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Abstract

Little is known of hematopoietic stem (HSC) and progenitor (HPC) cell self-renewal. The role

of Brahma (BRM), a chromatin remodeler, in HSC function is unknown. Bone marrow (BM)
from Brn!~ mice manifested increased numbers of long- and short-term HSCs, GMPs, and
increased numbers and cycling of functional HPCs. However, increased B~ BM HSC numbers
had decreased 2° and 3° engraftment, suggesting BRM enhances HSC self-renewal. Valine was
elevated in lineage negative Brim'~ BM cells, linking intracellular valine with Brm expression.
Valine enhanced HPC colony formation, replating of human cord blood (CB) HPC-derived
colonies, mouse BM and human CB HPC survival in vitro, and ex-vivo expansion of normal
mouse BM HSCs and HPCs. Valine increased oxygen consumption rates of WT cells. BRM
through CD98 was linked to regulated import of branched chain amino acids, such as valing,

in HPCs. Brm-/- LSK cells exhibited upregulated interferon response/cell cycle gene programs.
Effects of BRM depletion are less apparent on isolated HSCs compared to HSCs in the presence
of HPCs, suggesting cell extrinsic effects on HSCs. Thus, intracellular valine is regulated by BRM
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expression in HPCs, and the BRM/valine axis regulates HSC and HPC self-renewal, proliferation,
and possibly differentiation fate decisions.

INTRODUCTION

Hematopoietic stem cells (HSCs) self-renew and differentiate to hematopoietic progenitor
cells (HPCs) and more mature cells. Self-renewal controls HSC pool sizel~3. HPCs have
limited self-renewal activity /7 vitrd®5. Control of HSC/HPC function and self-renewal are
being identified*8, but underlying mechanisms still remain poorly defined.

Chromatin remodeling complexes unwind compact chromatin structures allowing gene
expression. One remodeler, the switch/sucrose nonfermentable (SWI/SNF) complex

is conserved from yeast to mammals®10. Mammalian Brahma (BRM)-related gene-1
(BRG1)/BRM associated factor (BAF) is a functional equivalent of the yeast SWI/SNF
complex!1:12, Although other 15 subunits of BAF complexes are identical, ATPase subunits
BRG1 and BRM form mutually exclusive protein complexes'314. BRG1 or BRM is
essential for BAF-mediated nucleosome remodeling; subunit mutations inactivate BAF
activityl>16, Brg1 knockout mice are embryonic lethal. BRG1 is essential for embryonic
stem cell self-renewal and proliferationl’-21. However, Brm’'~ mice are viable?2. Silencing
Brg1, but not Brm, activates p53-mediated senescence in cancer cells?3. Biochemical studies
suggest distinct roles for BRG1 and BRM complexes.?4 Their roles in HSC/HPC regulation
in vivo remain unknown.

Mitochondria play roles in bioenergetic and metabolic demands of HSCs, controlling

HSC and HPC homeostasis2>27. Brief exposure of HSCs to ambient air oxygen
stimulates mitochondrial metabolism and decreased long-term (LT)-HSCs, concomitant
with differentiation to HPCs26. Impaired energy metabolism/ mitochondrial activity leads
to HSC exhaustion28-31, Mitochondria are not only primary sites of fatty acid oxidation,
but of branched chain amino acid (BCAA) metabolism30. BCAAs, essential amino acids
in metazoans, are from dietary sources. Dietary valine restriction in mice results in HSC
ablation in bone marrow (BM)32. However, valine’s role in HSC/HPC homeostasis/self-
renewal lacked genetic and additional evidence. Administration of BCAA also induces
interferon signaling in non-hematopoietic cell types33 though its effects on interferon
response in HSCs/HPCs are not known. We show that lineage negative (lin™) cells from
Brrm'~mice have elevated valine levels, compared to WT mouse cells. Brm/~mice have
increased HSC numbers, yet no competitive advantage in primary transplants, and greatly
reduced engraftment in secondary (2°) and tertiary (3°) transplantation.26:34. Exogenous
valine increased numbers, survival, and replating capacity /in vitro of functional HPCs and
ex-vivo expansion of phenotyped HSCs/HPCs. Brm and valine were linked to CD98 cell
surface expression. HSCs were affected by cell extrinsic effects in absence of BRM, HPCs
were affected by cell intrinsic effects in the absence of BRM, and both were affected by cell
intrinsic effects of valine. Thus, intracellular valine levels, apparently controlled by Brm,
regulate HSC/HPC functions
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METHODS AND MATERIALS

Mice.

Male and female C57BL/6J, Boy/J, and B6 x Boy/J F1 mice (8—10 weeks old) were obtained
from on-site breeding at Indiana University School of Medicine (IUSM). Brm ~~ and
Brm*!'~ mice (on a C57BI/6 mouse strain background)?2 were provided by Dr. Ching-Pin
Chang, IUSM. Animals were maintained under temperature- and light-controlled conditions
(21-24 °C, 12 hour light/12 hour dark cycle) and were housed according to age, sex and
genotype. Mice were fed ad /libitum, and matched by age and sex. Studies were IUSM
IACUC approved.

Isolation of Mouse Lin~ BM Cells and Human CD34* CB Cells.

Mouse BM was isolated from femurs of mice prior to use by flushing in PBS (Lonza;
Walkersville, MD, USA). Lineage depletion used a mouse lineage cell depletion kit
(Miltenyi Biotec; Aurburn, CA, USA) using two sequential columns. Human CB, obtained
from the Cleveland Cord Blood Bank and Cord:Use, was within 36 hours post-delivery.
CB was washed in PBS prior to Ficoll-Paque™ PLUS (GE Healthcare Bio-Sciences AB;
Pittsburgh, PA, USA) separation of mononuclear cells (LD cells). CD34* CB cells were
isolated using CD34 immunomagnetic selection kit (Miltenyi Biotec) using two sequential
columns (purity 297% CD34* cells). Mouse Lin~ cell purity was =92%. IUSM IRB
approved CB studies.

Flow Cytometry.

Mouse BM cells, collected at ~2.5x106 cells per tube, were washed in PBS, incubated

in fluorescently-conjugated antibodies (S. Table 1) for 20 minutes at room temperature,
washed in PBS, and fixed in 1% formaldehyde. Samples were analyzed by LSRII

flow cytometer (BD Biosciences) for immunophenotypically defined cell populations
according to S. Table 2. (Lin~ Sca-1* c-Kit* (LSK); long-term (LT)-HSCs; short-term (ST)-
HSCs; multipotent progenitors (MPPs); common myeloid progenitors (CMPs); granulocyte
macrophage progenitors (GMPs); myeloid erythroid progenitors (MEPS); and common
lymphoid progenitors (CLPS)).

HPC Assays.

CFU-GM, BFU-E and CFU-GEMM colonies were scored from whole mouse BM plated

at 5x10% cells/mL, and CFU-GM and CFU-GEMM were scored from 5x104 low-density
human (LD) CB or 500-1000 CD34+ cells in 1% methylcellulose/Iscoves Modified
Dulbeccos Medium (IMDM) with 30% FBS (Hyclone, non-dialyzed or dialyzed) and

assay dependent growth factors (see figure legends and supplemental methods). We were
interested in HPC derived mouse BM colonies and did not score CFU-E. CFU-E detect
precursor, not progenitor, cells. Growth factors for human HPC allows detection of CFU-
GEMM, not BFU-E37.Cultures were plated with control medium, 10 mM L-Valine (Sigma),
or 10 mM L-Leucine (Sigma), optimal levels of these amino acids. For HPC survival assays,
growth factor addition was delayed, and colony counts compared to growth factors added at
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Day 06-8:36_ Individual human CFU-GEMM were selected for secondary replating. Colonies
were not pooled for replating.

% Functional HPC in S-Phase of the Cell Cycle.

High specific activity tritiated thymidine ([3H]Tdr) kill assays were utilized®26:35. BM cells
were pulse-treated with 50 uCi of high specific activity [H]Tdr (20 Ci/mmol; DuPont NEN)
at 37°C for 20 minutes, and washed twice prior to plating in HPC colony assays. Colonies

in [3H]Tdr treated plates were compared to vehicle control treated plates, and percent CFU
in S-phase calculated. This is the only means of assessing the percent functional HPC in
S-phase of the cell cycle.

Engrafting Studies.

Competitive transplantations were performed. Donor BM cells from wildtype or B~
mice (CD45.1~ CD45.2*)26:35 were mixed (1:1 ratio at 1x10° cells) with competitor BM
from Boy/J mice (CD45.1* CD45.27) and injected intravenously into lethally irradiated
(950 cGy) B6 x Boy/J F1 mice (F1 mice; CD45.1* CD45.2*). Percentage donor CD45.1~
CD45.2" cells in PB were determined by flow cytometry. At 4 months BM from B6 x
Boy/J F1 mice was analyzed for percent donor cell engraftment, myeloid/lymphoid ratio,
and numbers of donor-derived LT-HSCs. Secondary and tertiary transplants (2x10% BM
cells from recipient mice) were transplanted into lethally irradiated B6xBoy/J F1 mice and
analyzed similarly to that of primary transplants.

Ex Vivo HSC Expansion Assays.

WT C57BL/6 or Brm™'~ Lin™ BM cells were isolated and cultured at 50,000 cells/well

in mouse HSC expansion media containing RPMI-1640 media (Lonza) with 10% FBS
(Fisher Scientific), 100 ng/mL rmSCF (R&D Systems; cat. # 455-MC-010), 100 ng/mL
rmTPO (R&D Systems; cat. # 488-TO-200/CF), and 100 ng/mL rmFLT3L (BioLegend,; cat.
# 550706) with 10 mM L-Valine (Sigma), 10 mM L-Leucine (Sigma) or vehicle control

at 37°C at 5% CO, and 5% O». After 4 days in culture, flow cytometry determined

LT-HSC frequency and HPC colony assays were performed. Absolute numbers of output
populations were compared to number of input populations to determine expansion. For
separation of cell extrinsic/intrinsic effects, LT-HSCs were separated from ST-HSCs and
MPPs WT C57BL/6 or Brrm'~ BM using FACSAria and SORP Aria flow cytometer sorters
(BD Biosciences). 1000 sorted LT-HSCs (called ‘HSC’) or 1000 sorted LT-HSCs + 4000
sorted ST-HSC/MPPs (called ‘LSK’; 5000 cells total) were plated per well in mouse HSC
expansion media and assayed as described above +/- 10mM L-Valine. Engrafting studies
were performed (see supplemental methods for details).

Metabolite Profiling of lin™ cells.

Mouse BM cells were collected from femurs and tibia by gentle grinding with a mortar and
pestle in cold PBS. 5x106 lin~ cells from WT or Brm/~ BM were snap frozen and sent

to Human Metabolome Technologies, Yamagata, Japan for quantitative mass spectrometry.
Cationic and anionic metabolites were measured using CE-TOFMS or CE-MS/MS 3842,
Absolute quantification was performed for 116 metabolites including glycolytic and
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TCA cycle intermediates, amino acids, and nucleic acids. Metabolite concentrations were
calculated by normalizing peak areas of each metabolite with respect to area of internal
standard and using standard curves (obtained by three-point calibrations).

Cellular Respirometry.

100,000 BM or lin~ cells were plated in each well of a 96-well for OCR analysis on an
XF96 Seahorse Extracellular Flux Analyzer, Agilent Technologies, Lexington, MAZ26:43-45,
After three readings, oligomycin was injected, followed by FCCP and rotenone (Agilent
Technologies).

RNA-sequencing

Statistics.

RESULTS

LSK cells were isolated from age and sex-matched Brm—/— or WT mice by flow sorting.
RNA was harvested using Qiagen RNeasy Micro Plus Kit. cDNA Library preparation and
paired end sequencing was performed by the IUSM Medical Genomics Core. Analysis was
performed using FastQC, Cutadapt, STAR, HTSeq, and DESeq2. RNA-seq data will be
deposited at Gene Expression Omnibus (GEO).

One-way ANOVA with post-hoc Tukey’s Multiple Comparison Test or Student’s t test was
utilized unless otherwise indicated.

Phenotypic BM HSC/HPC, Functional HPC Numbers and Cycling Status in Brm™~ mice.

Brm'~ mouse BM contained significantly increased LT-and ST-HSCs as well as GMP

(Fig. 1a—c), with mild trends to increased MPP and CMP progenitors (S. Fig. 1a,b), with

no effects on MEP or CLP(S. Fig. 1c,d). Brm heterozygotes (=/+) showed little or no
changes in phenotyped HSCs/HPCs numbers (Fig. 1la—c and S. Fig. 1a—d). Functional HPC
populations, determined by /n vitro colony assay and cycling of functional HPC (assessed
by high specific activity tritiated thymidine kill assay) demonstrated increased numbers (Fig.
1d-f) and cycling status (Fig. 1g—i) of granulocyte macrophage CFU-GM, BFU-E, and
CFU-GEMM progenitors.

Brm~~ HSCs Demonstrate Defective Self-Renewal Capacity.

An /n vivo competitive repopulating assay of wildtype (WT) and Bri’'~ BM cells analyzed
engraftment into lethally-irradiated congenic recipient mice (CD45.1"CD45.2* donor cells,
CD45.17CD45.2~ competitor cells, and F1 (CD45.1*CD45.2*) recipient mice). Chimerism
of WT and Brmi'~ donor cells in primary mice were not significantly different in peripheral
blood (PB) at months 2—4 (Fig. 2a,b), BM at month 4 (Fig. 2c), or phenotypically-defined
donor HSCs in BM at month 4 (Fig. 2d), even though there were increased phenotyped
Brr!= HSCs in initial donor pools (Fig. 1a,b). No differences were noted in myeloid/
lymphoid ratios of donor BM (month 4; S. Fig. 1e). Mice receiving primary Brm/~

donor recipient BM demonstrated significant decreases in engrafting capability compared
to primary WT donor recipient BM at months 2—4 for PB (Fig. 2e,f) and at month 4 for
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BM (Fig. 29) in secondary mice. Significant decreases in numbers of phenotypically-defined
donor HSCs (Fig. 2h), without changes in the myeloid/lymphoid ratios in BM of secondary
transplants at month 4 were noted (S. Fig. 1f). Significantly decreased engraftment of
Brm'= BM was seen at months 2 (PB) and 4 (PB and BM) following tertiary engraftment
(Fig. 2i-k) with significantly reduced phenotypically-defined HSC numbers in BM 4 months
after transplantation (Fig. 21). Secondary and tertiary engraftment, established measures of
HSC self-renewal activity, were deficient for Brm77/~ BM cells, suggesting a critical role for
BRM in mouse BM HSC self-renewal.

Increased levels of valine in lin~ cells from Brm ™~ mice.

To evaluate metabolic pathways, we used targeted quantitative metabolic profiling of

116 metabolites by mass spectrometry. These 116 metabolites are involved in glycolysis,
oxidative phosphorylation, pentose phosphate pathway and amino acid metabolism (S. Table
3). Metabolic analysis was performed on lin™ cells (containing HSCs and HPCs). Knockout
of Brmwas confirmed in the lin~ population (Fig. 3a). Hierarchical clustering analysis
showed differences in 116 metabolites from WT and Brmi'~ cells (Fig. 3b). Lactate/pyruvate
ratio, a major metabolic indicator, revealed similar lactate/pyruvate ratios (Fig. 3c). Total
non-essential amino acid quantification showed no significant changes in most amino acids
in B!~ compared to WT cells. Conditional essential amino acids cystine and proline were
below detectable levels (S. Table 3). Glutamine levels were undetectable in WT cells and
low, but measurable (8 pmol/108cells) in Brr’~ cells (S. Table 1). Valine levels were not
detected in WT, but highly elevated in Brm~ cells (Fig. 3d). Other BCAA, leucine and
isoleucine, exhibited increased intracellular levels in Brm-/- cells, though effects are more
muted (Fig. 3d). Because valine is apparently essential for HSC survival and proliferation32,
studies without mechanistic insight, our studies focused on valine, and functional HPCs.
Quantitative serum metabolic analysis revealed no significant differences in all essential
amino acids including valine in Brr7/~ compared to WT mice serum (S. Table 2). This
demonstrates that Brn7/~ lin~ BM cells manifest increased intracellular levels of valine,
without changes in serum valine.

Valine enhances WT BM HPC colony numbers, replating capacity, survival, and ex-vivo
expansion of HSCs and HPCs.

We assessed whether exogenously added valine to WT mouse BM cell cultures influenced
HPC colony numbers. WT BM cells were cultured with either undialyzed FBS (containing
valine: 279 uM) or dialyzed FBS where valine was greatly decreased (22 uM; S. Table 3
and S. Fig. 2). Valine, but not leucine, at 10 mM, a dose pre-determined to be effective,
significantly enhanced colony formation by mouse BM CFU-GM, BFU-E, and CFU-GEMM
stimulated by PWMSCM, SCF and EPO (Fig. 4a—c) when cultured with dialyzed FBS.

In undialyzed FBS, only CFU-GM numbers were increased by valine addition. CFU-GM
colonies stimulated by GM-CSF and SCF (S. Fig. 3a), and macrophage progenitors (CFU-
M) stimulated by M-CSF and SCF (S. Fig. 3b) were significantly increased by valine with
dialyzed FBS cultures. Valine (10mM), but not leucine (10mM), enhanced colony formation
of CFU-GM (S. Fig. 3c) and CFU-GEMM (S. Fig. 3d) in low density (LD) human CB
cells, and CFU-GM (Fig. 4d) and CFU-GEMM (Fig. 4e) in CD34" purified human CB cells
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stimulated by EPO, SCF, GM-CSF, and IL-3. This cytokine combination does not allow
detection of BFU-E37. Valine enhanced WT, but not Brm—/- HPCs (Fig. 4f; S. Fig. 3e).

HPCs manifest limited self-renewalcapacity®-836. CFU-GEMM colonies formed from
human CD34* CB cells cultured with EPO, SCF, GM-CSF and IL-3 in dialyzed FBS in
primary plates, in presence of either control medium, 10 mM valine, or 10 mM leucine
after 14 days (Fig. 5a—d) were individually replated into secondary plates. Single cell
preparations of the CFU-GEMM colonies were verified microscopically. Secondary dishes
contained dialyzed FBS plus EPO, SCF, GM-CSF and IL-3, but with no valine or leucine
added. Valine, but not leucine added in primary plates, significantly enhanced numbers

of secondary CFU-GM (Fig. 5b), BFU-E (Fig. 5¢), and CFU-GEMM (Fig. 5d) colonies.
Valine also enhanced percent of replates with at least 1 colony, and the ratio of numbers of
secondary colonies per single colony replated for the HPCs (S. Table 4).

Enhancing effects of valine on /in vitro survival of HPCs cultured under delayed growth
factor addition26 was assessed with WT mouse BM cells (Fig. 5e—h). BM cells were plated
with 10 mM valine or leucine with either non-dialyzed or dialyzed FBS at day 0, and growth
factors added days 0, 1, or 2. Valine, but not leucine, significantly enhanced colony survival
when cultured in GM-CSF and SCF (Fig. 5e) and of CFU-GM (Fig. 5f), BFU-E (Fig. 59),
and CFU-GEMM (Fig. 5h) when cultured with PWMSCM, SCF and EPO (addition of
growth factors delayed for 1 or 2 days). Effects were most notable with dialyzed FBS.

Valine, not leucine, enhanced ex-vivo expansion of phenotypically-defined HSCs/HPCs in
mouse Lin~ BM cells cultured 4 days in presence of SCF, FLT3L and TPO (S. Fig. 4a—d).
Valine increased Brm-/- BM expansion ex-vivo of LT-HSCs, but not to extent of WT

BM (S. Fig. 5a), but did not increase HPCs of Brm—/- BM (S. Fig. 5b—d). Differences in
expansion in the Brm-/- HSCs compared to HPCs may reflect different accumulation of
intracellular valine in different subpopulations of cells.

Valine stimulates mitochondrial respiration in mouse lin™ BM.

We studied mitochondrial respiration using normal WT lin™ mouse BM cells. Among
BCAAs, valine is a unique amino acid as its metabolism in mitochondria yields 3 molecules
of NADH and a FADH243. These reducing equivalents stimulate mitochondrial respiration
coupled oxidative phosphorylation?3. Because mitochondrial metabolism plays a critical
role in HSC biology2>-2944-48 and Brn7~/~ mice manifest increased phenotypically-defined
HSCs with decreased self-renewal capacity and increased numbers of phenotypically-
defined and functional HPCs, while selectively increasing intracellular levels of valine in
lin™ cells, we hypothesized that valine stimulates mitochondrial metabolism. Total mouse
BM and lin~ cells, commonly used to assess mitochondrial functions, were incubated with
valine (6mM, but as active as 10mM used in other studies) and mitochondrial respiration
was measured on a Seahorse analyzer (Fig. 6). Valine did not alter basal or maximal
respiration in BM cells from Brm7/~ mice, but significantly increased both and maximal
respiration in WT cells (Fig. 6a—d). Although basal oxygen consumption mirrored that of
total BM cells, valine significantly stimulated maximal respiration in Br'~ lin™ cells (Fig.
6¢,d). Valine stimulated basal oxygen consumption in WT BM and lin~ cells but not in
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Brm!~ cells, suggesting that BRM plays an important role in regulating valine availability
for mitochondrial respiration.

Link between BRM and import of valine.

We sought to examine mechanisms by which intracellular valine is increased in lin- cells
and to examine how this may cause the observed phenotypes in HSCs/HPCs. We analyzed
effects of BRM expression on expression of amino acid transport protein CD98. CD98
regulates import of branched chain amino acids including valine, leucine, and isoleucine.
We determined expression of CD98hc, one member of the CD98 heterodimer, by flow
cytometry in WT or Brm—/- mice. CD98 expression is modestly but insignificantly
increased in Brm—/- HSCs compared to WT (S. Fig. 6a—c), differences enriched specifically
in LT-HSCs compared to ST-HSCs (S. Fig. 6d—e). Differences in cell surface CD98

is more apparent in MPPs, with increased CD98 (S. Fig. 6f—g) and a significantly

different distribution of CD98-, CD98+, and CD98high expression, with Brm-/- cells
exhibiting a higher proportion of CD98high cells (S. Fig. 6h). We performed chromatin
immunoprecipitation followed by gPCR (ChIP-gPCR) in lin- BM, examining BRM binding
to S/c3a2locus (codes for CD98hc). BRM binds to promoter regions both at 1000bp
upstream of transcription start site (TSS) (S Fig. 6i) and at TSS (S. Fig. 6k). Data are
consistent with our mined ChIP-seq data in a human cell line: BRM binds at the SLC3A2
promoter for the transcript that encodes the CD98hc isoform that is orthologous to mouse
CD98hc (S. Fig. 6k). Thus BRM localizes to the locus coding for CD98hc and may

repress expression in lin- BM leading to increased CD98high populations of HPCs. These
differences may account for some observed phenotypes in HPCs. These slight biological
changes are not likely to account for observed changes in HSCs.

Brm—/- LSK exhibit transcriptomic changes associated with increased inflammation and

cell cycle

Changes in CD98 are not likely to account for all observed phenotypic changes in the most
primitive cells. We examined transcriptomic changes in Brm-/- compared to WT cells.
RNA-sequencing (RNA-seq) of LSK cells revealed that 96 genes are upregulated and 57
genes are downregulated in Brm-/- LSK cells(Fig. 7a). Fast gene set enrichment analysis
(FGSEA) revealed genes associated with amino acid transport and catabolic processes
were not strongly enriched in differentially expressed genes (representative plots Fig. 7b—
c). Slc3a2was not significantly differentially expressed in Brm—/- LSK, possibly due

to proportions of HSC in LSK cells that exhibit little to slight changes in CD98, thus
potentially muting any effects seen in HPC populations of LSK cells. Gene programs
associated with interferon signaling and those associated with cell cycle were highly
upregulated in Brm-/- LSK compared to WT LSK (representative plots Fig. 7d—e). This
suggests that amino acid transport may play indirect or more modest roles in Brm-/- LSK,
while the primary effects on these cells may instead be responses to inflammation leading
to increased cell cycling. Exposure to increased BCAA induces inflammatory responses33.
We hypothesized that increases in intracellular valine in lin- Brm-/- cells may be attributed
primarily to HPCs, while observed effects on HSCs may be due to cell extrinsic effects
caused by signaling induced in HPCs.
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Brm-/- HSCs are affected by cell extrinsic effects

To examine if Brm—/- HSCs are affected by cell extrinsic effects, we isolated LT-HSCs

and LSK (containing LT-HSC, ST-HSC, and MPP) separately from Brm—/-and WT mice
and treated cells +/- valine (Fig. 8a). Brm-/- LT-HSCs cultured by themselves did not
exhibit enhanced expansion of LT-HSC, CFU-GM, CFU-GEMM, or BFU-E compared to
WT LT-HSCs (Fig. 8b, S. Fig. 7a,c,e). Brm—/- LSK cultures exhibited stronger expansion of
LT-HSCs, CFU-GM, and CFU-GEMM (Fig. 8¢, S. Fig. 7b,d,f). Interestingly, valine addition
strongly enhanced expansion of Brm—/- LT-HSCs when cultured alone, but only slightly
enhanced expansion of Brm—/- LT-HSCs when cultured with subpopulations present in LSK
cells. This is likely the result of combinations of cell intrinsic effects on HSCs from added
valine and cell extrinsic effects exerted by the Brm-/- HPCs. To examine whether expansion
of functional LT-HSCs are affected by cell extrinsic effects, we performed competitive
transplants using WT or Brm—/- LT-HSCs or LSK cells expanded +/- valine. LT-HSCs
cultured alone exhibited no changes in functional HSC expansion, demonstrated by similar
donor chimerism in recipient mice, regardless of BRM status or valine treatment (Fig. 8d,

S. Fig. 8a,c). This suggests that cell intrinsic effects of added valine lead to expansion of
phenotypically defined HSCs, but not necessarily functional HSCs. LSK cultures exhibited
reduced donor chimerism in recipient mice after valine treatment of WT LSK and after
valine treatment of Brm-/- LSK (Fig. 8e, S. Fig. 8b,d). This may be surprising given
enhanced effects on LT-HSC expansion; we infer that addition of valine in ex vivo culture,
which drove cells to expand more rapidly, may have pushed cells to earlier exhaustion /n
vivo.

Valine treatment of donor mice improves HSC engraftment

To examine whether valine addition by itself affects HSC expansion and function in vivo,
we treated donor mice intraperitoneally with 10mg valine, harvested and used BM 24 hours
later for transplantation of lethally irradiated recipients. When using valine treated donors,
mice exhibited a trend toward higher engraftment of CD45.1-CD45.2+ donor cells at months
2 and 4 in the peripheral blood (S. Fig. 8e—f) and BM (Fig. 8f). There are significantly
higher numbers of donor HSCs found in the treated group (Fig. 8g). Donor cell myeloid/
lymphoid ratios remained unchanged (S. Fig. 8g). This indicates that increased availability
of valine has direct and unique effects on HSCs compared to effects of loss of BRM and
increased intracellular valine in lin- populations.

DISCUSSION

We identified chromatin remodeling factor BRM as a regulator of proliferation, survival, and
replating (in vitro self-renewal) efficiency of BM HPCs that also affects HSC self-renewal
and ex-vivo expansion of HSCs and HPCs. This is likely mediated by increased intracellular
valine in HPCs, driving cell intrinsic enhancement of HPC growth/function while causing
HPCs to exert cell extrinsic effects on HSCs, possibly in form of interferon signaling.
Combinations of genetic, unbiased quantitative mass spectrometry, metabolic analysis,

and transcriptomic profiling suggest that BRM plays a crucial role in these events by
regulating, directly or indirectly, intracellular BCAA availability, mitochondrial metabolism,
and interferon/cell cycle responses.
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Mice with constitutive loss of BRM have significantly more BM LT-HSC, ST-HSC, and
GMP compared to WT mice. They exhibit increased numbers and cycling status of CFU-
GM, BFU-E, and CFU-GEMM, read outs for functional HPCs. However, despite increased
cell numbers, Brm-/- HSCs have defective self-renewal capacity, evidenced by poor
engraftment in secondary and tertiary transplantation. That loss of BRM results in decreased
HSC self-renewal capability but increased numbers of functional HPCs suggests expression
of BRM is involved in enhancing HSC self-renewal. BRM may serve as a functional HSC
to HPC fate determinant, with loss of BRM stimulating proliferation of HSCs, leading to
exhaustion.

Metabolite profiling revealed lin~ Brm'~ cells have strongly increased levels of valine,

and moderate increases in leucine and isoleucine. Among BCAAs, valine but not leucine

or isoleucine plays roles in survival and proliferation of HSCs32. Quantitative analysis of
serum metabolites revealed that valine levels are similar in WT and Brn7/~ mouse serum,
suggesting effects are due to intracellular, not extracellular, valine. We showed that treatment
with valine but not leucine enhanced CFU-GM, BFU-E, and CFU-GEMM in mouse BM
and CFU-GM and CFU-GEMM in human LD CB and purified human CD34+ cells. Valine
treatment enhanced secondary replating of mouse CFU-GM, BFU-E, and CFU-GEMM

and promoted survival of CFU-GM, BFU-E, and CFU-GEMM after delayed growth factor
addition. Valine treatment of wildtype cells enhanced ex vivo expansion of HSCs and HPCs.
This suggests that valine promotes proliferation of HSCs and HPC proliferation, survival,
and function.

BCAA:s including valine get metabolized in the mitochondria.39 We explored whether
increased valine levels in lin- BM cells affected mitochondrial metabolism. Valine stimulates
mitochondrial oxygen consumption rate (OCR) in total and lin™ BM cells. Valine increased
both basal and maximal OCR in BM cells from WT mice, whereas BM cells from Brmi '~
mice did not respond to valine. It is likely that Brm7/~ BM cells accumulate valine at a
maximal or near maximal levels. Thus, additional availability of valine does not further
increase OCR. This implies that valine stimulates increased mitochondrial metabolism in
BM cells and BRM dependent accumulation of intracellular valine affects this stimulation.
Mitochondrial metabolism plays critical roles in HSC/HPC proliferation and function>-48,
This suggests that accumulated intracellular valine resulting from loss of BRM in HPCs
leads to increased mitochondrial metabolism, thus providing potential mechanisms by which
BRM loss in HSCs/HPCs drives increased proliferation.

We explored whether there are clear links between reduced BRM expression, increased
intracellular valine, and phenotypic responses of HSCs/HPCs to valine and in cells lacking
BRM. Intracellular valine levels of the heterogeneous lin- population increased in Brm-/-
cells. Cell surface staining and flow cytometry demonstrated that this accumulation may be
due in part to BRM regulation of cell surface expression of valine transport protein CD98
on the surface of HPCs. However, HSCs exhibit only minor changes in CD98 expression in
Brm—/- compared to WT cells, suggesting that CD98 likely does not significantly account
for increased HSC expansion ex vivo and reduced functionality /7 vivo. Indeed, RNA-seq
analysis of Brm-/- LSK revealed that BRM does not regulate gene programs associated
with BCAA transport or processing in these primitive hematopoietic cells. Brm-/- LSK
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cells have enhanced expression of interferon response and cell cycle gene programs. Thus,
observed effects in HSCs lacking BRM may instead be due to cell extrinsic effects exerted
on HSCs by the larger, more mature HPC population found within lin- BM.

To test whether cell extrinsic effects are involved, we isolated LT-HSCs and tested whether
lack of BRM or valine treatment affects LT-HSCs in the same manner as it does when

the LT-HSCs are a part of heterogeneous LSK populations. Interestingly, Brm-/- LT-HSCs
did not have enhanced ex vivo expansion compared to WT when treated alone, but did
have enhanced expansion when treated as a part of the LSK population. This strongly
indicates that effects on LT-HSCs are due to cell extrinsic effects. Also, valine addition
strongly enhanced expansion of Brm-/- LT-HSCs when treated alone, showing that Brm-/
— LT-HSCs can consume additional valine, driving enhanced expansion. Valine addition
caused a more modest increase in expansion in Brm-/- LT-HSCs when cultured as a part
of the LSK population, suggesting that the expansion in these cells is mostly caused by
cell extrinsic effects. Additional valine may have an additive effect on expansion because
Brm~/- LT-HSCs can consume more valine. There is no additive effect on expansion of
Brm—/- CFU-GM, BFU-E, or CFU-GEMM with addition of valine, likely because HPCs
are already saturated with intracellular valine. Finally, valine treatment of donor mice prior
to BM harvest and transplantation into lethally irradiated recipients shows a higher level

of engraftment for donor derived HSCs compared to vehicle treatment. This indicates that
valine treatment can have a direct enhancing effect on functional HSC and is an important
corollary to previous studies showing that valine depletion reduces numbers and functions of
HSC?.

Our data strongly suggests that BRM, a cell intrinsic factor, limits intracellular valine of
HPCs, thus modulating proliferation, survival, functionality, and mitochondrial metabolism
of HPCs, due in part to regulation of CD98 amino acid transport protein. BCAA are capable
of inducing interferon responses in non-hematopoietic cell types33. We suggest that reduced
BRM expression leads to enhanced interferon responses and cell cycling of HSC, likely due
to external stimuli released by HPCs due to excessive accumulation of intracellular valine.
We also show that valine treatment induces similar enhancing effects on HPC expansion
and function as loss of BRM, and that valine treatment enhances expansion and function

of HSCs in a different manner than loss of BRM. Thus, we identified a novel axis of
regulation for self-renewal, survival, and expansion of HSCs/HPCs wherein BRM regulates
intracellular valine content of HPC, which in turn affects elf-renewal of HSCs/HPCs and
possibly HSC to HPC differentiation fate decisions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Increased hematopoietic stem cell (HSC) numbers in Brm™/~ mouse bone marrow
BM).

Ea-c)) Immunophenotyping of BM harvested from wildtype (WT; n=11), Brm*'~ (n=8)
and B~ (n=11) mice was performed to examine long-term (LT)-HSC (a), short-term
(ST)-HSC (b), and granulocyte macrophage progenitor cell (GMP; c) populations using
flow cytometry. Data are mean £ SEM. (d-f) Colony-forming units (CFU) granulocyte-
macrophage (GM; d), burst-forming units-erythrocyte (BFU-E; e), and CFU-granulocyte-
erythrocyte-macrophage-megakaryocyte (GEMM; f) numbers per femur were determined
by colony assay. Data are mean + SEM of individually assessed mice per group plated

in triplicate. n= 4-7 mice per group. (g-i) Percent cycling (CFUs in S-phase) CFU-GM
(9), BFU-E (h), and CFU-GEMM (i) was determined by a high specific activity tritiated
thymidine (3HTdr) kill assay. Data are mean + SEM of individually assessed mice per group
plated in triplicate. n= 4-7 mice per group. (a-i) * p<0.05, ** p<0.01, and *** p<0.001
when using one-way ANOVA with post-hoc Tukey’s Multiple Comparison Test.
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Figure 2. Diminished self-renewal capacity of HSCs from Brm™~~ mice following serial
transplantation into secondary and tertiary irradiated mouse recipients.

(a-d) Primary (1°) BM transplantation (BMT) was performed using WT or Brm™/~ mice
(CD45.1~ CD45.2%) as donors, Boy/J mice (CD45.17 CD45.27) as competitors and lethally
irradiated B6 x Boy/J F1 mice (CD45.1* CD45.2*) as recipients. At 2 (a) and 4 (b) months,
peripheral blood (PB) was examined for percent donor cells. At 4 months BM was examined
for percent CD45.1~ CD45.2" (donor) cells (c) and for the number of donor LSK CD150*
CD41~ CD48~ HSC by flow cytometry (d). (e-h) Secondary (2°) BMT was performed
using BM from 1° recipient mice injected into lethally irradiated B6 x Boy/J F1 recipients.
Analysis was performed as in 1° BMT. (i-1) Tertiary (3°) BMT was performed using BM
from 2° BMT recipient mice injected into lethally irradiation B6 x Boy/J F1 recipients.
Analysis was performed as in 1° BMT. (a-) n=7-8 mice per group. Data are mean + SEM.
Statistics was performed using Student’s T test.
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(a) Quantitative transcript levels of Brmtranscripts in total RNA isolated from lin~ cells.

(b) Hierarchical clustering showing differences in 116 metabolites from lin~ cells that are
obtained from a pool of 6 male and 6 female WT or Brm™/~ (KO) mice. (c) Ratios of
lactate/pyruvate in WT and Brm™~ Lin~ BM cells. (d) Graphs show absolute concentrations
of essential amino acids (pmol/10° Cells) in lin~ BM cells from WT and B/~ mice.
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Figure 4. Effects of control diluent, valine or leucine and non-dialyzed (normal) or dialyzed FBS
on primary HPC colony formation of normal mouse BM and human CB CD34" cells.

(a-c) C57BL/6 BM cells were cultured in presence of 30% normal or dialyzed FBS plated

in the presence of control diluent, valine (10mM), or leucine (L0mM) and indicated growth
factors in a colony formation assay. Data are shown as number of CFU-GM (a), BFU-E

(b), and CFU-GEMM (c) per 5x10% BM cells/plate. Data represents the combination of 3
separate experiments. (d & ) CD34* human CB cells were cultured in presence of 30%
normal or dialyzed FBS plated in the presence of diluent, valine (10mM), or leucine (10mM)
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and the indicated growth factors in a colony formation assay. Data are shown as number

of CFU-GM (d) and CFU-GEMM (e) colonies per 500 cells/plated. Data represents the
combination of 2 separate experiments utilizing two separate CB units. (f) Data are mean

+ SD of 3 biological replicates. Statistics were performed using One-way ANOVA with
post-hoc Tukey’s Multiple Comparison Test. ** p<0.01, *** p<0.001, and **** p<.0001
when comparing to vehicle of same mouse phenotype. # # p<0.01, ¥ + ¥ p<0.001,and ¥ # ¥ #
p<0.0001 when comparing treatment between wildtype and B/~ mice.
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Figure 5. Human CB secondary colony formation, and mouse BM HPC survival.
(a-d) Primary human CB CFU-GEMM colonies were individually harvested from each

group and replated with normal serum. Results are shown as number of total secondary
colonies (a), and CFU-GM (b), BFU-E (c), and CFU-GEMM colonies (d). Total number
of primary colonies replated, number of replated cultures with at least 1 colony, and other
additional information are provided in S. Table 4. (a-d) Data are mean £ SEM. * p<0.05,
** p<0.01, and *** p<0.001 when using one-way ANOVA with post-hoc Tukey’s Multiple
Comparison Test. C57BL/6 BM cells were cultured with 10% (e) or 30% (f-h) normal
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(non-dialyzed) or dialyzed FBS in the presence of control diluent, valine (10mM), or leucine
(10mM) and the presence of the indicated growth factors. (¢) CFU-GM were enumerated
by adding GM-CSF and SCF to the culture dish at days 0 (DO), 1 (D1), or 2 (D2).

(f-h) CFU-GM (f), BFU-E (g), and CFU-GEMM (h) colonies were enumerated by adding
PWMSCM, SCF, and EPO to the culture dish at DO, D1 or D2. Data is shown as number
of colonies per 5x10* cells/plated. (e-h) Data are mean + SEM. 2, p<0.05 when compared
to DO of the same amino acid (AA) treatment and serum group. °, p<0.01 when compared
to control of same day, same serum group, but different AA treatment. ¢, p<0.01 when
compared to same day, same AA treatment, but different serum group. Data are mean +
SEM. * p<0.05, ** p<0.01, and *** p<0.001 when using one-way ANOVA with post-hoc
Tukey’s Multiple Comparison Test.
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Figure 6. Valine stimulates respiration in lin™ WT BM cells.
(a) Seahorse tracers showing oxygen consumption rate (OCR) in bone marrow cells exposed

to 6 mM valine. B. Bar graphs show quantification of OCR from A. C. Tracers show OCR
in lin~ cells. B. Quantification of OCR from C. ** : p<0.001, * : p<0.05 : as assessed by
one-way ANOVA with post-hoc Tukey’s Multiple Comparison Test for multiple groups.
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Figure 7. Brm-/- LSK exhibit a transcriptomic profile showing enriched interferon response and
cell cycle genes.

(a-e) Lin-Scal+Kit+ cells were isolated using flow cytometry sorting from age and
sex-matched WT or Brm-/- mice (n=3 each). RNA was extracted, cDNA libraries

were prepared and sequenced. (a) Log-ratio/mean average (MA) plot showing overall
transcriptomic differences of Brm—-/- LSK vs WT LSK. Significantly differentially
expressed (DE) genes as determined by DESeq2 are highlighted in red (upregulated) or blue
(downregulated). Brmis indicated with an arrow confirming lack of expression in Brm—/-
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LSK. (b-e) Fast gene set enrichment (FGSEA) plots for the Brm—/- LSK vs WT LSK
using the indicated a priori defined gene sets. Source of gene set is listed in parentheses.
NES=Normalized enrichment score; Padj=p-value adjusted for multiple testing.
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Figure 8. Populations of Brm—/— HPC exert cell extrinsic effects on HSC while valine treatment
induces cell intrinsic effects.

(a) Wildtype (WT) and Brn7/~ HSC (1000 sorted LT-HSC) and LSK cells (1000 sorted
LT-HSC + 4000 sorted ST-HSC/MPP; 5000 cells total) were cultured in expansion media
with either vehicle control or 10mM valine. (b&c) Immunophenotyping to examine LT-HSC
numbers was performed on day 4 from expansion assays using input HSC (b) and input
LSK (c). (b&c) Data are mean £ SD of 3 biological replicates. Statistics were performed
using One-way ANOVA with post-hoc Tukey’s Multiple Comparison Test. *** p<0.001
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and **** p<,0001 when comparing to vehicle of same mouse phenotype. T p<0.05 and

1 p<0.01 when comparing same treatment between WT and B/~ mice. Number above
bar indicates average fold change increase from input (i.e. expansion). (d-e) Engrafting
studies were performed using 1000 WT HSC, 1000 Brmi'~ HSC, 5000 WT LSK, and
5000 Brm!~ LSK input cells and the progeny cells from the HSC and LSK expansions
groups (WT “HSC’ + vehicle, WT ‘HSC’ + valine, WT ‘LSK’ + vehicle, WT ‘LSK” +
valine, Br!= *HSC’ + vehicle, Brm!~ *“HSC’ + valine, Brm™/~ ‘LSK’ + vehicle, and
Brm!~ “LSK” + valine). Data are the mean + SD of 4-5 mice per group. Shown are

bone marrow chimerism. Statistics were performed using One-way ANOVA with post-hoc
Tukey’s Multiple Comparison Test. (f-g) Engrafting studies were performed using 100,000
total BM cells from mice that had been treated 24 hours prior with 10mg valine via IP
injection. Percentages of CD45.1-CD45.2+ donor chimerism in the bone marrow (f) and
total numbers of CD45.1-CD45.2+Lin-Scal+Kit+CD48-CD41-CD150+ donor derived HSC
per femur were calculated by cell surface staining and flow cytometry. Data from two
independent experiments were pooled. Statistics were performed using unpaired t-tests.
*=p<0.05.

Leukemia. Author manuscript; available in PMC 2022 June 21.



	Abstract
	INTRODUCTION
	METHODS AND MATERIALS
	Mice.
	Isolation of Mouse Lin− BM Cells and Human CD34+ CB Cells.
	Flow Cytometry.
	HPC Assays.
	% Functional HPC in S-Phase of the Cell Cycle.
	Engrafting Studies.
	Ex Vivo HSC Expansion Assays.
	Metabolite Profiling of lin− cells.
	Cellular Respirometry.
	RNA-sequencing
	Statistics.

	RESULTS
	Phenotypic BM HSC/HPC, Functional HPC Numbers and Cycling Status in Brm−/− mice.
	Brm−/− HSCs Demonstrate Defective Self-Renewal Capacity.
	Increased levels of valine in lin− cells from Brm−/− mice.
	Valine enhances WT BM HPC colony numbers, replating capacity, survival, and ex-vivo expansion of HSCs and HPCs.
	Valine stimulates mitochondrial respiration in mouse lin− BM.
	Link between BRM and import of valine.
	Brm−/− LSK exhibit transcriptomic changes associated with increased inflammation and cell cycle
	Brm−/− HSCs are affected by cell extrinsic effects
	Valine treatment of donor mice improves HSC engraftment

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.

