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Ryk modulates the niche activity of mesenchymal
stromal cells by fine-tuning canonical Wnt
signaling
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Abstract

The importance of modulating the intensity of Wnt signaling has been highlighted in various biological models, but
their mechanisms remain unclear. In this study, we found that Ryk—an atypical Wnt receptor with a pseudokinase
domain—has a Wnt-modulating effect in bone marrow stromal cells to control hematopoiesis-supporting activities.
We first found that Ryk is predominantly expressed in the mesenchymal stromal cells (MSCs) of the bone marrow (BM)
compared with hematopoietic cells. Downregulation of Ryk in MSCs decreased their clonogenic activity and ability to
support self-renewing expansion of primitive hematopoietic progenitors (HPCs) in response to canonical Wnt ligands.
In contrast, under high concentrations of Wnt, Ryk exerted suppressive effects on the transactivation of target genes
and HPC-supporting effects in MSCs, thus fine-tuning the signaling intensity of Wnt in BM stromal cells. This ability of
Ryk to modulate the HPC-supporting niche activity of MSCs was abrogated by induction of deletion mutants of Ryk
lacking the intracellular domain or extracellular domain, indicating that the pseudokinase-containing intracellular
domain mediates the Wnt-modulating effects in response to extracellular Wnt ligands. These findings indicate that the
ability of the BM microenvironment to respond to extracellular signals and support hematopoiesis may be fine-tuned
by Ryk via modulation of Wnt signaling intensity to coordinate hematopoietic activity.
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Introduction origin Specifically, mesenchymal stromal cells,

Hematopoietic stem cells (HSCs) are a rare subset of
hematopoietic cells that can produce all blood cell lineages
and regenerate bone marrow (BM) after transplantation
into recipients"”. The regenerative activity of HSCs is
regulated by multidimensional mechanisms, including the
microenvironment®>*, Accumulating studies have shown
that the stem cell niche in the BM microenvironment plays
a key regulatory role in the regeneration and maintenance
of the hematopoietic system by controlling the self-
renewal®® or quiescence’ ™ of HSCs. The BM stem cell
niche is comprised of various types of stromal cells,
including those of mesenchymal and nonmesenchymal
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including early-stage osteoblastic cells expressing Runx2'?,
nestin'® or leptin receptor'” or primitive (prx-14)
mesenchymal stromal cells (MSCs)'®, have been identified
as major mesenchymal niche cells in the BM. These MSCs
serve as BM niche cells'” expressing crosstalk molecules,
such as Jagged-1°'%, CXCL-12'*'*?°, and angiopoietin-1*,
that interact with HSCs to exert microenvironmental con-
trol of hematopoiesis.

Studies have shown that signals controlling the biolo-
gical properties of MSCs in the BM microenvironment
could have a regulatory effect on the regenerative activity
of HSCs: adipogenic differentiation of MSCs in the BM
suppresses HSC regeneration in myeloablated hosts™,
whereas cells of the osteoblastic lineage support hema-
topoietic activity”®. Accordingly, extensive studies are
underway to identify the signals and molecular mechan-
isms that control the proliferation/self-renewal and
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differentiation of MSCs under various physiological and
pathological conditions.

Wnts are secreted glycoproteins associated with the
cell surface or extracellular matrix that influence var-
ious biological processes, including embryonic induc-
tion and cell fate specification. In the canonical Wnt
signaling pathway, Wnt binds to seven-pass trans-
membrane Frizzled (Fz) family receptors and the single-
pass coreceptors LRP 5 and 6 (LDL-receptor-related
protein 5 and 6) to induce [-catenin stabilization.
Subsequently, stabilized B-catenin translocates to the
nucleus and forms a complex with the DNA-binding
transcription factors TCF/LEF to activate a Wnt-
controlled gene expression program?®>.

Notably, canonical Wnt signaling has been implicated in
regulating the stromal activity of MSCs in the BM
microenvironment. For example, we and others have
recently shown that activation of Wnt/[-catenin signals in
MSCs enhances HSC self-renewal by triggering crosstalk
of Wnt-Notch signals in the stem cell niche'®**, Similarly,
[-catenin expression in the BM stroma was necessary for
the maintenance of long-term hematopoietic stem
cells'®**. Moreover, different levels of B-catenin in MSCs
have distinct effects on their cellular properties and on
niche activity, supporting the self-renewal of HSCs®.
These findings indicate that the intensity of canonical
Wnt signals in MSCs should be fine-tuned for coordina-
tion of hematopoietic function, but the mechanisms for
modulating this signal intensity remain unclear.

Related-to-receptor tyrosine kinase (Ryk) is a single pass
transmembrane receptor for Wnt ligands. The cyto-
plasmic domain has a tyrosine kinase domain but lacks
kinase activity’” >, Binding of Wnt to Ryk through their
extracellular WIF (Wnt inhibitory factor-1 like) domain
can initiate complex formation with Frz receptors for
crosstalk in the Wnt signaling network® to activate
[-catenin-dependent and independent signaling path-
ways*>?!, Although the tyrosine kinase domain in the
intracellular domain of Ryk lacks enzymatic activity, it is
cleaved by gamma-secretase and released for nuclear
translocation®, suggesting that it may play an alternative
role in regulating Wnt-related signals.

The biological functions of Ryk have been studied for their
role during development, that is, the axonal outgrowth of
neuronal tissues, cell migration and polarity®’. Targeted
disruption of Ryk causes various types of developmental
defects in cardiovascular and craniofacial development with
postnatal lethality®**°, In the hematopoietic system, Ryk was
shown to exert a cell-autonomous effect on HSCs to control
the proliferation and apoptosis of HSCs as well as their
repopulating activities®. Similarly, Ryk was suggested as a
cofactor for the noncanonical Wnt5a to control the Wnt5a-
mediated quiescence of HSCs* and thereby to control the
response of HSCs to myeloablation injury”®. However,

Official journal of the Korean Society for Biochemistry and Molecular Biology

1141

despite these observations on the cell-autonomous effects on
HSCs, the role of Ryk in the hematopoietic microenviron-
ment controlling its niche activity remains unknown.

In this study, we showed that Ryk is predominantly
expressed in the stromal cell compartment rather than the
hematopoietic cells of the BM and that it controls the
intensity of Wnt signaling in the mesenchymal stroma to
modulate its responsiveness to the stimulatory effects
from canonical Wnt signals.

Materials and methods
Cells

Murine bone marrow cells were isolated from the tibias
and femurs of 8- to 10-week-old C57BL/6]-Ly5.1 (BL6) or
C57BL/6]-Pep3b-Ly5.1 (Pep3b) mice by flushing the shaft
with HF2 buffer (Hank’s Balanced Salt Solution (Welgene,
Kyungsan-si,Korea) + 2% fetal bovine serum (HyClone,
GE Healthcare, Logan, UT)) using a 3 ml syringe. Murine
hematopoietic progenitors were enriched by pretreatment
with 5-fluorouracil (150 mg/kg, 5-FU, Sigma Aldrich, St.
Louis, MO) 4 days before BM harvest®*”*. Mouse
mesenchymal stromal cells (MSCs) from the BM were
obtained by serial culture for adherent cells until all
adherent cells became CD45 negative as described pre-
Viously18 and were cultured in DMEM (HyClone) sup-
plemented with 10% fetal bovine serum (HyClone), 2 mM
L-glutamine (Gibco, Thermo Fisher Scientific, Waltham,
MA), and antibiotic-antimycotic (Gibco).

Plasmid construction

Nonspecific shRNA or Ryk shRNA in pFUGW, GFP
alone, Ryk-W'T, Ryk-dICD and Ryk-dECD in pFUIGW were
previously described®**. The murine Ryk targeting CRISPR/
Cas9 system (pRGEN-mRyk-U6-sgRNA, pRGEN-cas9-
CMV and reporter pHRS-mRyk-CMV) was purchased
from ToolGen (Seoul, Korea).

In vitro coculture

For coculture assays, mMSCs transduced with each
lentiviral vector were irradiated with 15 Gy 1 day before
coculture. Murine hematopoietic progenitors were
cocultured with mMSC:s for 5 days in MyeloCult M5300
(STEMCELL Technologies, Vancouver, BC, Canada)
supplemented with antibiotic-antimycotic  (Gibco),
100 ng/ml human Flt-3 ligand (FL, ProSpec-Tany Tech-
noGene, Ltd., Rehovort, Israel), 100 ng/ml mouse Stem
Cell Factor (mSCF, ProSpec), 50 ng/ml human thrombo-
poietin (hTPO, ProSpec) and 10 °M hydrocortisone
(HC, STEMCELL Technologies). Wnt3a (10 ng/ml or
100 ng/ml, R&D Systems, Minneapolis, MN) or Wnt5a
(10 ng/ml, R&D Systems) was added to the medium for
coculturing, and BSA (Sigma Aldrich) was used to treat
the control group. For colony forming assays of hemato-
poietic progenitors, hematopoietic cells were plated in
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methylcellulose media (MethoCult, STEMCELL Tech-
nologies) containing cytokines for 14 days and analyzed
for colony numbers.

Colony formation and osteogenic and adipogenic
differentiation of mMSCs

Osteogenic and adipogenic differentiation of mMSCs
was performed as previously described*!, followed by
Alizarin Red S (Sigma Aldrich) or Oil Red O (Sigma
Aldrich) staining, respectively. The osteogenic miner-
alization an adipogenic lipid droplets were eluted and
quantitatively measured by spectrophotometry at 550 and
520 nm, respectively. For colony formation, mMSCs
transduced with each lentiviral vector were plated at a
density of 50 cells per 60-mm dish. After incubation for
14 days, colonies were visualized by crystal violet (Sigma
Aldrich) staining.

TOP/FOP assay

The TOPFLASH and FOPFLASH reporter constructs
containing eight TCF/LEF binding sites or mutated
binding sites** were transfected into cells. Luciferase
activity was measured by the Luciferase Assay System
(Promega, Madison, WI) according to the manufacturer’s
instructions. Transfection efficiency was normalized to
[-galactosidase activity.

Western blotting and PCR

Western blots were performed using anti-actin antibody
(clone C4; Millipore, Temecula, CA), mouse RYK anti-
body (R&D Systems), active [-catenin (Cell Signaling
Technology, Danvers, MA) and [-catenin (Bethyl, Mon-
tgomery, TX), visualized with ECL (SuperSignal West
Femto, Thermo Fisher Scientific) and quantified by
LAS3000 software.

For RT-PCR analysis, RNA was purified from mMSCs
and converted to cDNA using SuperScript III Reverse
Transcriptase (Invitrogen, Thermo Fisher Scientific) and
amplified using specific primers for mRyk (5-ATC CTA
CCT TGC GGA TGA AG-3, 5-CAT CAT CGT CAC
CTG AAC TT-3'), Ryk-ICD (5'-TCC AAG GTA CTT
TTG GGC G-3/,5-TGT CCC CTA GGC AGT GGT AG-
3/) and Ryk-ECD (5'-CAG TCA CTA CGC TCT GTC
CT-3/, 5'-GCT CGA CCC GAA ACA CTG AT-3’). Real-
time quantitative PCR (RQ-PCR) was performed with the
Rotor-Gene 6000 system (Corbett Life Science, Australia)
and SYBR Premix Ex Taq (TaKaRa, Japan). Relative levels
of PCR products were determined after normalization to
an endogenous Gapdh control.

Flow cytometry

Cocultured cells were analyzed by staining with CD45.1
PE, CD45.2 PE, c-Kit APC (eBioscience, San Diego, CA),
Sca-1 PE-Cy7, streptavidin APC-Cy7 (BD Pharmingen)
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and lineage cocktail biotin (a component of StemSep,
STEMCELL Technologies). Labeled cells were analyzed
using an LSRII flow cytometer (BD Biosciences).

Results
Ryk is preferentially expressed in the stromal
compartment to modulate Wnt signaling

Previous studies showed that the intensity of Wnt sig-
naling on BM MSCs could be fine-tuned for coordinated
control of the BM niche stimulating self-renewal of
HSCs**™**. We thus investigated whether Ryk, an atypical
Wnt receptor family member lacking tyrosine kinase,
plays a role in modulating the signaling intensity of Wnt
in BM MSCs. To study the potential role of Ryk in the
hematopoietic system, we first examined the expression
levels of Ryk in bone marrow (BM) hematopoietic tissue.
Ryk expression was maintained at basal levels in hema-
topoietic cell lines, including 32D and WEHI cell lines*
(Fig. 1a). In primary bone marrow cells (BMCs), similar
basal level expression was observed in whole BMCs and
progenitor-enriched hematopoietic cells prepared by
lineage depletion (Lin-) or by 5-FU treatment 4 days prior
to harvest®*’. In contrast, markedly higher expression
was observed in mesenchymal stromal cells (MSCs)
obtained from BM. Thus, Ryk is predominantly localized
in the stromal compartment rather than in the hemato-
poietic cells, suggesting a primary function in the BM
microenvironment.

To examine the potential role in BM stroma, we next
examined the role of Ryk in BM-derived MSCs by
knocking down (KD) Ryk in these cells. Infection of MSCs
with lentiviral vector encoding shRNA-Ryk resulted in
significantly decreased levels of the Ryk transcript (Fig. 1b),
with a less prominent decrease in protein levels (Fig. 1c).

Using these MSCs (MSCs/Ryk-KD), we first examined
the effects on transactivation of Wnt target genes in
response to Wnt ligands by using a reporter for TCF/LEF
(TOP/FOP)**, Ryk KD did not affect the basal transacti-
vation in MSCs cultured with BSA but significantly sup-
pressed the Wnt3a-mediated transactivation of the
reporter (Fig. 1d). This finding indicates that Ryk plays a
role in modulating the MSC response to canonical Wnt
signals. Supporting these findings, there was a significant
increase in the accumulation of active (unphosphorylated)
3-catenin in response to Wnt3a stimulation in MSCs/sh-
control that was lost in the Ryk-KD MSCs (Fig. 1e, f). The
inhibitory role of Ryk-KD was specific to the canonical
pathway of Wnt, since Wnt5a, the ligand for non-
canonical Wnt signaling®”*%, did not exhibit transactiva-
tion of TOP/FOP reporter genes, nor was their
transactivation influenced by Ryk-KD (Fig. 1d, e).

We next examined the effects of Ryk-KD on the cell
autonomous functions of MSCs. Colony formation
(CFU-F) of MSCs/Ryk-KD was decreased to modest levels
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Fig. 1 Ryk is preferentially expressed in the stromal compartment to modulate Wnt signaling. a Comparison of the expression of Ryk in
hematopoietic and stromal cells. The expression levels of Ryk in each indicated cell type, as determined by RQ-PCR normalized to Gapdh, are shown.
mMSC: murine mesenchymal stromal cells, WBM: whole bone marrow cells, 5FUBM: 5-FU bone marrow cells, Lin-: lineage depleted hematopoietic
progenitor cells. b, ¢ Knockdown of Ryk in mMSCs. mMSCs were infected with lentiviral vector harboring shRNA-Ryk (Ryk-KD) or shRNA-nonspecific
(control), and a decrease in Ryk expression at the transcript level is shown by RT-PCR (left: representative gel profile, right: quantitative analysis), along
with a decrease in the protein levels determined by Western blot profiles (left: image profile, right: quantitative analysis) (mean + SEM, *p < 0.05, ***p
<0001, n=7 for RT-PCR, n = 3 for Western blot). d Effects of Ryk-KD on transactivation of Wnt target genes. Ryk-KD or control mMSCs were
transfected with a luciferase reporter for Wnt--catenin target genes (TOPFLASH /FOPFLASH) to measure transactivation potential with normalization
to B-galactosidase activity. The transactivation folds induced by Wnt3a or Wnt5a treatment in the control or Ryk-KD mMSCs were determined by the
TOP/FOP ratio relative to that of the BSA-treated control (mean £ SEM, *p < 0.05, n = 4). e, f Effects of Ryk-KD on the accumulation of -catenin. Ryk-
KD or control mMSCs were treated with canonical (Wnt3a) or noncanonical (Wnt5a) ligands, and the levels of active (unphosphorylated) and total
B-catenin were determined by Western blots and quantification by densitometry (mean + SEM, *p < 0.05, n = 3).

compared to the MSCs/sh-control in the presence or
absence of Wnt3a ligands (Fig. 2a), but there was no
significant difference in their proliferation levels (Fig. 2b).
These results suggest that Ryk might support the intrinsic
clonogenic potential of MSCs without affecting the pro-
liferation in culture. When MSC differentiation was
examined, Ryk-KD had no effect on the Wnt3a-mediated
increase in osteogenic differentiation and decrease in
adipogenic differentiation (Fig. 2c, d). Together, these
results show that Ryk modulates the intensity of canonical
Wnt signals in MSCs but differentially influences various
cell-autonomous functions of MSCs.

Homozygotic loss of Ryk impairs colony formation of MSCs

Next, to further examine the effects of Ryk deficiency in
MSCs, we established MSC clones with stable loss of Ryk
by CRISPR-Cas9-mediated gene knockout approaches®.
MSCs were transfected with gene-targeting vectors along
with the reporter for selection of gene-targeted clones,
followed by single-cell sorting to obtain single-cell derived
MSCs with disruption of Ryk (Fig. 3a). A total of 288 wells
were plated with transfected single cells, but only 12 wells
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exhibited continued colony growth, four of which were
positive for indel formation in the T7E1 assay due to
mutation of the gene*® (Fig. 3b, c). However, these single
clones that survived after selection were not full knockout
mutants, as evidenced by only a partial decrease in the Ryk
transcript and protein levels compared to those of the
parental MSC population (Fig. 3d). This finding indicates
that MSCs with a homozygous Ryk mutation did not form
colonies during the selection procedure. As an alternative
approach to obtain clones with homozygous mutations,
we next screened the initially transfected MSCs by indel
formation assays without selection by hygromycin resis-
tance or green fluorescent protein expression. As shown,
among the 288 wells with single-cell plating, initial colo-
nies were found in 47 wells, but only two colonies with
positive indel formation continued to grow (Fig. 3b).
These were again colonies with heterozygous mutations
exhibiting a similar decrease in transcript and protein
levels as shown by selection screening (Fig. 3d). These
findings suggest that MSCs with homozygous disruption
of Ryk did not survive during clonal colonization, only
producing colonies with heterozygous knockout. This
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result is consistent with our findings of decreased CFU-F
colony numbers upon KD of Ryk.

Next, MSCs with heterozygous Ryk mutations were
examined for the effect of Wnt3a during differentiation.
There was no significant loss of response to Wnt3a during
osteogenic and adipogenic differentiation in the hetero-
zygous Ryk mutants compared to the WT, although clonal
variations were observed (Fig. 3e, f), as with Ryk-KD.
These findings reinforce our model that quantitative
downregulation of Ryk in MSCs, while affecting their
clonogenic potential, does not influence their response to
Wnt ligands for multilineage differentiation of MSCs.
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Ryk modulates Wnt-induced activation of niche function in
MSCs to control hematopoietic support

Since Ryk did not affect the Wnt response of MSCs in
their control of cell-autonomous functions, we next
examined the role of Ryk in the Wnt-mediated control of
MSC niche activity supporting self-renewal of hemato-
poietic progenitors (HPCs)'”. For this, we cocultured 5-
FU-enriched HPCs with MSCs/Ryk-KD or control MSCs
to compare the self-renewing expansion of primitive
subsets of hematopoietic cells (LSK: Lin— Sca-1+ c-kit+)
under each condition (Fig. 4a). In the absence of Wnt
ligands (+BSA), there was no difference in the numbers of



Jeong et al. Experimental & Molecular Medicine (2020) 52:1140-1151 1145

a b

; Single cell | Initial | Grown |Indel(+)
PRGEN-U6-sgRNA m Selection | o1l Plated # colony #|colony #|colony # Outcome
. HygR Het:
PRGEN-cas9-CMV [CHIV  Caso-NLS-Ha] +Selection| 'Y 288 2 | 12 i [
. Heterozygous
PHRS Reporter [CHV ) mRep1] Target [ HygR[EGFP]|  -Selection| - 288 a7 | 3 2 [
+ Selection - Selection
TIE1 - + - + - + - +|| T7EA treated 515
— - — - — O a
o 1 pp— -----"""":.".:--— g 310
TIEN & e SRR E C3C19C4TPEPITPIE &
~alCZoESE BUEEEDEER <« g0
= 3""' ¥ 2
TR et e et Actin <00
T e e - g — - EPEER. = & > ® O A LAY
= el m i'!EI !:l = 00\\0 O N C}" ] Q'\ Q"
O
e f
35
=
s 3 E o8
8 25 8
it 2 w06
L
8 15 oBSA g 04 0BSA
S 1 =
% 05 m\Wnt3a z 02 mWnt3a
0 ® 0
o&‘é o 0'3’ 0&\ P Q(\ Q\Q’ oé@ o 0'9 0';‘\ & Q(\ Q"%
(€) )

Fig. 3 Effects of CRISPR-Cas9-mediated Ryk knockout on mMSC function. a Schematic structure of the CRISPR-Cas9 system. Single guide RNA
(sgRNA) specific to murine Ryk, expression vectors for Cas9 and reporters for gene targeting assessed by hygromycin resistance (HygR) and enhanced
green fluorescent protein (EGFP) are shown. b Outcomes of CRISPR-Cas9-mediated mutation on Ryk in mMSCs. The summary of the numbers of
surviving cells and colonies of mMSCs from each indicated experimental stage for gene-targeting of Ryk by the CRISPR-Cas9 system is shown. The
number of initial colonies is the number grown during the 1st passage of culture, and the number of grown colonies is the number that survived
during passaging. ¢ Representative profiles for indel formation assays during CRISPR-Cas9-mediated targeting of Ryk. The indel formation by T7E1
endonuclease treatment in the colonies that survived during culture with selection (EGFP + HygR) (left panel) and indel formations from mMSC
colonies that exhibited initial growth in the absence of the selection (right panel) are shown. The indels are marked with an arrow. d Expression levels
of Ryk in the mMSC colonies obtained after the gene-targeting procedure. The Western blot to measure the protein levels of RYK for each single-cell
derived clone indicated (left panel) and the relative expression levels of the Ryk transcript determined by real-time quantitative PCR for the
intracellular domain of Ryk in each indicated single cell-derived colony obtained from gene targeting (right panel) (n = 3) are shown. Each single
colony was designated C3, C19, C14 (— selection group), P8, P17, and P18 (+ selection group). Note an approximately 50% decrease in the RYK
protein and transcript levels in the gene-targeted single cell clones, indicating heterozygous Ryk mutations. e Effects of heterozygous Ryk knockout
on the differentiation of different mMSCs in response to Wnt3a ligands. Each indicated Ryk-mutant MSCs was subjected to osteogenic or adipogenic
differentiation in the presence or absence of Wnt3a ligands (10 ng/ml). The calorimetric determination of relative osteogenic differentiation at
550 nm (left panel) and adipogenic differentiation at 520 nm (right panel) compared to the control group (n = 3) is shown.

LSK cells after coculture with MSCs/Ryk-KD compared to
those of the control MSC group (Fig. 4b). In contrast, in
the presence of Wnt3a, the expansion of LSK observed
with the control MSCs was abrogated upon coculture
with MSC/Ryk-KD (Fig. 4b). Thus, Ryk controls the Wnt
response of MSCs, stimulating HPC self-renewal.
However, the expansion of more downstream hemato-
poietic precursors, including Lin (—) hematopoietic cells
and colony forming cells (CFCs), was not significantly
affected by coculture with MSCs/Ryk-KD (Fig. 4c, d). This

Official journal of the Korean Society for Biochemistry and Molecular Biology

result indicates that their modulation of niche activity
selectively affects primitive subsets rather than more
mature hematopoietic precursors.

In contrast, the noncanonical ligand Wnt5a did not cause
any effects on the HPC-supporting activity of MSCs for
primitive (LSK) or more mature Lin (—) hematopoietic cells,
and these effects were not influenced by KD of Ryk (Fig. 4e, f),
indicating selective effects on canonical Wnt signaling.

Next, we also examined these Wnt-modulating effects
of Ryk under higher concentrations of Wnt3a ligands.
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Fig. 4 KD of Ryk selectively impairs canonical Wnt-mediated niche activation for primitive subsets of hematopoietic progenitors. a
Experimental design. MSCs with Ryk-KD were cocultured with 5-FU-enriched hematopoietic progenitors for 5 days in the presence or absence of Wnt
ligands (Wnt3a or Wnt5a) followed by measurement of expansion of each indicated subpopulation of hematopoietic cells. b-d Effects of Ryk-KD on
canonical Wnt ligand (Wnt3a)-mediated activation of niche function. The relative fold expansion of LSK (Lin— Sca-1 + c-Kit+), lineage negative (Lin-)
cells and colony forming cells (CFCs) relative to the coculture with control MSCs in the absence of Wnt ligands (mean + SEM, *p < 0.05, n=15) is
shown. e, f Effects of Ryk-KD on niche activity of MSCs in response to noncanonical Wnt5a. The fold expansions of each indicated subpopulation of
hematopoietic cells relative to the control group with BSA (mean + SEM, n = 5) are shown. g Transactivation folds induced by high-dose Wnt3a
(100 ng/ml) treatment in the control or Ryk-KD mMSCs were determined by the TOP/FOP ratio relative to the BSA-treated control (mean + SEM, *p <
0.05, n=4). h, i Effects of Ryk-KD on the niche activity of MSCs in response to high-dose canonical Wnt ligand (Wnt3a, 100 ng/ml). The relative fold
expansion of LSK (h) and Lin- cells (i) relative to the coculture group with control MSCs (mean + SEM, *p < 0.05, n =4) is shown.

Surprisingly, in response to 10-fold higher concentrations
of Wnt 3a, MSCs with Ryk-KD exhibited an increase in
the transactivation of Wnt target genes (Fig. 4g), indi-
cating that Ryk exerts a suppressive effect under exces-
sively high amounts of Wnt3a ligands. Moreover, the
HPC-supporting effects of MSCs were similarly increased
in the MSCs with Ryk-KD as effects on the transactivation
potential, which was again selective for the primitive
population (LSK) without affecting the more downstream
hematopoietic (Lin—) population (Fig. 4h, i).

Together, these results show that Ryk exerts modulatory
effects on Wnt signaling in a dose-dependent manner that
supports low-level signaling but suppresses excessively
high Wnt signaling, suggesting fine-tuning of the Wnt
responses of MSCs and their HPC-stimulating effects.

Official journal of the Korean Society for Biochemistry and Molecular Biology

Ligand-activated intracellular domain of Ryk participates
in the Wnt-modulating effects of Ryk in MSCs

Since Ryk has Wnt ligand binding activity through a
WIF motif in its extracellular domain (ECD), the Wnt-
modulatory effects of Ryk on MSC niche function could
be attributed to their inhibition of Wnt ligands by
competing with Frz receptors. Alternatively, the mod-
ulating effects of Ryk could be an intrinsic function of
Ryk as a receptor for Wnt ligands, transmitting mod-
ulatory signals through their intracellular domain (ICD).
To discriminate between these possibilities, we next
examined the effects of a mutant form of Ryk (Ryk-
dICD), where the ICD of Ryk is deleted while the ECD
and transmembrane domain are preserved>> (Fig. 5a).
Thus, lentiviral vectors encoding Ryk-WT or Ryk-dICD



Jeong et al. Experimental & Molecular Medicine (2020) 52:1140-1151

1147

[
O

mMSC
CT WT dICD dECD

RYK-WT

pFUIGW

"TA —0biC {rtTA 2s-m2}{GFP
Control —{TRE )
Ryk-WT —{TRE ){Ryxw |

Ryk-dICD —{TRE Y RykdicD HaFP
Ryk-dECD —{TRE ) RykdECD HaFP

(2]
o

F
RYK-dECD

———

| GAPDH

(2]
0

F

o]
o

40

0O Control

| Ryk-WT
8 Ryk-dICD
B8 Ryk-dECD

=)
=)

g

o

N
o
-
o

Transactivation folds
S
o
Fold s change
N
o

o

Control

LSK cells

ICD ECD

200 4 o-DOX

m+DOX

0-DOX
m+DOX

NN
(=T

150

—_
o

100

—_
o

(53]
o
3]

Relative Expression
Relative Expression

M

Control Ryk
-WT

Ryk  Ryk
-dICD -dECD

Control Ryk Ryk Ryk
-WT -dICD -dECD

Lin- cells

OBSA 3.0
m\Wnt3a

oBSA

mWnt3a
20

Fold s change

Control

Ryk
-WT

Ryk  Ryk
-diICD -dECD

Ryk
Wt

Ryk  Ryk
-dICD -dECD

BSA Wnt3a
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expression of Ryk and its mutants in MSCs. MSCs transfected with each construct were doxycycline induced and sort-purified by GFP and examined
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supporting the self-renewing expansion of HPCs in the presence or absence of Wnt3a. The fold changes in the numbers of primitive HPC subsets

(LSK) and lineage negative (Lin—) populations are shown (mean + SEM, *p < 0.05, n = 3).

under a doxycycline-inducible promoter were con-
structed and transduced into MSCs. The inducible
expression of these transgenes was confirmed by a
marked increase in both the transcript and protein levels
upon doxycycline treatment (Fig. 5b, c). The transacti-
vation of Wnt-target genes (TOP/FOP reporters) by
Wnt3a stimulation was not affected by overexpression of
Ryk-W'T but was significantly decreased by induction of
Ryk-dICD (Fig. 5d), indicating that the ICD of Ryk is
necessary for the optimal intensity of Wnt3a signals.
We also examined the effect of Wnt on MSCs in their
support for HPC self-renewal. Overexpression of Ryk-W'T
in MSCs did not affect the Wnt3a-mediated increase in
self-renewing expansion of LSK cells. In contrast, induc-
tion of Ryk-dICD in MSCs abrogated the enhancing
effects, and no increase in the expansion of LSK cells was
observed (Fig. 5e). In contrast, no significant difference
was observed for the expansion of more downstream Lin
(—) hematopoietic cells, reinforcing the selective effects of
Ryk on primitive hematopoietic subsets (Fig. 5f). These
results further showed that Ryk serves as a modulator of
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Wnt signaling intensity, controlling the HPC-supporting
activity of MSCs in a manner dependent on the ICD of
Ryk, rather than just squelching of Wnt ligands by Wnt-
binding ECD.

Having observed the role of ICD in Ryk, we next
examined whether ICD can exert independent effects to
support the Wnt effects without ligand binding of ECD.
For this, we overexpressed another mutant of Ryk lacking
the extracellular domain (dECD) in MSCs. The mutant
Ryk lacking the ECD similarly decreased the transactiva-
tion of Wnt3a target genes (TOP/FOP) (Fig. 5d) and
similarly abrogated the Wnt3a-mediated HPC-stimulating
effects of MSCs (Fig. 5e). These findings indicate that
orphan ICD without ECD-ligand interactions similarly
impairs the function of Ryk in modulating the optimal
intensity of Wnt signaling.

Together, these results show that Ryk may exert its Wnt-
modulating effects through pseudokinase-containing ICD
in a manner dependent on the interaction of Wnt ligands
and ECD to control the self-renewal of the primitive
hematopoietic pool.
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Discussion

The microenvironment of the BM plays a critical role in
controlling the regenerative capacity of HSCs, responding
to extrinsic signals to accommodate the physiological
need for hematopoiesis with reversible switching between
dormancy and self-renewal of HSCs**~>'. Accordingly,
fine-tuning this niche activity to control the stimulatory
effects of the mesenchymal niche on HSC self-renewal is
critical for balancing maintenance of the HSC reservoir in
BM with the activation of hematopoietic output. How-
ever, the signaling network that can modulate the niche
activity of MSCs in response to regenerative stimuli has
not yet been fully characterized.

In this light, recent studies showed that MSCs exert
different levels of HSC-stimulating effects depending on
their cellular heterogeneity related to aging®’, the differ-
ence in the molecular gradients for epithelial-
mesenchymal transition®®, or culture conditions®, and
MSCs can undergo adaptive changes during physiological
stimulation for HSC regeneration®, indicating a dynamic
control of niche activity with respect to the physiological
signals to control hematopoiesis.

We previously showed that canonical Wnt signals target
mesenchymal cells in the BM stem cell niche to stimulate
HSC self-renewal in a contact-dependent manner, con-
trolling cell fate decisions for HSCs***°. These findings
were similarly observed through functional changes of
stromal cells in response to Wnt stimulation, which led to
the enhancement of HSC self-renewal®®.

Of note, accumulating studies have revealed dose-
dependent responses of Wnt signaling in various types
of cells, indicating the importance of fine-tuning Wnt
signaling intensity for optimal regulation of Wnt response
in the cells**™*, Consistent with these dose-dependent
responses, the difference in -catenin levels accumulating
in MSCs was shown to distinctively regulate the behavior
of MSCs, causing a difference in their HSC-stimulating
effects®®. However, it is not clear how the intensity of Wnt
signaling in cells could be modulated in the physiological
microenvironment of BM stromal cells.

In this study, we examined the possibility that the
intensity of Wnt signaling in mesenchymal cells—the
physiological stimuli for niche activation—is modulated
by another Wnt interacting receptor, Ryk, to fine-tune
niche activity for homeostatic control of hematopoietic
activity.

Previous studies have shown a role for Ryk in hemato-
poietic cells via direct effects on HSCs controlling their
proliferation, quiescence, and apoptosis®®>®, suggesting a
role of Ryk in hematopoietic cells. However, we proposed
an alternative role for Ryk in the stromal component of
the BM, based on our findings that Ryk expression is
predominantly observed in the mesenchymal stroma of
the BM rather than the hematopoietic cells (Fig. la),
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which indicated their functional role in the stromal
microenvironment in the physiological annotations of
Wnt signaling. Consistent with this possibility, previous
findings showed that Frz receptors for Wnt signaling are
predominantly enriched in stromal cells compared with
hematopoietic cells in the BM microenvironment, and the
HSC-stimulating effects of Wnt signals are activated when
they target the stromal compartment rather than hema-
topoietic cells'®,

Unexpectedly, we found no significant effects of
downregulating Ryk in MSCs on their cell-autonomous
functions, including proliferation and differentiation into
osteogenic/adipogenic cells. While CFU-F was decreased
in MSCs by downregulation of Ryk, the decrease was not
dependent on Wnt signaling (Fig. 2a), suggesting that the
colony forming activity of MSCs is related to an intrinsic
function of Ryk. However, the lack of effect on these cell-
autonomous functions was not due to lack of Ryk sig-
naling activity in MSCs, since MSCs with Ryk-KD
exhibited a significant decrease in the TOP/FOP trans-
activation assay as well as a decrease in the protein levels
of active B-catenin (unphosphorylated form) (Fig. 1d, e).

These findings were similarly reproduced in the
CRISPR-Cas9-mediated gene-targeting model, which
exhibited a similar lack of Wnt effect on cell autonomous
functions during differentiation (Fig. 3e, f). However, we
failed to retrieve clones with homozygous loss of Ryk,
producing only heterozygous clones (Fig. 3b, d). This
finding suggests that Ryk also has a Wnt-independent role
in the maintenance of colony forming cell populations of
MSCs, as recently inferred by similar effects on the
stemness control of cancer cell lines®”. However, further
studies are necessary to confirm the possibility that Ryk is
involved in the development of clonogenic subsets
of MSCs.

In contrast to the lack of Wnt response in cell-
autonomous functions of MSCs, downregulation of Ryk
significantly reduced the stimulatory effect of Wnt3a on
the niche activity of MSCs to support HPC self-renewal
(Fig. 4b). Importantly, these modulating effects of Ryk on
Wnt signaling were dependent on the dose of Wnt 3a
ligands, i.e., Ryk supported low Wnt signaling but sup-
pressed high Wnt signaling, thus modulating the intensity
of Wnt signaling in MSCs (Fig. 4g, h).

Together, these findings suggested that Ryk-mediated
modulation of Wnt signaling is physiologically relevant
for the MSC niche activity, rather than the regulation of
cell-autonomous functions of MSCs, modulating Wnt
signaling in MSCs and, thereby, fine-tuning HPC self-
renewal in the hematopoietic microenvironment.

Of note, the niche-modulating effects of Ryk were
observed selectively on the primitive subsets (LSK) of
hematopoietic progenitors but not on more mature
populations. Consistent with these selective effects on
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primitive subsets of hematopoietic cells, we previously
showed similar selectivity on primitive subsets in Wnt-
activated stromal cells, where self-renewal of HSCs was
selectively promoted without influencing the committed
hematopoietic cell population'®. These findings suggest
that the modulatory effects of Ryk on Wnt activation of
the mesenchymal niche are functionally relevant to the
maintenance of HSC pools in the BM for the homeostatic
control of blood cell production.

Interestingly, the role of Ryk on the stromal niche
activity of MSCs was observed only upon Wnt3a stimu-
lation and not Wnt5a stimulation (Fig. 4e). In contrast,
previous studies showed direct effects of Ryk on HPCs in
a Wnt5a-dependent manner®*~®%, indicating distinct
functions of Wnt family ligands in the BM micro-
environment in the context of their cellular targets.
Notably, noncanonical Wnt5a, secreted by stromal cells,
was shown to promote HSC self-renewal and repopula-
tion by directly stimulating HSCs*®*®'. In contrast,
canonical Wnt signals, when directly activated in HSCs,
caused loss of HSCs and defective hematopoiesis, unlike
their stimulatory effects on HSC self-renewal when tar-
geted to the stromal compartment of BM'®*%%, Inte-
grating these findings, it is possible that the physiological
roles of Wnt signals are compartmentalized in the BM
microenvironment, wherein the effects on HSCs are
mediated by noncanonical Wnt signals, whereas the
effects on stromal niche activity are mediated through
canonical Wnt signals. Taken together, these findings
suggest that Ryk should serve as a modulator of canonical
Wnt signaling in stromal cells in BM but also function as
a modulator of noncanonical Wnt5a signals in hemato-
poietic progenitors.

Of note, considering that the kinase domain in the ICD
is inactive in Ryk, it is possible that the modulatory effects
of Ryk were mediated through their squelching of Wnt
ligands by competitive binding. However, we found that
overexpression of Ryk-WT had no effect on the cell-
autonomous functions of MSCs or their HSC-supporting
effects (Fig. 5e), precluding ligand squelching as a possible
mechanism. Instead, inducible expression of Ryk-dICD in
MSCs reproduced the effects caused by downregulation of
Ryk (Fig. 5e), i.e., similar abrogation of the Wnt3a-
mediated enhancement of niche activity of MSCs sup-
porting HSC self-renewal. These findings indicate that the
intracellular domain of Ryk, despite the lack of tyrosine
kinase activity, plays a role in the modulation of Wnt3a
signaling activity as a functional entity of the receptors. In
support of this possibility, it was shown that the tyrosine
kinase domain in the ICD of Ryk is cleaved during signal
transmission®?, indicating that the ICD mediates Ryk
functions via mechanisms other than enzymatic activity.
However, another mutant of Ryk with deletion of the ECD
caused a similar loss of transcription and HSC-supporting
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activity in Wnt 3a-mediated stimulatory effects, indicating
that the optimal activity of ICD to support Wnt signals
requires a functional interaction of ECD with their ligand.
These findings together reinforce the view that Ryk
should play a role in modulating Wnt signaling intensity
in the BM microenvironment through the ICD in a
manner dependent on the extracellular interaction with
Wnt ligands.

The importance of modulating the signaling intensity of
Wnt has been highlighted with findings for the dose
dependence of the Wnt signaling response in various
tissues*”. Accumulating studies have shown that the
strength of Wnt signaling should be fined-tuned for
optimal function of HSCs**** and its dysregulation has
been implicated in various types of leukemic cell devel-
opment and resistance to therapy****~®°. Similarly, dys-
regulated Wnt signals were observed in the BM stromal
cells of leukemia patients®”®®, whereas lack of canonical
Wnt signaling in BM stroma led to deficiency of HSC
repopulating activities®”~’'. Furthermore, altered signal-
ing intensity of Wnt was shown to be associated with
aging of the BM niche and hematopoietic cells’*"%,
Accordingly, fine-tuning of Wnt signaling intensity is
crucial for homeostatic control of normal hematopoietic
cells during their regeneration and aging. In this light, our
findings for dependency of Wnt signaling on the func-
tional expression of Ryk suggest that changes in the
expression or activity of Ryk in BM could constitute
another factor orchestrating Wnt signaling in the BM
microenvironment for homoeostasis of the hematopoietic
system. Further studies are warranted to understand the
physiological regulation of hematopoiesis by signaling
from Ryk and their roles under disease conditions.

In summary, our data demonstrated that Ryk is com-
partmentalized in the BM stroma as a Wnt receptor and
that it modulates the signaling intensity of Wnt in the BM
microenvironment to optimize cellular responses to
physiological stimuli mediated by Wnt signals for fine-
tuning hematopoietic outputs.
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