M) Check for updates
© blood

A Notch trans-activation to cis-inhibition switch underlies hematopoietic stem
cell aging

Tracking no: BLD-2024-026505R2

Francesca Matteini (The Bellvitge Institute for Biomedical Research (IDIBELL), Spain) Roshana
Thambyrajah (Institut Hospital del Mar d'Investigacions Mediques, Spain) Sara Montserrat-Vazquez
(The Bellvitge Institute for Biomedical Research (IDIBELL), Spain) Sascha Jung (CIC bioGUNE-BRTA
(Basque Research and Technology Alliance), 5Ikerbasque, Basque Foundation for Science, Spain) Alba
Ferrer-Perez (The Bellvitge Institute for Biomedical Research (IDIBELL), Spain) Patricia Herrero
Molinero (Institut Hospital del Mar d'Investigacions Médiques, Spain) Dina El Jaramany (The
Bellvitge Institute for Biomedical Research (IDIBELL), Spain) Javier Lozano-Bartolomé (The
Bellvitge Institute for Biomedical Research (IDIBELL), Spain) Eva Mejia-Ramirez (The Bellvitge
Institute for Biomedical Research (IDIBELL), Spain) Jessica Gonzalez Miranda (Institut Hospital del
Mar d'Investigacions Mediques, Spain) Antonio Del Sol (Luxembourg Centre for Systems Biomedicine
(LCSB), University of Luxembourg, Luxembourg) Anna Bigas (Hospital del Mar Research Institute
CIBERONC, Spain) Maria Carolina Florian (Stem Cell Aging Group, Regenerative Medicine Program, The
Bellvitge Institute for Biomedical Research (IDIBELL), Spain)

Abstract:

Aged hematopoietic stem cells (HSCs) expand in clusters over time, while reducing their
regenerative capacity and their ability to preserve the homeostasis of the hematopoietic system.
The expression of Notch ligands in the bone marrow (BM) niche is essential for hematopoiesis.
However, the impact of Notch signaling for adult HSC function and its involvement in HSC aging
remains controversial. Here we show that Notch activation in young HSCs is not homogeneous, and it
is triggered by sinusoidal expression of the Notch ligand Jagged2 (Jag2). Sinusoidal Jag2 deletion
in young mice recapitulates the decrease in Notch activity observed in aged HSCs and alters HSC
divisional symmetry and fate priming, promoting myeloid-biased HSCs (My-HSCs) expansion.
Mechanistically, our data reveals that upon decreasing sinusoidal Jag2 expression, HSCs themselves
upregulate Jag2, which cis-inhibits Notch signaling, resulting in the expansion of My-HSCs and in
reduced hematopoietic regeneration. Collectively, these findings identify the crosstalk between BM
niche-driven and HSC intrinsic features in regulating HSC fate priming and regenerative potential
and reveal an extrinsic Notch trans-activation to intrinsic cis-inhibition switch underlying HSC
aging.
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in Hematopoietic Stem Cell Aging
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Context of Research Aim of This Study
Aged hematopoietic stem cells (HSC) expand in clusters, while  Here, by imaging the interaction between HSCs and their nlcfle
their regenerative capacity is reduced. The crosstalk between in vivo, we investigated the crosstalk between intrinsic an(i;
extrinsic and intrinsic features contributing to HSC functional extrinsic HSC phenotypes, focusing on Notch activity in HSE
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Conclusions: In young HSCs, Notch activation is triggered by the sinusoidal expression of
the Notch ligand Jagged2 (Jag2). As Jag2 expression in bone marrow sinusoids decreases
with age, HSCs themselves upregulate Jag2, which cis-inhibits Notch signaling, resultlngm
in the expansion of myeloid-biased HSCs and reduced hematopoietic regeneration.
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Keypoints:

1. Notch activity decrease in HSCs induces myeloid-biased stem cell expansion and clustering at

the expenses of hematopoietic regeneration

2. Deletion of sinusoidal Jag2 decreases Notch activity in HSCs, increasing symmetric divisions

and impairing daughter fate commitment
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Abstract

Aged hematopoietic stem cells (HSCs) expand in clusters over time, while reducing their
regenerative capacity and their ability to preserve the homeostasis of the hematopoietic system. The
expression of Notch ligands in the bone marrow (BM) niche is essential for hematopoiesis.
However, the impact of Notch signaling for adult HSC function and its involvement in HSC aging
remains controversial. Here we show that Notch activation in young HSCs is not homogeneous, and
it is triggered by sinusoidal expression of the Notch ligand Jagged2 (Jag2). Sinusoidal Jag2 deletion
in young mice recapitulates the decrease in Notch activity observed in aged HSCs and alters HSC
divisional symmetry and fate priming, promoting myeloid-biased HSCs (My-HSCs) expansion.
Mechanistically, our data reveals that upon decreasing sinusoidal Jag2 expression, HSCs themselves
upregulate Jag2, which cis-inhibits Notch signaling, resulting in the expansion of My-HSCs and in
reduced hematopoietic regeneration. Collectively, these findings identify the crosstalk between BM
niche-driven and HSC intrinsic features in regulating HSC fate priming and regenerative potential

and reveal an extrinsic Notch trans-activation to intrinsic cis-inhibition switch underlying HSC

aging.
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Introduction

HSCs constantly sustain blood and immune cells production throughout development, adulthood,
and aging’. While during early phases of the hematopoietic development the proliferation and
regenerative potential of HSCs is at the peak, over time HSC repopulation ability decreases™ ™.
Upon aging the HSC pool expands and shows a progressive myeloid differentiation skewing and an
impaired regenerative capacity5’6. The BM microenvironment extensively regulates HSC
differentiation and plays a critical role in the decline of stem cell function upon aging, contributing
to the so-called extrinsic HSC aging’**. A prominent role in driving extrinsic HSC aging is played
for example by the remodeling of the bone marrow vasculature and by changes in adrenergic
innervation, while sinusoids have been shown to protect HSCs from aging®'*> %, However, aging
affects HSC function also independently from the old BM niche and intrinsic HSC aging is not
rescued upon transplantation of old stem cells into a young BM microenvironment®>>**%. An
intriguing phenotype of intrinsic HSC aging is HSC clustering®. In young mice, immediately after
HSC division, daughter cells move far away from one another, and young HSCs are very rarely
found close to each other. Upon aging, HSCs not only expand but are found in close proximity
(within 19um) to one another™*9?1%,

Notch signaling is a highly conserved evolutionary pathway controlling cell fate decision. In
canonical situations, it occurs by cell-cell contact, where one cell, the signaling sending cell,
expresses one of the Notch ligands and the other cell, the signaling receiving cell, expresses one of

the Notch receptorsza“24

. In the hematopoietic system while ex vivo studies showed specific
functions for different Notch receptors and ligands, conditional-null mouse models of Notch
receptors failed to recapitulate in vivo the phenotype observed ex vivo®, indicating the importance

of studying this signaling within its physiological microenvironment. The current general consensus

is that Notch signaling plays a key role in HSC emergence during development, but so far its
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implications in adult hematopoiesis are controversial, because Notch activity has been deemed
dispensable for adult hematopoiesis, while Notch ligands Jagl and Jag2 are necessary to sustain
hematopoiesis in homeostasis, regeneration and after myelosuppressi0n4’26*32.

Recently, it has been shown a novel role of Notch signaling in determining HSC fate during
development33. Jagl-Notchl cis-inhibition prevents cell cycle entry and differentiation in nascent
aorta-gonad-mesonephros (AGM) stem cells, preserving their immature stem cell phenotype in
hematopoietic clusters of the embryonic aorta®.

Here, by imaging the interaction between HSCs and their niche in vivo, we investigate the crosstalk

between intrinsic and extrinsic HSC phenotypes, focusing on Notch activity in HSC fate

determination upon aging.

Materials and Methods:
For more information, see Supplementary Materials and Methods, available on the Blood website.
Mouse Models

Heslp-2dEGFP mice were obtained from Dr. Kageyama R. (Kyoto University, Japan).
VEGFR3CreM®" Jag2fl/fl mice were generated by crossing VEGFR3CreM® mice®* of pure C57/BI6
background obtained from Dr. Ichise H., University of the Ryukyus with Jag2fl/fl mice already

backcrossed into a pure C57/BL6 background obtained from Dr. Gridley T.*.

Results

Notch activity in HSCs is not homogeneous and depends on BM localization.
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To investigate Notch activity in HSCs, we took advantage of Heslp-2dEGFP mice (Figure Sla),
which express a destabilized EGFP reporter under the control of the Hes1 promoter. Hes! is a direct
target of Notch and in this mouse model, the EGFP has a half-life of 2.5h allowing for the
visualization of fast Notch activation-inactivation waves*>*. Notch activity is extremely important

during the development of the hematopoietic system“"‘2

. By flow cytometry and histology, a strong
EGFP signal is indeed detectable in CD31"¢c-Kit" HSCs and GFI1" intra-aortic cluster of the AGM
from Heslp-2dEGFP mice compared to wild-type (WT) control (Figure Slb-c)4. Consistent with
reflecting Hesl-associated Notch activity, the EGFP expression in AGM cells is reduced upon
treatment with blocking antibodies against DII4, Jagl and Notchl compared to the IgG isotype
control (Figure S1d). While Notch signalling is essential for early HSC development, it is
dispensable for the maintenance of adult bone marrow HSCs and is gradually downregulated
already while HSCs progress toward E11.5%. In agreement, we detect a strong reduction in the
reporter fluorescence signal by flow cytometry, with less than 1% of EGFP" cells in the BM and
thymus of young adult (10-12-week-old) mice (FigureSle-g). Arguing that flow cytometry might
not be sensitive enough to detect Notch activity in adult HSCs, we opted for using a more sensitive
technique, iFAST3D histology36. By using this approach, we could identify few EGFP" cells in the
BM of young adult HesIp-2dEGFP mice (Figure S2a). Interestingly, within the HSC population
(HSCs are identified by the exclusive expression of CD150 and the absence of CD11b, B220, CD5,
Gr-1, Ter-119, CD8a, CD48 and CD41 lineage markers and CD31 and CD144 endothelial markers
expression) only a fraction of cells express the reporter gene, indicating that Notch signaling
activation is not homogeneous within the HSC pool and it is possible to identify Notch inactive
(EGFP") and Notch active (EGFP") HSCs (Figure 1a). Most HSCs in young adult mice have active
Notch signaling (56,4% of total HSC pool) (Figure 1b). By measuring the distance of HSCs from

the endosteum and the vessels (stained by CD31 and CD144 and discriminated between sinusoids
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and arterioles by shape and orientation), the 3D BM images showed that Notch active HSCs display
a very specific localization pattern being significantly closer to sinusoids (median distance of 7.9um
from the edge of the closest sinusoid) and arterioles (median distance 57.5um from the edge of the
closest artery) compared to Notch inactive HSCs (median distance of 18um and of 85um from the
edge of the closest sinusoid and arteriole respectively) (Figure 1¢-f). Moreover, Notch active HSCs
are in proximity (<10pm) to sinusoids (56.7%), arteries (24.3%) or are close (<50um) to the
endosteum (27.3%), while Notch inactive HSCs have a general reduction in frequency of proximal
localization to all niche structures (Figure S2b). The percentage of Notch inactive HSCs within
10um (direct contact) from sinusoids is significantly less and Notch inactive HSCs are found very
frequently (36.7% vs 1.3% for Notch active HSCs) in a non-specific localization, i.e. not proximal
to sinusoids, arteries, or endosteum (Figure S2b-c).

Previously, we reported that the polarity of H4K16ac (epigenetic polarity or epipolarity) correlates
with the regenerative capacity of stem cells and declines over time'®***** By iFAST3D histology,
we measured a significant higher level of H4K16ac polarity for Notch active HSCs (>90%) (Figure
1g-i).

Collectively, these data indicate that Notch signaling activation is not homogeneous in adult HSCs
and Notch active HSCs show a sinusoidal-specific localization associated to H4K16ac polarity,
suggesting that these HSCs might represent the fraction of stem cells with the highest regenerative

capacity.

Sinusoidal Jag2 regulates Notch activity and regenerative capacity of HSCs.
Previously, it was reported that in BM the Notch ligand Jag2 is mainly expressed by Nestin" MSCs
and endothelial cells and exerts an important role in regulating adult HSC function™®®!. Since we

detected that Notch active HSCs largely (>50%) localize close to sinusoids with a median distance
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of less than one cell diameter (<10um) suggesting a direct cell-cell contact (Figure 1c-f and Figure
S2b-c¢), we wondered whether sinusoidal endothelial Jag2 affects Notch activity in HSCs. To
address this point, we established a mouse model to selectively delete Jag2 in sinusoidal endothelial
cells (SEC) by crossing VEGFR3Cre™™ mice with Jag2fl/fl mice, hereafter referred as SEC'**%©
mice (Figure 2a)%%, Upon administration of tamoxifen (TAM), in BM of SEC™#2%0 mice, Jag2 is
successfully deleted selectively at SEC (Figure S3a-b), without affecting the other Notch ligands
like Delta4 (D114) and Jagged1 (Jagl) (FigureS3c-d). SEC Jag2 deletion mildly reduces sinusoidal
volume, without affecting sinusoidal number and branching (Figure S3e) and it is not required to
maintain HSPC function under homeostatic conditions in young adult mice, in agreement with
previous reports31 (Figure S4a). However, after myeloproliferative stress induced by a single 5-
fluorouracile (5-FU) injection, SEC™**° mouse survival is significantly reduced. Necropsy
analysis identified peritonitis and clear leucocytes infiltration in the peritoneum, in association with
a transitory sharp expansion of white blood cells and increased reduction of hemoglobin 2 weeks
after SFU administration (Figure 2b-d).

Next, to evaluate whether sinusoidal endothelial Jag2 triggers Notch activation in HSCs, BM cells
isolated from young HesIp-2dEGFP mice were transplanted in lethally irradiated young SEC'"2¢©
mice alongside with littermate wild-type recipients. 6 weeks after transplantation, when the BM
microenvironment has fully recovered from the preconditioning irradiation, Jag2 deletion was
induced by tamoxifen treatment and mice were analyzed 7 days later (Figure 2e). The frequency of

C"*€X0 recipients compared to controls (Figure

Notch active HSCs significantly decreases in SE
2f). Of note, sinusoidal Jag2 deletion reduces the fraction of Notch active HSCs in proximity to
sinusoids, and these cells localize significantly further away from sinusoids (Figure 2g-i).

Interestingly, after Jag2 deletion, HSCs double in number, as observed by both flow cytometry

(HSCs are gated as Linc-Kit'Sca-1"FIt3"CD34") and by iFAST3D (HSCs identified as Lin'Cd48"
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Cd41°Cd150"; Figure S4b-cand Figure 3a-b), while epipolar HSCs are significantly reduced and
their distance from sinusoids but not arterioles is significantly increased (Figure 3c-e). Increased
activity of the small RhoGTPase Cdc42 in aged HSC has been correlated with loss of H4K16ac

polarity in aged HSCs®*

and by western blot we observed increased Cdc42 activity upon SEC
Jag2 deletion compared to WT controls (Figure S4d).
Next, to explore whether sinusoidal Jag2 deletion affects the intrinsic regenerative potential of

Jag2KO
C™***” mice were

HSCs, we performed serial competitive transplantations. Total BM cells from SE
transplanted in lethally irradiated young CD45.1" recipients together with an equal amount of
competitor BM cells (Figure 3f). Upon primary transplantation PB analysis over time does not

show any significant alteration of SEC"#**°

engraftment, while revealing an increase of T cell and a
decrease of Macl+ cell frequency (Figure 3g and Figure S5a-c). In BM flow cytometry analysis
shows a significant reduction in the engraftment of SEC™#**° donor derived mice, together with an
increase in HSCs and a decrease in lymphoid primed multipotent progenitors (LMPPs, gated as Lin’
c-Kit"Sca-1"FIt3'CD34") frequency in the hematopoietic stem and progenitor compartment (gated
as LSK, Linc-Kit'Sca-1") (Figure 3h-iand Figure S5a). Moreover, data shows a significant
increase in common myeloid progenitors (CMPs, gated as Linc-Kit Sca-1 Fcg'CD34"), a decreased
in granulocyte macrophage progenitors (GMPs, gated as Linc-Kit'Sca-1Fcg'CD34") and
confirmed the increase in T cell frequency (Figure S5c-d). Upon secondary transplantation, we
detected a sharp drop in SEC™#**° engraftment in PB with no alterations in HSC differentiation
output (Figure 3g and Figure S5e). BM flow cytometry analysis confirmed the sharp reduction of
SEC™#%XC engraftment, with a decrease in ST-HSC and an increase in CLP and Gr1” cell frequency
(Figure 3j-k and Figure S5f-g).

In conclusion, endothelial Jag2 deletion affect the sinusoidal volume in steady state and impairs

recovery from myeloablative treatment, as also previously suggested31. Moreover, SEC™€K0
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reduces Notch activation in HSCs, and this is associated with reduced HSC epipolarity and
quiescence, with displacement of HSCs away from the sinusoidal endothelial compartment and with

decreased long term regenerative capacity of HSCs.

Deletion of sinusoidal Jag2 increases symmetric HSC divisions impairing daughter fate
commitment.

C1222K0 mice 24-

Intrigued by the doubling of HSCs shortly after Jag2 deletion, we analyzed SE
28hrs after induction of Jag2 deletion (Figure 4a and Figure S6a) and at this time point we
detected a sharp increase in the number of HSC dividing pairs (DP) (Figure 4b-¢). Since we
previously reported that the asymmetry of HSC division is linked to stem cell polaritylg, and in
SEC™#?%0 HS(Cs H4K16ac polarity decreases (Figure 3c¢), we scored asymmetric and symmetric
HSC divisions by quantifying the amount of H4K16ac in paired daughter cells. The amount of
H4K16ac distribution was measured on the major cell division plane of the DP, and H4K16ac
inheritance in the daughter cells was determined by measuring the area underneath the curve of
H4K16ac intensity in the daughter cells of the DP. Asymmetric divisions were defined by one
daughter cell inheriting more H4K16ac compared to the other one (ratio between area curve
intensity <0.65). When a similar amount (ratio between area curve intensity >0.65) of H4K16ac
was detected between the 2 daughter cells, the division was scored as symmetric (Figure 4b). Data
shows that compared to wild-type mice, where HSC divisions are infrequent and are mainly
asymmetric, the number of H4K16ac symmetric divisions is selectively and significantly increased
in SEC™€%9 mice (Figure 4d).

Next, to investigate whether the increased divisional symmetry was associated to a change in the

outcome of daughter fate, we transplanted Fgd5ZsGreen-TdTomato HSCs into SEC'**° mice. In

this experimental setting, donor HSCs are selectively label with the ZsGreen, which is under the
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control of the Figd5 promoter and their progeny can be lineage traced by imaging TAM-inducible
expression of TdTomato®’. 6 weeks after transplantation, when the effect of the irradiation is
overcome and the BM microenvironment has returned to its physiological conditions, Jag2 deletion
in sinusoidal endothelial cells and TdTomato expression in HSCs were contemporary induced by
TAM treatment. After induction, lineage tracing of HSC differentiation output was followed by PB
flow cytometry analysis every 4 weeks, while iFAST3D BM histology to quantify HSPCs was
performed at 24 hours and 7 days after treatment (Figure 4e). At 24 hrs after TAM, only HSCs

brighty “and positive for TdTomato (TdTomato’) were

brightly expressing ZsGreen (ZsGreen
detectable together with a few HSC DPs in which daughter cells were equally
ZsGreen™€"TdTomato" in both WT and SEC™#*° recipient mice. This data is suggestive of the
existence of a differentiation priming rather than an alteration of cell fate commitment at such an
early stage (Figure 4f). 7 days after TAM induction, it was possible to identify 5 subsets of
TdTomato " cells. In agreement with previous reports47'48, in bona fide we associated the different
cell subsets to different stages of hematopoietic stem and progenitor cell differentiation.
ZsGreen™€"TdTomato" and Exclusion Markers negative (EM") cells were identified as HSCs. Since
the EM staining includes CD41 together with other lineage markers, we reasoned that
ZsGreen™€"TdTomato'EM" cells might be myeloid biased HSCs (My-HSCs) characterized by
CD41 expressi0n49.ZsGreendideTomato+EM' cells were identified as early committed progenitors
(eProg), ZsGreen TdTomato EM™ cells were associated to committed progenitors (cProg) and
ZsGreen TdTomato EM" cells were defined as early differentiated cells (Diff) (Figure 4e and
Figure S6b-f and Supplementary videos SV_01 and SV_02). The analysis reveals an increased
frequency of My-HSCs in SEC'**° mice compared to WT, while HSCs are not affected (Figure
4g-h and Figure S6c¢ and Supplementary videos SV_03 and SV_04). Of note, sinusoidal Jag2

knock-out increases clustering of the My-HSCs fraction (Figure 4i). eProg frequency is not affected
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by sinusoidal Jag2 deletion, which instead strongly reduces cProg frequency (Figure 4j-k and
Figure S6h-i). Importantly, PB lineage tracing analysis of HSC differentiation output at longer time
point by flow cytometry indicates that in SEC'*™° mice differentiation capacity of HSCs is
significantly impaired, resulting in a reduction in all differentiated cell production in PB (Figure 41-
m and Figure S61 and Supplementary videos SV_05 and SV_06).

Collectively, these results suggest that sinusoidal Jag2 deletion induces an increase of symmetric
HSC divisions, which is associated to an alteration in the fate of daughter cells characterized by an
expansion of clustering My-HSCs and a reduction in committed progenitor output, supporting the

impairment in regenerative capacity as measured by competitive transplantations.

Jag2 cis-inhibits Notch activity in aged HSCs

Notch signaling is suggested to be important for driving aging phenotypes but in many tissues,
including the hematopoietic system, its function upon aging is so far poorly characterized®!. To
gain insight into a possible role of Notch signaling upon HSC aging, we analyzed aged (>80-week-
old mice) HesIp-2dEGFP mice. The data shows that most aged HSCs do not express the reporter
gene (Notch inactive HSC) (Figure 5a) and the amount of Notch inactive HSC significantly
increases upon aging (Figure 5b). To note all HSCs express Notch receptor 2 (Notch2) and a few
HSCs (~2%) express also Notchl (Figure S7a-c, k) suggesting that the reduction in Notch activity
depends on a decrease in Notch trans-activation rather than on changes of Notch receptors
expression.

Accordingly, aged Notch active HSCs are exclusively found close to sinusoids, while aged Notch
inactive HSCs are significantly further away from sinusoids (Figure Sc-e and Figure S7d).

Moreover, like in young mice, also in aged HesIp-2dEGFP mice Notch active HSCs are mainly
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epipolar and are closer to sinusoids and endosteum compared to Notch inactive HSCs (Figure S7e-
2).

HSC clustering is an intrinsic phenotype characteristic of aged HSCs, where two or more HSCs are
found in close proximity (<19mm) to each other'®*"**?*% In aged Heslp-2dEGFP mice, HSC
clustering is generally increased, and mainly aged Notch inactive HSCs are found closer to each
other and more in cluster compared to Notch active HSCs (Figure 5f-h).

Interestingly, while we previously reported a significant decrease of Jag2 expression in aged Nes-
GFP"e" cells and at arteriolar endothelial BM cells®®, we observed now that aged HSCs themselves
express Jag2 (Figure 5i) and that the frequency of Jag2” HSCs significantly increases upon aging
(Figure 5j). Increased Jag2 expression in aged HSCs correlates with HSC clustering, as Jag2"
HSCs are closer to one another and more clustered compared to the negative counterpart (Figure
5k-1). To understand whether HSC clustering is regulated by endothelial Jag2, we measured the
distribution of HSCs in SEC™#**° mice. Data shows a decrease in the minimum distance between
HSCs and an increased HSC clustering in SEC™#%° mice, correlated to an increased number and
frequency of Jag2 expressing HSCs (Figure 5m-o). To further dig into Jag2" HSCs, we pooled and
interrogated our recently published scRNA-seq datasets from young and aged mice™?2. Cell
annotation was done manually based on the cluster’s marker genes and by using previously
published signatures (Figure 6a, Figure S7h-i and Supplementary Table 1). Jag2" cells were
mainly found in the HSC cluster, both in young and aged mice (Figure 6b). Differential gene
expression analysis comparing Jag2" vs Jag2” HSCs showed 26 differentially expressed genes (18
up- and 8 down-regulated genes; Figure 6¢ and Supplementary Table 2). Gene set enrichment
analysis (GSEA) showed a significant positive enrichment of the aging signature defined by
Svendsen et al®*. in Jag2" HSCs, as well as of the low-output signature defined by Rodriguez-

Fraticelli et al.”®, while the high-output signature was significantly decreased (Figure 6d).
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Furthermore, the myeloid-biased HSC signature described in Mann et al.>®

was positively enriched
in Jag2" HSCs and the non-myeloid-biased HSC signature was significantly downregulated
(Figure 6d). D114 and Jagl are expressed at low level in HSCs and their expression is not changed
upon aging (Figure S7j-1 and Supplementary Table 3). Almost all HSCs express Notch2 (Figure
S7b) and, accordingly, most Jag2" HSCs co-express Notch2. Conversely, few HSCs express
Notchl, whose expression is not changed upon aging nor upon SECJag2KO (Figure 6e, Figure
S7m-n and Supplementary Table 3), and even fewer HSCs (3,01%) co-express Notchl and Jag2.
By iFAST3D histology, we confirmed that Notch2 and Jag2 expression completely overlaps in aged
HSCs and that Notch2 and Jag2 co-localize in aged HSCs that are in clusters (Figure 6f). Since we
observed that in aged Heslp-2dEGFP mice HSC clustering is mainly affecting Notch inactive
HSCs (Figure 5f-h), we reasoned that Jag2-Notch2 co-expression in HSCs might lead to cis-
inhibition of Notch signaling. To test this hypothesis, we applied SigHotSpotter37 to estimate
signaling activation in young and aged Jag2" vs Jag2” HSCs. SigHotSpotter identifies hotspots of
signaling pathways which are involved in the sustained transmission of external niche signals
responsible for the stable maintenance of cell subpopulation phenotypes and functions by
integrating signaling and transcriptional networks®’. Remarkably, SigHotSpotter identified Notch2
signaling activation in Jag2™ HSCs, together with Bmpr2 and a few other pathways (Figure 6g-h).
Jag2" HSCs showed low probability of Notch2 activation (meaning that Notch2 is likely inactive),
while displaying high probability of active Vwf, TgfB1, and Rock2 signaling among others. None
of the signaling pathways active in Jag2" HSCs has been previously associated with Notch
signaling inhibition (Figure 6g-i and Supplementary Table 4). Overall, we conclude that Jag2"
HSCs show significant enrichment for aging, low-output and myeloid-biased signatures, and

display Notch2 inactive signaling likely induced by Jag2 cis-inhibition of Notch2 activity.
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To further strengthen our conclusion, we tested Jag2 expression in aged HesIp-2dEGFP mice.
Noteworthy, most aged Notch inactive HSCs express Jag2, supporting that Jag2 cis-inhibits Notch
as suggested by the SigHotSpotter results (Figure 7a-b). Moreover, Notch inactive aged Jag2"
HSCs also display a reduction in the minimum distance between them and an increased clustering
compared to the Jag2 negative counterpart, suggesting that Jag2 expression in aged HSCs might
also promote HSC clustering (Figure 7c-e). To demonstrate that Jag2 expression in HSCs is
necessary for HSC clustering and expansion, we transplanted BM cells isolated from Rosa26Cre™*"
Jagzﬂ/ﬂ mice into WT CTRL or SEC Jag2KO recipients inducing the contemporary deletion of Jag2
in HSCs and in SECs 6 weeks after transplantation (Figure 7f). iFAST3D analysis 7 days after the
induction of Jag2 deletion in both HSCs and SECs demonstrated that Jag2 deletion in HSCs
counteracts the increase in HSCs frequency and clustering, which is triggered by SEC Jag2KO
(Figure 7g-i). Collectively, we conclude that Jag2 expression in HSCs is necessary to induce HSC
expansion and clustering.

In conclusion the absence of sinusoidal Jag2 leads to an increase in Jag2 expression in HSCs that

cis-inhibits Notch signaling promoting HSC clustering upon aging (Figure 6j).

Discussion

Notch signaling in hematopoiesis has been largely investigated during embryonic development,
while data supporting the relevance of Notch signaling for adult hematopoiesis remains
controversial*®"®°. Here, we reveal an unexpected role of Notch signaling in preserving the
regenerative potential of HSCs upon aging. Our data shows that Notch signaling activation is not
homogeneous within the adult HSC pool and depends on HSC localization in proximity to Jag2"
SECs. The non-homogeneous Notch activation in adult HSCs reflects the heterogeneity of the adult

HSC pool and reveals that Jag2 trans-activation of Notch signaling in HSC depends on the vascular

[Type here] 15

G20z 4990300 80 U0 }sonb Aq ypd 5059201202 POOIA/0Z9S | ¥2/S0S920¥Z0Z POOIA/Z8 L L 0L /1op/pd-ajonte/poolq/Bio-suonedliandyse//:dpy wouy papeojumoq



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

niche since development to adulthood® %% In SEC™° mjce, HSC quiescence and
differentiation priming are altered, Notch inactive HSCs increase in number, H4K16ac polarity
decreases, and symmetric divisions are more frequent, resulting in expansion and clustering of My-
HSCs, paralleled by impaired hematopoietic regeneration (Figure 7j). Moreover, upon sinusoidal
Jag2 deletion, HSC functional impairment persists upon serial transplantations in wild-type
recipients, supporting that an extrinsic change in the niche can induce a long-term HSC intrinsic
alteration, as reported previously for other BM stroma cells®®. In agreement with the previously
reported decrease of Jag2 expression in aged Nes-GFP"" cells and at arteriolar endothelial BM
cells, the fraction of Notch inactive HSCs expands upon aging. Aged Notch inactive HSCs localize
far away from sinusoids and are found in clusters'®,

Moreover, our data contributes by revealing that Notch trans-activation persists in the subset of
aged HSCs close to and dependent on sinusoidal-Jag2 stimulation, while it is lost in the fraction of
My-HSCs that in the absence of sinusoidal Jag2 expands and clusters, contributing to the

21,22,66

microanatomical remodeling of the aged BM niche and overall affecting the regenerative

capacity of the aged hematopoietic system67

. It has been shown that aged ECs impair the
repopulating capacity of young HSCs imposing a myeloid bias. On the contrary, young ECs
restored the repopulating capacity of aged HSCs enhancing hematopoietic recovery following
myelosuppressive injury or transplantation, even if they were unable to reverse the intrinsic myeloid
bias’®. Our data mechanistically explains this previous observation and reconciles the apparent
discrepancy between extrinsic and intrinsic regulation of HSC aging by revealing that the reduction
of sinusoidal Jag2 alters HSC priming and function and induces the expression of Jag2 in My-
HSCs, which expand, cluster and are differentiation impaired.

Furthermore, our data agrees with previous reports demonstrating that Notch2 activity induces the

expression of genes that impede myeloid differentiation, enhancing the self-renewal of HSCs
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and preventing their depletion caused by rapid differentiation®. Consistently, here we show that
Notch inactivation increases myeloid fate priming and decreases the regenerative capacity of HSCs.
Further, we expand on this point by showing that Notch inactive HSCs upregulate Jag2 and
maintain an impaired regenerative capacity upon serial transplantation in Jag2 competent (wild
type) mice. This reduced ability to receive signals from signaling sending cells while expressing
both Notch ligand and receptor is fulfilling the criteria that defines cis-inhibition®® and in our
context this may help explain, at least in part, the reduced regenerative capacity of aged HSCs when
transplanted in young niches. Importantly, our data highlights the critical role of precise Notch
regulation in aged HSCs, while not excluding the involvement of other Notch regulatory
mechanisms in Notch active HSCs, such as lateral inhibition. Further investigation into this aspect
could provide valuable insights into how these mechanisms shape the architecture of HSPC
differentiation®®"®.

During embryonic development Notch signaling is oscillatory in various systems and these
oscillations are essential to determine cell fate, indicating the necessity of a fine balance in the
regulation of Notch signaling activation in different cells and in the same cell over time. In the
embryo, Notch signaling trans-activation is necessary for HSC emergence. However, Notch activity
needs to be dampened once HSCs have been specified and this is achieved by a Jagl-driven cis-
inhibitory signal in emergent HSCs®. Now our data show that in response to the reduction of
endothelial Jag2 in the aged BM vasculature, HSCs switch from a niche-driven extrinsic Notch
trans-activation to an intrinsic Jag2 cis-inhibition to block differentiation, resembling what happens
during development, where Notch cis-inhibition arrests differentiation of nascent HSCs**'2
However, upon aging this Notch trans-activation to cis-inhibition switch plays an antagonistic

pleiotropic effect by blocking HSCs in clusters, ultimately impairing aged HSC regenerative

capacity (Figure 7j). Notch signaling cross talks with several signaling pathways, and we cannot
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exclude that this occurs also upon HSC aging. However, in Jag2" HSCs we were unable to identify
the occurrence of any signaling crosstalk previously associated with Notch inhibition. In fact, while
SigHotSpotter analysis detected high probability of Notch2 activity in Jag2” HSCs, the same signal
network analysis identified several other active signaling pathways in Jag2" HSCs, including TGF-

B1 and Vwf, previously associated with myeloid bias"™

. However, none of the signaling pathways
found active in Jag2" HSCs has been previously reported to inhibit Notch signaling, supporting
Jag2 cis-inhibition (Figure 6g-i and Supplementary Table 4).

Collectively, we demonstrate a key role of Notch signaling for adult HSCs. We show that the
reduction of sinusoidal Jag2 expression underlies a switch from Notch trans-activation to cis-
inhibition in aged HSCs, shifting HSC fate commitment upon division for a subset of stem cells
from an extrinsic to an intrinsic driven regulation. Furthermore, we highlight the existence of an
unexpected antagonistic pleiotropy of Notch signaling upon HSC aging, which favors the expansion
of My-HSCs at the expense of hematopoietic differentiation and regeneration. Finally, we
demonstrate that a Notch signaling-mediated crosstalk between extrinsic BM signals and HSC
intrinsic features contributes to the maintenance of HSC regenerative capacity throughout life. This
finding might extend to other tissues that depend on Notch signaling to regulate somatic stem cell
activity for regeneration and aging and might as well be relevant to human HSC aging and

regenerative medicine applications, since a similar phenotypic expansion of HSCs has been

reported in healthy elderly bone marrow donors.
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Figure Legends

Figure 1| Notch signaling activation in adult HSCs depends on BM localization and
regulates HSC epipolarity.

a) Representative 3D reconstruction of EGFP expression in HSC of adult HesIp-2dEGFP
mice as readout of Notch signaling activation. EGFP negative HSCs are labelled Notch
INACTIVE while EGFP expressing HSCs as Notch ACTIVE. b) Pie chart showing the
percentage of Notch active and inactive HSC in adult young HesIp-2dEGFP mice n=3. c-d)
Representative 3D reconstruction of Notch active HSC localization in proximity to sinusoids
(c) and arteries (d) Yellow dotted lines highlight the vessel shape and yellow arrowheads point
at HSCs. e) Representative 3D reconstruction of HSC distance from the endosteum in
dependance of Notch signaling activation. Dotted lines indicate HSC distance from the
endosteum, grey and green dots represent respectively Notch inactive and active HSCs. f)
HSC distance from sinusoids, arteries and endosteum. Median with 95% CI, Mann-Whitney
two tail. Each single point is the measurement of the distance of single HSC from the
analyzed niche compartment, biological n=3. g) Representative 3D reconstruction of
H4K16ac polar and apolar distribution in HSCs. h-i) Percentage of H4K16ac polarity in
Notch active and inactive HSCs in adult young HesIp-2dEGFP mice by iFAST3D. Pie chart

(h) n=3. Bar plot (i) shows meantSEM, Unpaired t-test one tail, n=3. See also Figure S1-S2.

Figure 2| Sinusoidal Jag2 deletion reduces HSC regenerative capacity after

myeloproliferative stress and decreases Notch signaling activation in HSCs.

a) Cartoon scheme representing the mouse model used to selectively delete Jag2 from the

sinusoidal compartment. Created with BioRender.com. b) Schematic representation of SFU
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treatment in SEC Jag2KO mice and bleeding points. ¢) Probability of survival after SFU
treatment., Mantel-Cox test. WT CTRL n=8 and SECJag2KO n=10. d), number of white
blood cell (WBC), percentage of lymphoid cells, number of monocytes and granulocytes,
percentage of myeloid cells, number of red blood cells (RBC) and hemoglobin (HGB)
concentration at the analyzed timepoints after SFU-induced myeloproliferative stress.
MeantSEM. Linear model for single time point analysis and for time-trend analysis, WT
CTRL n=8 and SECJag2KO n=10. e) Schematic representation of transplantation of BM cells
from Heslp-2dEGFP mice into SEC Jag2KO lethally irradiated recipients. Total BM
transplant has been performed by intravenous injection of 2*1076 total BM cells isolated from
HesIp-2dEGFP donor mice into lethally irradiated VEGFR3Cre™*Jag2/I/fl recipients. TAM
induction of Jag2 deletion has been obtained by 3 consecutive days of TAM injections 6 week
after irradiation. Recipients BM has been analyzed by iFAST3D histology 7 days from the
induction of sinusoidal Jag2 deletion. f) Percentage of Notch inactive and inactive HSCs in
recipient mice by iIFAST3D. Mean+SEM, One-way ANOVA Tukey multiple comparison test,
WT CTRL n=3 and SECJag2KO n=3. g) Representative 3D reconstruction of Notch active
HSCs in WT CTRL or SEC Jag2KO recipients. Sinusoids are contoured by a dotted blue line
while arteries by a dotted yellow line. The upper panel shows a Notch active HSCs (green
EGFP+ HSCs) in WT CTRLs residing near sinusoids while the lower panel shows a Notch
active HSC residing close to an artery but far from a sinusoid. h) Minimum distance from the
closest sinusoid of Notch inactive and inactive HSCs in recipient mice. Median with 95% CI,
Kruskal-Wallis two tail Dunn’s multiple analysis test. Each single point is the measurement of
the distance of single HSC from sinusoids, biological n: WT CTRL n=3 and SECJag2KO
n=3. 1) Percentage of Notch inactive and inactive HSCs in recipient mice in proximity to
sinusoids (distance HSC-vessel<10um). MeantSEM, One-way ANOVA Tukey multiple

comparison test, WT CTRL n=3. See also Figure S3.
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Figure 3| Sinusoidal Jag2 deletion increases HSC frequency and impairs HSC

regenerative capacity upon transplantation.

a) Representative 3D reconstruction of HSC frequency in the BM of WT CTRL and SEC
Jag2KO mice. b) HSC number in the BM of SEC Jag2KO mice 7 days after TAM induction
of sinusoidal Jag2 deletion analyzed by iFAST3D histology. Mean+SEM, Unpaired t-test one
tail, WT CTRL n=3 and SEC Jag2KO n=3. c) Percentage of H4Kl6ac polarity in
SECJag2KO compared to WT CTRL mice analyzed by iFAST3D histology 7 days after TAM
induction of sinusoidal Jag2 deletion. MeantSEM, n=3, Unpaired t-test one tail, WT CTRL
n=3 and SECJag2KO n=3. d) Representative 3D reconstruction of epipolar HSC localization
in WT CTRL and SEC Jag2KO mice 7 days after TAM treatment. Sinusoids are contoured by
yellow dotted lines while HSCs by green dotted lines. Pink box highlighted the magnification
area containing the HSC. e) Minimum distance from the closest sinusoid and artery of
epipolar HSCs in WT CTRL and SEC Jag2KO mice treatment. Median with 95% CI, Mann-
Whitney two tail. Each single point is the measurement of the distance of single HSC from
sinusoids, biological n: WT CTRL n=3 and SECJag2KO n=3. f) Schematic representation of
transplantation of BM cells from WT CTRL or SEC Jag2KO mice into lethally irradiated
Cd45.1 recipients. Primary transplantation end point after 22 weeks followed by BM profiling
and secondary transplantation into lethally irradiated Cd45.1 recipients for a duration of 20
weeks. Cartoon scheme created with BioRender.com. g) PB engraftment analysis upon
primary (Tx_I) and secondary (Tx II) transplantation. Mean+SEM, Unpaired t-test one tail at
each time point. Tx I: 4 weeks WT CTRL n=12 and SECJag2KO n=12, 8 and 12 weeks WT
CTRL n=8 and SECJag2KO n=7 and at 16 weeks WT CTRL n=11 and SECJag2KO n=10;
Tx II : 4 weeks WT CTRL n=8 and SECJag2KO n=8, and 16 weeks WT CTRL n=6 and
SECJag2KO n=6. Each dot represents the average value for each time point. Total BM

transplant has been performed by intravenous injection of 1*1076 total BM cells isolated from
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donor VEGFR3CreMJag2/l/fl mice mixed with an equal amount of competitor cells into
lethally irradiated BoylJ recipients upon primary transplantation. 2*10"6 total BM cells
isolated from primary recipients were used for secondary transplantation cells into lethally
irradiated BoylJ recipients. h) Percentage of donor-derived engrafted cells in the BM after 20
weeks from primary transplantation. Mean=SEM, Unpaired t-test one tail, WT CTRL n=8 and
SEC Jag2KO n=8. Each dot represents a single mouse. i) Percentage of donor-derived LT-
HSC, ST-HSC and L-MPP after 20 weeks from primary transplantation. Mean+SEM,
Unpaired t-test one tail, WT CTRL n=8 and SEC Jag2KO n=8. Each dot represents a single
mouse. j) Percentage of donor-derived engrafted cells in the BM after 20 weeks from
secondary transplantation. MeantSEM, Unpaired t-test one tail, WT CTRL n=6 and SEC
Jag2KO n=6. Each dot represents a single mouse. k) Percentage of donor-derived LT-HSC,
ST-HSC and L-MPP after 16 weeks from secondary transplantation. Mean+SEM, Unpaired t-
test one tail, WT CTRL n=6 and SEC Jag2KO n=6. Each dot represents a single mouse. See

also Figure S4.

Figure 4| Sinusoidal Jag2 deletion alters HSC divisional symmetry and priming and

reduces HSC differentiation capacity.

a) Schematic representation of the analysis of HSC DP by iFAST3D histology. Cartoon
scheme created with BioRender.com. b) Representative 3D reconstruction and main z-plan in
2D of HSC symmetric and asymmetric HSC division. Symmetry or Asymmetry of HSC
division is evaluated by H4K16ac amount segregation between the daughter cells. Analysis of
H4K16ac amount inheritance in the daughter cells is calculated in 2D (latest panel on the
right) on the main z-plane of the DP and is measured (yellow line) perpendicularly to the
division plane (dotted grey axis). On the right, analysis of H4K16ac intensity in the daughter

cells of the DP separated by the division plane (dotted grey axis). The HSC DP is contoured
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by yellow dotted lines and pointed by a yellow arrow. ¢) Number of DP in WT CTRL and
SEC Jag2KO mice. MeantSEM, Mann-Whitney one tail, WT CTRL n=3 and SEC Jag2KO
n=3. d) Number of symmetric and asymmetric DP in WT CTRL and SEC Jag2KO mice.
MeantSEM, Kruskal-Wallis Dunn’s multiple test analysis, WT CTRL n=3 and SEC Jag2KO
n=3. e) Schematic representation of the transplantation strategy used to transplant
Fgd5ZsGreen-tdTomato BM cells into lethally irradiated WT CTRL or SEC Jag2 KO
recipients. Total BM transplant has been performed by intravenous injection of 1*10"6 total
BM cells isolated from Fgd5ZsGreen-mTdTomato donor mice mixed with an equal amount of
competitor cells into lethally irradiated VEGFR3CreMerJag2fl/fl recipients. 6 weeks after
transplantation tomato expression and Jag2 deletion were contemporary induce by 3 days of
consecutive TAM treatment. BM iFAST3D analysis has been performed 24-28h or 7 days
after TAM treatment. Nomenclature of Fgd5ZsGreen-tdTomato donor-derived cells identified.
Cartoon scheme created with BioRender.com. f) Representative 3D reconstruction of
Fgd5ZsGreen-tdTomato DP 24-28 hours after TAM. The HSC DP is contoured by yellow
dotted lines and pointed by a yellow arrow. g) Number of Fgd5zsGreentdTomato derived
HSC and My-HSCs. MeantSEM, Unpaired t-test one tail. WT CTRL n=3 and SECJag2KO
n=3. h) Representative 3D reconstruction of donor-derived My-HSC frequency in the BM of
WT CTRL and SEC Jag2KO recipients. 1) Fold difference of the percentage of HSC and My-
HSCs in cluster in WT CTRL and SEC Jag2KO mice. MeantSEM, Kruskal-Wallis Dunn’s
multiple test analysis. WT CTRL n=3 and SECJag2KO n=3. 7)) Number of
Fgd5zsGreentdTomato derived cProg. Meant=SEM, Unpaired t-test one tail. WT CTRL n=3
and SECJag2KO n=3. k) Representative 3D reconstruction of donor-derived cProg frequency
in the BM of WT CTRL and SEC Jag2KO recipients. 1) Donor-derived cells differentiation
output in PB upon transplant in WT CTRL or SEC Jag2KO mice. Mean+SEM, Two-way

ANOVA. WT CTRL n=5 and SECJag2KO n=4. m) Donor-derived cells T, B and myeloid
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cells in PB upon transplant in WT CTRL or SEC Jag2KO mice. Mean+SEM, Two-way

ANOVA. WT CTRL n=5 and SECJag2KO n=4.

Figure 5| Notch signaling activation decreases upon aging while Jag2+HSCs and

clustering increase.

a) Representative 3D reconstruction of Notch active and inactive cell distribution and
frequency in the BM upon aging. b) Number of Notch active and inactive HSCs in young and
aged mice. MeantSEM, One-way ANOVA Tukey’s multiple analysis test, young n=3 and
aged n=3. c-e) Minimum distance from the closest sinusoid (c), artery (d) and from the
endosteum (e) of Notch active and inactive HSC in aged mice. Median with 95% CI, Mann-
Whitney two tail, Each single point is the measurement of the distance of single HSC from
sinusoids, arteries or endosteum, biological n=3. f) Representative 3D reconstruction of Notch
inactive HSC in cluster. HSCs are contoured by a yellow dotted line. g) Percentage of Notch
active and inactive HSCs in cluster in young and aged mice. MeantSEM, One-way ANOVA
Tukey’s multiple analysis test, young n=3 and aged n=3. h) Minimum distance of Notch
active and inactive HSCs from the closest HSC in young and aged mice. Median with 95%
CI, Kruskal-Wallis two tail Dunn’s multiple analysis test. Each single point is the
measurement of the distance of single HSC from the closest HSC, biological n: young n=3
and aged n=3. 1) Representative 3D reconstruction of Jag2 expressing HSCs in cluster. HSCs
are contoured by a yellow dotted line. j) Percentage of Jag2 expressing (Jag2 positive) and
non-expressing (Jag2 negative) HSC in young and aged mice by iFAST3D. Mean+SEM, One-
way ANOVA Tukey’s multiple analysis test, young n=5 and aged n=5. k) Minimum distance
of Jag2 positive and negative HSCs from the closest HSC in young and aged mice. Median
with 95% CI, Kruskal-Wallis two tail Dunn’s multiple analysis test. Each single point is the

measurement of the distance of single HSC from the closest HSC, biological n: young n=5
[Type here] 32

G20z 4990300 80 U0 1senb Aq ypd'505920120Z POOIA/0Z9S | #2/S0S920720T POOIA/Z8L L 0L /1op/pd-ajoie/poolq/Bio-suonedligndyse//:dyy wouy papeojumoq



and aged n=5. 1) Percentage of Jag2 positive and Jag2 negative HSCs in cluster in young and
aged mice by iFAST3D. MeantSEM, One-way ANOVA Tukey’s multiple analysis test, young
n=5 and aged n=5. m) Minimum distance of Jag2 positive and Jag2 negative HSCs from the
closest HSC in WT CTRL and SEC Jag2KO mice. Median with 95% CI, Kruskal-Wallis two
tail Dunn’s multiple analysis test, Each single point is the measurement of the distance of
single HSC from the closest HSC, biological n: WT CTRL n=3 and SEC Jag2KO n=3. n)
Percentage of Jag2 positive and Jag2 negative HSCs in cluster in WT CTRL and SEC Jag2KO
mice. MeantSEM, One-way ANOVA Tukey’s multiple analysis test, WT CTRL n=3 and SEC
Jag2KO n=3. 0) Number of Jag2 positive and Jag2 negative HSCs in WT CTRL and SEC
Jag2KO mice. Mean+SEM, One-way ANOVA Tukey’s multiple analysis test, WT CTRL n=3

and SEC Jag2KO n=3. See also Figure S6.

Figure 6| Jag2 expression is linked to Notch signaling cis-inhibition in HSCs.

a) scRNA-seq clustered UMAP of LSKs. HSC: hematopoietic stem cells; MPP: multipotent
progenitor cells; LMPP: lymphoid MPP; CMP: common myeloid progenitors; CLP: common
lymphoid progenitors. b) Jag2+ and Jag2- cells in the UMAP. c) Differential expression
results in Jag2+ vs Jag2- HSCs. Log2FC: logarithmic 2-fold change. Significantly
(Bonferroni adjusted p-value < 0.05 and |log2FC| > 0.58) upregulated (green) and
downregulated (pink) are shown. Top 6 genes are labelled. Jag2's (triangle) log2FC is out of
the margin of the plot. d) GSEA enrichment for gene signatures of HSC aging, low/high-
output HSCs, and myeloid-biased HSCs***>"™ in Jag2+ vs Jag2- HSCs. NES: normalized
enrichment score. Green line: significantly positively enriched in Jag2+; pink line:
significantly negatively enriched in Jag2+. Permutation test with Benjamini-Hochberg (BH)
p-value adjustment. e) Jag2+, Notch2+ and Jag2+Notch2+ cells in the UMAP. f)

Representative 3D reconstruction of Jag2 and Notch2 expression in aged HSCs in cluster.
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Notch2" Jag2" HSCs are contoured by a light blue dotted line. g) Cleveland plot showing the
activation probability determined by SigHotSpotter of the top signaling molecules in Jag2-
and Jag2+ HSCs. Molecules with an activation probability of greater than 0.55 in one
population and smaller than 0.45 in the other population are considered to be differentially
active. h,1) Schematic representation of the signaling networks of (h) Notch2 in Jag2- HSCs
and (1) Tgfbrl in Jag2+ HSCs. Selected signaling cascades are depicted. Solid lines represent
direct interactions while dashed lines represent signaling cascades involving multiple

proteins.

Figure 7| Jag2 expression in HSCs induces HSC clustering.

a) Number of Jag2 positive and negative HSCs within the Notch inactive fraction of aged
HSCs of Heslp-2dEGFP mice. Meant=SEM, Unpaired t-test one tail, n=3. b) Representative
3D reconstruction of Jag2 expressing Notch inactive HSCs in cluster. Notch inactive Jag2"
HSCs are contoured by a yellow dotted line. ¢) Minimum distance of Jag2 positive and Jag2
negative HSCs from the closest HSC within the Notch inactive fraction of aged HSCs of
Hesp-2dEGFP mice. Median with 95% CI, Mann-Whitney two tail, Each single point is the
measurement of the distance of single HSC from the closest HSC, biological n=3. d)
Percentage of Jag2 positive and Jag2 negative HSCs in cluster within the Notch inactive
fraction of aged HSCs of HesIp-2dEGFP mice by iFAST3D. MeantSEM, Unpaired t-test
two tail, n=3. e) Percentage of Notch active and Notch inactive HSC withing the Jag2 positive
HSCs in cluster of aged HSCs of HesIp-2dEGFP mice by iIFAST3D. MeantSEM, Unpaired
t-test one tail, n=3. f) Schematic representation of the transplantation strategy used to
transplant Jag2KO BM cells into lethally irradiated WT CTRL or SEC Jag2 KO recipients. 6
weeks after transplantation, Jag2 deletion in donor-derived HSCs and at SECs were

contemporary induce by 3 days of consecutive TAM treatment. BM iFAST3D analysis has
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been performed 7 days after TAM treatment. Cartoon scheme created with BioRender.com.
g) Number of HSCs Jag2 WT and Jag2 KO identified by iFAST3D in WT CTRL and SEC
Jag2KO recipients 7 days after TAM treatment. MeantSEM, One-way ANOVA Tukey’s
multiple analysis test, WT CTRL n=3 and SEC Jag2KO n=3. h) Percentage of Jag2 WT and
Jag2 KO HSCs in cluster identified by iFAST3D in WT CTRL and SEC Jag2KO recipients 7
days after TAM treatment. MeantSEM, One-way ANOVA Tukey’s multiple analysis test, WT
CTRL n=3 and SEC Jag2KO n=3 i) Minimum distance of Jag2 WT and Jag2 KO HSCs from
the closest HSC in WT CTRL and SEC Jag2KO recipients. Median with 95% CI, Kruskal-
Wallis two tail Dunn’s multiple analysis test. Each single point is the measurement of the
distance of single HSC from the closest HSC, biological n: WT CTRL n=3 and SEC Jag2KO

n=3. j) Schematic summary of the described results. Created with BioRender.com.
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Figure 1: Notch signaling activation in adult HSCs depends on BM localization and
regulates HSC epipolarity
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Figure 2: Sinusoidal Jag2 deletion reduces HSC regenerative capacity after
myeloproliferative stress and decreases Notch signaling activation in HSCs.
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Figure 4: Sinusoidal Jag2 deletion alters HSC divisional symmetry and priming and
reduces HSC differentiation capacity.
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Figure 5: Notch signaling activation decreases upon aging while Jag2+HSCs and clustering
increase.
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igure 6: Jag2 expression is linked to Notch signaling inhibition in HSCs.
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igure 7: Jag2 expression in HSCs induces HSC clustering.
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