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Key Points

• BDCPs, including
NBEA, LRBA,
NBEAL1, and LYST,
are required for
efficient hematopoietic
reconstitution after
bone marrow
transplantation.

• NBEA regulates
NOTCH receptor
turnover in
hematopoietic cells.
Hematopoietic stem cells (HSCs) can generate all blood cells. This ability is exploited in HSC

transplantation (HSCT) to treat hematologic disease. A clear understanding of the molecular

mechanisms that regulate HSCT is necessary to continue improving transplant protocols.

We identified the Beige and Chediak-Higashi domain–containing protein (BDCP),

Neurobeachin (NBEA), as a putative regulator of HSCT. Here, we demonstrated that NBEA

and related BDCPs, including LPS Responsive Beige-Like Anchor Protein (LRBA),

Neurobeachin Like 1 (NBEAL1) and Lysosomal Trafficking Regulator (LYST), are required

during HSCT to efficiently reconstitute the hematopoietic system of lethally irradiated mice.

Nbea knockdown in mouse HSCs induced apoptosis and a differentiation block after

transplantation. Nbea deficiency in hematopoietic progenitor cells perturbed the expression

of genes implicated in vesicle trafficking and led to changes in NOTCH receptor localization.

This resulted in perturbation of the NOTCH transcriptional program, which is required for

efficient HSC engraftment. In summary, our findings reveal a novel role for NBEA in the

control of NOTCH receptor turnover in hematopoietic cells and supports a model in which

BDCP-regulated vesicle trafficking is required for efficient HSCT.

Introduction

Hematopoietic stem cells (HSCs) are exploited routinely via bone marrow (BM) transplantation to treat
hematologic disease and patients undergoing high-intensity chemotherapy. The ability of HSCs to
reconstitute a healthy hematopoietic system depends on their vast self-renewal and differentiation
potential, as well as their engagement with the BM niche.1-4 To identify novel molecular mechanisms that
allow for efficient repopulation of the hematopoietic system by HSCs, we previously performed a
transplantation-based screen for novel molecular regulators of HSC transplantation (HSCT).5 Thereby, we
identified Neurobeachin (NBEA; encoded by the Nbea gene) as a putative positive regulator of HSCT.5

NBEA is a member of the Beige and Chediak-Higashi (BEACH) domain–containing protein (BDCP)
family, which consists of 9 members: lipopolysaccharide-responsive beige-like anchor protein (Lrba),
lysosomal trafficking regulator (Lyst), Nbea, Neurobeachin-like 1 (Nbeal1), Neurobeachin-like 2
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(Nbeal2), neutral sphingomyelinase activation-associated factor
(Nsmaf), WD and FYVE zinc finger domain–containing protein 3
(Wdfy3), Wdfy4, and WD repeat domain 81 (Wdr81) (reviewed by
Cullinane et al6). BDCPs are generally large proteins of mostly
unknown function and are defined by the presence of the BEACH7-9

domain, a ~280 amino acid stretch whose specific role is largely
unknown.6 The BEACH domain was first identified in LYST and is
mutated in Chediak-Higashi syndrome, resulting in lysosome defects.8

BDCPs have been implicated as regulators of protein and vesicle
trafficking by acting as scaffolding proteins that facilitate interactions
between membranes, such as vesicle fusion and fission.6 They can
also regulate the cellular trafficking of specific cargo via homologous
or heterologous interactions with other BDCPs.6,10 Consistently,
LYST, NBEA, and NBEAL2 affect the formation and secretion of
platelet granules.6,11 BDCPs have also been implicated in additional
cellular processes, such as apoptosis (Nsmaf), autophagy (Lyst,
Wdfy3, and Lrba), synaptic transmission (Nbea), granule size (Lyst,
Nbeal2, and Nbea), and lysosome size (Lyst and Nsmaf).6 Mutations
in BDCPs have been linked to multiple human syndromes, including
Chediak-Higashi syndrome (LYST),7-9 autism (NBEA),12-14 glioma
(NBEAL1),15 gray platelet syndrome (NBEAL2),16-18 autoimmunity
(LRBA and WDFY4),19,20 and syndrome of quadrupedal locomotion,
mental retardation, and cerebro-cerebellar hypoplasia (WDR81)21

(reviewed in Cullinane et al6).

Consistent with a putative role in vesicle and protein trafficking,
NBEA localizes mostly near the Golgi apparatus.22 Nbea-–/– mice
develop normally in utero but die perinatally due to impaired
respiration caused by poor synaptic transmission.22-24 Patients
with autism with a disrupted NBEA gene also display platelets with
abnormal morphology and dense granules.25 Interestingly, the
NBEA locus on human chromosome 13 constitutes a fragile site in
multiple myeloma cell lines that express high levels of NBEA,26,27

suggesting a potential role in hematopoietic cellular trans-
formation. However, it is unclear whether perturbed NBEA
expression is a passenger event in these patients.6,26,27

Here, we show that NBEA is required to maintain homeostasis in the
hematopoietic system by regulating proper hematopoietic stem and
progenitor cell (HSPC) differentiation. Moreover, our data reveal that
multiple BDCP family members, including NBEA, LRBA, LYST, and
NBEAL1 function as positive regulators of HSCT, because their
acute knockdown compromises HSC in vivo hematopoietic repo-
pulating activity. Furthermore, Nbea knockdown results in a loss of
HSC survival and a block in differentiation after transplantation. Loss
of Nbea perturbed NOTCH receptor turnover and transcriptional
programs in hematopoietic cell lines. Thus, we propose a model in
which BDCPs play a role in HSCT by regulating NOTCH signaling
via their role in vesicle trafficking patterning.

Methods

Mice

Nbea–/– mice were kindly provided by Manfred W. Kilimann
(Department of Otolaryngology, Göttingen University Medical
Center; and Department of Molecular Neurobiology, Max-Planck
Institute for Experimental Medicine, Göttingen, Germany).
C57BL/6J and C57BL/6.SJL-PtprcaPep3b/BoyJ mice were
acquired from The Jackson Laboratory (Bar Harbor, ME) and
housed in a pathogen-free facility. All animal experiments were
carried out according to procedures approved by the St. Jude
4130 GANUZA et al
Children’s Research Hospital Institutional Animal Care and Use
Committee and complied with all relevant ethical regulations
regarding animal research.

Genotyping

Genotyping of Nbea allele was done as previously described.24

Details are provided in supplemental Materials and Methods.

Transplants

For all transplants, 8- to 12-week-old CD45.2+/CD45.1+ C57BL/
6J recipients were treated with 11 Gy of ionizing radiation in split
doses of 5.5 Gy before transplant. All cells were transplanted by tail
vein injection along with CD45.1+ C57BL/6.SJL BM cells into
recipients. Please see details in text for specific cell doses for each
experiment. For secondary transplantation, 5 × 106 whole bone
marrow (WBM) cells were transplanted from primary recipients.

PB analysis

Peripheral blood (PB) was collected, stained, and analyzed as
previously described.28 Details are provided in supplemental
Materials and Methods.

Cell cycle analysis

After staining for surface antigens, cells were fixated with Cytofix/
Cytoperm kit (BD Biosciences, San Diego, CA) and stained with
Ki-67 and DAPI for cell cycle analysis.

Apoptosis analysis

To assess apoptosis, staining for surface proteins with fluo-
rescently labeled antibodies was followed by labeling with Annex-
inV-FITC (fluorescein isothiocyanate) (BD Biosciences) and DAPI
(4’,6-diamidino-2-phenylindole).

Cell culture

293T cells were cultured in Dulbecco minimal essential medium
with 10% fetal calf serum. HSPCs were cultured in serum-free
expansion medium (Stem Cell Technologies, Vancouver, BC,
Canada) with 10 ng/mL recombinant murine (rm) stem cell factor,
20 ng/mL rm thrombopoietin, 20 ng/mL rm insulin-like growth
factor 2 (Peprotech, Rocky Hill, NJ), and 10 ng/mL recombinant
human fibroblast growth factor 1 (R&D Systems, Minneapolis, MN).
OPM2 cells were cultured in RPMI1640 medium with 10% fetal
calf serum.

Lentiviral vector preparation and lentiviral

transduction

Vesicular stomatitis virus glycoprotein pseudotyped lentiviruses
were prepared and collected as previously described.5,29 Non-
tissue culture–treated 96-well plates were spin loaded with lenti-
viral particles, and 15 000 cells were loaded in serum-free
expansion medium, as previously described.5,29 Details are pro-
vided in supplemental Materials and Methods.

Isolation of HSPCs

BM cells were harvested from femurs, tibias, and pelvic bones of 6- to
10-week-old mice by crushing. c-Kit+ cells were enriched magnetically
using anti–c-Kit microbeads (Miltenyi Biotech, San Diego, CA). Cells
were then stained with fluorescently conjugated antibodies for lineage
markers (B220, CD3, CD8, CD19, Gr-1, and TER119), SCA-1, and
13 AUGUST 2024 • VOLUME 8, NUMBER 15



c-KIT and sorted on a FACSAria III (BD Biosciences). DAPI (Sigma-
Aldrich) was used to exclude dead cells.

qRT-PCR analysis

Total RNA was isolated and reverse transcribed, and quantitative
reverse transcription polymerase chain reaction (qRT-PCR) was car-
ried out, as previously described.5,29 Details are provided in supple-
mental Materials and Methods. Differences in complementary DNA
input were compensated by normalizing against Tbp or GAPDH
expression levels, and changes in gene expression were calculated
using the delta-delta Ct (DDCt) method. Primer sequences are pro-
vided in supplemental Table 1.

shRNAs

Short hairpin RNAs (shRNAs) were designed as previously
described.29 Gene knockdown efficiency in HSPCs was quantified
by qRT-PCR and normalized to transduction frequency. shRNA
sequences are provided in supplemental Table 2.

Transcriptional profiling (RNA sequencing) and

mRNA expression analysis

Isolated messenger RNA (mRNA) was sequenced at Vantage
(Vanderbilt University Medical Center, Nashville, TN). mRNA
expression was analyzed using R and Limma software packages.
Gene set enrichment analysis was performed using the online tool
WebGestalt30 and Ingenuity Pathway Analysis software (QIAGEN).
Details are provided in supplemental Materials and Methods. The
complete RNA sequencing data set was deposited in the
Sequence Read Archive (BioProject ID: PRJNA1052655).

NOTCH flow cytometry analysis

OPM2 cell cultures were split into 2 samples for cell surface and
total protein analysis. Total protein analysis samples were fixed and
permeabilized following Cytofix/Cytoperm kit instructions (BD
Biosciences). All samples were stained with anti-NOTCH1 (clone
A6; Invitrogen) and anti-NOTCH2 (clone 605724; Invitrogen) pri-
mary antibodies. After washing the primary antibodies, all samples
were incubated with anti-mouse Alexa488 and anti-rat Cy3
(cyanine3) secondary antibodies. Individual controls for primary and
secondary antibodies were used for every experiment.

Immunofluorescence

OPM2 cells were fixed, permeabilized, blocked, and incubated with
previously conjugated anti-NBEA (NBP1-90004; Novus Biologi-
cals) and anti-RCAS1 (Receptor-binding cancer antigen expressed
on SiSo cells) (clone D2B6N; Cell Signal). Cells were mounted
and imaged on a Zeiss LSM780 confocal microscope (Zeiss,
Oberkochen, Germany) using a ×63, 1.1NA oil immersion lens.
Details are provided in supplemental Materials and Methods.

Statistics

Summary statistics, including mean and standard deviation, were
reported for analyses. A two-sample t test, exact Wilcoxon rank-
sum test, or Mann-Whitney test was used to test for differences
between two groups, depending on the normality of the data, which
was tested by the Shapiro-Wilk test. False discovery rate method,
developed by Benjamini and Hochberg,31 was used to correct for
multiple comparisons at a level of 0.05. Otherwise, P values <.05
were considered statistically significant. Analyses were conducted
13 AUGUST 2024 • VOLUME 8, NUMBER 15
in R-3.3.1 and Prism. Sample size and experimental replicates are
detailed in each figure legend.

CFU assays

For analysis of colony-forming unit (CFU) potential, cells were sorted
and plated in M3434 methylcellulose (STEMCELL Technologies,
Vancouver, Canada). Colonies were scored 10 days after plating.

Results

NBEA is a positive regulator of HSPC hematopoietic

repopulating activity

In a transplantation-based screen for regulators of HSCT, we identi-
fied 17 putative novel regulators of stable hematopoietic engraftment,
including the BDCP and NBEA.5 In this previous study, shRNA-
mediated knockdown of Nbea in HSPCs inhibited their ability to
reconstitute hematopoiesis when transplanted into lethally irradiated
mice.5 However, it is currently unknown how NBEA regulates HSCT
and whether other related BDCP family members also play a role in
this process. To explore these questions, we first examined Nbea
expression in fetal liver (FL) and adult BM HSPCs. We observed that
Nbea is most highly expressed by long-term HSCs (LT-HSCs; Line-
age– SCA-1+c-KIT+CD150+CD48–) in adult BM, relative to
committed progenitors and mature PB cells (Figure 1A). This pattern
is preserved during fetal hematopoiesis, in which Nbea expression is
also restricted to LT-HSCs in the E14.5 FL (supplemental Figure 1A).
These data suggest a specific role for NBEA in HSCs.

To confirm a role for NBEA in adult HSCs, we transduced adult BM
HSPCs (Lineage–SCA-1+c-KIT+ cells) with shRNAs targeting Nbea
(Figure 1B). For all shRNAs, we used microRNA30 (miR30)-
embedded shRNAs driven by MSCV (murine stem cell virus) pro-
moter in a lentiviral vector that also expresses mCherry from an
independent PGK (phosphoglycerate kinase1) promoter
(supplemental Figure 1B). Forty-four hours after transduction with
Nbea-shRNA, mCherry+ adult CD45.2+ BM HSPCs (ie, “test”
HSPCs) were transplanted along with CD45.1+ BM competitor
HSPCs into lethally irradiated CD45.1+/CD45.2+ recipient mice
(Figure 1B). Although 2 Nbea-shRNAs were tested, Nbea-shRNA “A”
was used in all experiments, because it had no effect on Nbea–/–

HSPCs while inhibiting the repopulating activity of Nbea+/+ HSPCs
(supplemental Figure 1C-E). Particularly, to determine the presence of
off-target effects driven by the Nbea-shRNAs, Nbea+/+ and Nbea–/–

CD45.2+ HSPCs were recovered from CD45.1+/CD45.2+ recipients
of E14.5 FL-HSPCs, transduced with control- or Nbea-shRNAs and
transplanted into congenic CD45.1+/CD45.2+ recipients, demon-
strating that Nbea-shRNA “A” did not affect the BM reconstitution
ability of Nbea–/– HSPCs (supplemental Figure 1E). BM Nbea-defi-
cient HSPCs display a dramatic loss of both short- and long-term
hematopoietic repopulating activity, relative to HSPCs transduced
with control shRNAs (Figure 1B; supplemental Figure 2A). Similar
results were obtained when FL HSPCs were transduced with Nbea-
shRNA (supplemental Figures 1D-E and 2A). Thus, these data indi-
cate that Nbea is required by HSPCs at multiple developmental
stages for efficient HSCT.

Nbea-deficient HSPCs display reduced survival and a

block in differentiation after transplant

To explore why Nbea-deficient HSPCs fail to contribute robustly to
the blood of transplanted recipients, CD45.2+ BM HSPCs
NBEA IS REQUIRED IN BONE MARROW TRANSPLANTATION 4131
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Figure 1. Nbea is a positive regulator of HSPC repopulating activity. (A) qRT-PCR of Nbea expression in hematopoietic cells from adult BM, including HSC

(Lineage–SCA-1+c-KIT+[LSK]CD150+CD48–); MPPs (LSKCD150+CD48+ [MPP2] and LSKCD150–CD48+ [MPP3/4]); common myeloid progenitors (CMPs; Lineage–SCA-

1–c-KIT+CD32/16LowCD34+); common lymphoid progenitors (CLPs; Lineage–c-KitmedSca-1medCD127+); megakaryocyte-erythroid progenitors (MEPs; Lineage–SCA-1–c-

KIT+CD32/16–CD34–); granulocyte-myeloid progenitors (GMPs; Lineage–SCA-1–c-KIT+CD32/16–CD34–); granulocytes, (GR-1+), B cells (B220+), and T cells (CD3+). (B)

CD45.2+ “test” BM-HSPCs were transduced with control or Nbea-shRNAs. mCherry+ cells were then sorted and transplanted along with mock-transduced CD45.1+ HSPCs at a

1:1 ratio into lethally irradiated CD45.1+/CD45.2+ recipients within 44 hours after isolation. Recipient PB was examined for >16 weeks after transplant by flow cytometry for

CD45.2+ mCherry+ cells. (Bi) Schematic of competitive transplantation of Nbea-deficient BM-HSPCs. (Bii) Percentage of CD45.2+mCherry+ PB at 4 to 16 weeks after

transplant. (Biii) Frequency of CD45.2+mCherry+ PB lineages at 4 to 16 weeks after transplant. (Biv) Contribution of CD45.2+mCherry+ progenitors to BM progenitors. Data in

panel B are from 3 experiments; 5 mice per condition per transplant. Data are represented as mean ± standard error of the mean (SEM). *P < .05; **P < .005; ***P < .001, relative

to recipients of control-shRNA HSPCs.
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Figure 2. Nbea is required for the survival and proper differentiation of HSPC after transplantation. (A) Contribution of CD45.2+mCherry+ cells to recipient BM HSPCs

over time after transplant, following the same experimental schematic as in Figure 1B. (B) CFU potential of mCherry+ HSPCs recovered from transplant recipients at 10 weeks

after transplant. (Bi) Total CFUs. (Bii) Frequency of CFUs by size. (Biii) Frequency of CFU subtype. (C) Annexin V levels in CD45.2+mCherry+ cells in recipient BM HSPCs over

time after transplant. All data are from 3 independent transplants with 5 mice per condition per transplant. Data are represented as mean ± SEM. *P < .05; **P < .005; ***P < .001,

relative to recipients of control-shRNA HSPCs. Ery, erythroid; G, granulocyte; M, monocyte; GM, granulocyte/monocyte; GEMM, granulocyte, erythrocyte, monocyte, and

megakaryocyte.
transduced with either control- or Nbea-shRNA were transplanted
into lethally irradiated CD45.1+CD45.2+ recipients 44 hours after
transduction. Cohorts of recipients were then analyzed for
CD45.2+ BM HSPCs at 10 days, 20 days, 4 weeks, 8 weeks,
12 weeks, and 16 weeks after transplant (Figure 2A; supplemental
Figures 2B and 3). We did not observe significant differences in
13 AUGUST 2024 • VOLUME 8, NUMBER 15
the acute contribution of Nbea-deficient HSPCs to reconstituted
BM HSPCs at 10 and 20 days after transplant (supplemental
Figure 3A). Importantly, we did not detect differences in the
contribution of Nbea-deficient HSPCs to LT-HSCs and short-term
HSCs (ST-HSCs), even up to 16 weeks after transplant
(Figure 2A). However, we did observe that Nbea-deficient HSPCs
NBEA IS REQUIRED IN BONE MARROW TRANSPLANTATION 4133
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Figure 2 (continued)
progressively failed to contribute to committed downstream
progenitors (multipotent progenitors [MPPs], common myeloid
progenitors, granulocyte-myeloid progenitors, megakaryocyte-
erythroid progenitors, and common lymphoid progenitors) relative
to controls over time after transplant (Figure 2A). Cumulatively,
these data indicate that Nbea-deficient HSPCs acutely engraft and
generate BM HSPCs but fail to contribute to the blood efficiently
after transplant (Figure 1Bii-iii), suggesting a potential defect in
differentiation. In parallel, we found that Nbea-deficient LT-HSCs,
ST-HSCs, MPP2, and MPP3 showed distinct CFU potential
compared with controls (Figure 2B). Nbea-deficient progenitors
produced fewer (Figure 2Bi) and smaller colonies (Figure 2Bii)
than controls. These differences were more significant for LT-
HSCs and ST-HSCs (Figure 2Bi-ii). Additionally, although not
statistically significant, numbers of the most multipotent colony type
(granulocyte, erythrocyte, monocyte, and megakaryocyte) from
Nbea-deficient LT-HSCs and ST-HSCs trended down
(Figure 2Biii).

To further test the consequences of Nbea knockdown in trans-
planted HSPCs, we examined cell cycle status and apoptosis in
CD45.2+mCherry+ BM of mice that received transplant. As
expected, no differences were seen in the level of apoptotic cells or
4134 GANUZA et al
cell cycle status of Nbea-deficient HSPCs relative to controls
acutely after transplant (supplemental Figure 3B-C). However, by
4 weeks after transplant, we observed an increase in the frequency
of apoptotic cells in most Nbea-deficient reconstituted hemato-
poietic progenitors relative to controls (Figure 2C). Interestingly,
more apoptotic cells were apparent and persisted longer after
transplant in downstream and committed progenitor compartments
than HSCs (Figure 2C). No differences in cell cycle status of Nbea-
deficient HSPCs after transplant were observed, relative to con-
trols (supplemental Figure 3D).

Overall, our data reveal that Nbea-deficient HSPCs stably engraft
the BM but exhibit a differentiation block downstream of multi-
potent and committed progenitors. Nbea-deficient derived pro-
genitors also display a survival loss over time, which exacerbates as
they transition through the hematopoietic hierarchy.

NBEA is dispensable for native embryonic

hematopoiesis

We next examined a role for Nbea in hematopoiesis by interro-
gating Nbea–/– mice.24 Nbea–/– mice die perinatally due to
lack of synaptic transmissions,22-24 precluding an analysis of
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hematopoiesis in Nbea–/– adult mice. Hence, we examined E14.5
FL, because transplantable HSCs are concentrated in the FL at
this developmental stage.32-35 Here, we observed no differences in
the frequency of HSPCs in Nbea–/– and Nbea+/+ littermates
(supplemental Figure 4A). Additionally, NBEA loss did not perturb
FL HSPC in vitro differentiation (supplemental Figure 4B). To test
the ability of FL Nbea–/– HSPCs to repopulate the hematopoietic
system, 300 to 600 CD45.2+ E14.5 FL Nbea–/– or Nbea+/+

HSPCs were transplanted into lethally irradiated congenic
CD45.1+CD45.2+ mice, along with 2 × 105 CD45.1+ WBM cells
(supplemental Figure 4C-E). FL Nbea–/– HSPCs displayed multi-
lineage repopulating activity equivalent to that of FL Nbea+/+

HSPCs isolated from littermate controls (supplemental Figure 4D).
Although not statistically significant, secondary transplantation of
WBM from primary recipients of E14.5 CD45.2+ FL Nbea–/–

HSPCs resulted in a modest reduction of multilineage PB output
relative to controls (supplemental Figure 4E). Because serial
transplantation imposes additional regenerative stress on HSPCs
and only HSPCs capable of preserving self-renewal potential after
primary transplantation persist to repopulate secondary recipi-
ents,28,36-40 these suggest a potential role for Nbea in the main-
tenance of durable self-renewing HSCs. However, additional
BDCP family members may functionally compensate for Nbea loss
in this genetic model.

Nbea, Lrba, Lyst, and Nbeal1 BDCPs play overlapping

roles in HSPC engraftment ability

Because genetic loss of Nbea only modestly perturbed their
function, we next interrogated BM and FL HSPCs for the expres-
sion of additional BDCP family members (Figure 3A; supplemental
Figure 4F). Here, we focused on the BDCPs structurally similar to
NBEA, including LRBA, LYST, NBEAL1, NBEAL2, WDFY3, and
WDFY4.6 Lrba was highly expressed by B and T cells in adult mice
(Figure 3A), consistent with a role in these cell types.19,41 Lrba was
also upregulated in mouse HSCs, compared with downstream
HSPCs (Figure 3A). As expected, Lyst expression was upregulated
in BM granulocytes42 (Figure 3A). Nbeal1, Nbeal2, Wdfy3, and
Wdfy4 expression was also upregulated in granulocytes.

Significantly, Nbeal1, Nbeal2, and Wdfy3 were upregulated in BM
and FL HSCs relative to HSPCs (Figure 3A; supplemental
Figure 4F).

To assess possible genetic compensation by BDCP family mem-
bers, we examined Lrba, Nbea, Nbeal1, Nbeal2, Wdfy3, and
Wdfy4 expression in E14.5 FL Nbea–/– HSCs (Figure 3B). Lrba
was downregulated in Nbea–/– HSCs. Interestingly, Nbeal1 is
highly upregulated in Nbea–/– HSCs, whereas Nbeal2 is down-
regulated in Nbea–/– HSCs. These data highlight a complex tran-
scriptional response of BDCP family members to genetic loss of
Nbea mRNAs.43
Figure 3. Lrba, Lyst, and Nbeal1 are positive regulators of BM-HSPC engraftme

expression in the hematopoietic hierarchy of adult BM. (B) qRT-PCR of Nbea, Lrba, Lyst, Nb

(C-E) Nbea+/+ and Nbea−/− CD45.2+ HSPCs recovered from CD45.1+/CD45.2+ recipien

shRNAs targeting Lrba, Lyst, Nbeal1, or Nbeal2 and transplanted together with CD45.1+ H

of mCherry+CD45.2+ PB after transplant of recipients of shRNA treated cells normalized to

the BM HSPCs at 20 weeks after transplant. Data are represented as mean ± SEM. */#/•/
control-shRNA HSPCs. * refers to Lrba-shRNA; # refers to Nbeal1-shRNA; • refers to Nb
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To functionally evaluate any compensatory role for BDCP family
members in Nbea–/– HSPCs, we individually knocked down each
of the 4 BDCPs structurally most similar to Nbea in Nbea–/– cells
(i.e., Lrba, Lyst, Nbeal1, and Nbeal2).6 To do this, 4 months after
transplant, Nbea+/+ and Nbea–/– CD45.2+ HSPCs were isolated
from primary recipients of E14.5 FL Nbea+/+ and Nbea–/– HSPCs
and lentivirally transduced with shRNAs targeting Lrba, Lyst,
Nbeal1, or Nbeal2 (Figure 3C-D; supplemental Figure 4G). As
expected, Nbea–/– FL-HSPCs transduced with control shRNAs
displayed a mild loss of serial repopulating activity (Figure 3C-D).
Knockdown of Lrba, Lyst, Nbeal1, and Nbeal2 impaired the short-
and long-term serial repopulating activity of Nbea+/+ FL-HSPCs
(Figure 3C-D). The negative effect of Lrba knockdown was tran-
sient, because these cells repopulated PB similar to control by
16 weeks after transplant. This effect was exacerbated when these
genes were knocked down in FL Nbea–/– HSPCs (Figure 3C-D),
demonstrating the essential role of this family of proteins in HSPC
transplantation and functional redundancy with Nbea.

NBEA effects a NOTCH transcriptional program in

hematopoietic cells via regulation of NOTCH cell

surface turnover

To unveil the role of Nbea in hematopoiesis, we isolated and
amplified total mRNA from Nbea-shRNA–derived LT-HSCs
(Figure 4A). Differential gene expression showed a general
downregulation of transcriptional activity in Nbea-deficient cells
compared with control (supplemental Figure 5A). Although very
few pathway changes met the critical threshold of <0.05 false
discovery rate, pathway analysis revealed alterations in gene sets
related to vesicle traffic, membrane regulation, and Golgi activity,
consistent with NBEA’s known roles in vesicle trafficking control6

(Figure 4B). We also examined global gene expression in FL LT-
HSCs isolated from E14.5 Nbea+/+ and Nbea–/– littermates
(Figure 4C; supplemental Figure 5B). Here, pathway analyses
confirmed that Nbea deficiency perturbs components associated
with vesicle traffic (Figure 4D). Indeed, colocalization with RCAS1
suggests that NBEA is largely confined to the Golgi apparatus in
HSCs, consistent with reports in other cell types (Figure 4E).22

Accordingly, NBEA has been implicated as a regulator of vesicle
trafficking in other cellular contexts, such as synaptic trans-
mission.24,44 Moreover, reduced levels of Nbea increase vesicle
secretion.25 Thus, our results suggest a possible role for NBEA in
vesicle trafficking in HSCs.

sel-2, the Nbea/Lrba homolog in Caenorhabditis elegans, nega-
tively regulates LIN-12/NOTCH activity by controlling its turnover at
the cell surface in vulval precursor cells.45 Although the role of
NOTCH signaling in HSCs in adult steady hematopoiesis remains
controversial, NOTCH signaling constitutes an important modu-
lator of HSC activity during stress hematopoiesis.46-49 We
hypothesized that this regulatory mechanism may be evolutionarily
nt. (A) qRT-PCR of Nbea, Lrba, Lyst, Nbeal1, Nbeal2, Wdfy3, and Wdfy4 mRNA

eal1, Nbeal2,Wdfy3, and Wdfy4 expression in Nbea+/+ and Nbea–/– E14.5 FL-HSCs.

ts of E14.5- CD45.2+ FL-HSPCs 4 months after transplant were transduced with

SPCs into CD45.1+/CD45.2+ (ratio 3:2). (C) Experimental schematic. (D) Percentage

the average of control recipients. (E) Percentage of mCherry+CD45.2+ chimerism in

∇P < .05; **/##/••/∇∇P < .005; ***/###/•••/∇∇∇P < .001, relative to recipients of

eal2-shRNA; and ∇ refers to Lyst-shRNA.

13 AUGUST 2024 • VOLUME 8, NUMBER 15



Transduction with
control or

Nbea-shRNA
Sort for

mCherry+

Sort for live

BM HSPC
isolation

CD45.1+

CD45.2+

CD45.1+/CD45.2+

Mix 1:1

5.5Gy x 2

Sort for
mCherry+

progenitors
RNAseq

and
pathway analysis

A

RNAseq
and

pathway analysis

E14.5 FL
LT-HSC sort

Nbea+/+

Nbea–/–

C

0.0

0.2

10um

0.4

0.6

0.8

1.0

N
B

E
A

-A
4

8
8

D
A

P
I

Pe
ar

so
n 

co
rre

lat
ion

 c
oe

ffi
cie

nt

R
C

A
S

1-
A

6
47

M
E

R
G

E

E

0

Gata
3

Hes
1

Csf2
rb

2

Ras
gr

p3
Cdk

2

Syn
e1

Gpr
c5

b

1

2

*** *** ***

***

*

*

*

3

4

m
RN

A 
ex

pr
es

sio
n

no
rm

ali
ze

d 
to

 c
on

tro
l-s

hR
NA

Nbea+/+ Nbea–/–F

–2.5 –2.0 –1.5 –1.0 –0.5 0.0 0.5 1.0 1.5 2.52.0

Pancreas development
actin filament-based movement

I-kappaB kinase/NF-kappaB signaling
cell fate commitment

cell chemotaxis
response to molecule of bacterial origin

cellular response to biotic stimulus
endocrine system development

neuron death
sensory perception of pain

regulation of epithelial cell differentiation
cellular amino acid metabolic process
positive regulation of catabolic process
positive regulation of cell adhesion
negative regulation of organelle organization
cofactor metabolic process
negative regulation of catabolic process
regulation of DNA metabolic process
endocrine process
hormone metabolic process

FDR 0.05 FDR 0.05

Normalized enrichment score

D i

–1.0 –0.8 –0.4 –0.2–0.6 0.0 0.2 0.4 0.6 0.8 1.0 1.81.61.41.2 2.0

Normalized enrichment score

external side of plasma membrane

extracellular matrix
early endosome
organelle inner membrane
anchoring junction
nuclear speck
cytoplasmic side of membrane
apical part of cell
extrinsic component of membrane
synaptic membrane
cytosolic part

actin-based cell projection
microtubule associated complex

perikaryon
vesicle membrane
secretory granule

transporter complex
axon part

endocytic vesicle
contractile fiber

FDR 0.05 FDR 0.05

ii

Normalized enrichment score
–2.0 –1.5 –1.0 –0.5 0.0 0.5 1.0 1.5 2.0

Positive regulation of cell activation
leukocyte cell-cell adhesion
myeloid leukocyte activation

regulation of leukocyte activation
angiogenesis

regulation of hemopoiesis
respiratory system development

regulation of vasculature development
regulation of cell-cell adhesion

tissue remodeling
receptor metabolic process
regulation of microtubule-based process
feeding behavior
adult behavior
endosomal transport
establishment of protein localization to membrane
amine metabolic process
mRNA processing
protein targeting
membrane fusion

FDR 0.05 FDR 0.05

B i ii

Normalized enrichment score
–2.5 –2.0 –1.5 –1.0 –0.5 0.0 0.5 1.0 1.5 2.0

FDR 0.05 FDR 0.05
extracellular matrix

trans-Golgi network
Endoplasmic Retic-Golgi intermediate compartment
organelle envelope lumen
vacuolar part
sperm part
mitochondrial matrix
microbody
neuron projection terminus
Golgi stack
intrinsic component of organelle membrane

rough endoplasmic reticulum
transporter complex

basolateral plasma membrane
cell leading edge
endocytic vesicle

inclusion body
neuron spine

external side of plasma membrane
neuron to neuron synapse

Figure 4.

13 AUGUST 2024 • VOLUME 8, NUMBER 15 NBEA IS REQUIRED IN BONE MARROW TRANSPLANTATION 4137



preserved in HSCs. In this scenario, reduced NBEA levels might
alter normal NOTCH turnover by perturbing vesicular trafficking,
thus impairing NOTCH signaling and HSC engraftment. Consis-
tently, in both of our Nbea-deficient experimental contexts,
NOTCH1 is predicted to be perturbed according to the tran-
scriptional differences with control cells (supplemental Figure 5C).
Moreover, we confirmed the downregulation of multiple NOTCH1
targets in Nbea–/– HSCs in E14.5 FL Nbea–/– embryos (Figure 4F).

We next used a surrogate hematopoietic human cell line to further
explore this mechanism in vitro, because it is difficult to expand and
maintain HSCs in vitro.50 We selected OPM2 cells based on high
NBEA mRNA levels and amenability to lentiviral infection
(supplemental Figure 5D-E). We verified that, similar to HSCs, NBEA
is mostly located in the Golgi apparatus in OPM2 cells, as revealed by
RCAS1 staining22 (supplemental Figure 5F). To further study NBEA in
this context, shRNAs capable of efficient human NBEA knockdown (1
and 2) were selected (supplemental Figure 5E). OPM2 cells trans-
duced with NBEA-shRNAs (1 and 2) were sorted based on mCherry
expression and expanded to establish OPM2 cell lines expressing
different levels of NBEA mRNA.

Interestingly, OPM2 cells transduced with multiple independent
NBEA-shRNAs consistently grew as cell aggregates, in contrast to
OPM2 cells transduced with control shRNAs (Figure 5A). Addi-
tionally, NBEA-deficient OPM2 cells showed slower growth and
elevated apoptosis than controls (Figure 5B-C). Cell cycle was not
perturbed in the absence of NBEA (Supplemental Figure 5G),
recapitulating some of the main effects of Nbea deficiency in pri-
mary cells.

To assess the role of NBEA in controlling the subcellular localiza-
tion and turnover of NOTCH receptors, we analyzed, by flow
cytometry, the abundance of cell surface vs total NOTCH1 and
NOTCH2 in control and NBEA-deficient OPM2 cells. We
observed an accumulation of both cell surface and total NOTCH1
and NOTCH2 in NBEA-deficient OPM2 cells, relative to controls
(Figure 5D-F). To identify changes in the subcellular distribution of
these proteins, we calculated the ratio between the protein located
at the cell surface vs total protein. Notably, this ratio was different
only for NOTCH1, indicating a greater proportion of this protein in
the cell membrane of NBEA-deficient OPM2 cells (Figure 5G).
These data implicate NBEA in the regulation of NOTCH1 and
NOTCH2 protein content and localization.

To confirm that altered subcellular NOTCH1 location has func-
tional consequences on NOTCH transcriptional programs, we
examined the expression levels of NOTCH target genes, including
HES1, GATA3, RASGRP3, and CSF2RB2, in NBEA-deficient
OPM2 cells. Here, we confirmed the downregulation of HES1,
GATA3, and RASGRP3, relative to controls (Figure 5H).
Remarkably, these NOTCH target genes were also downregulated
Figure 4. Nbea deficiency affects vesicle trafficking components at the transcrip

into lethally irradiated recipients. mCherry+ cells were recovered from transplanted mice 1

schematic. (B) Pathway analysis based on transcriptional differences among control and Nb

Differences related to vesicle trafficking highlighted with an arrow. (C-D) E14.5 FL LT-HS

sequencing. (C) Experimental schematic. (D) Pathway analysis including (i) biological proc

E14.5 FL LT-HSCs. (E) Representative confocal images of BM HSC and NBEA/RCAS1 c

RCAS1-A647 (Golgi) in red, and nuclei (DAPI) in blue. (F) qPCR analysis of NOTCH-reg

independent samples. Data in panel D are from 1 sample. Data in panel F are from 3 sam
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in Nbea–/– E14.5 FL-HSCs (Figure 4F). We also verified the
expression of NOTCH ligands in OPM2 cells, which can trigger the
activation of the NOTCH pathway in neighboring cells
(supplemental Figure 5H). Importantly, NOTCH activity has been
implicated in modulating the repopulation activity of adult
HSCs.46,47,51 This would suggest that NBEA might regulate the
ability of HSCs to efficiently engraft at least in part through the fine
modulation of NOTCH transcriptional programs.

In summary, here, we reported, for the first time, the functional
redundancy of multiple BDCP family members in HSCT, because
their acute loss perturbs HSC in vivo repopulating activity (eg,
Nbea, Nbeal1, Lrba, and Lyst). Moreover, we implicated NBEA in
the regulation of NOTCH protein levels and cell surface localiza-
tion, with commiserate effects on NOTCH-regulated transcription.
These effects could contribute to the loss of repopulating activity
seen after NBEA loss.46 Our work further shows that complex
mRNA compensatory mechanisms modulate the expression of
BDCPs to preserve the integrity of the hematopoietic system,
supporting an important role for BDCPs in hematopoiesis.

Discussion

We previously identified Nbea as a putative positive regulator of
HSCT.5 Here, we report that Nbea expression is highly restricted to
HSCs within the hematopoietic hierarchy, suggesting a specific
function in HSCs (Figure 1A; supplemental Figure 1A). We found
that Nbea is required for the efficient engraftment of both FL and
BM HSPCs (Figure 1B; supplemental Figure 1D-E). Nbea knock-
down increased apoptosis in acutely engrafted HSCs, which
resulted in reduced PB chimerism (Figures 1ii-iv and 2). The milder
transplantation defects observed in Nbea–/– HSCs compared with
acute knockdown of Nbea (Figures 1B; supplemental Figure 1D-E)
likely results from compensation by other BDCP family members,
given the dramatic changes in gene expression of multiple BDCPs
in Nbea–/– E14.5 FL-HSCs (Figure 3B). This is possibly related to a
phenomenon known as transcriptional adaptation.43,52,53 Tran-
scriptional adaptation is a new form of genetic adaptation that has
been described in zebrafish, mouse, and C elegans and that
highlights, for instance, the poor correlation among the phenotypes
induced by acute gene induction in zebrafish via morpholinos and
those detected in mutant zebrafish.43,52,53 Additionally, knockdown
of Lrba, Lyst, and Nbeal1 in HSPCs each induced a transplantation
defect, confirming a positive role for these genes in HSCT
(Figure 3C-E). Moreover, knockdown of Lrba, Lyst, or Nbeal1 in
Nbea–/– HSPCs exacerbated these repopulating defects
(Figure 3C-E). Importantly, BDCPs are predicted to form homo-
dimers and heterodimers.6 Thus, it is possible that different pairs of
BDCPs might have specific patterns of transported cargoes,
whereas other BDCP dimers might share common cargoes and
compensate for other BDCPs, as previously suggested.6
tional level. (A-B) Control and Nbea-shRNA–treated progenitors were transplanted

0 weeks after transplant and subjected to bulk RNA sequencing. (A) Experimental

ea-shRNA–treated progenitors in (i) biological processes and (ii) cellular components.

Cs were isolated from Nbea+/+ and Nbea–/ – embryos and subjected to bulk RNA

esses and (ii) cellular components showing differences among Nbea+/+ and Nbea–/–

olocalization analysis (Pearson correlation coefficient). NBEA-A488 shown in green,

ulated genes in E14.5 FL-HSC in Nbea+/+ and Nbea–/–. Data in panel B are from 2

ples, represented as mean ± SEM. *P < .05; **P < .005, relative Nbea+/+.
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Figure 5. NBEA deficiency perturbs NOTCH proteins expression and cell localization. (A) Representative images of OPM2 cell lines expressing different NBEA-shRNAs
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Annexin V analysis in control- and NBEA-shRNA OPM2 cells. Percentage of annexin V+ cells is shown. (D-G) NOTCH1 and NOTCH2 cell surface and total expression in OPM2
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We found NBEA mainly localized to the Golgi apparatus in HSCs
and leukemia cell lines, as seen in other cell contexts (Figure 4E;
supplemental Figure 5F).6,22 Consistently, genes implicated in
vesicular transport were upregulated in Nbea–/– FL-HSCs
(Figure 4B,D), which is also consistent with the increased vesicle
trafficking previously reported in Nbea–/– neurons24,44,54 and with a
critical role for NBEA in endocytic recycling of N-methyl-D-aspar-
tate (NMDA) receptors.10

The perturbation of vesicle trafficking can affect many processes
including those related to vesicle biogenesis, cargo incorporation,
and downstream signaling because of changes in receptor levels
present in the cellular membrane.55,56 Our data showed NOTCH1
accumulated in the cytoplasmic membrane of Nbea-deficient
OPM2 cells (Figure 5D-F). Accordingly, the NOTCH transcriptional
program was perturbed in Nbea–/– HSCs and in Nbea-deficient
cells (Figures 4F and 5H). Thus, although several cargoes and
downstream pathways could be affected in these cells, our data
support that, among those, NBEA regulates NOTCH cell surface
turnover, modulating NOTCH transcriptional activity in HSPCs.
Because NOTCH activity governs the repopulating potential of
HSPCs,46,51 this model is consistent with an NBEA requirement
for optimal HSCT. Supporting this, sel-2 (Nbea/Lrba homolog in C
elegans) regulates the activity of LIN-12/NOTCH via the regulation
of endosomal traffic that controls efficient delivery of cell surface
proteins to the lysosome including NOTCH.45 After the interaction
of NOTCH ligands with NOTCH receptors, the extracellular
domain (ECD) of NOTCH is normally endocytosed and may be
degraded or recycled.48 Although NOTCH protein levels in the
membrane of Nbea-deficient cells are higher (Figure 5D-G), it is
likely that some of these receptors are nonrecycled NOTCH-ECDs
and thus noncompetent to transduce a signal. These nonrecycled
NOTCH-ECDs can likely compete with functional NOTCH recep-
tors, resulting in lowered NOTCH signaling (Figures 4F and 5H).

Additionally, although our results support a role of NOTCH signaling
in stress hematopoiesis as described by others,46-49,51 the role of
NOTCH signaling in HSPCs in adult steady-state hematopoiesis
remains contentious.46-49 Supporting a role for NOTCH signaling in
adult native hematopoiesis, in myeloid progenitor cell lines, it was
shown that NOTCH activity was required for differentiation.57,58

Furthermore, induced increased levels of JAGGED1 in the BM
niche led to HSC expansion.59 In contrast, multiple mouse models
including Rbpj-deficient mice, transgenic mice expressing a domi-
nant negative mutant form of Mastermind (which blocks NOTCH
signaling), and Notch1 and Notch2 inducible knockout mice in the
hematopoietic system support a dispensable role of NOTCH activity
in HSCs.46,60-62 Accordingly, we observed that Nbea is dispensable
for native hematopoiesis in the FL (supplemental Figure 4A).

Overall, our data showed a major and conserved role of the BDCP
family of proteins in regulating proper HSCT and of NBEA in
maintaining optimal steady-state hematopoiesis. We propose a
model in which BDCPs sustain proper NOTCH receptor activity by
regulating NOTCH turnover in the cytoplasmic membrane. Our
Figure 5 (continued) transduced cells. (D) Experimental schematic. (E) Flow cytometry h

total expression for each OPM2 cell line. (F) Quantification of NOTCH1 and NOTCH2 pr

NOTCH1 and NOTCH2. (H) qRT-PCR analysis of NOTCH-regulated genes in OPM2 cell li

to control-shRNA. * refers to NBEA-shRNA 1; # refers to NBEA-shRNA 2. Ab, antibody.
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results indicate that clinical intervention aimed to modulate
NOTCH activity through the manipulation of vesicle trafficking
activity operated by BDCPs could lead to a better HSC engraft-
ment during BM transplantation.
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