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Aging profoundly alters the bone marrow (BM) microenvironment and impairs hematopoietic stem cell (HSC) function. Here,
we identify decrease of miR-126 derived from arteriolar endothelial cells (EC) as a key mechanism of impaired HSC self-re-
newal capacity during aging. In young BM, arteriolar EC express high levels of miR-126, which is transferred to HSC and
supports these cells’ homeostasis and functional integrity. Using young and aged wild-type, endothelial-specific miR-126
knockout (EC-miR-126 KO), EC-Spred1 knockout (a functional model of EC-miR-126 upregulation), and EC/Sca-1 dual fluo-
rescent reporter mice, we show that age-related increase in inflammatory cytokines (such as TNFa) reduces EC miR-126
expression and in turn drives loss of miR-126"e" CD31*Sca-1"e" EC-lined arterioles in the aging BM niche. Loss of arterioles
in turn decreases the EC miR-126 supply to HSC, leading to expansion of HSC with limited self-renewal capacity. Remark-
ably, administration of a synthetic miR-126 mimic oligonucleotide restores EC-HSC communication and rescues aging-re-
lated HSC dysfunction. Our findings uncover a novel, non-cell-autonomous mechanism of HSC aging and highlight EC-derived
miR-126 as a promising therapeutic target to rejuvenate hematopoiesis.

Introduction

Adult hematopoiesis is sustained by hematopoietic stem
cells (HSC) residing in the bone marrow (BM). These primi-
tive cells possess the capacity for self-renewal, expansion,
and differentiation.™? Although HSC appear morphologi-
cally and immunophenotypically similar, there is growing
evidence to indicate that they are functionally heteroge-
neous, comprising distinct subsets with lineage-biased
transcriptomic profiles.*®* These subsets eventually give
rise to lineage-committed progenitor cells, which further
differentiate into mature blood and immune cells.3-5

The aging hematopoietic system presents with increased
myelopoiesis, impaired adaptive immunity, and a functional
decline of the HSC, despite their increased frequency as
compared with young counterparts.**® The HSC functional
decline is characterized by reduced regenerative potential,
impaired homing ability, loss of cell polarity, and a shift
toward myeloid-biased differentiation at the expense of
lymphopoiesis.®™® The mechanisms underlying these age-re-
lated changes are not yet fully understood but likely involve

several mechanisms including DNA damage,""? mitochon-
drial dysfunction,®" inflammation,®'"® and dysregulation of
replication stress responses,” DNA repair pathways,®2°
and metabolic processes,?"?? among others.”®

Hematopoietic stem cells reside within a specialized BM
microenvironment known as the “HSC niche”, which is
composed of various stromal cell types including endo-
thelial cells (EC), mesenchymal stromal cells (MSC), os-
teoblasts, and extracellular matrix components; altogether
the niche regulates HSC function and homeostasis.?*?*
Functional deterioration of HSC during aging may arise
from alterations of intrinsic cellular processes,® including
a metabolic shift from glycolysis in young HSC to oxidative
metabolism in aged HSC,° as well as from changes extrinsic
to HSC and characterizing other components of the BM
niche.?2* Altogether, these changes can lead to a decline
in HSC function, including reduced self-renewal, impaired
differentiation, and increased susceptibility to malignant
transformation.?®?* Notably, aged HSC transplanted into
young recipients exhibit reduced myeloid output compared
to those transplanted into aged recipients, implicating the

Haematologica | 111 May 2026
1646



ARTICLE - Mechanism of age-related hematopoietic reduction

aged BM microenvironment in the skewing of hematopoiesis
toward the myeloid lineage.?®

The BM niche is highly vascularized, and HSC are primarily
localized in perivascular regions.?” Different classifications
of BM vessels have been reported based on the staining of
distinct markers. These include: CD31*Sca-1"¢"endomucin
(Emcn)- arterioles, CD31*Sca-1°"Emcn'°" sinusoids, and
CD31*Emcnhé type H vessels, a type of capillary found in the
metaphysis and endosteum of long bones and connecting
arterioles to sinusoids.?* Prior studies have highlighted a
critical interplay between BM vasculature and hematopoie-
sis, with arterioles playing a protective and supportive role
for HSC.?"* Ex vivo co-culture of aged EC with young HSC,
as well as in vivo infusion of aged EC in mice following
myelosuppression, suggested that aged EC impaired the
repopulating activity of young HSC and contributed to
myeloid bias of aged HSC; conversely, infusion of young
EC restored the balanced repopulating capacity of aged
HSC,*? indicating an active interplay between the vascular
component of the BM niche and HSC during aging. How-
ever, the molecular mechanisms of this interaction and
the resulting phenotypic changes are still not completely
understood.

MicroRNA (miRNA) are short non-coding RNA that regulate
gene expression post-transcriptionally. MiRNA reportedly
play a role in regulating various hallmarks of aging, such
as DNA damage response, cellular senescence, and mito-
chondrial dysfunction.?®* Genome-wide miRNA profiling of
blood samples from long-lived individuals (mean age 96.4
years) and younger controls (mean age 45.9 years) showed
a decrease of miR-126 levels with age.** miR-126 report-
edly regulates glucose and lipid metabolism in cancer and
adipose cells via inhibiting IRS1/Akt axis.**-*" Of note, while
miR-126 is highly expressed in arteriolar CD31*Sca-1"¢" EC
and acts as a master regulator of physiological angiogene-
sis,®0 it also plays a pivotal role in regulating HSC self-re-
newal.*°-** We previously reported that arteriolar EC supply
miR-126 to the BM niche and that disruption of miR-126
biogenesis leads to a reduction in CD31*Sca-1"e" EC-lined
arterioles, accompanied by a subsequent decline in EC
miR-126 supply to normal or clonal HSC.**** Understanding
how the interplay between HSC and the vascular compo-
nent of the BM niche is disrupted during aging is crucial
for developing strategies to rejuvenate the HSC function
in older individuals.

In this study, we identified changes in EC miR-126 produc-
tion as a key factor in inducing age-related HSC dysfunc-
tion. We showed that aging is associated with increased
levels of pro-inflammatory cytokines such as TNFa, which
leads to downregulation of EC miR-126, loss of arteri-
oles, and in turn decreased EC miR-126 supply to HSC.
Consequently, HSC expand, but at the expense of their
self-renewal capacity. Thus, supplementing synthetic miR-
126 mimic to the aging BM niche rescued the age-related
hematopoietic changes.
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Methods

Mouse strains

Unless otherwise indicated, 2-3-months old and
18-24-months old C57Bl/6J (B6, CD45.2) mice were re-
spectively categorized as young and aged mice. Tie2-CreER/
TdTomato/Tg(Ly6a-GFP) double fluorescent reporter mice*®
were used to visualize CD31*Sca 1Me" (tdTomato*GFPMe") and
CD31*Sca-1°" (tdTomato*GFP") EC-lined vessels. Mir126foxf/f
fTie2-cre+ (i.e., EC-miR-126 knock-out [KO]) and Spred1f
Tie2-cre+ (EC-Spred1 KO, representing a functional model
of EC-miR-126 overexpression [OE]) mice?***® were used
to obtain miR-126 KO or OE in EC. To obtain conditional
EC-miR-126 KO reporter mice, we also bred Tie2-CreER/
TdTomato reporter mice with Mir1267* mice and obtained
inducible EC-miR-126 KO reporter mice (i.e., Mir126"/Tie2-
CreER/TdTomato, miR-126 KO in EC upon tamoxifen ad-
ministration). Mouse care and experimental procedures
were performed in accordance with federal guidelines and
protocols. Procedures were approved by the Institutional
Animal Care and Use Committee at the City of Hope under
protocol IACUC 15005.

Immunofluorescent staining and 3D confocal imaging of
long bones

Long bones (tibias) from the mice were processed, sec-
tioned, and imaged, as described previously.*-#

Intravital imaging

Intravital confocal microscopy was used to image the cal-
varium BM vasculature to study the vascular permeability,
as previously described.*®

Flow cytometry analysis

Mouse cells were obtained from peripheral blood (PB) or
BM (from both tibias and femurs). Before staining for HSC,
c-Kit* cells were selected using anti-mouse CD117 microbe-
ads or Lineage™ (Lin") cells were selected using mouse
Lineage cell depletion kit (both from Miltenyi Biotec, San
Diego, CA, USA). EC were isolated from long bones (tibias
and femurs) of the mice, as previously described.*® Cells
were stained with anti-mouse antibodies (Online Supple-
mentary Table S7). HSC were identified as Lin"Sca-1*c-Kit*
(LSK) Fit3-CD150*CD48". EC were identified as CD45 Ter119-
CD31*. All analyses were performed on a Fortessa x20 flow
cytometer (BD Biosciences) and sorting was performed on
Aria Fusion instrument (BD Biosciences); data were analyzed
by BD FACSDiva or FlowJo software.

RNA sequencing

Total RNA was extracted from BM HSC (Fit3-CD150*CD48~
LSK) sorted from young (2-3-months old) and aged
(18-24-months old) mice using the miRNeasy micro Kit
(Qiagen, Valencia, CA, USA). Sequencing was performed on
an Illumina NovaSeq 6000 platform using the S4 Reagent
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Kit v1.5 in paired-end mode (2x101 cycles). The HTSeq soft-
ware (v.0.11.1)*® was applied to generate the count matrix,
with default parameters. Differentially expressed gene
(DEG) analysis was conducted by adjusting read counts
to normalized expression values using TMM normalization
method in edgeR.*%5" Genes with an FDR-adjusted P value
<0.05 and with a fold change (FC) >2 or <0.5 were con-
sidered as significantly up- and down-regulated genes,
respectively. Pathway analysis was conducted using Gene
Set Enrichment Analysis (GSEA) algorithm implemented in
clusterProfiler (v.4.14.3) package in R,%?*® where a ranked
list of whole genes according to their log2 fold change and
P values are provided.

Statistical analysis

All statistical analyses were performed using Prism version
10.0 software (GraphPad). Sample sizes chosen are indicat-
ed in the individual figure legends. All in vitro experiments
were performed 2-3 times using biologically independent
samples; in vivo experiments were performed using 6-15
mice in each group. Results were reported as mean + stan-
dard error of the mean or standard deviation. Comparisons
between groups were performed by a two-tailed, unpaired
Student t test.

Further details of the methods used are available in the
Online Supplementary Appendix.

Results

Self-renewal and repopulating capacities of aged
hematopoietic stem cells

To prioritize the relative contributions of intrinsic versus
extrinsic factors that impact on self-renewal and repop-
ulating capacities of aging HSC, we transplanted BM HSC
(Fit3-CD150*CD48" LSK) from young (2-3-months old) and
aged (18-24-months old) CD45.2 C57BL/6j wild-type (wt)
mice into age-matched young (N=10 recipient mice for
young HSC donor; N=9 recipient mice for aged HSC donor)
and aged (N=7 recipient mice for young HSC donor; N=6
recipient mice for aged HSC donor) CD45.1 C57BL/6j wt
recipient mice (200 cells/mouse) (Figure 1A). Transplanted
HSC from aged mice had consistently exhibited reduced
self-renewal and reconstitution capacities compared with
transplanted HSC from young mice, regardless of the re-
cipient age (aged vs. young HSC engraftment at 24 weeks
post transplant: 5.5% vs. 41.3%, P<0.0001 in young recipi-
ents; 1167% vs. 25.93%, P=0.001 in aged recipients) (Figure
1B, top two panels). We also observed that the donor HSC
long-term engraftment rates were consistently lower in
the aged recipients compared with the young recipients,
regardless of donor age (engraftment at 24 weeks post
transplant in aged vs. young recipients: 25.9% vs. 45.2% for
young donor HSC, P=0.0034; 117% vs. 5.53% for aged donor
HSC, P=0.01) (Figure 1B, bottom two panels).

D. Zhao et al.

We observed an approximately 10-fold enrichment of BM
HSC in aged mice compared with young mice (Figure 1C),
and a reduced regenerating capacity of aged HSC compared
to the younger counterparts, indicating that the diminished
function is partly counterbalanced by increased numbers
to maintain HSC function. To factor in the approximately
10-fold enrichment of BM HSC found in aged versus young
mice (Figure 1C), and reflect the overall regenerating ca-
pacity of the increased HSC in aged versus young mice, we
transplanted both young and aged recipients with young
or aged HSC collected from the same numbers of young or
aged mice. Briefly, we pooled HSC (Fit3-CD150*CD48" LSK)
from 5 young (2-3-months old) or 5 aged (18-24-months
old) CD45.2 C57BL/6j wt mice, yielding a total of 6,021 young
and 61,157 aged HSC, respectively, and transplanted them
into 15 young and 15 aged CD45.1 C57BL/6j wt recipient
mice (approximately 200 young HSC or 2,000 aged HSC per
mouse; N=15 mice per group) (Online Supplementary Figure
S1A) that were monitored for engraftment rates every four
weeks. We observed that regardless of recipient age, aged
HSC (2,000/mouse) showed the highest engraftment rates
at four weeks post transplant followed by a progressive
decline in hematopoiesis over time, while young HSC (200/
mouse) showed the lowest engraftment rates at four weeks
followed by a robust increase over time (Online Supple-
mentary Figure S1B, top two panels). Thus, regardless of
the age and number of the received HSC, long-term PB
and BM engraftment rates were always lower in the aged
recipients than in the young recipients (PB engraftment at
16 weeks: 19.7% vs. 38.5% for young HSC, P=0.0007; 14.8%
vs. 26.0% for aged HSC, P=0.002) (Online Supplementary
Figure S1B, bottom two panels, and Online Supplementary
Figure S1C). These results highlight that hematopoiesis and
regenerative capacity do not depend only on the age of HSC
but also on that of the BM microenvironment.

Vascular remodeling in the aged bone marrow niche

The vascular compartment of the BM niche has been shown
to affect HSC functionality.?” To determine age-related
changes in the vascular compartment of the BM niche, we
performed immunofluorescence staining and 3D confocal
imaging of vessels in tibias from 2-, 10- and 20-months
old wt mice, representing young, middle-aged, and aged
groups. Sca-1"¢" EC line arteries and arterioles while Sca-
1ew EC line sinusoids;*® type H vessels are characterized
by high expression of CD31 and Emcn, and are located
in the metaphysis and endosteum of long bones.*® Here,
we utilized a simplified CD31*Sca-1"e", CD31*Sca-1°" and
CD31*Emcnhe" staining combined with morphology exam-
ination and anatomical location to identify BM arterioles,
sinusoids and type H vessels, respectively (Online Supple-
mentary Figure S2A), as reported by us and others.*54656
Consistent with the previous finding that type H vessels
are reduced in aged mice,*® we also observed a depletion
of CD31*Emcnhieh type H vessels in metaphysis of the long
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Figure 1. Aged bone marrow niche impacts long-term regenerating capacity of hematopoietic stem cells. (A and B) Schematic exper-
imental design and results. Lineage Sca-1"c-Kit*FLT3-CD150*CD48- hematopoietic stem cells (HSC, 200/mouse) from young (2-3 months
old) and aged (18-24 months old) C57BL/6j mice (B6, CD45.2) were sorted and transplanted into age-matched young (young HSC:
N=10; aged HSC: N=9) and aged (young HSC: N=7; aged HSC: N=6) recipients (CD45.1), respectively (A). Then donor HSC engraftment
rates in peripheral blood (PB) of aged recipients versus young recipients were monitored every four weeks (w) by flow cytometry
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analysis (B). (C) Representative plots (left) and combined results (right) showing Lineage Sca-1*c-Kit*FLT3-CD150*CD48" HSC in the
bone marrow (BM) of 2,10 and 20 months (m) old mice analyzed by flow cytometry. Statistical analysis was calculated by two-tailed,
unpaired Student t test. Results shown represent mean * standard error of mean.

bone from aged versus young mice (Online Supplementary
Figure S2B), which was confirmed by flow cytometry (Online
Supplementary Figure S2C). Of note, flow cytometry analy-
sis of metaphysis region of femurs showed that almost all
EmcnMé" EC are Sca-1"¢" in both young and aged mice (On-
line Supplementary Figure S2C, left). Notably, we detected a
significant decrease in CD31*Sca-1"¢" EC-lined arterioles in
metaphysis and diaphysis of long bones in the aged mice
compared with the young mice (Figure 2A, B and Online
Supplementary Figure S3). These results were corroborated
by flow cytometry analysis showing an overall decrease in
total BM EC (CD45 Ter119-CD31%) in the aged mice, with a
significantly lower frequency of CD31*Sca-1"¢" EC that line
mainly arterioles, and a higher frequency of CD31*Sca-1°“EC
that line sinusoids, compared with the young mice (Figure
2C-E). Similar results were also obtained in a genetically
modified model carrying tamoxifen-induced Tie2-CreER/
TdTomato/Tg(Ly6a-GFP) double-fluorescent reporter that
allowed us to track EC (EC-TdTomato*, Sca-1-GFP"ien) 45 We
observed reduced BM CD31-tdTomato*Sca-1-GFP"e¢" EC-lined
arterioles in the aged double reporter mice compared with
the young double reporter mice (Figure 3A, B). Consistent
with these results, flow cytometry analysis showed reduced
Sca-1"eh EC (i.e., tdTomato* GFP"e") and increased Sca-1°v
EC (i.e., tdTomato* GFP"Y) in the aged versus young reporter
mice (Figure 3C-E).

In the BM niche, CD31*Sca-1"e" EC reportedly line imperme-
able vessels such as arterioles, and CD31*Sca-1°" EC border
permeable vessels such as sinusoids.**®” Thus, we imaged
the mouse calvaria with intravital confocal microscopy. Prior
to imaging, mice were administered with FITC-dextran (150
kDa, green) intravenously to label the vasculature.*® Con-
sistent with a decrease in CD31*Sca-1"¢" arterioles in the
aged mice (Figure 2A, B), we also observed increased vessel
permeability, as evidenced by the leakage of FITC-dextran
as diffuse staining in the calvarium by intravital confocal
microscopy (FITC-150 kDa dextran, green) compared with
the young mice (Online Supplementary Figure S4A, B).
Taken together, these findings are consistent with age-as-
sociated loss of arterioles and compensatory enrichment
of fenestrated sinusoids in the bone marrow.

“Inflammaging” induces bone marrow endothelial cell
miR-126 downregulation

Chronic inflammation in the aging BM niche, also known as
“inflammaging”®® impacts HSC function.®*-¢" We previously
reported that in pathologic conditions (i.e., acute myeloid
leukemia), blast-derived cytokines (i.e., TNFa) suppresses
miR-126 production, leading to a loss of arterioles.*® We,
therefore, hypothesized that inflammaging may also lead
to downregulation of EC miR-126, loss of arterioles, and

reduced EC-derived miR-126 supply to HSC. To test this
hypothesis, we first showed that levels of pro-inflammatory
cytokines are generally higher in aged (18-24-months old
C57BL/6j, N=14) mice compared with gender-matched young
(2-3-months old, N=10) mice (Online Supplementary Figure
S5). Next, we treated mouse EC with a panel of cytokines
(including TNFa, IFNy, IL-1a, IL-4, IL-10, IL-13, IL-16, M-CSF,
MCP-5, MIP-1a, MIP-2, RANTES, CXCL12, TNFSF12, TNFS-
F13B, TNFSF6 and angiopoietin-2) at two concentrations,
one as measured in young BM plasma and one as in aged
BM plasma by Luminex assay, for eight hours, and observed
the lowest levels of miR-126 in EC treated with TNFa at the
concentration measured in aged BM plasma (Figure 4A).
In the aged mice, we also observed a BM expansion of the
myeloid cells expressing significantly higher levels of TNFa
(Online Supplementary Figure S6A, B). This was associated
with a significant reduction in primary (pri), precursor (pre),
and mature miR-126 levels in BM EC (Figure 4B) and loss
of BM CD31*Sca-1"¢" EC and arterioles (Figure 2A-E) in the
aged mice compared with the young mice. We confirmed
these results in the aged double reporter mice (i.e., tamox-
ifen-induced Tie2-CreER/TdTomato/Tg[Ly6a-GFP]) that have
a significant reduction in EC-miR-126 expression (Online
Supplementary Figure S6C) and loss of BM CD31-tdToma-
to*Sca-1-GFP"e" EC-lined arterioles (Figure 3A, B) compared
with the young reporter mice. Treatment of BM EC from
young mice with murine recombinant (mr) TNFa (1 ng/mL,
8 hours) resulted in reduction in EC pri-, pre- and mature
miR-126 levels and Sca-1"¢" subset (Online Supplemen-
tary Figure S6D); these changes were largely rescued by
co-treatment with TNFaR1/R2 blocking antibodies (1 ug/mL)
(Online Supplementary Figure S6E). Importantly, treatment
of young wt mice with mrTNFa (interperitoneal [i.p.] 1 ug/
day, 3 weeks) (Figure 4C) recapitulated the findings we ob-
served in the aged mice, i.e., decreased BM EC pri-, pre-,
and mature miR-126 levels (Figure 4D) and a reduction of
arteriole-lining CD31*Sca-1"¢" EC (Figure 4E, middle panel).
Notably, co-treatment with a synthetic miR-126 mimic oli-
gonucleotide (M-miR-126)*4% rescued TNFa-induced loss
of CD31*Sca-1"e" EC (Figure 4E, right panel). To determine
how TNFa induces endothelial miR-126 downregulation,
we measured levels of transcription factors Ets1, Ets2 and
Gata2 that are verified regulators of miR-126 expression.®2¢3
We observed significant reduction of Gata2, and not of Ets1
and Ets2, in EC treated with mrTNFa (Online Supplementary
Figure S7A). We also demonstrated reduced Gata2 levels
in aged BM EC versus young BM EC (Online Supplementary
Figure S7B) and that GATA2 knockdown (KD) by siRNA in
young BM EC decreased miR-126 levels (Online Supple-
mentary Figure S7C). Using chromatin immunoprecipitation
assay, we showed a reduced GATA2 enrichment on the

Haematologica | 111 May 2026
1650



ARTICLE - Mechanism of age-related hematopoietic reduction D. Zhao et al.

EGFL7/miR-126 promoter® in EC exposed to TNFa (1 ng/ at least partly mediated by EC miR-126 downregulation via
mL) (Online Supplementary Figure S7D). Collectively, these TNFa-induced decrease of GATA2 transcriptional activity.
results support the hypothesis that loss of CD31*Sca-1"e" The vascular changes seen in the aged BM niche were
EC and associated vessels (i.e., arterioles) during aging is strikingly similar to what we observed in the young Mir-
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Figure 2. Vascular remodeling of the aged bone marrow niche. (A and B) CD31 (FITC) and Sca-1 (PE) immunofluorescence staining
(A) and quantification (B) of CD31*Sca-1"¢" endothelial cell (EC)-lined arterioles in tibias from 2-, 10-, and 20-months old mice,
assessed by immunofluorescent staining and 3D confocal imaging. (A) One of the three independent experiments with similar
results is shown; yellow arrows indicate CD31*Sca-1"e" EC-lined arteriolar vessels. (C-E) Representative plots (C) and combined
results showing frequencies (D) and absolute counts (E) of Sca-1"¢" and Sca-1°" EC subfractions in bone marrow (BM) CD45-Ter119-
CD31* EC from 2-,10-, and 20-months (m) old mice, analyzed by flow cytometry. Statistical analysis was calculated by two-tailed,
unpaired Student t test. Results shown represent mean + standard error of mean.
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1260/ Tie2-cre* mice (a model of EC-miR-126 KO) (Online
Supplementary Figure S8A), which also had fewer CD31*S-
ca-1Me" EC and arterioles than young wt controls (Mir126”
fTie2-cre- mice) (Figure 5A-D); these changes were even
more pronounced in the aged Mir126"Tie2-cre* mice (On-
line Supplementary Figure S8A-E). To this end, we also
observed increased vessel permeability, as evidenced by
the leakage of FITC-dextran in the calvarium by intravital
confocal microscopy, in the young EC-miR-126 KO reporter
mice (i.e., tamoxifen-induced Mir126""/Tie2-CreER+/TdTo-

D. Zhao et al.

mato, CD31-TdTomato* and EC-miR-126 KO), compared with
the young wt reporter mice (i.e., tamoxifen-induced Tie2-
CreER+/TdTomato, CD31-TdTomato+; FITC-150 kDa dextran,
green) (Online Supplementary Figure S9A-C), supporting the
vascular changes. Conversely, we did not observe these
changes in EC-miR-126 OE mice. We previously reported
that Spred1, a member of the Sprouty family of proteins
and an inhibitor of RAS small GTPases, is both an miR-126
target, as confirmed here by repressed activity of Spred1 3’
UTR luciferase reporter in mouse EC by M-miR-126 (Online

Double reporter [Tie2-CreER/TdTomato/Tg(Ly6a-GFP)] mice — BM vascular imaging
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Figure 3. Vascular remodeling of the aged bone marrow niche. (A and B) Representative imaging (A) and quantification (B) of
CD31-tdTomato*Sca-1-GFP"e" endothelial cell (EC)-lined arteriolar vessels (yellow arrows) in tibias from 2 or 20 month old double
fluorescent reporter mice (Tie2-CreER/TdTomato/Tg[Ly6a-GFP]), following tamoxifen-induced Cre activation, assessed by 3D
confocal imaging. (A) One of the three independent experiments with similar results is shown; yellow arrows indicate CD31*Sca-1""
EC-lined arteriolar vessels. (C-E) Representative plots (C) and combined results showing frequencies (D) and absolute counts (E)
of Sca-1heh and Sca-1°" EC subfractions in bone marrow (BM) CD45Ter119-CD31* EC from 2 and 20 month old double reporter
mice, analyzed by flow cytometry. Statistical analysis was calculated by two-tailed, unpaired Student t test. Results shown rep-

resent mean * standard error of mean.
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Figure 4. Increased TNFa in aged mice induced endothelial cell miR-126 downregulation. (A) miR-126 levels in mouse endotheli-
al cells (EC) treated with vehicle PBS or individual cytokine for eight hours (left), at the concentrations observed in the bone
marrow (BM) of young or aged mice as measured by Luminex assay (right panel), analyzed by quantitative reverse-transcription
polymerase chain reaction (Q-RT-PCR) (N=8 for TNFa and TNFSF13B; N=4 for the remaining cytokines). (B) Primary (pri), precursor
(pre), and mature miR-126 levels in BM EC from young (2-3-months old, N=8 mice) and aged (18-24-months old, N=6 mice) wild-
type (wt) mice, analyzed by Q-RT-PCR. (C-E) Schematic experimental design and results. Young wt mice (2-3-months old, N=4
per group) were treated with vehicle PBS (black arrows), or murine recombinant (mr) TNFa (intraperitoneal [i.p.] 1 pg/day; red
arrows) or mrTNFa plus M-miR-126 (intravenous [iv.] 30 mg/kg; green arrows) for three weeks. (C), BM EC pri, pre, and mature
miR-126 levels were measured by Q-RT-PCR (D) and representative plots (E, left) and combined results (E, right) of CD31*Sca-1"eh
and CD31*Sca-1°" EC subpopulations were analyzed by flow cytometry. Comparison between groups was performed by two-tailed,
unpaired t test. Results shown represent mean + standard error of mean. NS: not significant.
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Figure 5. CD31'Sca-1"¢" endothelial cell-lined arterioles reduced in Mir126*Tie2-cre* mice (EC-miR-126 knockout) and increased
in SpredT’fTie2-cre* mice (EC-miR-126 overexpression). (A and B) CD31-FITC and Sca-1-PE immunofluorescence staining and 3D
confocal imaging (A) and quantification (B) of CD31*Sca-1"e" endothelial cell (EC)-lined arterioles in tibias from 2-months old
Mir126"Tie2-cre- (wild-type [wt]) or Mir126"Tie2-cre* (EC-miR-126 knockout [KO]) mice. (C and D) Combined results (C) and rep-
resentative plots (D) of Sca-1"e" and Sca-1°" EC subfractions in bone marrow (BM) CD45Ter119-CD31* EC from 2-months old Mir126"
fTie2-cre- or Mir126" Tie2-cre* mice (N=4 mice per group), analyzed by flow cytometry. (E and F) CD31°FITC and Sca-1-PE immu-
nofluorescence staining and 3D confocal imaging (E) and quantification (F) of CD31*Sca-1"¢" EC-lined arteriolar vessels in tibias

Continued on following page.
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from 20-months old Spred1”fTie2-cre- (wt) or Spred1”fTie2-cre* (EC-miR-126 overexpression [OE]) mice. (G and H) Combined results
(G) and representative plots (H) of Sca-1"e" and Sca-1°" EC subfractions in BM CD45-Ter119-CD31* EC from 20-months old Spred7”
fTie2-cre- or Spredi1”'Tie2-cre* mice (N=4 mice per group), analyzed by flow cytometry. (A and E) One of the three independent
experiments with similar results is shown; yellow arrows indicate CD31*Sca-1"¢" EC-lined arteriolar vessels. Comparison between
groups was performed by two-tailed, unpaired t test. Results shown represent mean * standard error of mean.

Supplementary Figure S10A, B), and a down-regulator of
mMiR-126 biogenesis.*3454685 EC-Spred1 KO mice (i.e., Spred1”
fTie2-cre*), therefore, express constitutively higher levels of
EC-miR-126 than Spred1”fTie2-cre- (wt) control mice (Online
Supplementary Figure S10C) and represent a functional
model for EC-miR-126 OE.***¢ Accordingly, young Spred1”
fTie2-cre* mice had more BM arteriole-lining CD31*Sca-1e"
EC than young wt controls (Online Supplementary Figure
S10D). Conversely, aged Spred1”fTie2-cre* mice did not dis-
play loss of CD31*Sca-1"e" EC-lined arteriolar vessels such
as those seen in aged wt controls (Figure 5E-H).

Taken together, these results support a model in which
“inflammaging” suppresses endothelial miR-126 expression,
resulting in loss of CD31*Sca-1"¢" EC and reduced arteriolar
density in the aged BM niche.

miR-126 downregulation in aged bone marrow
endothelial cells contributes to loss of regenerating
capacity of hematopoietic stem cells

MiR-126 regulates the self-renewal capacity of HSC.#-43
In the BM niche of normal wt mice, we found that EC ex-
pressed at least a log-fold higher level of miR-126 than
HSC (Fit3-CD150*CD48~ LSK).*34546 While HSC may produce
endogenous miR-126, miR-126"¢" EC lining BM arteriolar
vessels also supply miR-126 to surroundings cells in the
BM niche, including HSC.**546 We previously demonstrated
that BM EC deliver mature miR-126 to leukemia stem cells
(LSC) and HSC through extracellular vesicles.** Thus, a de-
cline in BM CD31*Sca-1"e" EC-lined arterioles as observed in
the aged BM niche, could reduce the exogenous supply of
EC-derived miR-126 to HSC, ultimately impairing hemato-
poietic activity by promoting HSC expansion at the expense
of their self-renewal capacity. Accordingly, while levels of
pri- and pre-miR-126 were similar in young and aged BM
HSC, mature miR-126 levels were significantly reduced in
HSC from the aged mice (Figure 6A), which also displayed
a reduction of miR-126"Me" CD31*Sca-1"¢" arterioles (Figure
2A, B) and lower HSC self-renewal capacity (Figure 1A, B
and Online Supplementary Figure S1A, B). We observed that
these features were remarkably similar to those observed
in young EC-miR-126 KO mice (Mir126"'Tie2-cre*) that, like
aged wt mice, had low miR-126 levels (Online Supplementary
Figure S8A), reduction of CD31*Sca-1"¢" arterioles (Figure
5A-D), and expansion of BM HSC (Figure 6B), yet, despite
their young age, showed a significantly impaired long-term
regenerating capacity compared with young wt mice (Mir126"
fTie2-cre* HSC vs. Mir126"'Tie2-cre- HSC engraftment rates:
41% vs. 62% at 20 weeks post transplant, P=0.0385) (Fig-

ure 6C, D). Conversely, aged EC-miR-126 OE mice (Spred1”
fTie2-cre*) had higher density of BM CD31*Sca-1"e" EC and
arterioles (Figure 5E-H) and lower frequency of HSC (Fig-
ure 7A), which exhibited enhanced self-renewal capacity
compared with aged wt controls (Spred7”'Tie2-cre* HSC vs.
Spredi1”fTie2-cre- HSC engraftment rates: 42% vs. 9% at 20
weeks post transplant, P=0.0016) (Figure 7B, C). Finally, aged
HSC from CD45.2 mice (20 months old) co-cultured with
aged EC had lower levels of miR-126 and reduced long-term
engraftment rates in congenic CD45.1 recipients compared
with aged HSC co-cultured with young EC (engraftment at
16 weeks post transplant: 46.2% vs. 65.7%, P=0.0003) (Fig-
ure 7D); this reduction could be rescued by co-treatment
with miR-126 mimic (engraftment at 16 weeks: 46.2% vs.
57.2%, P=0.03) (Figure 7D).

These findings further support the hypothesis that EC miR-
126 reduction, whether due to aging or genetic deletion,
drives HSC expansion at the cost of long-term self-renewal
capacity.

Reduced metabolism in aged hematopoietic stem cells

To gain insight into the intrinsic molecular mechanism
underlying the reduced self-renewal capacity in aged HSC
upon decreased EC miR-126 supply, we performed RNA-seq
of BM HSC from young (N=3 samples, pooled from 30 young
mice) and aged (N=3 samples, from 3 aged mice) mice. We
identified 388 up-regulated and 127 down-regulated genes
in aged versus young HSC. GSEA revealed upregulation of
inflasmmation-response gene sets (e.g., interferon alpha
response, IL2-STAT5 signaling, interferon gamma response,
IL6-JAK-STAT3 signaling, inflammatory response) and down-
regulation of gene sets related to DNA repair, mitotic spindle,
G2M checkpoint, and E2F targets in aged HSC compared
with young HSC (Online Supplementary Figures S11A, B and
S12A, B). Aged HSC seemingly acquired a lineage-biased pro-
file with higher levels of myeloid (i.e., Cebpd, Itgam, Csf3r,
Hk3, Elane, Csf2ra)®¢¢” and megakaryocyte (i.e., Mpl, Vwf,
Slamf1)%® associated marker genes (Online Supplementary
Figure S13A, B). Aged HSC also have higher expression lev-
els of miR-126 target genes (i.e., Adam9, Cdk3, Itga6, Cd84,
Hoxb6 and PLK2),*%7 consistent with their lower miR-126
levels than young HSC (Online Supplementary Figure S13B).
Notably, aged HSC exhibited a significant downregulation of
gene sets involved in oxidative phosphorylation (OXPHOS)
(Online Supplementary Figures S11B, S14A, B, and S715A, B).
In line with this transcriptional profile, aged HSC demon-
strated reduced OXPHOS (measured by oxygen consump-
tion rate [OCR]) and glycolysis (measured by extracellular
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Figure 6. miR-126 downregulation in bone marrow endothelial cells contributes to loss of regenerating capacity of hematopoi-
etic stem cells. (A) Primary (Pri-), precursor (pre-), and mature miR-126 levels in bone marrow (BM) lineage-Sca-1*c-Kit*FLT3"
CD150*CD48- hematopoietic stem cells (HSC) from young (2-3-months old) and aged (18-24-months old) mice by quantitative
reverse-transcription polymerase chain reaction (Q-RT-PCR). (B) Representative plots (left) and combined results (right, N=5 mice
per group) of BM lineage Sca-1*c-Kit*FLT3-CD150*CD48- HSC in 2-, 3-, 10-, and 15-months (m) old Mir1267'Tie2-cre- (wild-type [wt])
and Mir126"'Tie2-cre* (endothelial cell [EC]-miR-126 knockout [KO]) mice. (C and D) Lineage Sca-1*c-Kit*FLT3-CD150*CD48- HSC
from 2-months old Mir126" Tie2-cre- (wt) or Mir1267'Tie2-cre* (EC-miR-126 KO) mice (CD45.2) were transplanted into 2-months
old CD45.1 recipient mice (C) and donor HSC engraftment rates (% of CD45.2*) in peripheral blood (PB) monthly and donor lineage-
Sca-1*c-Kit*FLT3-CD150*CD48- HSC number in BM of the recipient mice at 20 weeks post transplant were analyzed by flow cy-

tometry (D). Comparison between groups was performed by two-tailed, unpaired t test. Results shown represent mean + standard
error of mean. NS: not significant.
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Figure 7. Upregulation of endothelial cell-miR-126 contributes to increased long-term regenerating capacity in aged hemato-
poietic stem cells. (A) Representative plots (left) and combined results (right, N=5 mice per group) of bone marrow (BM) lin-
eage Sca-1*c-Kit*FLT3-CD150*CD48- hematopoietic stem cells (HSC) in 15-months (m) old Spred17 Tie2-cre- (wild-type [wt]) and
Spredi1”Tie2-cre* (endothelial cell [EC]-miR-126 overexpression [OE]) mice. (B and C) Lineage Sca-1*c-Kit*FLT3-CD150*CD48- HSC
from 15-months old Spred71”'Tie2-cre- (wt) or Spred1”fTie2-cre* (EC-miR-126 OE) mice (CD45.2) were transplanted into 2-months
old CD45.1 recipient mice (B) and donor HSC engraftment rates in peripheral blood (PB) of the recipient mice monthly and in
BM at 20 weeks post transplant were analyzed by flow cytometry (C). (D) Lineage-Sca-1*c-Kit*FLT3-CD150*CD48- HSC from aged
mice (CD45.2, 20-months old) were co-cultured with young or aged EC, respectively, collected from 2-3 months old or 18-24
months old mice, for 96 hours. HSC co-cultured with aged EC were also treated with miR-126 mimic (M-miR-126, 2 uM; 96
hours). HSC were collected and miR-126 levels were analyzed by quantitative reverse-transcription polymerase chain reaction
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(Q-RT-PCR). HSC were also transplanted into CD45.1 recipient mice and engraftment rates were monitored monthly by flow
cytometry analysis. SCR: scrambled RNA control. Comparison between groups was performed by two-tailed, unpaired t test.

Results shown represent mean * standard error of mean.

acidification rate [ECAR]) activity and ATP production using
the Seahorse assay, and impaired mitochondrial fusion,” as
assessed by electron microscopy (Online Supplementary
Figure S16A-D). To confirm that these metabolic changes
occurring in aged HSC were driven by reduced miR-126
expression, we treated aged HSC with miR-126 mimic (2
HUM). Compared to scramble controls, miR-126 mimic partly
rescued the changes associated with miR-126 depletion,
as it increased OXPHOS, glycolysis and ATP, and restored
mitochondrial fusion (Online Supplementary Figure S17A-D).

Discussion

There is growing evidence to indicate that aged mice pres-
ent with BM vascular niche remodeling and loss of HSC
self-renewal capacity with skewed myeloid / megakaryocytic
differentiation compared with young mice.?6" Whether the
age-related inflammation of the BM niche is the primary
cause or a direct consequence of HSC aging is not fully
understood. With age, arteriolar vessels decrease, while
sinusoids appear largely unchanged.” The vessel changes
result in increase in the vascular leakiness and reactive
oxygen species levels and decrease in angiogenesis.*? Pou-
los et al. previously reported that young HSC co-cultured
with aged EC lack long-term hematopoietic multilineage
reconstitution, while aged HSC co-cultured with young EC
maintain their self-renewal ability.*? Infusion of young EC
into aged, conditioned mice rejuvenates an aged hemato-
poietic system.®? Thus, a disrupted interplay between the
vascular component of the BM niche and HSC may play
a significant role in those functional changes observed in
aged hematopoiesis; however, the molecular mechanisms
remain to be fully elucidated.

MiR-126 is one of the most highly expressed microRNA in
EC, where it acts as a master regulator of angiogenesis.*®4°
mMiR-126 reportedly regulates many aspects of EC biology
and contributes to the maintenance of vascular integrity
and inhibition of endothelial permeability by inhibiting its
targets, SPRED1 and PIK3R2, the negative regulators of the
VEGF pathway,®®° and other vascular secretory factors,
including VEGF itself.”® We previously showed that BM
CD31*Sca-1"e" EC (that line mainly arterioles) express the
highest levels of miR-126 in the BM niche and supply miR-
126 to HSC to maintain their homeostasis, quiescence and
self-renewal capacity.*®

Here, we used young and aged wt and EC/Sca-1 reporter
mice, an EC-miR-126 KO model, and a functional model
for EC-miR-126 OE (EC-Spred1 KO) to study the vascular
changes occurring in the aged BM niche and their impact

on HSC aging. Several additional biomarkers (e.g., phos-
phorylation status of a-SMA, VE-cadherin) were used by
other groups to identify specific vessels;"*™ however, due
to technical challenges in imaging bone with confocal mi-
croscopy, and the lack of a “gold standard” immunostaining
classification of BM vessels, based on our publications and
other reports,?"*4345 we here chose to combine CD31/Sca-1
immunofluorescent staining, 3D confocal imaging and flow
cytometry analysis of long bone and marrow cells to identify
and quantify vascular changes in the aged BM niche. We
showed that aged mice had lower levels of EC-miR-126 and
undergo a BM vascular remodeling, with a loss in CD31*S-
ca-1"e" EC, which line mainly non-permeable arterioles, and
a gain in CD31*Sca-1°" EC, which line mainly fenestrated,
permeable sinusoids. These alterations were phenocopied
in EC-miR-126 KO mice and rescued in EC-miR-126 OE
(i.e., EC-Spred1 KO) mice. Of note, while EC-Spred1 KO is
a validated method to elevate EC-miR-126 levels,*34546.65
it cannot fully exclude its contribution independently of
mMiR-126 levels to vascular changes. Nevertheless, when
considered altogether, our data collectively support a causal
link between miR-126 downregulation and arteriole loss in
aged BM. To this end, we and others have identified miR-
126 as a key regulator of angiogenic signaling and vascular
integrity.®®4%45 Here, we extend these findings to the aging
BM niche, demonstrating that EC-specific miR-126 loss
drives arteriole depletion, thereby limiting the arteriolar
supply of miR-126 to HSC. The role of miR-126 in regulating
HSC homeostasis and self-renewal capacity has been well
characterized.*-*® Here, we specifically examine how aging
perturbs the EC-HSC crosstalk in the BM niche, thereby
resulting in hematopoietic dysfunction. Our results indicate
that aging-related hematopoietic dysfunction and vascular
remodeling likely occur in parallel and could reinforce one
another through the disrupted miR-126 trafficking from EC
to HSC. Of note, the BM vascular niche provides HSC-sup-
portive cues (including oxygen, nutrients, and signaling mol-
ecules™) that likely act in synergy with miR-126-dependent
pathways, and how these factors change during aging, in
addition to miR-126, should be dissected in future studies.
In aged mice, the BM microenvironment is reportedly as-
sociated with increased pro-inflammatory cytokines, and
skewing of HSC to myeloid differentiation.'® We showed that
in the aged BM niche, levels of inflammatory cytokines are
elevated, and while HSC expand, they have a significantly
reduced regenerative capacity, in addition to myeloid / mega-
karyocytic skewing. Mature myeloid / megakaryocytic cells
are a major source of inflammatory cytokines’ that further
amplify myeloid/megakaryocytic differentiation’>®-8° and
increase BM “inflammaging”. While several inflammatory
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cytokines have been reported to mediate the “inflammag-
ing”’®* we have focused on TNFa which has been intensively
studied for its role in both normal and malignant hematopoi-
esis.t%8 Yamashita and Passegue recently reported that TNFa
might lead to hyperproliferation of HSC and exacerbated
myelopoiesis in aging.t° Here, we show that TNFa-induced
downregulation of EC-miR-126 results in depletion of miR-
126"e" CD31*Sca-1"e" EC and gain in miR-126'" CD31*Sca-1°"
EC, causing loss of arterioles and enrichment of sinusoids.
This age-related BM vascular remodeling reduces the sup-
ply of EC miR-126 to HSC, which expand but lose long-term
regenerating capacity. Of note, the decrease in CD31*Sca-1"eh
EC and arterioles and expansion of HSC with reduced regen-
erating capacity in the aged BM niche were recapitulated in
the young EC-miR-126 KO mice. To this end, up-regulating
mMiR-126 levels by synthetic miR-126 mimic rescued the re-
duction of long-term hematopoietic regenerating capacity
in aged HSC co-cultured with aged EC compared with those
co-cultured with young EC.

In conclusion, our findings establish miR-126 as a critical
regulator of BM vascular integrity and HSC maintenance
during aging. In our model, aged HSC expand and generate
myeloid cells that secrete inflammatory cytokines including
TNFa. Elevated TNFa in the aging BM niche suppresses EC-
miR-126, disrupts arteriolar architecture, and diminishes
miR-126 availability to HSC, contributing to their functional
decline. Therapeutic restoration of miR-126 using synthetic
mimic may represent a promising strategy to counteract
aging-associated hematopoietic dysfunction and rejuvenate
hematopoiesis.
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