STAR (v020201) Dobin et al.58 https://github.com/alexdobin/STAR

Bowtie2 (v2.2.8)

Langmead et al.>®

https://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

MACSS3 (v3.0.0a6)

Zhang et al.50

https://github.com/macs3-project/ MACS

memes (v1.4.1)

Bailey et al 6!

https://meme-suite.org/meme/

HOMER

ucsb

http://homer.ucsd.edu/homer/motif/

deepTools (v3.5.1)

Ramirez et al.52

https://deeptools.readthedocs.io/en/develop/

SAMTools (v0.1.19) Lietal.b3 http://www.htslib.org/

R (v4.2.0) r-project https://www.r-project.org/

DESeq2 (v1.36.0) Love et al.54 https://bioconductor.org/packages/release/bioc/html/
DESeq2.html

Seurat (v4.2.0) Hao et al.6° https://satijalab.org/seurat/

SingleCellExperiment (v1.18.1)

Amezquita et al.56

https://github.com/drisso/SingleCellExperiment

SingleR (v1.10.0)

Aran et al 7

https://github.com/dviraran/SingleR

Integrative Genome Viewer

Broad Institute

https://software.broadinstitute.org/software/igv/

Other

QuadroMACS Miltenyi 130-091-051
LS Columns for QuadroMACS Miltenyi 130-042-401
MethoCult GF STEMCELL 3434

NEON Transfection System ThermoFisher N/A

High sensitivity D1000 ScreenTape Agilent 5067-5584
D5000 ScreenTape Agilent 5067-5588
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