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Cell-intrinsic Wnt5 signaling reduces proliferative potential of ageing myeloid progenitors

6. CELL-INTRINSIC WNT5 SIGNALING REDUCES PROLIFERATIVE 
POTENTIAL OF AGEING MYELOID PROGENITORS

6.1. ABSTRACT

Hematopoietic stem cells in the bone marrow give rise to all specialized blood 
cell types in the hematopoietic system. Hematopoietic ageing is associated with a 
reduced capacity of stem cells and progenitors to produce progeny, and with lower 
clonal diversity. This leads to reduced mature blood cell production, myeloid skewing 
and anemia, which predispose the ageing individual to several diseases. A canonical 
to noncanonical Wnt signaling switch accompanies hematopoietic stem cell ageing, 
but whether such a switch contributes to ageing-associated imbalances in lineage-
committed progenitors is still unknown. Here, we studied myeloid differentiation 
potential in young and old mice and investigated the contribution of noncanonical 
Wnt signaling to the effects of ageing. We find increased gene expression of Wnt5a and 
Wnt5b in bone marrow of old animals and a reduced β-catenin/Wnt5 balance across 
all myeloid progenitors. Despite an increase in the number of myeloid progenitors in 
older animals, their efficiency in producing differentiated myeloid colonies in the CFU 
assay was reduced. Blocking Wnt5 signaling using the Wnt5a-derived hexapeptide 
Box5 promoted the maintenance and proliferative potential of myeloid progenitors 
in old animals. RNAseq analysis showed that Box5 significantly increases signaling 
pathways associated with cell cycle progression and self-renewal, whilst reducing gene 
expression of pathways associated with cell specification and differentiation. These 
data indicate that myeloid progenitor-intrinsic changes in Wnt signaling during ageing 
may contribute to imbalanced proliferative potential. Our results not only confirm 
Wnt participation in hematopoietic ageing, but also give evidence of a central role for 
Wnt5 in self-renewal modulation in the myeloid progenitors. In addition, we suggest 
that targeting Wnt5 signaling may offer a therapeutic strategy for aging-associated 
pathologies.

6.2. INTRODUCTION

Hematopoiesis is the process responsible for blood cell production and is organized 
hierarchically, with a rare population of hematopoietic stem cells (HSC) at its 
apex1,2. HSCs divide to self-renew and to generate progenitor cells, which continue 
differentiating into either myeloid or lymphoid lineages. During life, stem cells and 
progenitors undergo successive changes that culminate in their functional loss during 
aging3,4 and senescence onset5. This functional loss is reflected as a decline in mature 
blood cell production, myeloid skewing and anemia, which predispose the ageing 
individual to several diseases4-6.

There is evidence that the functional decline in the hematopoietic stem cell 
pool during aging7 is linked to changes in intercellular communication via the Wnt 
pathway8-10. Wnt ligands are secreted lipid-modified glycoproteins, that bind to the G 
protein-coupled receptor family of Frizzled (Fzd) receptors11. Binding of a Wnt ligand 
to the Fzd receptor at the cysteine rich domain initiates receptor-dependent signaling 
via either β-catenin-dependent (canonical) or β-catenin-independent (noncanonical) 
pathways. The β-catenin pathway is triggered when a Wnt ligand binds to a Fzd 
receptor in the presence of low-density lipoprotein receptor-related protein (LRP)5/6 
co-stimulatory receptors. β-catenin independent signaling pathways are also triggered 
by Wnt ligand-Fzd receptor interactions, but in the presence of different co-receptors, 
such as ROR2 and RYK, in a LRP5/6 independent manner12. Canonical Wnt/β-catenin 
signaling is required for differentiation, proliferation and stemness modulation13-15, 
whereas Wnt/β-catenin-independent signaling regulates cell motility and polarity11,16,17 
and in the hematopoietic system, quiescence and myeloid differentiation18,19. In fact, 
overexpression of either Wnt3a or Wnt5a in mice bone marrow appears to favor 
lymphoid or myeloid differentiation, respectively19, reinforcing the specificity of 
canonical and non-canonical pathways in hematopoiesis.

The Wnt5 subfamily of Wnt ligands is typically associated with Wnt/β-catenin-
independent signaling, and is of interest as Wnt5a and Wnt5b are expressed by both 
(primitive) hematopoietic cells20-26 and niche cells21,24,27-31. Importantly, a canonical 
to noncanonical Wnt signaling switch appears to underpin impaired HSCs function 
during ageing, and is associated with hallmarks of hematopoietic senescence driven by 
increased expression of Wnt5a and the small GTPase Cdc4227. Wnt5a-Cdc42-signaling 
regulates loss of polarity in HSCs and HSC cell senescence27. In addition, increase 
in Wnt5a function on adult bone marrow is associated with myeloid skewing19, a 
characteristic of aging32.

Previous reports have focused on HSC-intrinsic changes in Wnt signaling, yet little 
is known about how Wnt5 signaling impacts on the myeloid progenitor populations 
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during ageing. Progenitor populations are continuously cycling and are immediately 
responsible for the formation of mature cells, thus it is of interest to investigate how 
these cells respond to aging and changes in noncanonical Wnt signaling. Furthermore, 
it is unknown whether the canonical to noncanonical Wnt signaling switch that 
occurs with age is reversible with pharmacological inhibition to restore progenitor 
cell potential. In this context, we hypothesized the interaction of Wnt5/β-catenin-
independent signaling with GM-CSF-driven myelopoiesis during aging and studied 
its reversibility by competitive antagonism of this pathway.

6.3. METHODS

6.3.1. ANIMAL MODELS

Adult young (2 to 4 months) or old (18 months) C57Bl/6J specified pathogen-free mice 
of both sexes were used for this study. Mice were housed at the UMCG (University 
Medical Center Groningen, The Netherlands) Central Animal Facility, MCCA (Mouse 
Clinic for Cancer and Aging, Groningen, The Netherlands) and CEDEME (Centro de 
Desenvolvimento de Modelos Experimentais para Biologia e Medicina, from UNIFESP 
– Universidade Federal de São Paulo, São Paulo, Brazil) and kept in a controlled habitat 
under a 12/12h dark-light cycle, with food and water ad libitum. All experimental 
procedures followed ethical research guidelines and were approved by ethical 
committees in both institutions (AVD105002015303 and 1522060515, for University 
of Groningen and UNIFESP, respectively).

6.3.2. HEMATOPOIETIC CELL EXTRACTION

To obtain hematopoietic cells, animals were euthanized by cervical dislocation or by 
deep anesthesia using ketamine/dexdomitor following rapid exsanguination via the 
abdominal aorta. Afterwards, femurs were collected. Femoral content was flushed 
out with a syringe filled with IMDM medium and homogenized. The homogenate 
was incubated at 37oC for 2 hours in order to reduce the presence of adherent 
mononuclear cells in the supernatant. Afterwards, the supernatant was separated; 
cells were counted and used for experiments.

6.3.3. CHARACTERIZATION OF HEMATOPOIETIC POPULATIONS

Bone marrow cells were stained with different antibodies cocktails and analyzed in an 
Accuri c6 flow cytometer (BD Biosciences, New Jersey, USA). The panels used for the 
characterization of mature/committed cells included the Lin cocktail (PE- B220, TER199, 
CD11b, CD3e and Ly-6G/Ly-6C), in which any combination of positivity was under Lin+ 
population. The negativity for all markers was under Lin- population and represented 

a less committed population. Sca-1 (PE-Cy7) and c-Kit (CD117 - APC) were added for 
increasing specificity. Lin-Sca-1-c-Kit+ is designated progenitor population, whereas Lin-

Sca-1+c-Kit+, enriched for HSC. For the myeloid progenitor analysis, it was used a panel 
with CD34-FITC, Lin-PE (B220, TER199, CD11b, CD3e and Ly-6G/Ly-6C, IL-7R, Sca-1) 
c-Kit-PE-Cy7 and CD16/32 (FcγR)-APC. Populations were assigned to the following 
immunophenotype: Multipotent progenitor (MP) – Lin-IL-7R-Sca-1-c-Kit+, common 
myeloid progenitor (CMP) - Lin-IL-7R-Sca-1-c-Kit+CD34+CD16/32low and granulocyte-
monocyte progenitor (GMP) - Lin-IL-7R-Sca-1-c-Kit+CD34+CD16/32high, as described by 
Nogueira-Pedro and colleagues33. All antibodies were purchased from BD Biosciences.

The same protocol was used to quantify the hematopoietic population after 
treatments in liquid culture, in which 1x106 cells/mL were cultured in IMDM medium 
supplemented with 10% FSB and 1% streptomycin and penicillin for one week.

6.3.4. COLONY FORMATION ASSAY

A colony formation assay was used to assess functional progenitor potential in young 
and old bone marrow derived hematopoietic cells. 5x104 cells were seeded into base 
MethoCult (M3134, StemCell Technologies), and the formation of myeloid colonies 
was quantified after 2 weeks of incubation with GM-CSF (10 ng/mL) in the absence 
or presence of biologically active proteins or pharmacological modulators including 
Wnt5a (RnDsystems, Minneapolis, USA; 200 ng/mL), Wnt5b (RnDsystems, Minneapolis, 
USA; 200 ng/mL), CT99021 (Axon MedChem, Groningen, the Netherlands; 2 µM) or 
Box5 (Sigma Aldrich, Zwijndrecht, the Netherlands; 300 ng/mL). After quantification 
and size measurements of the colonies formed, the cells were either used for a 
replating assay, or for mRNA extraction and RT-PCR. For the replating assay, cells 
were transferred back into MethoCult with the same treatment as before for another 
2 weeks, after which colonies were again counted and their size was measured. This 
process was repeated for three rounds, as after this, colony formation is significantly 
decreased due to potential exhaustion of primitive cells.

Importantly, mRNA collection was performed at 1 week of cultivation in Methocult, 
after the first CFU assay (week 2), but also after the second round of replating (week 4). 
This way, we collected mRNA from time points related to the onset of colony formation, 
from the first round of colonies formed and after replating.

6.3.5. RT-PCR

Colonies formed were washed with PBS to remove the semi-solid medium and total RNA 
was then isolated using Trizol (ThermoFisher Scientific, Massachusetts, USA) according 
to the manufacturer’s instruction. The total RNA concentration was measured using 
the NanoDrop ND1000 spectrophotometer (Thermo Scientific, Wilmington, USA). 
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Total RNA was reverse transcribed using the Reverse Transcription System (Promega, 
Madison, USA). For RT-PCR, cDNA was combined with FastStart Universal SYBR Green 
Master Mix (Roche Applied Science, Penzberg, Germany) and specific primer sets 
(Biolegio, Nijmegen, the Netherlands) using the Eco Personal qPCR system (Illumina, 
California, USA). Primer sequences are listed in Supplementary Table S1. The qPCR 
protocol started with activation at 95°C for 15 minutes, followed by 45 cycles of 
denaturation at 94°C for 30 seconds, annealing at 59°C for 30 seconds and elongation 
at 72°C for 30 seconds. A final elongation step of 5 minutes at 72°C was added at the 
end of the protocol. Data was analyzed using LinRegPCR software and results were 
expressed as ratio of the starting concentration (N0) of each gene of interest corrected 
to the geometric mean of the N0 value of 2 reference genes (GAPDH and β-actin).

6.3.6. PROTEIN EXPRESSION BY FLOW CYTOMETRY

Freshly isolated bone marrow-derived cells were separated to quantify basal protein 
expression by flow cytometry as previously described33. The cells were treated with 
FACS Lysing Solution 1:10 (BD Biosciences) for 15 min to fixate and erythrocytes lysing, 
washed with glycine 0.1 M and permeabilized with triton X-100 (0.001%) for 15 min. 
Subsequentially, the cells were incubated with the primary antibodies specific for 
Wnt5a/b and β-catenin (2530P from Cell Signaling, Massachusetts, USA and 610156 
from BD Biosciences, New Jersey, USA) for 4 h. After primary antibody incubation, cells 
were treated with secondary antibody (only in Wnt5a/b case – Goat Anti-Rabbit IgG 
Alexa Fluor 488, A27034, ThermoFisher Scientific, Massachusetts, USA) and conjugated 
antibodies for hematopoietic population characterization (PE: Lin cocktail – CD3e, 
TER119, Ly-6G/C, CD45R/B220, CD135 and CD11b, PE-Cy7: Sca-1, and APC: c-Kit). 300.000 
events were acquired on an Accuri c6 flow cytometer (BD Biosciences, Massachusetts, 
USA) and analyzed on FlowJo X (TreeStar Inc, Oregon, USA). Data is presented as a 
ratio of geometric mean calculated from the fluorescence histogram of stained and 
unstained samples. The histograms are shown in Supplementary Figures S1 and S2.

6.3.7. LIBRARY PREPARATION AND RNA SEQUENCING

After RNA isolation, a purification step was included to isolate pure, intact messenger 
RNA (mRNA) through magnetic bead separation, using NEXTflex™ Poly(A) Beads. 
Samples were then prepared for directional, strand-specific RNA libraries for Illumina 
sequencing, using the NEXTflex® Rapid Directional qRNA-Seq™ Kit. Sequencing was 
performed on an Illumina NextSeq 500 system with an average sequencing depth 
of 15 million sequencing reads per sample. Sequencing data was aligned to mouse 
genome reference. PCR duplicates were filtered using unique molecular identifiers as 
recommended by the manufacturer.

6.3.8. STATISTICS

Data are shown as means ± SEM, except for colony area measurements, for which the 
median and interquartile range is shown. Normally distributed data were analyzed by 
Student’s t test or ANOVA (if more than 2 groups), whilst for non-parametric data Mann-
Whitney test was used. Two-way ANOVA was used for the replating assay, in which time 
and treatment were included as independent variables. Differences were considered 
significant when p <0.05. RNAseq data analysis consisted of the identification of 
the significantly differentially expressed genes (FDR<0.25). Differentially expressed 
genes were further analysed by gene set enrichment analysis (GSEA). For a further 
exploratory analysis, we also selected the 250 most up and down regulated genes 
(based on 2logFC) for GSEA analysis.

6.4. RESULTS

Age-dependent changes in Wnt5 gene and protein expression

We first determined gene expression of Wnt5a and Wnt5b in the bone marrow-
derived non-adherent cell fraction directly after isolation from mouse femurs. Gene 
expression of Wnt5a and Wnt5b tended to be upregulated in old mice (Figure 1A, 
Wnt5a – Young: 0.097±0.0, Old: 0.409±0.2, p=0.128; Wnt5b – Young: 0.046±0.0, Old: 
0.641±0.3, p=0.06). In subsequent flow cytometry analyses of individual populations 
(Figure 1B), we found Wnt5a/b protein to be most abundant in the Lin-Sca-1-c-Kit+ 
(progenitors) (3 fold higher than Lin+ and Lin- populations in young and old animals, 
p<0.05) and Lin-Sca-1+c-Kit+ (enriched for HSCs) (2 fold higher than Lin+ and Lin- 
populations in young and old animals, p<0.05). Meantime, both (progenitors and 
enriched for HSC populations) were 60% decreased with aging (p<0.05), as well as Lin+ 
and Lin- populations (p<0.05) – Histograms are shown in Supplementary Figure S2.

In both young and old mice, the expression of β-catenin protein was highest in the 
Lin-Sca-1-c-Kit+ progenitor cell fraction (Lin-Sca-1-c-Kit+ 3 fold higher than Lin+ and Lin- 
populations in both, p<0.05). β-catenin protein was also significantly higher in the Lin-

Sca-1+c-Kit+ enriched HSC fraction compared to Lin+ and Lin- cells (p<0.05), although lower 
compared to Lin-Sca-1-c-Kit+ progenitor cells (p<0.05). Within the Lin-Sca-1-c-Kit+ progenitor 
population, the expression of β-catenin protein declined with age (Figure 1C, Old Lin-

Sca-1-c-Kit+ 2 fold lower than Young Lin-Sca-1-c-Kit+, p<0.05). Similarly, the expression of 
β-catenin protein in Lin-Sca-1+c-Kit+ enriched HSCs declined with age (3 fold decrease in 
old compared to young, p<0.05 – Histograms are shown in Supplementary Figure S3).

The ratio of β-catenin and Wnt5a/b was calculated to provide information on the 
balance between canonical and noncanonical pathways. This ratio was significantly 
lower in the most primitive populations - HSC and progenitors (Figure 1D, Young - Lin-

Sca1-c-Kit+: 10.3±1.0, Lin-Sca1+c-Kit+: 14.2±2.7; Old - Lin-Sca1-c-Kit+: 6.8±0.3, Lin-Sca1+c-
Kit+: 6.7±0.4, p=0.008 and p=0.018, respectively).
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Figure 1. Wnt5a and b expression in young and old mice. A) mRNA expression of Wnt5a and b in 
the bone marrow-derived non-adherent cell fraction in young and old mice. Gene expression data 
were normalized to the housekeeping genes Gapdh and β-actin. B) Protein expression of Wnt5a/b 
in different hematopoietic populations of young and old mice. C) Protein expression of β-catenin in 
different hematopoietic populations of young and old mice. D) Ratio of β-catenin and Wnt5a/b pro-
tein expression. Lin+ stands for mature/committed population; Lin-, less mature/committed popu-
lation; Lin-c-Kit+ progenitors and Lin-Sca-1+c-Kit+, HSC. Results were analyzed by Student's t test and 
are presented as mean ± SEM and considered significantly different when p<0.05 (*). The compar-
isons were done between same gene (for the panel A) or hematopoietic populations (Panels B-D).

Reduced efficiency of the progenitor pool with age

We next characterized bone-marrow resident hematopoietic cell populations in young 
and old mice. An increase in the relative proportions of multipotent progenitors 
(MP), common myeloid progenitors (CMP) and granulocyte-macrophage progenitors 
(GMP) was observed in old mice (Figure 2A-C, Young – MP=0.5±0.0%, CMP=0.1±0.0%, 
GMP=0.1±0.0%; Old – MP=1.7±0.1%, CMP=0.3±0.0%, GMP=0.2±0.0%; p<0.001, p<0.001 
and p=0.009 old compared to young, respectively). Accordingly, when bone-marrow 
derived cells were analyzed in the colony formation unit (CFU) assay, an increase in 
total colony number both after initial seeding (first round) and in successive replating 
rounds (second round) was observed in cells from old mice (Figure 2D, Total colony 

numbers Young - first round: 75.2±5.2, second round: 30.0±10.4; Total colony numbers 
Old - first round: 117.5±5.7, second round: 72.3±5.5; old vs young, p<0.001, p=0.005, 
respectively). An increase in total colony number in the third round was observed 
but due to low sample numbers this did not reach statistical significance (Figure 1C). 
These differences were due to greater numbers of M- and GM-type colonies after 
initial seeding, and greater numbers of G- and M-type colonies in the second and third 
replating rounds. These results indicate a higher number of progenitor cells in aged 
subjects. Of note, the main subtype of colony maintained is M-CFU, in all treatments, 
which may be due to the effects of GM-CSF in the culture media.

Figure 2. A comparison of primitive cell numbers between young and old mice. A) Percentage of 
multipotent progenitors in young and old animals. B) Percentage of common myeloid progenitor 
(CMP) progenitors in young and old animals. C) Percentage of granulocyte-monocyte progenitors 
(GMP) in young and old animals. D) Replating CFU assay results for cells obtained from young and 
old mice, in the presence of GM-CSF. 1, 2 and 3 refers to the replating round, being 1 the initial 
seeding. The different types of colonies formed are: white represents GM-CFU, gray represents 
M-CFU and black represents G-CFU. E) Ratio of old and young cell numbers for multipotent 
progenitors (MP), common myeloid progenitors (CMP), granulocyte-macrophage progenitors 
(GMP) and total colonies in the CFU assay (first round). Data are presented as means ± SEM and 
groups were compared using Student's t test. Data was considered statistically significant (*) when 
p<0.05. For panel 2D, * was used when total number of colonies were compared, whereas GM, M 
and G was used when the difference was specifically for GM-CFU, M-CFU and G-CFU, respectively.
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A further analysis, however, indicates a lower efficiency of each of these progenitors 
to yield progeny despite their increased numbers. As can be seen in Figure 2E, the 
ratio of old and young cells for each subpopulation shows successive decreases as 
these primitive cells further differentiate. This pinpoints to a decreased efficiency 
of HSCs to form CMPs, of CMPs to form GMPs etc. as animals age. To illustrate this 
further, the number of total colonies formed in the CFU assay as a ratio of GMP and 
CMP cells present was 0.573±0.0 in young mice and 0.439±0.0 in old mice (p=0.028). 
This indicates that the increase in progenitors in old mice is to compensate for their 
reduced efficiency, in order to maintain mature blood cell production.

Autocrine Wnt5 signaling and myeloid progenitor aging

To investigate whether the changes in Wnt5 and β-catenin expression (Figure 1A-D) 
were involved in the functional imbalances observed with aging, we next inhibited 
Wnt5 using the peptide and specific antagonist Box534 and activated the β-catenin 
pathway using CT99021.

As can be observed in Figure 3A, both compounds significantly decreased the 
total number of colonies formed in the CFU assay to levels close to those observed 
using young cells (Young=75.2±5.2; Old=117.5±5.7; Old+CT99021: 93.8±7.4, p=0.03 
compared to Old); Old+Box5: 79.8±3.3 (p<0.001 compared to Old). Both compounds 
slightly increased the size of colonies formed, although this was significant for 
CT99021 only (Figure 3B, GM-CSF: 62.9x104 µm2, GM-CSF+CT99021: 68.1x104 µm2, 
p=0.008 compared to GM-CSF). Box5 tended to increase the number of cells per 
colony although this was not significant (Figure 3C).

We next investigated the impact of Box5 and CT99021 in the replating assay. 
CT99021 treatment caused an exhaustion of progenitors’ potential faster than in the 
presence of GM-CSF only, reflected by a faster decay of colony formation efficiency, 
although this was not statistically significant (Figure 4A , GM-CSF – 1st round: 
117.5±5.7, 2nd round: 72.3±5.5, 3rd round: 57.0±12.2; GM-CSF+CT99021: 1st round: 
97.2±8.8, 2nd round: 33.2±3.8, 3rd round: 28.8±7.8, Two way ANOVA, F (2, 15)=1.699, 
p=0.216). In the presence of Box5, there was a striking increase in the number of 
colonies formed after each replating round, with specific maintenance of the M-CFU 
fraction (Figure 4A, GM-CSF+Box5: 1st round: 79.8±3.3, 2nd round: 140.8±26.2, 3rd 
round: 265.7±29.1, Two way ANOVA, F (2, 30)=26.070, p<0.0001). Liquid culture was 
used to investigate proliferation and in this model, CT99021 and Box5 did not affect 
cell counts (Figure 4B). In addition, there was no preferential maintenance of the Lin- 
population by CT99021 or Box5 (Figure 4C). These data indicate that inhibition of 
Wnt5 signaling with Box5 caused enhanced growth potential of bone marrow-derived 
HSPCs that became evident after replating.

Figure 3. Effects of CT99021 and Box5 in cells of old mice on outcomes in the CFU assay. A) 
Colonies formed after GM-CSF treatment of young and aged cells. The latter, in the absence and 
presence of CT99021 and Box5. Colors represent the different types of colonies: white represents 
GM-CFU, gray represents M-CFU and black represents G-CFU. B) Colony areas in aged cells treated 
with GM-CSF with and without CT99021 and Box5. C) Cells by colony ratio in aged cells treated 
with GM-CSF with and without CT99021 and Box5. Data were analyzed by Student's t test and 
are presented as means ± SEM, except for panel B, in which Mann-Whitney was used. Data was 
considered statistically significant (*) when p<0.05.

Figure 4. Effects of CT99021 and Box5 on the colony replating assay and proliferation markers. 
A) CFU replating assay results for aged cells treated with GM-CSF in the absence and presence of 
CT99021 and Box5. Colors represent the different types of colonies: White represents GM-CFU, 
gray represents M-CFU and black represents G-CFU. 1, 2 and 3 refers to the replating round, 
being 1 the initial seeding. B) Cell numbers after 1 and 2 weeks of liquid culture of aged cells in in 
the absence and presence of CT99021 and Box5. C) Percentage of Lin- cells after 1 week of liquid 
culture in the absence and presence of CT99021 and Box5. Data was analyzed by Student’s t test, 
with exception of the replating experiment, for which Two-way ANOVA was used to compare the 
effects of time points and treatments. Data are presented as means ± SEM. Data was considered 
statistically significant (*) when p<0.05.
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Effects of Box5 on transcriptional pathway activation

We next investigated the effects of Box5 on whole transcriptome gene expression to 
identify the mechanisms involved in the enhanced growth potential in the replating 
assay. To achieve this, colonies obtained from old mice after 2 weeks of treatment with 
either GM-CSF alone or GM-CSF and Box5 were subjected to bulk mRNA sequencing. A 
total of 15,548 genes were informative in the transcriptome sequencing analysis with a 
minimum of 10 reads per million expression level (averaged across all RNA-seq libraries). 
Of these, 47 genes had significantly different expression in Box5 treated samples in 
comparison to samples not treated with Box5 with an FDR <0.25 (Supplementary 
Table S4). Figure 5 shows the most up and downregulated genes and the results of 
gene enrichment analyses, performed on genes with q-values <0.05. Several genes 
involved in cell cycle regulation and cell death pathways (e.g. Rad151p, Fos, Cdc42) were 
differentially expressed between control and Box5 treated samples (Figure 5A-C), 
although it is well-established that gene expression level may not reflect protein activity, 
mainly considering Cdc42. GO pathway analysis confirmed this contention and showed 
significant enrichment of pathways involved in protein localization, cell cycle regulation 
and cell death (Figure 5D). String analysis (Figures S5-6) further confirms the regulation 
of genes involved in cell cycle and death regulation, in addition to cell adhesion.

To acquire further mechanistic insight into the specific pathways regulated by 
Box5, additional gene-set enrichment analyses were performed on the top 250 
ranked +log2 fold change and the top 250 –log2 fold change genes as an exploratory 
analysis using the hallmark gene-set definitions, which allow for analysis of specific 
intracellular signaling pathways. This analysis showed enrichment of pathways 
involved in cell proliferation such as Myc targets, E2F targets, G2M checkpoint, and 
mitotic spindle among the upregulated genes. Among the downregulated genes were 
pathways involved in cell death and apoptosis such as the p53 pathway, hypoxia, and 
apoptosis (Table 1). Altogether, these data indicate that Box5 promotes cell cycle 
pathway activation and reduces cell death pathway activation, which is in line with the 
findings that Box5 maintained colony formation in the replating assay.

Table 1. Most up and downregulated pathways according to gene enrichment analysis of 250 
genes between group treated or not with Box5. p value are represented in number.

Upregulated pathways Downregulated pathways
Pathway p value Pathway p value
Myc targets 4.04e-8 p53 4.81e-8
E2F targets 4.74e-7 IL-2 / STAT5 5.17e-5
G2M Checkpoint 4.74e-7 Hypoxia 4.08e-4
Interferon γ response 4.6e-5 KRAS 4.08e-4
Mitotic spindle 3.7e-4 TNFα via NKκB 4.08e-4
PI3K AKT MTOR 1.51e-3 Apoptosis 1.073-3

MTORC1 1.55e-2
Wnt β-catenin 1.7e-2

Figure 5. RNA sequencing analysis of the most significantly up and downregulated genes. A) 
Volcano plot of the most up and down regulated genes. B) Differential expression of the most 
deregulated genes. C) Function and FDR q-value of the most deregulated genes. D) GO pathway 
analysis of the most downregulated genes.

6.5. DISCUSSION

The balance between β-catenin dependent and independent signaling is shifted 
in primitive hematopoietic cells with aging, and this is thought to contribute to 
age-related defects in hematopoiesis27,35. Whether this canonical to noncanonical 
switch persists in lineage-committed hematopoietic progenitors remains unknown. 
Thus, we investigated the participation of β-catenin independent signaling in the 
imbalances of GM-CSF-driven myelopoiesis in old mice and whether we could inhibit 
this pharmacologically. We found that Wnt5a and Wnt5b mRNA expression increased 
with age in bone marrow-derived hematopoietic cells, and that the ratio of Wnt5a/b 
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to β-catenin protein declined with age in both HSCs and progenitors, consistent with 
a canonical to noncanonical switch with age. We observed an increase in the relative 
fraction of MP, CMP and GMP hematopoietic progenitor subtypes in the bone marrow 
of aged mice, and accordingly, we found increased colony formation by HSPCs from old 
compared to young mice in the CFU assay, consistent with previous reports36-42. We 
observed a decrease in each primitive population (MP, CMP and GMP), consistent with 
the hypothesis that efficiency declines, what was further confirmed by the decrease 
in colony formation as well. Interestingly, the ratio between old and young cells for 
each subpopulation show successive decreases as primitive cells differentiate. This 
suggests a decreased efficiency of HSC to form CMPs, of CMPs to form GMPs etc, as 
animals age.

Our findings indicate maintenance of the canonical to noncanonical Wnt signaling 
switch with myeloid commitment, similar to as described for primitive hematopoietic 
cells27,35,43. Previous reports showed that Wnt5a induced quiescence in HSCs27. It is 
unknown whether the same outcome is observed for myeloid-committed progenitors, 
but Wnt5a may contribute to impaired functionality associated with age.

Our data indicate a substantial role for Wnt5 signaling in functional loss, as 
pharmacological inhibition of Wnt5 signaling using Box5 restored colony formation 
after seeding in the CFU assay to levels near that of young HSPCs. Box5 is a 
N-butyloxycarbonyl hexapeptide (Met-Asp-Gly-Cys-Glu-Leu) derived from Wnt5a that 
acts to competitively antagonize the Fzd receptors to which Wnt5 binds34. Notably, 
this effect (colony formation activity restoring) was only partially observed after direct 
β-catenin activation with the GSK3β inhibitor CT99021. Thus, while the effect of Box5 
may be mediated in part by inhibition of Wnt/b-catenin signaling, other signaling 
pathways are likely to have a role.

Remarkably, we observed that Box5 treatment induced a striking increase in the 
ability of HSPCs to form colonies upon replating in the CFU assay, supporting the 
notion that Wnt5 signaling contributes to myeloid progenitor cell quiescence and 
loss of stemness potential with ageing. These data are consistent with previously 
described roles for Wnt5a signaling in HSC ageing27,44,45. The remarkable increase 
in colony formation after replating in the CFU assay induced by Box5 is likely due to 
maintenance of HPSC potential or stimulation of cell cycling. Using transcriptome 
profiling of Box5-treated HPSCs, we provide evidence that deregulated cell cycle 
control may contribute to maintenance of colony-forming potential of HSPCs, by 
either inhibiting differentiation or maintaining self-renewal. In fact, Box5 decreased 
expression of Fos, Notch1 and STAT5, genes which are related to stem cell specification 
and lineage commitment46,47. In addition, the interferon γ response is upregulated, 
potentially inhibiting myeloid differentiation48,49.

Among significantly downregulated genes by Box5 was the tumor-suppressor gene 
p53. There is evidence for involvement of the p53 pathway in maintenance of HSC 
quiescence49,50 and of promoting differentiation50. Thus, its downregulation might 
explain both the observed primitive cell maintenance and inhibition of differentiation. 
In addition, p53 is also known to limit HSC self-renewal50 defined as the ability of 
primitive cells to give rise to cells with similar characteristics51,52. Thus, Box5-mediated 
downregulation of p53 may contribute to increased HSPC self-renewal and increased 
colony formation after replating. Moreover, Box5 upregulated numerous other self-
renewal associated genes including myc, E2F and Cdk150,53-55. Myc can be activated 
independent of β-catenin pathway activation by the PI3K/AKT pathway56. Indeed, PI3K/
AKT signaling is activated by GM-CSF57,58 and other cytokines (such as IL-4 and IL-5)59 
and was found to be upregulated after Box5 treatment in aged cells. We also observed 
reduced expression of MTORC1 after Box5 treatment. Signaling downstream of AKT 
is mediated by the mTOR pathway, which increases with aging60,61, and interestingly, 
inhibition of mTOR was described as a mechanism for HSC rejuvenation60,61.

Our data suggest that inhibiting Wnt5 signaling could be a useful therapeutic 
strategy to combat aging-associated hematopoietic loss of potential as this molecule 
has a central role in the modulation of hematopoietic potential. Further studies 
involving administration of Box5 to aged mice in vivo are needed to further explore 
this possibility. Additional studies are needed to improve our understanding of the 
functional implications of the increase in progenitors after Box5 treatment. Our data 
show that cell-intrinsic Wnt5 signaling has important roles in maintenance and in 
functional loss of myeloid progenitor potential in the aging individual. This provides 
tools for our understanding of hematopoietic senescence and opportunities for 
pharmacologically-induced rejuvenation.
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SUPPLEMENTARY MATERIAL

Supplementary Table S1. RT-PCR primers used and its sequences.

Gene Forward sequence Reverse sequence
Gapdh GGA GAG TGT TTC CTC GTC CC GGA GAG TGT TTC CTC GTC CC
β-actin ATG TGG ATC AGC AAG CAG GA GGT GTA AAA CGC AGC TCA GTA A
Wnt5a CAA ATA GGC AGC CGA GAG AC CTC TAG CGT CCA CGA ACT CC
Wnt5b GGT TCC ACT GGT GTT GCT TT AGA CTT TTG TGA GGC GGA GA

Supplementary Figure S2. Histogram of Wnt5a/b quantification by Flow Cytometry. A) Wnt5a/b 
signal in the Lin+ fraction of young (black) and old (white) animals. B) Wnt5a/b signal in the Lin- 
fraction of young (black) and old (white) animals. C) Wnt5a/b signal in the Lin-Sca-1-c-Kit+ fraction 
of young (black) and old (white) animals. D) Wnt5a/b signal in the Lin-Sca-1+c-Kit+ fraction of young 
(black) and old (white) animals.

Supplementary Figure S3. Histogram of total β-catenin quantification by Flow Cytom-
etry. A) Total β-catenin signal in the Lin+ fraction of young (black) and old (white) animals. B) 
Total β-catenin signal in the Lin- fraction of young (black) and old (white) animals. C) Total 
β-catenin signal in the Lin-Sca-1-c-Kit+ fraction of young (black) and old (white) animals. D) 
Total β-catenin signal in the Lin-Sca-1+c-Kit+ fraction of young (black) and old (white) animals.
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Supplementary Table S4. List of differentially expressed genes with q-value<0.05.

Gene ID Gene name FKPM LogFC p-value q-value
ENSMUSG00000030346 Rad51ap1 116,9586 1,776975 2,74E-06 1,05E-03
ENSMUSG00000021250 Fos 707,8796 -1,04576 0,000426 2,11E-03
ENSMUSG00000096544 Gm4617 1404,454 0,53739 0,000568 3,16E-03
ENSMUSG00000061684 Rpl21-ps8 106,9567 -1,289 0,000666 4,22E-03
ENSMUSG00000073490 AI607873 623,5857 0,9986 0,000697 5,27E-03
ENSMUSG00000030452 Nipa2 856,8452 1,038739 0,000788 6,33E-03
ENSMUSG00000014956 Ppp1cb 1265,179 0,767833 0,000942 7,38E-03
ENSMUSG00000081999 Gm13461 616,3232 0,899908 0,000977 8,44E-03
ENSMUSG00000030142 Clec4e 552,7058 1,052833 0,001148 9,49E-03
ENSMUSG00000006699 Cdc42 7613,849 0,379351 0,001153 1,05E-02
ENSMUSG00000021306 Gpr137b 2316,477 -0,4049 0,001307 1,16E-02
ENSMUSG00000034345 Gtf2h5 760,4482 0,812487 0,002141 1,27E-02
ENSMUSG00000005107 Slc2a9 52,99298 1,056154 0,002396 1,37E-02
ENSMUSG00000003154 Foxj2 412,9277 -1,01198 0,002611 1,48E-02
ENSMUSG00000026705 Klhl20 241,6064 1,078195 0,002742 1,58E-02
ENSMUSG00000053253 Ndfip2 927,7728 0,938189 0,002773 1,69E-02
ENSMUSG00000017400 Stac2 754,6009 -0,57356 0,002915 1,79E-02
ENSMUSG00000051579 Tceal8 408,319 0,907524 0,002924 1,90E-02
ENSMUSG00000034612 Chst11 646,7062 -0,89269 0,003414 2,00E-02
ENSMUSG00000083793 Gm14274 27,92853 0,996897 0,003489 2,11E-02
ENSMUSG00000039989 Cbx4 265,287 -1,09895 0,003517 2,22E-02
ENSMUSG00000015575 Atp6v0e 6590,361 0,588301 0,003578 2,32E-02
ENSMUSG00000036093 Arl5a 861,9581 0,571816 0,003893 2,43E-02
ENSMUSG00000027134 Lpcat4 271,966 -1,11646 0,003916 2,53E-02
ENSMUSG00000004508 Gab2 806,5794 -0,84331 0,004002 2,64E-02
ENSMUSG00000032328 Tmem30a 1969,124 0,572024 0,004102 2,74E-02
ENSMUSG00000032383 Ppib 2248,425 0,554908 0,004112 2,85E-02
ENSMUSG00000040383 Aqr 311,0338 -0,89855 0,004347 2,95E-02
ENSMUSG00000026791 Slc2a8 157,6684 -1,10955 0,004353 3,06E-02
ENSMUSG00000028381 Ugcg 313,8921 -1,1045 0,004539 3,16E-02
ENSMUSG00000035673 Sbno2 853,6499 -0,84955 0,004643 3,27E-02
ENSMUSG00000025736 Jmjd8 294,4726 -1,0712 0,004829 3,38E-02
ENSMUSG00000053012 Krcc1 714,7303 0,820799 0,004939 3,48E-02
ENSMUSG00000042133 Ppig 879,3416 0,841514 0,005095 3,59E-02
ENSMUSG00000033365 Ipo13 364,714 -0,98551 0,005107 3,69E-02
ENSMUSG00000033429 Mcee 323,8552 -1,02802 0,005304 3,80E-02
ENSMUSG00000083902 Gm15975 376,516 0,810846 0,005305 3,90E-02
ENSMUSG00000031634 Ufsp2 331,7717 1,067603 0,005396 4,01E-02
ENSMUSG00000089764 Gm16580 1337,493 -0,52989 0,00541 4,11E-02
ENSMUSG00000026775 Yme1l1 1039,224 0,764138 0,005508 4,32E-02
ENSMUSG00000001687 Ubl3 1567,923 0,652053 0,005805 4,43E-02
ENSMUSG00000030541 Idh2 686,9498 -0,70132 0,00587 4,54E-02
ENSMUSG00000034190 Chmp7 744,3741 -0,82618 0,006408 4,64E-02
ENSMUSG00000026159 Agfg1 742,0528 0,678533 0,00663 4,75E-02
ENSMUSG00000049504 Proser1 226,0269 -0,94862 0,006785 4,85E-02
ENSMUSG00000021012 Zc3h14 725,6475 -0,61297 0,007076 4,96E-02

Supplementary Figure S4. String analysis of significantly (p<0.05) downregulated genes by Box5 
treatment in comparison with GM-CSF treatment only in old cells. Red nodes represent genes 
related to regulation of cell death, blue nodes, regulation of apoptotic process, green nodes, cell 
cycle and yellow, genes related to cell differentiation.
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Supplementary Figure S5. String analysis of significantly (p<0.05) upregulated genes by Box5 
treatment in comparison with GM-CSF treatment only in old cells. Red nodes represent genes 
related to regulation of cell adhesion and blue nodes, cell activation.
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