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SUMMARY
Acutemyeloid leukemia (AML) is a rapidly progressing cancer, forwhich chemotherapy remains standard treat-
ment andadditional therapeutic targets are requisite. Here,weshow thatAMLcells secrete the stemcell growth
factor R-spondin 2 (RSPO2) to promote their self-renewal and prevent cell differentiation. Although RSPO2 is a
well-knownWNT agonist, we reveal that it maintains AML self-renewal WNT independently, by inhibiting BMP
receptor signaling. Autocrine RSPO2 signaling is also required to prevent differentiation and to promote self-
renewal in normal hematopoietic stem cells as well as primary AML cells. Comprehensive datamining reveals
that RSPO2 expression is elevated in patients with AML of poor prognosis. Consistently, inhibiting RSPO2 pro-
longs survival in AML mouse xenograft models. Our study indicates that in AML, RSPO2 acts as an autocrine
BMP antagonist to promote cancer cell renewal and may serve as a marker for poor prognosis.
INTRODUCTION

Acutemyeloid leukemia (AML) isanaggressivehematologicalcan-

cer characterized by uncontrolled proliferation of hematopoietic

stem/progenitor cells (HSPCs) and blockage of myeloid differenti-

ation (De Kouchkovsky and Abdul-Hay, 2016; Döhner et al., 2015;

Nowak et al., 2009). Owing to its highly heterogeneous genetic

background, treatment of AML is inherently complex with poor

and variable success rates (Balgobind et al., 2011; Ivey et al.,

2016; Li et al., 2016). Thus, comprehensive understanding of the

mechanisms governing the proliferation and differentiation of

AML cells is required for biomarker development, precise risk

stratification, and, eventually, configuration of personalized treat-

ments. Leukemia is initiated and maintained by self-renewing leu-

kemia stem cells (LSCs) that share properties with hematopoietic

stem cells producing normal blood cells (Gal et al., 2006). Identifi-

cation of signaling pathways regulating LSCs’ self-renewal is of

great interest, as targeting these signals could offer therapeutic

benefit.

WNT and BMP signaling pathways are implicated in aberrant

AML cell proliferation during disease progression (Gruber
This is an open access article under the CC BY-N
et al., 2012; Imai et al., 2001; Jiang et al., 2000; Majeti et al.,

2009; Raymond et al., 2014; Topi�c et al., 2013; Voeltzel et al.,

2018; Wang et al., 2006, 2010; Yeung et al., 2010). For instance,

b-catenin, the transcriptional co-activator and downstream

mediator of the canonical WNT pathway, is activated in devel-

oping leukemia cells and is required for the transformation of

committed myeloid progenitors (Wang et al., 2010). Conversely,

genetic ablation of b-catenin abolishes the oncogenic potential

of leukemia cells (Yeung et al., 2010). Regarding BMP signaling,

some studies have demonstrated that activation of the pathway

maintains progenitors in an undifferentiated state, resulting in

therapeutic resistance (Gruber et al., 2012; Raymond et al.,

2014; Topi�c et al., 2013; Voeltzel et al., 2018), while others re-

ported that BMP signaling inhibits growth and induces differen-

tiation of myeloid progenitors and AML cells (Imai et al., 2001;

Jiang et al., 2000; Wang et al., 2006).

R-spondins (RSPO1–RSPO4) are secreted stem cell growth

factors implicated in development, stem cell maintenance, and

cancer (Chartier et al., 2016; de Lau et al., 2014; Hao et al.,

2016; Kazanskaya et al., 2004; Kim et al., 2005; Nanki et al.,

2018; Seshagiri et al., 2012). As potent WNT signaling agonists,
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Figure 1. RSPO2 antagonizes BMP signaling in AML cells

(A) qRT-PCR analysis of the BMP target gene ID1 in THP-1 cells transfected with siRNAs as indicated. n = 4 per group.

(B) Western blot analysis of phosphorylated (p)Smad1 and total (t)Smad1 in THP-1 cells treated with siRNA and BMP4 as indicated. After overnight starvation,

cells were stimulated with 5 ng/ml BMP4 for 20 and 40 min. Ratio shows relative levels of pSmad1 normalized to tSmad1.

(C) Western blot analysis of pSmad1 and tSmad1 in siRNA-treated THP-1 cells, with or without BMP receptor inhibitor (LDN-193189, LDN) treatment. Cells were

treated with 300 nM LDN overnight before analysis. Ratio shows relative levels of pSmad1 normalized to tSmad1.

(D) Western blot analyses of pSmad1 and tSmad1 in THP-1 cells treated with siRNA and BMP4 as indicated. After overnight starvation, cells were stimulated with

5 ng/ml BMP4 for 20 and 40 min. Ratio shows relative levels of pSmad1 normalized to tSmad1.

(E) Experimental scheme of RSPO2 neutralization assay. Ab, antibody.

(legend continued on next page)
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RSPOs promote the specification and development of hemato-

poietic lineages (Genthe and Clements, 2017; Salik et al.,

2020; Wang et al., 2019). Mechanistically, RSPOs amplify WNT

signaling by binding to leucine-rich repeat containing G pro-

tein-coupled receptors 4–6 (LGR4–LGR6) and sequestering

ring finger 43 (RNF43) and zinc and ring finger 3 (ZNRF3).

RNF43 and ZNRF3 are E3 ubiquitin ligases that ubiquitinate

and target the Frizzled/LRP5/6 WNT receptors for degradation

(Carmon et al., 2011; Glinka et al., 2011; Hao et al., 2012,

2016; Koo et al., 2012). In AML, RSPO3-LGR4 signaling is essen-

tial for stem cell proliferation (Salik et al., 2020).

Supplementing the long-held view that RSPOs function

exclusively through the WNT pathway, we recently reported a

role for RSPO2 and RSPO3 as BMP signaling antagonists

(Lee et al., 2020). BMPs signal through a tetrameric receptor ki-

nase complex composed of type I and type II receptors (Heldin

and Moustakas, 2016). Ligands and receptors interact in a

combinatorial fashion (Antebi et al., 2017) and phosphorylate

SMAD1, SMAD5, and SMAD8, which enter the nucleus with

SMAD4 to regulate target gene expression (Heldin et al.,

1997; Massagué, 1998). There exists a multitude of extracel-

lular modulators of transforming growth factor (TGF)-b

signaling, either soluble or membrane-associated proteins

that control ligand availability, processing, ligand-receptor

interaction, and receptor activation (Chang, 2016). In this

context, we show that RSPO2 acts as a BMP antagonist inde-

pendent of LGRs and WNT receptors: RSPO2 binds the BMP

receptor ALK3/BMPR1A and engages ZNRF3 to trigger inter-

nalization and degradation of ALK3 (Lee et al., 2020). Hence,

certain RSPOs are bifunctional ligands, which activate WNT

and inhibit BMP signaling. In vivo support for this RSPO2 func-

tion comes from early Xenopus embryos, where RSPO2 coop-

erates with Spemann organizer effectors to inhibit BMP

signaling during axis formation (Lee et al., 2020).

RSPO2 and RSPO3 are involved in tumorigenesis (Hao et al.,

2016), raising the question of whether BMP inhibition by RSPOs

may also be relevant in disease. Here, we show that BMP inhi-

bition by RSPO2 plays a role in maintaining autocrine self-

renewal in AML cell lines and primary patient-derived xenograft

(PDX)-derived AML cells (i.e., it promotes AML cell proliferation

and impairs differentiation by inhibiting BMP receptor

signaling). In patients with AML, elevated RSPO2 expression

is highly predictive of poor prognosis. Consistently, inhibition

of RSPO2 in xenografted AML mouse models reduces disease

progression. Our study recommends RSPO2, a druggable

secreted protein, as a candidate prognostic marker and thera-

peutic target in AML.
(F) Western blot analysis in THP-1 cells treated with neutralizing Ab as indicated

(G) qRT-PCR analysis of ID1 in THP-1 cells treated with neutralizing Ab as indica

(H) Western blot analysis of pSmad1 and tSmad1 in THP-1 cells stimulated by 10

all-trans-retinoic acid; CM, conditioned medium.

(I) qRT-PCR analysis of ID1 in THP-1 cells stimulated by 10 nM ATRA, with or with

CM for 3 days. n = 4 per group.

(J) qRT-PCR analysis of RSPO2 and ID1 in THP-1 clones upon Dox treatment fo

(K) Western blot analysis of pSmad1 and tSmad1 in THP-1 clones upon Dox trea

Results are presented as the mean ± SD. **p < 0.01, ***p < 0.001, and ****p < 0.00

experiments with more than two groups. See also Figure S1.
RESULTS

RSPO2 antagonizes BMP signaling in AML cells
We were intrigued by the observation that in coexpression data-

mining with Coexpedia (Yang et al., 2017), the top ‘‘Medical Sub-

ject Heading’’ hit for Rspo2 was ‘‘Macrophages,’’ a cell type

whose maturation from precursors (monocytes) is regulated by

BMP signaling (Pardali et al., 2018; Rocher et al., 2012). Since

RSPO2 is also a BMP signaling inhibitor, we investigated its

role in the context of human monocytic leukemia and employed

THP-1 cells, which displayed the highest RSPO2 expression

among various tested AML cell lines (Figures S1A and S1B).

THP-1 cells are used to model both monocyte-to-macrophage

differentiation and AML (Auwerx, 1991). THP-1 cells are derived

from a patient with monocytic leukemia (AMoL, or AML-M5), car-

rying t(9;11)(p22;q23) and expressing MLL-AF9 fusion protein.

They can be maintained in culture to undergo self-renewing

cell divisions or can be induced to differentiate into

macrophages.

Consistent with our observations in human cell lines and Xen-

opus (Lee et al., 2020), RSPO2, but not RSPO1, small interfering

RNA (siRNA) knockdown in THP-1 cells enhanced BMP

signaling, as shown by induction of ID1 expression (Figure 1A).

Furthermore, RSPO2 knockdown was accompanied by

increased Smad1-phosphorylation (Figure 1B), and treatment

with the BMP receptor inhibitor LDN 193189 (Cuny et al., 2008)

reverted this induction (Figure 1C). Likewise, siZNRF3/RNF43

enhanced Smad1-phosphorylation (Figure 1D). In contrast, while

reducing cytosolic b-catenin protein levels, siLGR4 had no effect

on Smad1-phosphorylation (Figures S1C and S1D). Similarly,

siLRP5/6 did not increase ID1 expression (Figure S1E). To

confirm the effect of siRSPO2, we employed a neutralizing

anti-RSPO2 antibody (Ab), which inhibited the WNT reporter

(TOPflash) activity induced by recombinant RSPO2 in

HEK293T cells and decreased cytosolic b-catenin levels in

THP-1 cells (Figures S1F and S1G). Similar to siRSPO2 treat-

ment, neutralizing endogenous RSPO2 protein with the anti-

RSPO2 Ab increased Smad1-phosphorylation and ID1 expres-

sion (Figures 1E–1G).

To test the effects of RSPO2 treatment, we incubated THP-1

cells with RSPO2 recombinant protein, which increased cyto-

solic b-catenin levels (Figure S1H). By contrast, RSPO2

decreased BMP signaling activity induced by BMP4 or siRSPO2

(Figures S1I–S1K). In addition, we stimulated THP-1 cells with

all-trans-retinoic acid (ATRA), which regulates BMP signaling in

multiple contexts (Cruz et al., 2019; Shao et al., 2016). ATRA

administration induced Smad1-phosphorylation and ID1
. The 0.3, 1.0, and 3.0 mg/ml Abs were used for the experiment.

ted. The 1.0 and 3.0 mg/ml Abs were used for the experiment. n = 4 per group.

nM ATRA, with or without increasing amounts of RSPO2-CM for 3 days. ATRA,

out increasing amount of RSPO2 recombinant protein (0.2 and 0.5 mg/ml) and

r 3 days. n = 4 per group.

tment for 3 days.

01 from unpaired t test for experiments with two groups or one-way ANOVA for
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expression, while RSPO2 recombinant protein and/or condi-

tioned medium (CM) treatment reverted these effects (Figures

1H and 1I).

To corroborate these observations, we established two THP-1

clones expressing Doxycycline (Dox)-inducible shRSPO2 RNA

(TetOn-shRSPO2). Consistently, Dox administration reduced

cytosolic b-catenin levels and induced BMP signaling (Figures

S1L, 1J, and 1K). Additional treatment of the two THP-1 clones

with RSPO2 inhibited BMP signaling, attesting to the specificity

of the shRSPO2 RNA (Figures S1M–S1P). We extended these

results in MOLM14 monocytic leukemia (M5; MLL-AF9 fusion)

cells, which also showed increased ID1 expression and

Smad1-phosphorylation upon knockdown of RSPO2 (Figures

S1Q and S1R). Collectively, these results indicate that AML cells

possess active RSPO2 and thereby inhibit endogenous BMP

signaling.

Autocrine RSPO2 blocks AML cell differentiation by
inhibiting BMP signaling
AMLarises from uncontrolled proliferation and impaired differen-

tiation of myeloid precursors (Nowak et al., 2009), raising the

possibility that RSPO2, via reducing BMP signaling and thereby

inhibiting myeloid differentiation, could act as an endogenous

oncogene in AML cells. Since BMP signaling inhibits self-

renewal and induces differentiation of THP-1 cells into macro-

phages (Pardali et al., 2018; Rocher et al., 2012), we asked

whether RSPO2 knockdown in THP-1 cells could do the same

(Figure 2A). Strikingly, siRSPO2 RNA treatment increased RNA

as well as protein levels of the macrophage markers CD14 and

CD11B (Figures 2B–2D), as did BMP4 treatment (Figures 2E

and 2F). Likewise, not only transient siRNA, but also Dox treat-

ment, in TetOn-shRSPO2 clones induced expression of CD14

and CD11B (Figure S2A). An alternative loss-of-function

approach using neutralizing Abs targeting endogenous RSPO2

showed similar effects (Figures S2B and S2C). Morphologically,

sustained shRSPO2 expression reduced the nuclear-cyto-
Figure 2. RSPO2 prevents differentiation of AML cells

(A) Experimental scheme of AML cell differentiation.

(B) qRT-PCR analysis of macrophage markers CD14 and CD11B in siRNA-treate

(C) FACS plots for CD14+ or CD11B+ cells upon siRNA transfection of THP-1 ce

(D) Quantification of FACS analysis for CD14+ or CD11B+ cells upon siRNA transfe

control staining. n = 3 per group.

(E) FACS plots for CD14+ cells in THP-1 cells following overnight stimulation by

(F) Quantification of FACS analysis for CD14+ cells in THP-1 cells following BMP

(G) qRT-PCR analysis of ID1 and CD11B in THP-1 cells upon treatment with 10 n

group. R2, RSPO2.

(H) qRT-PCR analysis of CD14 and CD11B in MOLM14 clones upon Dox treatm

(I) FACS plots for CD11B+ cells in MOLM14 clones upon Dox treatment for 7 day

(J) Quantification of FACS analysis for CD11B+ cells in MOLM14 clones upon Do

(K) Quantification of FACS analysis for CD14+ cells in siRNA-transfected THP-1 ce

and 1,000 nM LDN for 2 days before analysis. n = 3 per group. LDN, LDN-19318

(L and M) Quantification of FACS analysis for CD14+ and CD11B+ cells in siRNA-

stimulated by 100, 300, and 1,000 nM DMH2 for 2 days before CD14 analysis (L

analysis (M). n = 3 per group.

(N) qRT-PCR analysis of the indicated genes in THP-1 cells treated as indicated. C

DKK1 shown in Figure S2Q or 1 mM XAV. XAV, XAV 939. n = 4 per group.

(O) qRT-PCR analysis of the indicated genes in THP-1 cells. Cells were stimulate

Results are presented as the mean ± SD. ns, not significant; *p < 0.05, **p < 0.01

groups or one-way ANOVA for experiments with more than two groups. See also
plasmic ratio of THP-1 cells, indicative of cell differentiation (Fig-

ure S2D), supporting that RSPO2maintains THP-1 cells undiffer-

entiated. Conversely, recombinant RSPO2 reverted the effect of

siRSPO2 on CD14 and CD11B expression (Figures S2E and

S2F). Moreover, we stimulated cells with ATRA, which induces

macrophage differentiation in a number of monocytic cell lines,

including THP-1 cells (Chen and Ross, 2004). ATRA treatment

enhanced CD11B expression, while co-treatment with RSPO2

recombinant protein or CM reverted this effect (Figures 2G and

S2G).

We used the ATRA treatment to corroborate that RSPO2 func-

tions as a BMP antagonist rather than a WNT agonist in this

signaling context. We produced recombinant RSPO2 proteins

lacking either the FU1 or the FU2 domains, which mediate bind-

ing to ZNRF3/RNF43 and LGRs, respectively (Lee et al., 2020;

Szenker-Ravi et al., 2018). We previously showed that RSPO2-

DFU2, but not RSPO2DFU1, antagonizes BMP signaling in a

BMP reporter assay, while WNT stimulation requires both FU1

and FU2 domains (Lee et al., 2020). Here, we treated THP-1 cells

with ATRA, which induced ID1 and CD11B expression (Fig-

ure 2G). While wild-type (WT) RSPO2 reduced ID1 and CD11B

expression, the FU1 deletion expectedly failed to revert these ef-

fects, as it cannot engage ZNRF3. By contrast, the FU2 deletion

reduced ID1 and CD11B expression similar to WT. This experi-

ment provides compelling evidence for LGR4/5/6—and, hence,

WNT signaling—independence.

While RSPO2 treatment impaired ATRA-mediated differentia-

tion, knockdown of RSPO2 cooperated with ATRA in inducing

differentiation (Figure S2H). In not only THP-1 cells, but also

MOLM14 cells, RSPO2 knockdown increased CD14 and

CD11B mRNA expression as well as CD11B protein levels, af-

firming the inhibitory role of RSPO2 in AML cell differentiation

(Figures 2H–2J). Differentiated MOLM14 cells displayed vacu-

olar structures and increased cell size (from 37.3 ± 1.9 mM2 to

44.1 ± 2.9 mM2) (Figure S2I). In contrast, RSPO2 knockdown in

U937 cells (M4/M5-AML; CALM/AF10 fusion) showed no to
d THP-1 cells. n = 4 per group.

lls.

ction of THP-1 cells. Positive cells were defined based on the signals of isotypic

5 and 25 ng/ml BMP4.

4 stimulation. n = 3 per group.

M ATRA and CM of RSPO2 FU1 and FU2 deletion variants for 3 days. n = 4 per

ent for 3 days. n = 3 per group.

s.

x treatment. n = 3 per group.

lls treated with BMP receptor inhibitor LDN. Cells were stimulated by 100, 300,

9.

transfected THP-1 cells treated with BMP receptor inhibitor DMH2. Cells were

). Cells were stimulated by 100 and 300 nM DMH2 for 2 days before CD11B

ells were stimulated overnight by the same relative high amount of WNT3A and

d by 1 and 10 mM IWP-2 or 10 nM ATRA. n = 4 per group.

, ***p < 0.001, and ****p < 0.0001 from unpaired t test for experiments with two

Figure S2.
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mild increase of ID1, CD14, and CD11B expression upon Dox

treatment, and no substantial differentiation was observed in

fluorescence-activated cell sorting (FACS) analysis (Figures

S2J and S2K). We conclude that RSPO2 blocks differentiation

in a subset of AML cell lines.

To address if THP-1 differentiation induced by RSPO2 defi-

ciency resulted from upregulated BMP signaling, we utilized

the BMP receptor inhibitors LDN 193189 (Cuny et al., 2008)

and DMH2 (Hao et al., 2010), whose administration decreased

BMP signaling (Figures 1C and S2L). Attenuating BMP receptor

signaling impaired differentiation into macrophages induced by

siRSPO2 (Figures 2K–2M). In contrast, treatment with WNT3A,

DKK1 (Glinka et al., 1998), the Axin-stabilizer XAV939 (Huang

et al., 2009), or the porcupine inhibitor IWP-2 (Chen et al.,

2009) did not significantly alter BMP signaling as well as CD14

and CD11B RNA or protein levels (Figures 2N, 2O, and S2M–

S2P), despite all treatments affecting WNT signaling in THP-1

cells (Figures S2Q–S2S). In addition, RSPO2 treatment reverted

ATRA-induced ID1 and CD11B in the presence of IWP-2 (Fig-

ure S2T). These results corroborate that RSPO2 prevents AML

cell differentiation by inhibiting BMP signaling instead of acti-

vating WNT signaling.

Autocrine RSPO2 maintains AML cell proliferation and
contributes to AraC resistance
Previous studies showed that BMP signaling activation induces

growth inhibition and differentiation in certain leukemia cells

(Imai et al., 2001; Jiang et al., 2000; Wang et al., 2006). Given

that RSPO2 inhibits BMP signaling and blocks differentiation,

we postulated that RSPO2 might regulate growth of AML cells.

To test this possibility, we analyzed the proliferation of TetOn-

shRSPO2 THP-1 cells and found that Dox administration

reduced cell growth (Figure 3A). Cell-cycle analysis using bro-

modeoxyuridine/propidium iodide (BrdU/PI) staining revealed a

G0/G1 arrest in TetOn-shRSPO2 cells after Dox treatment, while

the percentage of cells in S and G2/M phases was decreased

(Figure 3B). Additionally, knockdown of RSPO2 decreased col-

ony formation of THP-1 and MOLM14 cells (Figures 3C–3G),

without inducing apoptosis (Figure 3H). The growth-inhibitory ef-

fect of shRSPO2 RNA was partially reverted by treatment with

RSPO2 as well as the BMP receptor inhibitor LDN 193189 (Fig-

ure S3A), while IWP-2 had little effect (Figure S3B). We conclude

that autocrine RSPO2 is required tomaintain THP-1 proliferation.

Cytarabine (AraC) treatment remains a major line of chemo-

therapy in AML but suffers from resistant disease during relapse

(Döhner et al., 2015). To test whether RSPO2 expression is

related to drug resistance, we measured the half-inhibitory con-

centration (IC50) of AraC in multiple AML cell lines expressing

RSPO2 (Figure S1A). Interestingly, mRNA levels of RSPO2, but

not RSPO1, were positively correlated with the AraC-IC50 (Fig-

ures S3C and S3D). To test directly whether RSPO2 promotes

AraC resistance, we determined the IC50 of AraC in a TetOn

shRSPO2 THP-1 clone and found that Dox administration in

shRSPO2 cells reduced IC50 of AraC by half (Figure 3I). More-

over, co-treatment of Dox and AraC significantly reduced cell

growth compared to single treatment (Figure S3E). Taken

together, we conclude that autocrine RSPO2 maintains prolifer-

ation of THP-1 cells and modulates their AraC sensitivity.
6 Cell Reports 36, 109559, August 17, 2021
RSPO2 is required for primary HSPC and AML-LSC
maintenance
HSPCs and primary cells from patients with AML require growth

factors and cytokines from the bone marrow niche for survival

and growth (Konopleva and Jordan, 2011), leading to their spon-

taneous differentiation in vitro. To explore the role of RSPO2 in

self-renewal of HSPC as well as primary cells from a PDX model

in vitro, we analyzed CD34+ cells from cord blood andPDX-AML-

661 cells (Ebinger et al., 2020) upon RSPO2 RNA knockdown

(Figure 4A). Lentiviral shRSPO2 expression slightly reduced the

fraction of less-differentiated HSPCs (CD34+, CD45RA–) and

increased the number of differentiated progenitors (CD34+,

CD45RA+) (Figure 4B). In AML-661 cells, RSPO2 knockdown

led to a more pronounced reduction of the LSC pool (CD34+),

notably upon prolonged (20-day) cultivation (Figure 4C). Consis-

tently, RSPO2 knockdown slightly decreased cell proliferation of

cord blood cells (CD34+) and more so in AML-661 cells (Fig-

ure 4D). Conversely, RSPO2 knockdown increased the percent-

age of differentiated (CD14+, CD11B+) cells, slightly in cord

blood, andmore pronounced in AML-661 cells (Figure 4E). In col-

ony formation assays, knockdown of RSPO2 in normal HSPCs

reduced total colony number, including BFU-E (burst-forming

erythroid), CFU-G (granulocyte), and the most immature CFU-

GEMM (granulocyte, erythroid, macrophage, megakaryocyte)

forming precursors, while it increased the number of CFU-M

(macrophage), but had no effect on CFU-GM (granulocyte-

macrophage) (Figure 4F). Further flow cytometry analysis on

cells collected from colony formation assays showed a signifi-

cant increase of CD14+ CD11B+ cells in the shRSPO2 group

(Figure S4A).

We analyzed the involvement of RSPO2 during myeloid differ-

entiation and induced mouse bone marrow cells with macro-

phage colony-stimulating factor (M-CSF) (Figure 4G). Rspo2

knockdown upregulated BMP signaling (ID1 expression and

pSmad1) (Figures 4H and S4B) and enhanced differentiation

into macrophages, increasing the number of CD11B+ F4/80+

cells (Figure 4I). Morphologic analysis revealed an increase in

the number of macrophages after siRspo2 treatment (Fig-

ure S4C). Importantly, BMPR inhibitor LDN 193189 treatment re-

verted macrophage differentiation induced by siRspo2 (Fig-

ure 4J). In contrast, RSPO2 knockdown did not impair

differentiation of peripheral blood humanmonocytes into macro-

phages (Figures 4K, S4D, and S4E), despite increased ID1

expression (Figure S4F). Collectively, these data support that

RSPO2 deficiency has no effect on normal monocyte-to-macro-

phage differentiation, a modest effect on HSPCs’ self-renewal,

and a more pronounced effect on maintenance of AML cell

self-renewal. Hence, the results support a role for autocrine

RSPO2 signaling in normal HSPCs and primary AML cell

renewal.

Elevated RSPO2 expression predicts poor prognosis in
AML
The role of RSPO2/BMP signaling in promoting AML self-

renewal and AraC resistance in vitro raised the possibility that

RSPO2 expression levels correlate with, and may be predictive

for, patient prognosis. Hence, we carried out datamining utilizing

multiple AML cohorts. We first compared the expression of
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Figure 3. RSPO2 is required for proliferation of AML cells

(A) Cumulative cell growth curve depicted as the total cell count of THP-1 shRNA cell lines with Dox treatment. Cell number was counted at the indicated time

points with automated cell counter and normalized to the initial value. n = 3 per group.

(B) Cell-cycle FACS analysis using BrdU/PI double staining of THP-1 shRNA cell lines. Cells were treated with Dox for 4 days and incubated with 10 mMBrdU for

1 h before FACS analysis. n = 3 per group. PI, propidium iodide.

(C) Experimental scheme of colony formation cell (CFC) assay with Dox-inducible shRNA THP-1 cell lines.

(D) Representative images of CFC assay of THP-1 colonies. Scale bar, 200 mM.

(E) Quantification of THP-1 CFC assay. n = 3 per group.

(F) Representative images of CFC assay of MOLM14 colonies. Scale bar, 200 mM.

(G) Quantification of MOLM14 CFC assay. n = 3 per group.

(H) Quantification of FACS analysis for active caspase-3+ cells in THP-1 clones with Dox treatment for 3 days. Cells were fixed by paraformaldehyde (PFA) and

permeablized with MeOH before Ab staining. n = 3 per group.

(I) AraC IC50 of THP-1 clones upon Dox treatment. TetOn shRSPO2 cells were pretreated with Dox for 2 days. IC50 was determined after 3 days incubation with

increasing amount of AraC in the presence of Dox as indicated. n = 3 per group.

Results are presented as the mean ± SD. ns, not significant; *p < 0.05, **p < 0.01,***p < 0.001 from unpaired t test for experiments with two groups or one-way

ANOVA for experiments with more than two groups. See also Figure S3.

Article
ll

OPEN ACCESS
RSPOs between healthy and AML samples (Corces et al., 2016;

Tyner et al., 2018). RSPO2 mRNA levels were systematically

elevated in AML samples compared to normal HSPCs (Fig-

ure 5A). Moreover, RNA sequencing with sorted primary AML

cells revealed that higher RSPO2 mRNA levels reside in LSCs,

but not in preleukemic hematopoietic stem cells (pHSC) or
leukemic blast cells (Blast) (Figure 5B). We then stratified the

expression of RSPOs in different patient risk groups. Using

GDC-TCGA data, we found that expression of RSPO2 and

RSPO4, but not of RSPO1 and RSPO3, was higher in intermedi-

ate and poor risk groups compared to the favorable risk group

(Figure 5C). Elevated RSPO2 expression in intermediate or
Cell Reports 36, 109559, August 17, 2021 7
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adverse groups was also observed in the BEAT and TARGET

AML cohorts (Bolouri et al., 2018; Tyner et al., 2018; Figures

5D and 5E). These data indicate that elevatedRSPO2 expression

generally correlates with poor disease status.

Analysis of overall survival in the GDC-TCGA AML cohort re-

vealed that high RSPO2 expression was a superior predictor for

poor prognosis (hazard ratio [HR] 2.018; p = 0.0014) compared

to commonly used markers (HOXA9, HR 1.899; p = 0.0034;

PBX3, HR 2.011; p = 0.0014; MEIS1, HR 1.460; p = 0.0304;

MECOM, HR 0.6913; p = 0.0948) (Goldman et al., 2019; Lugth-

art et al., 2008; Zhu et al., 2017; Figures S5A–S5H). Conversely,

low-level expression of BMP4/5 was associated with

decreased survival (Figures S5I and S5J). In contrast, high

expression of RSPO1 and RSPO3, as well as the WNT target

genes MYC and AXIN2, was not correlated with poor survival

(Figures S5A, S5C, S5K, and S5L). RSPO2 as a marker for

poor prognosis was further validated with three other cohorts

of patients with AML, BEAT, TARGET, and leucegene. Higher

RSPO2 expression positively correlated with poor survival of

patients with AML in all cases, while expression of RSPO1,

RSPO3, and RSPO4 showed no systematic correlation with pa-

tient survival (Figures 5F–5H). Finally, RSPO2 expression did

not correlate with patient age-at-diagnosis (Figures 5I and

5J). Altogether, the results indicate that elevated RSPO2

expression is generally associated with adverse risk and poor

prognosis in AML.

Loss of autocrine RSPO2 signaling prolongs survival of
AML xenograft mice
We finally investigated the putative therapeutic effect of inhibit-

ing RSPO2 to restrict disease progression in AML xenograft

models. We first injected TetOn-shRSPO2 or TetOn-shControl

THP-1 cells into immunodeficient NOD scid gamma (NSG)

mice (Figure 6A). Mice harboring TetOn-shControl THP-1 cells

rapidly developed leukemia and reached humane endpoint

within 50 days post-injection, with or without Dox treatment (Fig-
Figure 4. RSPO2 maintains HSPC and AML-LSC self-renewal and prev

(A) Scheme of experimental setup for human primary cord blood CD34+ cells an

(B) Quantification of FACS analysis for indicated markers of cord blood CD34+ c

pressing cells were analyzed. n = 3 per group.

(C) Quantification of FACS analysis of AML-661 cells cultivated in vitro for differen

per group.

(D) Cumulative cell growth curve depicted as total cell count of cord blood CD34+

medium volume was counted at the indicated time points with a flow cytometer

cells were analyzed. n = 5 per group.

(E) Quantification of FACS analysis for indicated markers of cord blood CD34+ cel

GFP-expressing cells were analyzed. n = 3 per group.

(F) CFC assay with sorted GFP-positive cord blood CD34+ cells after lentiviral i

phage, granulocyte-macrophage), and CFU-GEMM (granulocyte, erythroid, mac

per group.

(G) Scheme of experimental setup for macrophage differentiation of mouse bone

(H) qRT-PCR expression analysis of mouse bone marrow cells for indicated gen

(I) Quantification of FACS analysis for indicated markers of mouse bone marrow

murine M-CSF for 3 days before analysis. n = 3 per group.

(J) Quantification of FACS analysis for indicated markers of mouse bone marrow c

stimulated by 20 ng/ml murine M-CSF with or without 100 nM LDN 193189 for 3

(K) Human monocyte-to-macrophage differentiation assay. Quantification of FAC

as indicated. Monocytes were stimulated by 100 ng/ml human M-CSF for 2 day

Results are presented as the mean ± SD. ns, not significant; *p < 0.05, **p < 0.0
ure 6B). Mice injected with the two TetOn-shRSPO2 THP-1 cell

lines (#1, #2) also reached the humane endpoint between 42

and 62 days without Dox treatment. In contrast, upon Dox treat-

ment, mice injected with cell line #2 survived almost twice as

long, and the majority of mice injected with line #1 appeared

normal before day 160, corresponding to a 3-fold prolongation

of disease-free survival (Figures 6B and 6C). Extended survival

was accompanied by reduced tumor burden (Figures 6D, 6E,

and S6A–S6E) and enhanced differentiation of tumor cells

(Figure 6F).

We next injected primary AML-661 cells lentivirally transduced

with GFP and shRSPO2 into NSG mice (Figure 6G). After

63 days, we sacrificed the mice and performed a bone marrow

analysis. Consistent with our liquid culture data, RSPO2 defi-

ciency reduced the engraftment efficiency, as shown by

decreased percentage of GFP+ cells in the shRSPO2 group (Fig-

ure 6H). Marker analysis revealed that LSCs (CD34+ cells) were

markedly reduced upon shRSPO2 expression (Figure 6I), while

differentiated cells (CD14+ CD11B+ cells) were increased (Fig-

ure 6J). Together, these results corroborate the importance of

RSPO2 in maintaining aggressive AML in vivo.

DISCUSSION

Understanding extracellular signals regulating self-renewal in

AML cells is essential for designing effective cancer therapies,

yet they remain incompletely understood. The main finding of

this study is that RSPO2 promotes cancer cell self-renewal in

AML by inhibiting BMP signaling. The data emphasize the role

of the BMP pathway in promoting AML differentiation and pro-

vide a preclinical example for the function of RSPO2 as a BMP

antagonist rather than a WNT agonist. We also demonstrate

that RSPO2 expression is a powerful predictor for AML disease

progression. Altogether, the results recommend RSPO2 as a

prognostic marker as well as a target for differentiation therapy

in AML.
ents their differentiation via BMP inhibition

d PDX AML-661 cell analysis.

ells cultivated in vitro for different days after lentiviral infection. Only GFP-ex-

t days after lentiviral infection. Only GFP-expressing cells were analyzed. n = 3

cells and AML-661 cells after lentiviral infection. Cell number in equal amount of

equipped with a high-throughput sampler (HTS) device. Only GFP-expressing

ls and AML-661 cells at different days as indicated after lentiviral infection. Only

nfection. BFU-E (burst-forming erythroid), CFU-G/M/GM (granulocyte/macro-

rophage, megakaryocyte) colony forming units scored by morphology. n = 5/6

marrow.

es after siRNA transfection. n = 3 per group.

cells after siRNA transfection. Bone marrow cells were stimulated by 20 ng/ml

ells treated with siRNA and LDN 193189 as indicated. Bone marrow cells were

days before analysis. n = 3 per group.

S analysis for CD71+ in purified primary human monocytes treated with siRNA

s before analysis. Data were pooled from three different blood donors.

1, ***p < 0.001, ****p < 0.0001, from unpaired t test. See also Figure S4.
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Autocrine RSPO2 inhibits BMP signaling to promote
AML self-renewal
BMP signaling is a regulator in normal hematopoiesis and AML

progression. BMP/SMAD5 signaling inhibits proliferation and in-

duces differentiation of HSPCs and AML cells (Bhatia et al.,

1999; Detmer and Walker, 2002; Fuchs et al., 2002; Jiang

et al., 2000; Liu et al., 2003; Wang et al., 2006). In addition,

loss-of-function mutations in SMAD4 contribute to AML patho-

genesis (Imai et al., 2001). We show that RSPO2 deficiency in-

duces BMP signaling, which impairs the self-renewal of AML

cells, promotes their macrophage differentiation, and abates

AML progression in xenograft models. However, while we found

that RSPO2 deficiency moderately enhanced myeloid differenti-

ation of HSPCs, it did not promote normal monocyte-to-macro-

phage differentiation, suggesting instead a role of RSPO2 specif-

ically in monocyte precursors, consistent with elevated RSPO2

expression in LSCs.

While there is evidence that BMP signaling can also have

the opposite function in AML—maintaining the stem cell

pool and promoting cell proliferation—closer inspection indi-

cates that this oncogenic role may be restricted to specific

AML subtypes. For example, BMP signaling is required for

the AML subtype AMKL (pediatric acute megakaryoblastic

leukemia), where a rare CBFA2T3-GLIS2 gene fusion not

found in adults induces proliferation via BMP signaling (Gruber

et al., 2012). Moreover, BMP signaling inhibits differentiation

in acute promyelocytic leukemia (APL), which accounts for

5% to 8% of cases of AML (Topi�c et al., 2013). Similarly,

BMP inhibitor treatment of a variety of AML lines is detrimental

only to those expressing the MIXL1 oncogene (Raymond

et al., 2014). Hence, whether BMP signaling promotes self-

renewal or differentiation may vary with AML subtype.

Assuming that the widespread elevation of RSPO2 expression

and correlation with poor prognosis observed in patients with

AML reflects its role in suppressing BMP signaling, our results

support the view that in the majority of AML cases, the BMP

pathway is tumor suppressive.

Recently, the RSPO receptor LGR4 was shown to promote

self-renewal in a subset of AML, and RSPO3 acts as a stem

cell growth factor to sustain proliferation of AML LSCs depen-

dent on LGR4 (Salik et al., 2020). The study reported that block-

ing the RSPO3-LGR4 signaling axis by RSPO3-neutralizing Abs

retards leukemia disease progression. It was proposed that

RSPO-LGR4 acts via WNT signaling, consistent with a role of

the pathway in AML (Gruber et al., 2012; Majeti et al., 2009;

Wang et al., 2010; Yeung et al., 2010). Hence, collectively, these

results suggest that multiple RSPOs may promote AML self-

renewal in autocrine fashion and by more than one signaling
Figure 5. High RSPO2 expression is a predictor for adverse risk in AM

(A and B) Normalized RSPO1-4 expression in healthy individuals and patients with

RSPO3 expression was not reported in the BEAT AML database.

(C–E) Normalized RSPO1-4 expression in different AML risk groups (low, standa

(F–H) Kaplan-Meier plot of patients with AML stratified by different gene expressi

overall survival.

(I and J) Correlation between normalized RSPO2 expression with patient age-at-

Results are presented as the mean ± SD. ns, not significant; *p < 0.05, **p < 0.01,

for survival analysis. See also Figure S5.
mechanism, supporting that these secreted effectors represent

attractive drug targets in AML.

The role of RSPO2 in normal hematopoiesis is unknown. We

found amodest requirement of RSPO2 for maintenance of undif-

ferentiated HSPCs in vitro, which became more manifest in col-

ony formation assays. Consistently, in human embryonic stem

cells, the addition of RSPO2 enhances hematopoietic specifica-

tion from pluripotent stem cells (Wang et al., 2019) and promotes

proliferation of hematopoietic precursors (Desterke et al., 2020).

However, these data are based on in vitro studies, whichmonitor

predominantly autocrine signaling and may not faithfully recapit-

ulate HSC self-renewal in vivo. Notably, RSPO2 is a top candi-

date for a mesenchymal-stromal-secreted cytokine (Desterke

et al., 2020), raising the possibility that in addition to autocrine

RSPO2 signaling in HSPC and AML cells as analyzed here, there

may be a paracrine contribution from the bone marrow niche.

Clearly, the requirement of RSPO2 in normal hematopoiesis

and in AML needs to be further characterized in in vivo settings

in the future.

RSPO2 as a prognostic marker and therapeutic target in
AML
Another main conclusion of this study is that high RSPO2 is pre-

dictive of poor outcome of patients with AML, supporting that our

experimental findings may be of clinical relevance. The associa-

tion of high RSPO2 expression with poor outcome was robustly

observed in all cohorts analyzed. We note that high RSPO2

expression features a higher HR for adverse prognosis (overall

survival) than the other commonly employed markers HOXA9,

MEIS1, PBX3, andMECOM (Andreeff et al., 2008; De Kouchkov-

sky and Abdul-Hay, 2016; Dickson et al., 2013; Döhner et al.,

2015; Golub et al., 1999; Lugthart et al., 2008; Zangenberg

et al., 2009). Hence, monitoring RSPO2 expression may aid in

risk stratification and provide guidance to select patients (e.g.,

for cell transplant therapy).

RSPO2 is required for self-renewal of AML cells, both in cell

lines and in PDX cells, and RSPO2 deficiency promotes their dif-

ferentiation. Hence, as secreted effector, RSPO2 may be a

candidate target for Ab-based therapy in AML. We found a

greater susceptibility of AML cells compared to normal HSPCs

to RSPO2 reduction, at least in vitro, raising the possibility that

there may be a therapeutic window for such a therapy. Since

RSPO2 signaling contributes to AraC resistance in THP-1 cells,

RSPO2 reduction may be useful as adjuvant in combination

with chemotherapeutics.

Further specificity for an anti-RSPO2 therapeutic reagent may

be achieved by exploiting the fact that BMP inhibition and WNT

activation reside on different domains of the RSPO2 protein.
L

AML from (A) BEAT AML (Tyner et al., 2018) and (B) Corces et al. (2016). Note,

rd, high) from GDC-TCGA AML (C), BEAT AML (D), and TARGET AML (E).

on levels in different databases: (F) BEAT, (G) TARGET, and (H) leucegene. OS,

diagnosis in years in (I) GDC-TCGA and (J) TARGET AML databases.

****p < 0.0001 from unpaired t test or one-way ANOVA. Log-rank test was used
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While WNT signaling requires the Furin domains, BMP inhibition

resides in the TSP1 domain, which binds the BMP receptor

ALK3. Indeed, the WNT-agonistic and BMP-antagonistic roles

of RSPO2 can be uncoupled in vivo by deleting the TSP1 domain

without affecting WNT signaling (Lee et al., 2020). Thus, by tar-

geting the TSP1 domain selectively, the WNT agonist role of

RSPO2 may be spared and side effects limited.

Looking beyond AML, RSPO2 is implicated in breast, pancre-

atic, gastric, and colorectal cancer (CRC), and its function is

commonly thought to reside exclusively in its ability to activate

WNT signaling (Ilmer et al., 2015; Klauzinska et al., 2012; Wu

et al., 2014; Zhang et al., 2019). Given that RSPO2 antagonizes

BMP signaling in AML, it is noteworthy that not only WNT activa-

tion, but also suppression of BMP signaling, are hallmarks of

CRC (Wang and Chen, 2018). Hence, in light of the dual function

as WNT activator and BMP suppressor, the mode of RSPO2 ac-

tion in these cancer entities should be revisited.
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Rabbit monoclonal anti-Phospho-Smad1/5 Cell Signaling Technology Cat#9516; RRID: AB_491015

Rabbit polyclonal anti-Smad1 Cell Signaling Technology Cat#9743; RRID: AB_2107780

Mouse monoclonal anti-Smad1 Cell Signaling Technology Cat#SC7965; RRID: AB_628261

Rabbit monoclonal anti-Axin1 Cell Signaling Technology Cat#2074; RRID: AB_2062419

Mouse monoclonal anti-beta Catenin BD Biosciences Cat#610154; RRID: AB_397555

Mouse monoclonal anti-alpha-Tubulin Sigma-Aldrich Cat#T5168; RRID: AB_477579

Rabbit polyclonal anti-Erk1/2 Sigma-Aldrich Cat#: M8159; RRID:AB_477245

Goat polyclonal anti-Human R-Spondin 2 R and D Systems Cat#AF3266; RRID: AB_2285296

Mouse monoclonal anti-CD14 BD Biosciences Cat#555396; RRID: AB_395797

Rat monoclonal anti-CD11B BD Biosciences Cat#557394; RRID: AB_396677

Rabbit monoclonal anti-Caspase-3 BD Biosciences Cat#559565; RRID: AB_397274

Mouse monoclonal anti-CD14 BD Biosciences Cat#561712; RRID: AB_10893199

Rat monoclonal anti-CD11B BD Biosciences Cat#557396; RRID: AB_396679

Mouse monoclonal anti-BrdU BD Biosciences Cat#347580; RRID: AB_ 10015219

Anti-human CD34-APC BD biosciences Cat# 555824, RRID:AB_398614

Anti-human CD45RA-PE BD bioscience Cat# 555489, RRID:AB_395880

Anti-human CD11b-PECy5 Biolegend Cat# 301308, RRID:AB_314160

Anti-human CD14-APC-Cy7 Biolegend Cat# 325620, RRID:AB_830693

F4/80 Monoclonal Antibody (BM8), APC Thermo Fisher Cat# 17-4801-80, RRID:AB_2784647

Mouse monoclonal anti-CD45 BD Biosciences Cat#560973; RRID: AB_10565969

Goat polyclonal anti-GFP Antibodies-Online Cat#ABIN100085; RRID: AB_10778192

Mouse monoclonal IgG1-kappa, APC

conjugated
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Mouse monoclonal IgG2a, FITC conjugated BD Biosciences Cat#556652; RRID: AB_479607

Rat monoclonal IgG2b, FITC conjugated BD Biosciences Cat#556923; RRID: AB_479623

Donkey polyclonal Anti-Rat IgG, Alexa Fluor

488

Invitrogen Cat#A21208; RRID: AB_2535794

Goat polyclonal Anti-Mouse IgG, Alexa

Fluor 488

Invitrogen Cat#A11029; RRID: AB_2534088

Bacterial and virus strains

Lentivirus 3rd Generation N/A

Biological samples

THP-1 xenograft NSG mice blood This paper N/A

THP-1 xenograft NSG mice bone marrow This paper N/A

THP-1 xenograft NSG mice liver This paper N/A

THP-1 xenograft NSG mice spleen This paper N/A

THP-1 xenograft NSG mice This paper N/A

Patient-derived xenografts (PDX), AML-661 University Hospital Heidelberg N/A

Cord blood CD34 cells Department of Obstetrics at University

Hospital Heidelberg

N/A

Mouse bone marrow cells C57BL/6N mice N/A

Buffy coat Blood bank of University Hospital

Heidelberg

N/A
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Chemicals, peptides, and recombinant proteins

DharmaFECT 1 transfection reagent Dharmacon CAT#T-2001

Lipofectamine RNAiMAX Invitrogen CAT#13778030

X-tremeGENE9 DNA transfection reagent Roche CAT#06365809001

Recombinant human BMP4 protein R and D systems CAT#314-BP

Recombinant human RSPO2 protein R and D systems CAT#3266-RS

Fc Receptor Binding Inhibitor eBioscience CAT#14916173

LDN 193185 Tocris CAT#6053

DMH2 Sigma-Aldrich CAT#SML1535

ACK Lysing Buffer GIBCO CAT#A1049201

SuperSignal West pico ECL ThermoFisher CAT#34580

Clarity Western ECL Biorad CAT#1705061

Polybrene Sigma-Aldrich CAT#TR-1003

XAV-939 Selleckchem CAT#S1180

Retinoic acid, ATRA Sigma-Aldrich CAT#R2625

Cytarabine, AraC Selleckchem CAT#S1648

Doxycycline Sigma-Aldrich CAT#D9891

Protamine sulfate Sigma-Aldrich CAT#P3369

BrdU Sigma-Aldrich CAT#B5002

cOmplete Protease Inhibitor Cocktail Roche CAT#11697498001

MethoCult H4034 Optimum MethoCult CAT#H4034

Murine M-CSF Peprotech CAT#315-02

Human M-CSF Peprotech CAT#300-25

Critical commercial assays

Dual luciferase reporter assay system Promega CAT#E1960

Experimental models: Cell lines

HEK293T ATCC CRL-3216 RRID:CVCL_0063

THP-1 gift from Dr. S.Wiemann, DKFZ, Heidelberg N/A

THP-1 Tet-ON inducible shControl This paper N/A

THP-1 Tet-ON inducible shRSPO2 1 This paper N/A

THP-1 Tet-ON inducible shRSPO2 2 This paper N/A

HL60 gift from Dr. A. Trumpp, DKFZ, Heidelberg N/A

MV4-11 gift from Dr. A. Trumpp, DKFZ, Heidelberg N/A

MOLM13 gift from Dr. A. Trumpp, DKFZ, Heidelberg N/A

MOLM14 gift from Dr. A. Trumpp, DKFZ, Heidelberg N/A

NB4 gift from Dr. A. Trumpp, DKFZ, Heidelberg N/A

U937 gift from Dr. A. Trumpp, DKFZ, Heidelberg N/A

NOMO-1 gift from Dr. S. Fröhling, DKFZ, Heidelberg N/A

L cells stably transfected with mouse

WNT3A

ATCC N/A

Control L cells (without stably transfected

mouse Wnt3a)

ATCC N/A

Experimental models: Organisms/strains

NOD/SCID/Il2Rg null (NSG) mice Center for Preclinical Research, DKFZ,

Heidelberg

N/A

C57BL/6N mice Center for Preclinical Research, DKFZ,

Heidelberg

N/A

Oligonucleotides

See Table S1 for oligonucleotides N/A N/A
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Recombinant DNA

RSPO2DC/DFU1/DFU2-flag-pCDNA3

(plasmids)

Kazanskaya et al., 2004; Lee et al., 2020 N/A

DKK-1-pCDNA3 (plasmid) Glinka et al., 2011 N/A

Tet-pLKO-puro Wiederschain et al., 2009 Addgene CAT#21915, RRID:

Addgene_21915

pLKO-eGFP Garg et al., 2019 N/A

Software and algorithms

Fiji (ImageJ) Fiji https://fiji.sc/

GraphPad Prism https://www.graphpad.com:43

Photoshop CS6 Adobe https://www.adobe.com/products/

photoshop.html

LightCycler 480 software Roche https://www.lifescience.roche.com

LAS 3000 Reader ver 2.2 Fujifilm https://www.fujifilm.com

FlowJo LLC BD Biosciences https://www.flowjo.com

FACSDiva software BD Biosciences https://www.bdbiosciences.com/en-us

Deposited data

UCSC Xena database Goldman et al., 2019 https://xena.ucsc.edu

GDC TCGA Acute Myeloid Leukemia

dataset

Weinstein et al., 2013 https://portal.gdc.cancer.gov/projects/

TCGA-LAML

BEAT AML Tyner et al., 2018 http://www.vizome.org/aml/

TARGET AML Bolouri et al., 2018 https://ocg.cancer.gov/programs/target/

data-matrix

Leucegene AML Canadian leucegene AML project https://data.leucegene.iric.ca/overview

Corces et al. RNaseq data Corces et al., 2016 GEO accession GSE74912
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Christof

Niehrs (niehrs@dkfz-heidelberg.de).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.

Data and code availability
This paper analyzes existing and publicly available data, which are listed in the Key resources table. This paper does not report orig-

inal code. Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and growth conditions
HEK293T cells (ATCC) were maintained in DMEM High glucose (GIBCO 11960) supplemented with 10% FBS (Capricorn FBS-12A),

1% penicillin-streptomycin (Sigma P0781), and 2mM L-glutamine (Sigma G7513). THP-1, HL60, MV4-11, MOLM13, MOLM14, NB4,

NOMO-1 and U937 cells were maintained in RPMI (GIBCO 21875) with 10% FBS, 1% penicillin-streptomycin, 2mM L-glutamine and

1mM sodium pyruvate (Sigma S8636). All cell lines were cultured at 37�C and 5% CO2 in a humidity-controlled incubator. Myco-

plasma contamination was negative in all cell lines used.

Primary cell culture
Human primary PDX AML cells (Ebinger et al., 2020) were originally derived from a 55-year-old female patient with AML. Cells were

thawed and cultured in IMDM supplemented with 15% BIT (bovine serum albumin, insulin, transferrin, Stem Cell Technologies
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09500), b-mercaptoethanol 10�4 M (GIBCO 21985023), Gentamicin 50 mg/ml (Thermo 15750060), Ciprofloxacin 10 mg/ml (Genhunter

Q902), SCF 100 ng/ml (Shenandoah 100-04), FLT3L 50 ng/ml (Shenandoah 100-21), IL-3 20 ng/ml (Shenandoah 100-80) and G-CSF

20 ng/ml (Shenandoah 100-72).

Human cord blood samples were obtained from the umbilical cord of female newborn babies. Samples were collected after ob-

taining written informed consent at the Department of Obstetrics at University Hospital Heidelberg, following procedures that were

approved by the Research Ethics Board of the Medical Faculty of Heidelberg University. CD34+ cells were isolated from fresh cord

blood samples using Ficoll Hypaque (Thermo GE17-1440-02) density gradient and subjected to MACS microbeads (Miltenyi 130-

100-453) selection. After purity check by cytometry, cells were cultured in IMDM supplemented with 20% BIT (Stem Cell Technol-

ogies 09500), b-mercaptoethanol 10�4M (GIBCO 21985023), Gentamicin 50 mg/ml (Thermo 15750060), Ciprofloxacin 10 mg/ml (Gen-

hunter Q902), SCF 100 ng/ml (Miltenyi 130-096-695), FLT3L 100 ng/ml (Miltenyi 130-096-479), TPO 50 ng/ml (Miltenyi 130-095-752),

and UM171 35nM (Stem cell technologies 72912).

Mouse bonemarrow cells were flushed out with PBS from femurs of adult C57BL/6Nmice. After removing red blood cells with ACK

Lysis Buffer (GIBCO A1049201), cells were seeded into Petri dishes and maintained in DMEMHigh glucose supplemented with 10%

FBS, 1% penicillin-streptomycin, 2mM L-glutamine and 1mM sodium pyruvate.

Human primary monocytes were isolated from buffy coats obtained from the blood bank of University Hospital Heidelberg, which

were donated anonymously. After a gradient centrifugation with Ficoll-Paque (GE 17-5442-02), cells were seeded into Petri dishes for

overnight incubation. Attached cells were washed with warm PBS and purity was checked by flow cytometry using CD14 antibodies.

In all experiments, purity (% of CD14+ cells) was above 75 - 80%. Purified monocytes were maintained in RPMI supplemented with

10% FBS, 1% penicillin-streptomycin, 2mM L-glutamine and 1mM sodium pyruvate.

Animal experiments
NODSCID gamma (NSG)mice were obtained from the Center for Preclinical Research, DKFZ, Heidelberg. Mice weremaintained at a

12 h light-dark cycle with unrestricted Kliba 3307 diet and water. 7-8 weeks old female mice were used for this study. Mice were ran-

domized for the cell injection. All mouse experiments were in accordance with the approved guidelines of the local Governmental

Committee for Animal Experimentation (RP Karlsruhe, Germany, license G140/19).

METHOD DETAILS

siRNA transfection
siRNAs were transfected using DharmaFECT 1 transfection reagent (Dharmacon T-2001) or Lipofectamine RNAiMAX (Invitrogen,

13778030) according to the manufacturer protocols. Except otherwise mentioned, cells were harvested and analyzed 3 days after

siRNA transfection. siRNA knockdown efficiencies were validated by qRT-PCR assay to be 60% reduction or greater.

Generation of conditioned medium
HEK293T cells were seeded in 15 cm culture dishes and transiently transfected with RSPO2-flag, or DKK1 plasmids using X-trem-

eGENE9 DNA transfection reagent (Roche 06365809001). After 24 hours, media were changed with fresh DMEM, 10% FBS, 1% L-

glutamine and 1% penicillin-streptomycin and cultured 6 days at 32�C. Conditioned media were harvested three times every two

days, centrifuged and validated by TOPflash assay or western blot analyses. WNT3A conditioned medium was produced in L-cells

as previously described (Kazanskaya et al., 2004). RSPO2 deletion-variant media were generated and normalized as previously

described (Lee et al., 2020).

TOPflash luciferase reporter assays
TOPflash luciferase assays were carried out as previously described (Berger et al., 2017). Briefly, HEK293T cells were seeded in a 96-

well plate and transfected with 5 ng Topflash and 1 ng Renilla using X-tremeGENE9 DNA transfection reagent. Cells were overnight

incubated as indicated and lysed for detection of luciferase activity using dual luciferase reporter assay system (Progema, E1960)

according to the manufacturer protocols. Data are displayed as average of biological replicates with SD.

Western blot analysis
Cultured cells were harvested and lysed in cold RIPA buffer with cOmplete Protease Inhibitor Cocktail (Roche 11697498001). For

analysis of cytosolic b-catenin, cells were extracted with saponin buffer (Acebron et al., 2014). Lysates were mixed with Laemmli

buffer containing b-mercaptoethanol and boiled at 70�C for 10 min to prepare SDS-PAGE samples. Western blot images were ac-

quired with SuperSignal West pico ECL (ThermoFisher 34580) or Clarity Western ECL (Biorad 1705061) using LAS-3000 system (Fu-

jiFilm). Quantification of blots was performed using ImageJ software.

Quantitative real-time PCR
Cultured cells were lysed in Macherey-Nagel RA1 buffer containing 1% b-mercaptoethanol and total RNAs were isolated using Nu-

cleoSpin RNA isolation kit (Macherey-Nagel 740955). Reverse transcription and PCR amplification were performed as described

before (Berger et al., 2017). Briefly, 0.5-1.0 mg RNA was reverse transcripted into cDNA and qPCR was done using a LightCycler
e4 Cell Reports 36, 109559, August 17, 2021



Article
ll

OPEN ACCESS
480 (Roche) and the indicated primers listed in Key resources table. Graphs show relative gene expressions to GAPDH. Data are

displayed as mean with SD from multiple experimental replicates. Statistical analyses were performed using PRISM7 software

with unpaired t test or one-way ANOVA test.

FACS analysis
For analyzing macrophage differentiation of THP-1 andMOLM14, cells were harvested, pelleted and resuspended in ice-cold block-

ing buffer (PBS supplemented with 1%BSA and 0.1%NaN3). Cells were treated with Fc Receptor Binding Inhibitor as recommended

by the manufacturer (eBioscience 14916173) and stained directly with FITC/APC-conjugated antibodies diluted in blocking buffer or

with non-conjugated primary antibodies followed by fluorochrome-labled secondary antibodies. Isotype-matched antibodies were

used as controls. Dead cells were excluded by counterstaining with propidium iodide. For analyzing apoptosis of THP-1, cells were

fixed in 4%PFA, permeabilized byMeOHand blockedwith PBS supplementedwith 1%BSA and 0.1%Tween-20. Cells were stained

with anti-active Caspase-3 antibody and fluorochrome-labeled secondary antibody. FACS Samples were analyzed with FACSCali-

bur or FACSCanto (BD Biosciences). 10,000 events per samples were acquired, and results were processed with Cell Quest, FACS-

Diva software (BD Biosciences) or FlowJo. For BMP4 stimulation, cells were treated with 5 and 25 ng/ml recombinant human BMP4

protein (R&D systems 314-BP). 100, 300 and 1000 nM LDN 193185 (Tocris 6053) and 100, 300, 1,000 nM DMH2 (Sigma SML1535)

were used for rescue assay. 1 or 10 nM of ATRA was used for THP-1 stimulation in relevant experiments. For the THP-1 cell number

quantification and differentiation validation in vivo, bone marrow cells were harvested from femurs and tibias of NSG mice and red

blood cells were removed by ACK Lysing Buffer. Cells were stained and analyzed as above. Human specific CD45 antibodies were

used to distinguish THP-1 cells from mouse cells. Here, 50,000 PI-negative events per sample were acquired.

RSPO2 antibody neutralization assay
THP-1 cells were treated with 0.3, 1.0 and 3.0 mg/ml neutralizing goat polyclonal anti-RSPO2 antibodies (R&D systems AF3266) or

goat polyclonal anti-GFP antibodies (ABIN 100085). After 48 hours, medium was replaced including fresh antibodies and incubated

for another 24 hours. Western blot analysis and FACS analyses were performed as discussed above.

Generation of inducible shRNA expressing cell lines
The sequences of shRSPO2 and shControl (Key resources table) were synthesized, inserted into the transfer plasmid Tet-pLKO-puro

and validated by sequencing. Tet-pLKO-puro was a gift from Dmitri Wiederschain (Addgene plasmid # 21915; http://addgene.org/

21915; RRID: Addgene_21915). Lentivirus was produced with the 3rd generation lentiviral system according to the protocol available

at the Trono lab as described (https://www.epfl.ch/labs/tronolab/). THP-1 and MOLM14 cells were infected with lentivirus with 8 mg/

ml Polybrene (Sigma TR-1003) and selected with 0.5 mg/ml puromycin (Calbiochem 540411). Single cell clones were obtained by

limiting dilutions. The shRNA expression of clones was validated by monitoring RSPO2 expression after doxycycline treatment

(1.0 mg/ml) for 3 days. 1.0 mg/ml doxycycline was used for related experiments.

Cell cycle analysis with BrdU/PI double staining
Dox-inducible shRSPO2 RNA (TetOn-shRSPO2) THP-1 cells were incubated with 1.0 mg/ml Dox for 4 days. After 1 hr incubation with

10 mMBrdU, cells were harvested and fixedwith ethanol. Following incubation with 2 NHCl/0.5%Triton X-100 and neutralization with

0.1 M sodium tetraborate (pH 8.5), cells were stained with anti-BrdU antibody (BD, clone B44) and corresponding FITC labeled sec-

ondary antibody. Finally, after incubation with RNase A and PI, cells were subjected to flow cytometry analysis.

Cytarabine/AraC IC50 measurement and proliferation assay
Equal numbers of AML cells were treated with increasing concentrations of cytarabine (Selleck Chemicals) for 72 hours. The number

of viable cells was counted with a TC20 Automated Cell Counter (BIO-RAD). Calculation of AraC IC50 were performed using PRISM7

software. For measuring the IC50 of THP-1 shRNA clones, cells were pretreated with doxycycline (1.0 mg/ml) for 2 days. For prolif-

eration assay, equal numbers of cells were seed into cell culture dishes, and cell numbers were counted at the indicated days using

a TC20 Automated Cell Counter (BIO-RAD). 1.0 mg/ml doxycycline and 1 and 3 mM of AraC were used in assays required.

Colony formation assay with THP-1 and MOLM14 cells
1,000 cells per well of Dox-inducible THP-1 andMOLM14 clones were seeded into 24-well plates in RPMI + 10% FBS, 1% penicillin-

streptomycin, 1 mM sodium pyruvate, 2 mM L-glutamine and 0.5% methylcellulose, with or without Doxycycline (1 mg/ml). After

8 days incubation, microscopic dark field images were taken using LEICA DMIL microscope/Canon DS126311 camera. Quantifica-

tion was executed with ImageJ, and statistics shows unpaired t test.

Lentivirus transduction of primary human cells and analysis
Lentivirus for primary cells was produced with pLKO-eGFP-shRNA asmentioned above. For transduction, primary human cells were

incubated first with protamine sulfate for 30min. Lentiviral particles were then added directly into culturemedia to give amultiplicity of

infection (MOI) of 10-20. Gene transfer was checked via flow cytometry at 48-72h post infection. Cell sorting was performed on a BD

FACS Aria II sorter against GFP. Flow cytometry data was acquired on a BD LSRII or Sartorius Intellicyt iQue3 flow cytometer
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equipped with a High throughput sampler (HTS) device and analyzed using BD FACS Diva 4.0 or Flowjo softwares. Following anti-

bodies were used for cell staining: CD34-APC (BD biosciences 555824), CD45RA-PE (BD bioscience 555489), CD11b-PECy5 (Bio-

legend 301308), CD14-APC-Cy7 (Biolegend 325620).

Colony formation assay with primary cord blood CD34+ cells
On day 4 post lentiviral transduction, 125 cord blood derived CD34+ cells were sorted into 0.5 mL methylcellulose (Methocult, Stem

Cell Technologies 4034) supplied with gentamicin 50 mg/ml (Thermo 15750060) and plated in a 12-well format. After 10-14 days in-

cubation, colonies were analyzed under an inverted microscope according their morphologies and statistics shows unpaired t test.

Mouse bone marrow cell analysis
Freshly isolated mouse bone marrow cells were transfected with siRNA and seeded into Ultra-Low Attachment plates (Corning

CLS3471). 24 hours later, cells were treated with 20 ng/ml M-CSF (Peprotech, 315-02). After 3 additional days incubation, cells

were harvested for flow cytometry, qRT-PCR and WB analysis. In case of LDN 193189 rescue assay, cells were co-treated with

100 nM LDN for 3 days before analysis.

Primary monocyte analysis
Freshly isolated human primary monocytes were transfected with siRNA and seeded into Ultra-Low Attachment plates. 48 hours

later, cells were treated with 100 ng/ml M-CSF (Peprotech, 300-25). After 2 additional days incubation, cells were harvested for

flow cytometry analysis (Dupoux et al., 2009). Samples for qRT-PCR analysis were harvested at 2 days after siRNA transfection.

Cytospin and Wright-Giemsa staining
Cells were harvested and washed in PBS, reaching final concentration of 25,000/100 ml. 100 ml cell suspension was centrifuged in a

cytospin centrifuge (Shandon) for 5 min at 800 g. Wright-Giemsa staining was performed using a kit from ScyTek Laboratories.

In vivo THP-1 xenotransplantation into NSG mice and AML PDX experiments
For THP-1 xenotransplantation, randomized NSG mouse cohorts (n = 6-7 mice/group) were treated with Dox or vehicle throughout

the study. Treatment started 3 days prior to cell transplantation via drinking water consisting 1mg/ml Dox and 5% saccharose, or 5%

saccharose only. One day prior to transplantation, mice were sub-lethally irradiated on whole body (2 Gy of a 137Cs-source, Type OB.

58/9021; Buchler GmbH, Braunschweig) and treated with Baytril (25 mg/kg bodyweight, i. e. 25 mg/ml drinking water) for 2 weeks.

500,000 cells in 100 ml PBS were injected intravenously into the lateral tail vein of mice. Besides regular health checks, mouse body

weight was taken twice per week throughout the experiment. Heparinized bloodwas collected from the tail vein at days 9 and 22 after

transplantation. Terminal blood collection was performed under isoflurane anesthesia followed by cervical dislocation. Necropsies

were taken as indicated or when mice reached a stop criterion described in the license, here defined as survival. For AML-661 PDX

experiments, cells were overnight transduced with lentivirus and washed with PBS before tail vein injection. 250,000 cells per mouse

were injected.

qPCR analysis for THP-1 burden in NSG mouse
Genomic DNA was isolated from mouse blood samples using NucleoSpin Tissue kit (Macherey-Nagel 740952). Quantitative PCR

was done with human Alu element specific primers and corresponding Taqman probe (Funakoshi et al., 2017). For each reaction,

25 ng genomic DNA was used. A standard curve was generated with genomic DNA extracted from NSG mice blood containing

known numbers of THP-1 cells and used for converting qPCR fluorescent signals to actual cell numbers. Normal NSG mice blood

and nuclease free water were used as negative controls.

Expression analysis and Kaplan-Meier plot of patients with AML
Expression data and related clinical features were downloaded from the UCSC Xena database (https://xena.ucsc.edu) using GDC

TCGA Acute Myeloid Leukemia cohort (https://portal.gdc.cancer.gov/projects/TCGA-LAML) and TARGET AML cohort (https://

ocg.cancer.gov/programs/target), the BEAT AML website (http://www.vizome.org/) using the cohort from Tyner et al. (2018), the

Leucegene cohort (https://leucegene.ca/), and Corces et al. (2016). RNaseq data from different cohorts were generated with periph-

eral blood or bone marrow samples isolated from patients with AML and/or healthy individuals. Kaplan-Meier plots of patients with

AML were generated with PRISM 7 and expression levels of indicated genes were stratified into two groups (high and low) based on

the median of expression according to the RNaseq data.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were done with the PRISM7 software using unpaired t test or one-way ANOVA followed by Tukey test. Log-rank

test was used for survival analysis. Sample sizes and specific statistical test used are described in the Figure Legends. A significance

threshold of p% 0.05 was used throughout the study. Not significant (ns), p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Error bars indicate SD.
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