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Abstract 
 
Remodeling of the bone marrow microenvironment in chronic inflammation and in aging reduces hematopoietic stem cell 
(HSC) function. To assess the mechanisms of this functional decline of HSC and find strategies to counteract it, we es-
tablished a model in which the Sfrp1 gene was deleted in Osterix+ osteolineage cells (OS1Δ/Δ mice). HSC from these mice 
showed severely diminished repopulating activity with associated DNA damage, enriched expression of the reactive oxygen 
species pathway and reduced single-cell proliferation. Interestingly, not only was the protein level of Catenin beta-1 (b-
catenin) elevated, but so was its association with the phosphorylated co-activator p300 in the nucleus. Since these two 
proteins play a key role in promotion of differentiation and senescence, we inhibited in vivo phosphorylation of p300 
through PP2A-PR72/130 by administration of IQ-1 in OS1Δ/Δ mice. This treatment not only reduced the b-catenin/phospho-
p300 association, but also decreased nuclear p300. More importantly, in vivo IQ-1 treatment fully restored HSC repopulating 
activity of the OS1Δ/Δ mice. Our findings show that the osteoprogenitor Sfrp1 is essential for maintaining HSC function. 
Furthermore, pharmacological downregulation of the nuclear b-catenin/phospho-p300 association is a new strategy to 
restore poor HSC function. 
 

Introduction 
All cells of hematopoietic tissues are produced from a li-
mited number of hematopoietic stem cells (HSC), which 
are localized mostly in the bone marrow (BM). HSC are 
mainly present as relatively quiescent cells which can be 
rapidly activated into the cell cycle by infectious and other 
inflammatory stress events. To prevent premature ex-
haustion due to replicative stress, the organism ensures 

the maintenance of HSC self-renewal under stress con-
ditions through the BM microenvironment, or niche, which 
limits HSC proliferation and differentiation and promotes 
self-renewal.1,2 The precise signals and mechanisms 
through which the niche exerts these HSC regulatory ac-
tivities have not yet been worked out in detail. 
Important mediators of HSC regulation by the niche are 
secreted members of the WNT family. The BM niche se-
cretes both WNT-agonists and WNT-factor-binding antag-
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onists such as the secreted frizzled-related proteins 
(SFRP).3 SFRP1 is a secreted glycoprotein member of the 
SFRP family. In the BM microenvironment, SFRP1 is mainly 
expressed by mesenchymal stem and progenitor cells 
(MSPC) and osteoblastic cells.4,5 Recent single-cell ex-
pression studies have shown that Sfrp1 expression is 
mainly restricted to multipotent CXCL12-abundant reticu-
locytes (CAR cells).6 
Secreted SFRP1 modulates the WNT signaling pathway 
through direct binding to either WNT or FZD receptors,7 or 
within the cytoplasm, by interacting with Catenin beta-1 
(b-catenin).7,8 SFRP1 is mainly known as an inhibitor of ca-
nonical WNT signaling, which is characterized by the trans-
location of b-catenin into the cell nucleus. Here, b-catenin 
acts as a transcriptional coactivator in different transcrip-
tion complexes, also called the WNT enhanceosome,9 
which governs transcription of WNT target genes.10-13 The 
b-catenin enhanceosome also contains co-regulator pro-
teins (CREB)-binding protein (CREBBP or CBP) or the 
closely related binding protein p300 (EP300).14-16 Of these, 
CBP has been shown to be crucial for HSC self-renewal, 
while p300 is important for differentiation and senes-
cence in HSC differentiation,17,18 and the loss of p300 pro-
motes the transition from myelodysplastic syndrome into 
acute myeloid leukemia.19 The b-catenin/p300 interaction 
is increased by WNT ligands through elevating phosphory-
lation at Ser89 on p300.20 
We have previously shown that deletion of the Sfrp1 gene 
in mice reduces HSC self-renewal, leading to stem cell 
exhaustion.21 Furthermore, in many different cancers, 
SFRP1 is down-regulated due to hypermethylation of the 
promoter region of the human SFRP1 gene, leading to its 
decreased activity.22-24 Since Sfrp1 in the BM is mainly ex-
pressed by MSPC, we were interested in a more precise 
assessment of the deleterious effects of deletion of Sfrp1 
specifically in osteoprogenitors. Here, we found that Sfrp1 
expression in osteogenic niche cells is required for opti-
mal HSC self-renewal and differentiation upon engraft-
ment, by extrinsic modulation of HSC proliferation 
through pSer89-p300 modulated by PP2A-PR72/130. Im-
portantly, pharmacological treatment completely restored 
HSC repopulation in serial transplantations.  

Methods 
Animal studies 
Sfrp1fl/fl mice were crossed with Osx-GFP::Cre mice (Osx-
Cre; Jackson Labs, Bar Harbor, ME, USA).25 Litters of Osx-
Cre; Sfrp1fl/+ mice were crossed with Sfrp1fl/fl (S1fl/fl) mice 
so that litters yielded controls (S1fl/fl, and Osx-Cre [OS1+/+]) 
as well as Sfrp1-deleted mutants (OS1Δ/Δ). The results from 
S1fl/fl and OS1+/+ mice were combined as controls (CTRL). 
Further details are presented in the Online Supplementary 

Methods. 
Competitive repopulation was performed using transplan-
tation of long-term (LT)-HSC into lethally irradiated (8.5 
Gy) 129Ly5.1 wild-type (WT) recipient mice, as described 
previously.26,27 Peripheral engraftment of donor cells was 
analyzed at regular intervals. Twenty-four weeks after 
transplantation, recipient mice were sacrificed and the 
hematopoietic organs were analyzed by flow cytometry. 
All animal experiments were approved by the Government 
of Upper Bavaria and performed in accordance with eth-
ical guidelines and approved protocols (Vet_02-14-112, and 
-17-124). All animals were housed under specific pa-
thogen-free conditions, according to the Federation of 
Laboratory Animal Science Associations and institutional 
recommendations. Mice used were 8 to 10 weeks old. 

Flow cytometry and cell sorting 
Hematopoietic Lineage- SCA1+ KIT+ (LSK) cells and their 
HSC-enriched CD34- CD48- CD150+ subpopulations (LT-
HSC) were isolated and labeled as reported elsewhere.26,28 
All antibodies used in this study are listed in Online Sup-
plementary Table S1. 
Peripheral blood (PB) was analyzed in an Animal Blood Cell 
Counter (Scil Vet Abc). 

Single-cell cultures 
Single LT-HSC were sorted and cultured in conditioned 
medium and cytokines as described previously,27 before 
assays. More details can be found in the Online Supple-
mentary Methods. 

Hematopoietic colony assay 
Cells from the single-cell culture assay or sorted LT-HSC 
(1x103) were added to MethoCultTM GF M3434. After 10 to 
14 days, colonies formed were counted under a micro-
scope at 100-fold magnification according to standard 
criteria. 

Assessment of DNA damage 
Sorted LT-HSC were tested upon nucleic acid damage by 
single-cell gel electrophoresis (Comet Assay/Cell Biolab). 
Fluorescence images were taken using a Leica DM RBE 
microscope with AxioVision software (Carl Zeiss). DNA 
damage was analyzed by measuring the shift between the 
comet head (nucleus) and resulting tail (DNA damage). 

Immunocytofluorescence staining 
Hematopoietic cells were prepared and stained as de-
scribed elsewhere.26,28 The antibodies used are listed in 
Online Supplementary Table S1. Pictures were taken using 
a Leica DM RBE microscope with AxioVision software 
using standardized exposure settings for all samples. 
Thirty randomly captured cells per sample were imaged 
at 100-fold magnification. Confocal fluorescence micro-
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scopy and deconvolution of the fluorescent images were 
performed on a Leica SP8 confocal microscope. Assess-
ment of different parameters is outlined in the Online 
Supplementary Methods. 

In vivo treatment with IQ-1 
In in vivo experiments, the PR72/130-binding inhibitor IQ-
1 (14 µg/mouse, Selleckchem, S8248) was administered 
intraperitoneally every 24 h for 5 consecutive days. 

RNA sequencing and data analysis 
RNA sequencing was performed with 800 to 1,000 sorted 
LT-HSC. Details are provided in the Online Supplementary 
Methods. All analyses were performed in python and the 
R statistical environment (http://www.R-project.org). 

Statistical analyses 
Statistical tests are indicated in the figure legends. The 
software used for the computations was GraphPad (La 
Jolla, CA, USA). P values less than or equal to 0.05 were 
considered to be statistically significant. Data are pres-
ented as the mean ± standard deviation. 

Results 
Targeted deletion of the Sfrp1 gene in mesenchymal 
stem and progenitor cells in vivo 
The Sfrp1 gene is highly expressed in CD45-Ter119- 

CD31-CD166-SCA-1+ MSPC compared to CD45-Ter119-CD31-

CD166+SCA-1+ osteoblastic cells (OBC) and CD45-Ter119-

CD31+SCA-1+ endothelial cells (EC) from WT mice (Online 
Supplementary Figure S1A-C). For generation of mice with 
conditional alleles of the Sfrp1 gene, we used the mutant 
C57Bl/6N-ES cell clone in which exon 2 of the Sfrp1 gene 
was flanked with loxP sites. The resulting Sfrp1fl/fl mice 
were crossed with mice expressing CRE eGFP under the 
continuous control of the promotor for the osteoprogen-
itor gene Osterix (gene name Sp7) (OS1∆/∆; Online Supple-
mentary Figure S1D, E). We verified deletion of Sfrp1 in 
sorted and cultured MSPC from OS1∆/∆ and control mice 
via immunostaining and western blot (Online Supplemen-
tary Figure S1F-I). Mouse embryonic fibroblasts from Sfrp1 
knockout mice and their WT littermates were used for 
antibody verification (Online Supplementary Figure S1J). 
OS1Δ/Δ mice are viable and fertile and show unaltered pre-
natal development (Online Supplementary Figure S2A). 
However, 8-week-old OS1∆/∆ mice were smaller and 
weighed less than their Cre- littermates, regardless of sex 
(Online Supplementary Figure S1A, B). Since a previous 
study29 had shown that Sfrp1 expression is critical for 
skeletogenesis in mice, we analyzed bone homeostasis in 
OS1∆/∆ mice and controls at 8 weeks of age (Online Sup-
plementary Figure S2C-F). We found that 8-week-old 

OS1Δ/Δ mice show mild, but significantly reduced femur 
length, and reduced serum levels of CTX (a bone resorp-
tion marker) (Online Supplementary Figure S2C, E). How-
ever, trabecular parameters and serum P1NP (a bone 
formation marker) (Online Supplementary Figure S2D, E) 
were not affected. Similarly, the numbers of TRAP-positive 
osteoclasts and osteoblasts on the bone surface were not 
different between OS1Δ/Δ and control mice (Online Supple-
mentary Figure S2F), indicating that there are no major 
defects in bone formation in 8-week-old OS1∆/∆ animals. 
To assess the effect of Sfrp1 deletion on MSPC function, 
we first scored the frequency of BM colony-forming unit 
fibroblasts (CFU-F) (Online Supplementary Figure S3A). In-
terestingly, where the total number of sorted OS1∆/∆ MSPC 
was decreased in the BM (Online Supplementary Figure 
S3B), the number of small CFU-F-derived colonies (up to 
50 cells) was significantly increased (Online Supplemen-
tary Figure S3C). When we stained the colonies after scor-
ing for senescence, we detected an increased number of 
senescent colonies in OS1∆/∆ mice compared to control 
mice (Online Supplementary Figure S3D), suggesting that 
more OS1∆/∆ CFU-F are in a pre-senescent state. 

Hematopoiesis in mice with loss of Sfrp1 in bone 
marrow niche cells 
We next investigated how the loss of Sfrp1 in MSPC and 
osteoprogenitors affects the hematopoietic compartment 
under steady-state conditions. An initial analysis of the 
PB and BM of the OS1Δ/Δ mice and control animals showed 
that the white blood cell counts and total cell numbers 
of the BM were unchanged (Online Supplementary Figure 
S4A). In addition, the percentages of B220+ B cells and 
myeloid cell populations (GR1medCD11b+ monocytes and 
GR1+CD11b+ granulocytes) of the OS1∆/∆ mice and controls 
were similar in both PB and BM. Circulating T cells were 
slightly increased in the PB but not in the BM of OS1∆/∆ 

mice (Online Supplementary Figure S4B-D). 
Furthermore, the numbers of the earliest hematopoietic 
cells, LSK, CD34-CD48-CD150+ LSK (LT-HSC) and 
CD34+CD48- LSK (ST-HSC), were unchanged in OS1∆/∆ mice 
compared to control mice. However, under these steady-
state conditions, we observed a significant decrease in 
the number of SCA1- myeloid progenitor cells (Lin-SCA1-

KIT+) (Online Supplementary Figure S4E, F) in OS1∆/∆ mice, 
suggesting reduced transition of stem cells into the mye-
loid progenitor cell compartment. 

Long-term hematopoietic stem cells from OS1∆/∆ mice 
show strongly reduced repopulation activity 
To test whether deletion of Sfrp1 in MSPC and osteopro-
genitors indirectly affects stem cell repopulation activity, 
we transplanted 100 sorted LT-HSC from OS1Δ/Δ or control 
mice into lethally irradiated WT recipients (Figure 1A). 
These experiments showed that peripheral engraftment 
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from OS1Δ/Δ LT-HSC was severely impaired throughout the 
24-week observation period (Figure 1B, C). Furthermore, 
donor engraftment of OS1∆/∆ cells was dramatically re-
duced in the BM of recipient mice 24 weeks after trans-
plantation, as compared with the engraftment in control 
mice (Figure 1B, D). The failed repopulation of transplanted 
OS1∆/∆ LT-HSC was possibly driven by significantly lower 
regeneration of ST-HSC and LT-HSC compared to that of 
transplanted control LT-HSC. It is notable that seven out 
of ten recipient mice transplanted with OS1∆/∆ LT-HSC 
showed a complete absence of a donor LT-HSC compart-

ment (Figure 1E, F). 
Since LT-HSC with reduced repopulating activity are fre-
quently found to have DNA damage,30,31 we analyzed DNA 
damage in sorted LT-HSC from OS1∆/∆ and control mice 
(Figure 2A). Interestingly, LT-HSC from OS1∆/∆ mice dis-
played an increased number of phosphorylated foci on hi-
stone H2A.X (γH2A.X) and longer DNA fragment tails in the 
comet assay, indicating DNA double-strand breaks in LT-
HSC from OS1Δ/Δ mice (Figure 2B, C). These results suggest 
that LT-HSC from OS1Δ/Δ mice may already be dysfunc-
tional prior to transplantation.  

Figure 1. Long-term hematopoietic stem cells from OS1∆/∆ mice failed to repopulate in wild-type recipients. (A) Experimental 
design: long-term hematopoietic stem cells (LT-HSC) from 8- to 10-week-old OS1Δ/Δ mice and control animals (CTRL, Sfrp1fl/fl) 
were sorted and transplanted into lethally irradiated wild-type recipients. (B) Representative flow cytometry plots of the gating 
strategy of Ly5.2+ donor cells or Ly5.1+Ly5.2+ recipient cells in peripheral blood (left) and bone marrow (right). (C) Percentage 
donor cell engraftment in the peripheral blood 4, 8, 12, 16, 20 and 24 weeks after transplantation. (D) Percentage donor engraft-
ment in bone marrow (week 24 after transplantation). (E) Percentage of donor CD34- LSK cells. (F) Percentage of donor CD34+ 
LSK cells from OS1Δ/Δ mice (n=10) compared to control mice (n=13). Each dot represents one animal (D-F). Values are presented 
as the mean ± standard deviation. *P≤0.05 indicates a statistically significant difference determined by an unpaired t test. Symbol 
legends are as shown in (A). CTRL: littermate WT controls; LT-HSC: long-term hematopoietic stem cells; Tx: transplantation; PB: 
peripheral blood; BM: bone marrow; PI: propidium iodide.

Figure 2. Long-term hematopoietic stem cells from OS1∆/∆ mice showed DNA damage. (A) Experimental design: long-term hema-
topoietic stem cells (LT-HSC) from 8- to 10-week old OS1Δ/Δ mice and controls (Sfrp1fl/fl) were sorted and analyzed for DNA 
damage. (B) Left. Representative immunofluorescence staining for nuclei staining with DAPI in blue and histone γH2A.X foci con-
tent in green of LT-HSC. Right. Number of histone γH2A.X foci content of LT-HSC of OS1Δ/Δ mice (n=52) compared to controls 
(n=59). (C) Left. Immunofluorescence staining of a positive control (cells treated with UV light for 10 min), top. Representative 
immunofluorescence staining of cells from OS1Δ/Δ mice compared to those from control mice; below. Right. Units of olive tail 
moment (tail DNA/cell DNA * TML) of LT-HSC from OS1Δ/Δ mice (n=200) compared to control mice (n=55) calculated after a comet 
assay. Each dot represents one cell (B, C). Values are presented as means ± standard deviation. *P≤0.05 indicates a statistically 
significant difference determined by an unpaired t test. Scale bar: 5 µm. Symbol legends as shown in (A). CTRL: control mice.

A
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Loss of function of hematopoietic stem cells from OS1∆/∆ 
mice in vitro 
To investigate the survival, proliferation and differentiation 
of LT-HSC from OS1Δ/Δ mice, we set up single-cell cultures 
(Figure 3A, D).27,32 In the first experiments, we investigated 
whether knocking down Sfrp1 in stromal cells alters the 
potential of conditioned medium to maintain LT-HSC. To 
do this, we used medium conditioned on the HSC sup-
portive stromal cell line UG26-1B633,34 with knockdown-
Sfrp1 (shSfrp1) or control cells (pLKO.1) (Figure 3A). 
Interestingly, WT LT-HSC cultured in shSfrp1 UG26-1B6 
conditioned medium, stem cell factor (KITL), and inter-
leukin-11 showed unchanged survival, but decreased clone 
size compared to WT LT-HSC cultured in control con-
ditioned medium (Figure 3B, C). Next, we analyzed LT-HSC 

from OS1Δ/Δ mice compared to control LT-HSC in UG26-1B6 
conditioned medium (Figure 3A). In this case, we found 
that LT-HSC from OS1Δ/Δ mice show decreased clone size 
after 4 and 5 days of culture compared to LT-HSC from 
control mice (Figure 3D). Importantly, we found a signifi-
cant decrease in colonies grown from pooled day 6 clones 
of OS1Δ/Δ LT-HSC (Figure 3E) as well as a significantly de-
creased proportion of LSK cells and myeloid progenitors 
in these colonies compared to the control LT-HSC (Figure 
3F, G). These results support the view that LT-HSC from 
OS1Δ/Δ mice have reduced proliferation with decreased col-
ony formation. 
To gain insights into the possible molecular mechanisms 
of reduced proliferation in LT-HSC from OS1Δ/Δ mice, we 
further investigated the expression of b-catenin co-acti-
vating acetylases CREBBP (CBP) and EP300 (p300) in LT-

Figure 3. Long-term hematopoietic stem cells from OS1∆/∆ mice proliferate slowly. (A) Experimental design: details can be found 
in the Methods. (B) Representative heat maps of the minimal number of cell divisions per clone per well for each long-term 
hematopoietic stem cell at each day of culture in pLKO.1 (left), or in shSfrp1 UG26-1B6 conditioned medium (right). (C) Counted 
mean clone size per well over 6 days of wild-type cells in pLKO.1 or in shSfrp1 UG26-1B6 conditioned medium (n=6). (D) Top. 
Representative picture of cells on day 5 of culture. Bottom: counted mean clone size over 5 days from OS1Δ/Δ mice (n=3) and 
controls (n=6). (E) Counted total numbers of colonies from OS1∆/∆ mice (n=4) and controls (Sfrp1fl/fl) (n=4) in M3434 after 8 days 
of culture after 5 days of single-cell culture. (F) Representative flow cytometry plots of harvested cells after 8 days of methyl-
cellulose culture of cells from control mice (left) and OS1∆/∆ mice (right). (G) Percentages of myeloid progenitors (top) and LSK 
cells (bottom) in harvested cells after 8 days culture in M3434 of cells from OS1∆/∆ mice (n=4) and control mice (n=4). Each dot 
represents one animal (E, G) or plate (C, D). Values represented in the graphs are means ± standard deviation. *P≤0.05 indicates 
a statistically significant difference determined by an unpaired t test. Symbol legends as shown in (C). LT-HSC: long-term hema-
topoietic stem cells; CM: conditioned medium; CFU-C: colony-forming unit-cells; CTRL: control; MP: myeloid progenitors.

A B C

D E
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HSC (Figure 4A), proteins which are known to regulate 
proliferation and differentiation in embryonic stem cells,35 
self-renewal of HSC,17 and senescence in fibroblasts.18 
These experiments showed that in sorted LT-HSC from 
OS1Δ/Δ mice, the protein levels of both b-catenin and p300 
were elevated, while the level of CBP remained unchanged 
(Figure 4B-D). This suggests that due to the increased ex-
pression of p300, CBP-driven self-renewal may be re-
duced in LT-HSC from OS1Δ/Δ mice compared to control 
mice. 

Restoration of hematopoietic stem cell quality with IQ-1 
treatment in vivo 
Phosphorylation of p300 at position Ser89 is known to 
stabilize the interaction between b-catenin and p300.20,35 
Considering that p300 reduces cell proliferation and pro-
motes differentiation and senescence, IQ-1 has been used 
to reduce the phosphorylation of Ser89-p300 and, by 
doing so, indirectly to decrease the activity of the b-cate-
nin/p300 enhanceosome. Interestingly, IQ-1 does not re-
duce transcriptional activity by binding to p300 directly, 
but instead it binds to PR72/130 (PPP2R3A), a regulatory 
subunit of the serine/threonine phosphatase PP2A, which 
is responsible for reducing pSer-p300.35-38 
To reduce the amount of phospho-p300 in vivo, we 
treated mice for 5 days with IQ-1 via daily intraperitoneal 

injection38 and analyzed differentiation and repopulating 
activity of LT-HSC (Figure 5A, B). We found that IQ-1 treat-
ment did not affect control mice. In OS1Δ/Δ mice, IQ-1 did 
not affect the absolute numbers of ST-HSC and LT-HSC, 
while the number of myeloid progenitors was still de-
creased compared with that in control mice (Figure 5B-E, 
Online Supplementary Figure S4F). This suggests that IQ-
1 does not affect steady-state hematopoiesis in either 
control or OS1Δ/Δ mice. 
However, whereas IQ-1 did not affect pSer89-p300 in con-
trol LT-HSC, it significantly decreased pSer89-p300 after 
5 days of treatment of LT-HSC from OS1Δ/Δ mice (Figure 
5F); the protein levels of PPP2R3A and b-catenin were un-
altered (Online Supplementary Figure S1G-I). To determine 
the clonogenic capacity of LT-HSC from untreated and IQ-
1-treated primary recipient mice, sorted LT-HSC were 
plated in growth factor-supplemented methylcellulose. 
Here, we found that IQ-1treatment of donor mice im-
proved colony formation of regenerated LT-HSC, in both 
control and OS1Δ/Δ mice (Figure 5G), indicating that clono-
genic hematopoietic activity in regenerated donor OS1Δ/Δ 

LT-HSC is restored to control levels by in vivo IQ-1 treat-
ment.  
To identify possible underlying molecular changes of the 
effects of IQ-1 treatment, we analyzed the transcriptome 
of 500-1000 LT-HSC before and after treatment with IQ-1 

Figure 4. Enhanced β-catenin/p300 signaling in long-term hematopoietic stem cells from OS1∆/∆ mice. (A) Experimental design 
of immunofluorescence staining of long-term hematopoietic stem cells (LT-HSC) from OS1Δ/Δ and control (Sfrp1fl/fl) mice for (B) 
catenin beta-1 (b-catenin), (C) p300 and (D) CBP protein content as pixel number of 50-60 LT-HSC sorted from the bone marrow 
of OS1∆/∆ mice and control mice with representative immunofluorescence nuclei staining with DAPI in blue (bottom), protein of 
interest in green (middle), and the merged picture (top). Each dot represents one cell (B-D). Values in the graphs are means ± 
standard deviation. *P≤0.05 indicates a statistically significant difference determined by an unpaired t test. Scale bar: 5 µm. 
Symbol legends as shown in (A). CTRL: control; IF: immunofluorescence; CBP: CREB-binding protein.

A

B C D
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via RNA sequencing (Online Supplementary Figure S5A). 
Global gene set enrichment analysis showed that the gene 
sets ‘E2F_target’, and ‘G2M checkpoints’ were significantly 
enriched in control LT-HSC, whereas ‘Reactive oxygen 
species pathway’ was enriched in OS1Δ/Δ LT-HSC (Online 
Supplementary Figure S5B-D). However, the expression of 
the differentially regulated genes from these gene sets 
(Online Supplementary Figure S5E-G) was not completely 
restored in IQ-1-treated animals. 
Since IQ-1 affects post-translational modifications 
through PP2A and such modifications modify protein-pro-

tein interactions, we then looked more closely at subcel-
lular protein levels and localization. For this purpose, LT-
HSC were sorted from control and OS1Δ/Δ mice treated 
with IQ-1 or the vehicle (HF2) (Figure 6A). Confocal analy-
sis of PPP2R3A (PR72/130) and p300 not only showed p300 
upregulation in OS1Δ/Δ LT-HSC (see also Figure 4C), but also 
its co-localization with PR72/130 and a strongly increased 
nuclear presence of p300 in OS1Δ/Δ LT-HSC (Figure 6B-D 
and Online Supplementary Videos). In LT-HSC from IQ-1-
treated control or OS1Δ/Δ mice, both nuclear p300 and 
PR72 co-localization with p300 was similar to that of un-

Figure 5. The impact of IQ-1 treatment on the primitive hematopoietic compartment of the bone marrow. (A) Experimental design 
of the in vivo IQ-1 treatment: 8- to 10-week-old OS1Δ/Δ mice and control mice (Sfrp1fl/fl) were injected intraperitoneally with IQ-1 
(14 µg) or vehicle (HF2) for 5 days. The composition of the primitive hematopoietic compartment of the bone marrow was ana-
lyzed 24 hours later. (B) Absolute number of long-term hematopoietic stem cells (LT-HSC); (C) absolute number of short-term 
hematopoietic stem cells; (D) absolute number of LSK cells; and (E) absolute number of myeloid progenitors of OS1∆/∆ mice; 
(HF2: n=6; IQ-1: n=7) compared to those from controls (HF2: n=7; IQ-1: n=9). (F) Left. Phospho-p300 protein content as relative 
pixel number of LT-HSC from IQ-1-treated and untreated OS1∆/∆ mice (HF2: n=60; IQ-1: n=60) and control mice (HF2: n=60; IQ-
1: n=60). Right. Representative immunofluorescence staining for the nuclei staining with DAPI in blue (bottom), phospho-p300 
protein in green (middle), and the merged picture (top) of LT-HSC from IQ-1-treated and untreated OS1Δ/Δ mice and controls. (G) 
Counted total numbers of colony-forming unit-cells from IQ-1-treated and untreated OS1∆/∆ mice (HF2: n=8; IQ-1: n=4) and 
control animals (HF2: n=8; IQ-1: n=4). Each dot represents one animal (B-E, G) or cell (F). The values shown are means ± standard 
deviation. *P≤0.05 indicates a statistically significant difference determined by analysis of variance, with a Tukey post-hoc test. 
Scale bar: 5 µm. Key to symbols as shown in (A). CTRL: control; IF: immunofluorescence; ST-HSC: short-term hematopoietic 
stem cells; MP: myeloid progenitors; CFU-C: colony-forming unit-cell.
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treated controls, indicating restoration of both nuclear ac-
cumulation of p300 and co-localization with PR72/130 by 
IQ-1 treatment. We then assessed whether pSer89-p300 
would also associate more with b-catenin, and found a 
stronger association in OS1Δ/Δ LT-HSC (Figure 6E, F), indi-
cating increased activity of the b-catenin/p300 complex. 
In LT-HSC from IQ-1-treated OS1Δ/Δ mice, this association 
was significantly lower, showing that IQ-1 reduces the in-
teraction of p300 and b-catenin.  
We then investigated whether the identified changes are 
sufficient to restore the repopulation activity of LT-HSC 
from IQ-1-treated OS1Δ/Δ mice (Figure 7A). In line with this 
hypothesis, we observed that donor LT-HSC from these 
mice repopulated to a similar extent as LT-HSC from un-
treated control mice, whereas LT-HSC from untreated 
OS1Δ/Δ mice did not engraft (Figure 7B, C). Importantly, LT-
HSC from IQ-1-treated OS1Δ/Δ mice were now able to effi-
ciently regenerate the donor stem and progenitor 
compartments in recipient BM (Figure 7D). Interestingly, the 
absolute number of donor-derived CD34- LSK cells and 
donor-derived myeloid progenitors of transplanted LT-HSC 
from IQ-1-treated OS1Δ/Δ mice was even higher than that of 
the donor-derived CD34- LSK cells and myeloid progenitors 
from transplanted control LT-HSC (Figure 7E-H). 

We next investigated the clonogenic ability of the regen-
erated donor cells (Online Supplementary Figure S6A). In 
line with the observations described above, regenerated 
OS1∆/∆ donor LSK cells formed very few colonies, whereas 
the colony-forming ability of LSK cells from regenerated 
cells from the IQ-1-treated OS1∆/∆ mice was similar to that 
of the control donor LSK cells (Online Supplementary Fig-
ure S7B). On a molecular level, both phospho-p300 
(Ser89) content and the number of γH2A.X foci were simi-
lar in regenerated LT-HSC from IQ-1-treated OS1∆/∆ or con-
trol donor mice (Online Supplementary Figure S6C, D).  
To determine whether IQ-1 treatment of dysfunctional 
HSC in OS1Δ/Δ mice not only restores their engraftment in 
primary recipients, but also their long-term self-renewal 
activity, we transplanted donor HSC from primary recipi-
ents, and transplanted these into secondary WT recipient 
mice (Figure 8A, Online Supplementary Figure S7A). For 
this purpose, 1,000 (Figure 8) or 2,000 (Online Supplemen-
tary Figure S7) donor LSK cells were sorted from the BM 
of recipient mice transplanted with LT-HSC from either 
IQ-1-treated OS1∆/∆ (n=8) or untreated control mice (n=9). 
We found that IQ-1 treatment of OS1∆/∆ donors not only 
restored multilineage engraftment of the primary recipi-
ents (Figure 7), but also the long-term repopulating ability 

Figure 6. The impact of IQ-1 treatment on 
the p300 signaling pathway. (A) Experimen-
tal design of the in vivo IQ-1 treatment: 8- 
to 10-week-old OS1Δ/Δ mice and control mice 
(Sfrp1fl/fl) were injected intraperitoneally 
with IQ-1 (14 µg) or vehicle (HF2) for 5 days. 
The composition of the primitive hemato-
poietic compartment of the bone marrow 
was analyzed 24 hours later. (B) Confocal 
microscopy pictures of p300 protein (red) 
and colocalization with PR72 (white) of 
long-term hematopoietic stem cells (LT-
HSC) from IQ-1-treated and untreated OS1Δ/Δ 
mice (HF2: n=30; IQ-1: n=30) and control 
mice (HF2: n=30; IQ-1: n=30, B-F). (C) 
Number of voxels of p300 in the nuclear 
area of LT-HSC from IQ-1-treated and un-
treated OS1Δ/Δ mice. (D) Number of colocal-
ized voxels of p300 and PR72 in the 
cytoplasm of LT-HSC from IQ-1-treated and 
untreated OS1Δ/Δ mice. (E) Representative 
pictures of the immunofluorescence stain-
ing showing the colocalization of b-catenin 
and phospho-p300 (white) of LT-HSC from 
IQ-1-treated and untreated OS1∆/∆ mice and 
controls. (F) Number of colocalized voxels 
of phospho-p300 and b-catenin of LT-HSC 
from IQ-1-treated and untreated control and 
OS1Δ/Δ mice. Scale bar: 5 µm. Each dot rep-
resents one cell. Values are presented as 
means ± standard deviation. *P≤0.05 indi-
cates a statistically significant difference 
determined by the Mann-Whitney test. 
Symbol legends are as shown in (A). CTRL: 
control; IF: immunofluorescence.
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in secondary recipients to levels comparable to those of 
the untreated WT controls (Figure 8B-I, Online Supple-
mentary Figure S7B-L). Thus, the long-term repopulating 
ability of dysfunctional HSC from OS1∆/∆ mice was com-
pletely restored by prior in vivo IQ-1 treatment of the OS1Δ/Δ 
donor mice. 

Discussion 
Our results show that deletion of Sfrp1 expression in os-
teoprogenitors strongly reduces the colony-forming and 
repopulating ability of HSC. Our experiments link these 
findings to reduced proliferation in single-cell assays, and 
increased DNA damage. On a molecular level, both b-cate-
nin and p300 levels were elevated, while CBP content was 
not affected. Mechanistically, we found an increased level 
of nuclear p300 and an enhanced presence of b-
catenin/phospho-p300-containing colocalization, indicat-
ing increased p300 transcriptional activity. Furthermore, 
we provide evidence that interfering with this interaction 
by decreasing p300 phosphorylation at Serine 89 reverses 
the dysfunctional hematopoietic phenotype and restores 
long-term repopulating activity of HSC from OS1Δ/Δ mice. 
Our study shows that the PR72/130-binding inhibitor IQ-1 
reduces nuclear p300 activity of HSC from OS1Δ/Δ mice. 
PR72 and PR130 are two proteins derived from the 

Ppp2r3a gene, and both act as B regulatory subunits of  
PP2A phosphatase. PR72/130 promotes PP2A phosphatase 
activity.39 PR72/130 binds to different substrates, including 
several involved in the DNA damage response and Wnt 
signaling.39,40 It is of note that in our in vivo study, we found 
that IQ-1 treatment reduces the level of phospho-p300 in 
LT-HSC, suggesting that pSer89-p300 is a direct target of 
the PP2A-PR72/130 phosphatase in OS1Δ/Δ cells. To deter-
mine whether p300 activity is the main or even only target 
of IQ-1 treatment in HSC, more knowledge should be gen-
erated in the future about possible targets of this phos-
phatase in HSC. Nevertheless, our results show that the 
PP2A-PR72/130 phosphatase regulates the WNT-catenin 
enhanceosome through p300 phosphorylation in HSC.  
In other cell systems, increased pSer89-p300 increases 
differentiation not only in embryonic stem cells,35 but also 
in teratocarcinoma cells41 and alveolar progenitors.20 Fur-
thermore, p300, but not CBP, has been found to induce a 
hyperacetylated chromatin state that promotes senes-
cence.18 Consistent with this, we found increased DNA 
damage, which is often found in senescent LT-HSC.30,31 
Self-renewal, on the other hand, requires a full dose of 
CBP,17 and deletion of CBP results in HSC exhaustion.17,42 In 
addition, specific inhibition of CBP eliminates cancer stem 
cells.43 Although the observed effects of IQ-1 in reversing 
in vivo HSC dysfunction and reduction of nuclear p300 lo-
calization as well as pSer89-p300 and its association with 

Figure 7. Functionality of long-term hematopoietic stem cells at steady state and after IQ-1 treatment. (A) Experimental design 
of primary transplantation of IQ-1-treated long-term hematopoietic stem cells (LT-HSC) into lethally irradiated wild-type recipi-
ents: 8- to 10-week old OS1Δ/Δ mice were injected intraperitoneally for 5 days with IQ-1 (14 µg) or vehicle (HF2). Twenty-four hours 
after the last treatment 100 LT-HSC were sorted and transplanted into lethally irradiated recipients. (B) Representative flow 
cytometry plots of the gating strategy of Ly5.2+ donor cells or Ly5.1+Ly5.2+ recipient cells in peripheral blood. (C) Percentage donor 
cell engraftment in the peripheral blood 4, 8, 12, 16, 20 and 24 weeks after transplantation. (D) Percentage donor engraftment in 
bone marrow. Absolute numbers of (E) total donor LSK cells; (F) donor CD34- LSK cells; (G) donor CD34+ LSK cells; and (H) donor 
myeloid progenitors of OS1Δ/Δ mice (HF2: n=7; IQ-1: n=8) compared to controls (Sfrp1fl/fl, HF2: n=9). Each dot represents one animal 
(D-H). Values are presented as means ± standard deviation. *P≤0.05 indicates a statistically significant difference determined by 
analysis of variance, with the Tukey post-hoc test. Symbol legends are as shown in (A). CTRL: control; Tx: transplantation; PI: 
propidium iodide; PB: peripheral blood; BM: bone marrow; MP: myeloid progenitors. 
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b-catenin are clear, the underlying cellular mechanisms 
still need to be resolved in detail. In our experiments, the 
total amount of CBP was not altered, but whether IQ-1 in-
creases the accumulation of b-catenin/CBP co localization 
is as yet unclear. Since depletion of p300 delays the de-
velopment of senescence in fibroblasts18 and specific in-
hibition of p300 improves stem cell potency,35,44 reducing 
nuclear p300 might suffice to improve HSC self-renewal. 
Our findings that b-catenin is increased in dysfunctional 
HSC from OS1Δ/Δ mice are in line with the observation that 
high levels of b-catenin induce a functional decline of 
HSC45 and increases multilineage differentiation in vitro 
without affecting survival.46 In addition, considering that 
SFRP1 is a WNT inhibitor, the association of its deletion 
and increased canonical WNT signaling would be consist-
ent. To date, the mechanism underlying the association 
between HSC loss and higher b-catenin levels has not 
been elucidated. Our findings suggest that increased nu-
clear localization with a higher probability of b-catenin 

binding to p300 may be a possibility. If this is the case, 
direct or indirect p300 inhibitors such as IQ-1 could pro-
mote self-renewal and HSC expansion, similar to embry-
onic stem cells and induced pluripotent cells.35 In 
contrast, this line of reasoning suggests that increasing 
p300 activity in cells with a high b-catenin level, such as 
in many cancer stem cells, may help to eradicate these 
diseases.47 
Our results indicate that nuclear p300 localization and 
p300 transcriptional activity in HSC are extrinsically regu-
lated by osteoprogenitors and their progeny in the BM 
niche. In addition, we provide a rationale and an in vivo 
strategy to normalize p300 localization and restore long-
term repopulating HSC activity. Since we applied the 
PR72/130 inhibitor IQ-1 in vivo, it is likely that several dif-
ferent SFRP1-responsive cell types, besides the HSC, were 
affected. Considering that the BM niche can be regarded 
as an interwoven ecosystem of different cell-types,2 in 
vivo IQ-1 treatment does not necessarily act indirectly on 

Figure 8. Engraftment of secondary transplanted IQ-1-treated LSK cells. (A) Experimental design of functionality analysis of IQ-
1-treated long-term hematopoietic stem cells (LT-HSC) repopulated for 24 weeks in wild-type recipients: 8- to 10-week-old 
OS1Δ/Δ mice were injected intraperitoneally for 5 days with IQ-1 (14 mg) or the vehicle (HF2). Twenty-four hours after the last treat-
ment the LT-HSC were sorted and transplanted into lethally irradiated recipients. Twenty-four weeks after the transplantation, 
the donor LSK cells were sorted and transplanted into lethally irradiated wild-type recipients. (B) Representative flow cytometry 
plots of the gating strategy of Ly5.2+ donor cells or Ly5.1+Ly5.2+ recipient cells. (C) Percentage donor cell engraftment in the pe-
ripheral blood (PB) up to 24 weeks after the secondary transplant. (D) Percentage lymphoid cells in the PB up to 24 weeks after 
the secondary transplant. (E) Percentage myeloid cells in the PB up to 24 weeks after secondary transplant. (F) Percentage donor 
engraftment in bone marrow. Numbers at the top of the graph represent engrafted mice/total mice. (G) Absolute number of 
donor CD34- LSK cells; (H) donor  CD34+ LSK cells; and (I) donor myeloid progenitors of OS1Δ/Δ mice (IQ-1: n=8) compared to 
control mice (Sfrp1fl/fl; HF2: n=4). Each dot represents one animal (F-I). Values presented are means ± standard deviation. *P≤0.05 
indicates a statistically significant difference determined by an unpaired t test. Symbol legends are as shown in (A). CTRL: control; 
Tx: transplantation; BM: bone marrow; PI: propidium iodide; MP: myeloid progenitors. 
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HSC through the OS1Δ/Δ osteoprogenitors, but may also re-
store p300 activity in HSC directly. In addition, since IQ-1 
interacts with PR72/130 to modulate PP2A activity to-
wards p300 and both p300 and PR72/130 are ubiquitously 
expressed in the BM of control animals, we cannot ex-
clude that IQ-1 also affects other PP2A-PR72/130 sub-
strates39,40 or p300 targets which might affect the BM 
niche or regulate hematopoietic cells in either control or 
OS1Δ/Δ mice.  
Our study may be of interest to clinical scientists, since 
the promoter region of the SFRP1 gene is hypermethyl-
ated in many different cancers and, consequently, SFRP1 
expression is reduced.7 Indeed, reduced SFRP1 ex-
pression has been proposed to serve as a prognostic 
marker.48 Our findings that OS1Δ/Δ mice show reduced HSC 
activity associated with increased nuclear b-
catenin/p300 co localization shows that SFRP1 from os-
teoprogenitors is critical for regulating the activity of 
these nuclear factors. We therefore propose that the 
consequences of Sfrp1 deficiency, due either to promoter 
hypermethylation or to gene deletion, could be ad-
dressed with inhibitors such as IQ-1 to restore prolifer-
ation of quiescent or senescent cells and control 
differentiation of malignant stem cells. 
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