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Abstract

Receptor protein tyrosine phosphatase receptor - sigma (PTPo) is highly expressed by murine
and human hematopoietic stem cells (HSCs) and negatively regulates HSC self-renewal and
regeneration. Previous studies of the nervous system suggest that heparan sulfate proteoglycans
can inactivate PTPo by clustering PTPa receptors on neurons, but this finding has yet to be
visually verified with adequate resolution. Here, we sought to visualize and quantify how heparan
sulfate proteoglycans regulate the organization and activation of PTPo in hematopoietic stem/
progenitor cells (HSPCs). Our study demonstrates that Syndecan-2 promotes PTPo clustering,
which sustains Phospho-Tyrosine and Phospho-Erzin levels in association with augmentation of
hematopoietic colony formation. Strategies that promote clustering of PTPo on HSPCs may serve
to powerfully augment hematopoietic function.
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Introduction

Hematopoietic stem cell transplantation is utilized in the curative therapy of thousands of
patients with hematologic malignancies and blood dyscrasias annually [1]. In the United
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States, only 16 — 75% of all patients who meet an indication for an allogeneic HSC
transplant will have an HLA-matched sibling or matched unrelated donor available [2].

In such patients, alternative donor HSC transplantation can be performed, utilizing either
human cord blood or haploidentical related donors [3-8]. In both cord blood transplantation
and haploidentical donor transplantation, HSC dose is associated with improved outcomes,
whereas insufficient HSC doses are associated with poor outcomes [9, 10]. Improved
understanding of the basic mechanisms that regulate HSC self-renewal and function could
provide the foundation for methods to better optimize HSC grafts for transplantation.

We previously discovered that the proteoglycan-binding receptor, PTPa, is differentially
expressed by murine and human HSCs and functions as a negative regulator of HSC
self-renewal [11]. PTPao — deficient murine HSCs and PTPa(-) human CB HSCs display
significantly increased in vivo multilineage repopulating capacity compared to PTPo(+)
HSCs [11]. In subsequent studies, we demonstrated that systemic administration of a
selective, allosteric PTPa inhibitor promoted murine HSC regeneration after total body
irradiation or myelosuppressive chemotherapy via augmentation of Racl activity [12]. Given
the crucial role of PTPa in regulating HSC function, methods to target PTPo could have
therapeutic potential for human hematopoietic regeneration.

Previous studies have demonstrated that Syndecans, which are heparan sulfate
proteoglycans, can bind to PTPa, to regulate downstream cellular signaling [13, 14].

For example, Syndecan-4 binds to PTPa, expressed on the surface of fibroblast-like
synoviocytes, thereby inactivating PTPo and modulating cytoskeletal function [14].
Additional studies showed that heparan sulfates cluster PTPo to promote neuronal
extension, while chondroitin sulfates de-aggregate PTPao, thereby inhibiting neuronal
growth [13]. Inactivation of PTPa also promotes regeneration after spinal cord injury
[15-17]. Given the recently discovered role of PTPao in regulating HSC function, we
utilized stimulated emission depletion (STED) super-resolution imaging to visualize how
proteoglycans regulate the organization of PTPo on HSCs with nanoscale resolution.

We determined that recombinant proteoglycans regulate the organization of PTPo on the
surface of HSPCs, resulting in increased levels of phospho-tyrosine and phospho-Ezrin
expression, and augmented hematopoietic progenitor colony growth. These data demonstrate
the mechanistic role of proteoglycans in regulating PTPa structure and function on HSCs
and the attendant impact on hematopoietic progenitor cell growth.

All mouse procedures were performed in accordance with Animal Use Protocol #2014—
021-21 (Principal Investigator, John Chute), approved by the UCLA Animal Care and
Use Committee. All mice were housed and maintained in the UCLA Radiation Oncology
vivarium. For all experiments, 8—-12-week-old mixed gender adult mice were used.
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Fluorescence Activated Cell Sorting (FACS)

Bone marrow (BM) was isolated from the tibia and femurs of adult C57BL/6 mice

(The Jackson Laboratory, Bar Harbor, ME, JAX: 000664) by flushing bones with

IMDM (ThermoFisher, Waltham, MA 12440053) + 5% FBS (GE Healthcare, Chicago
IL), 1% penicillin/streptomycin (ThermoFisher, Waltham, MA) (Complete IMDM). Cells
were resuspended in ACK buffer (ThermoFisher, Waltham, MA) for red blood cell

lysis. Cells were prepared for lineage depletion based upon the manufacturer’s protocol
(Miltenyi Biotec, Auburn, CA) and Lin- cells were stained with antibodies to Lineage
(BD Biosciences, 561301), c-Kit (BD Biosciences, 553355), and Sca-1 (BD Biosciences,
560654) for 30 minutes. Cells were washed, filtered and stained with 7AAD (BD
Biosciences, 559925) before sorting on a BD FACSAria. Compensation controls were
utilized to set voltages and sort gating was set according to unstained and isotype stained
samples. Cells were sorted into Complete IMDM supplemented with thrombopoietin (20
ng/ml, R&D Systems, 488-TO/CF), flt-3 ligand (50 ng/ml, R&D Systems, 427-FL/CF), and
stem cell factor (150 ng/ml, R&D Systems, 455-MC/CF)(TSF media).

Cell culture and treatment

Glass bottom dishes (35 mm, MatTek Corporation, Ashland, MA P35G-0.170-14-C) were
coated with fibronectin (Millipore Sigma, Burlington, MA, 341635-1MG) at 25 ug/ml in
PBS for 20 minutes. 1x10* sorted cells were plated on fibronectin coated slides. Cells

were cultured for 16 hours in a humidified incubator (5% CO,, 37 degrees) and then serum-
starved in IMDM for 30 minutes. Syndecan-2 (R&D, 6585-SD-050), Syndecan-4 (R&D,
6267-SD-050), Biglycan (R&D, 8128-CM-050), and Glypican-6 (R&D, 9429-GP-050)
were reconstituted according to the manufacturer’s protocol. Non-adherent cells and the
supernatant were gently removed from the slide using a micropipette. The media was
replaced with 20 ug/mL of recombinant proteoglycan dissolved in TSF media and cells were
cultured for 30 minutes.

Immunostaining

For immunostaining, non-adherent cells and the supernatant were gently removed using a
micropipette. The slide was washed using PBS and then the cells were fixed using 4%
paraformaldehyde (Fisher Scientific, Waltham, MA, 50-980-487) for 20 minutes at room
temperature. Following fixation, cells were washed once for 5 minutes using PBS. The cells
were permeabilized using 0.5% Trition-X-100 dissolved in 1x PBS for 30 minutes at room
temperature and then washed once. Cells were then blocked for 30 minutes (0.5% Trition-
X-100 with 5% FBS). Cells were then stained by diluting primary antibody in blocking
buffer and staining for 1 hour covered. Unconjugated primary antibodies used were PTPo
antibody (MyBioSource, MBS#9129086, 1:100, San Diego, CA) and Ezrin (ThermoFisher,
MAB5-13862, 1:200). Cells were then washed twice and incubated with secondary antibody
(Anti-rabbit, Atto-647N, 40839-1ML-F 1:200, Sigma-Aldrich, or anti-mouse Alexa Fluor
Plus 488 1gG, ThermoFisher, A32723, 1:200, Waltham, MA) and/or directly conjugated
phospho-Tyrosine Alexa Fluor 488 (Biolegend, #309306, 1:200, San Diego, CA). Cells
were stained for 1 hour and covered. The slides were washed twice and post-label fixed
with 4% PFA for 10 minutes. The sample was then rinsed once with PBS. The slide was
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mounted with Prolong Gold (ThermoFisher, Waltham, MA, P36930), dried overnight at 4
degrees, and covered. Cells were prepared using the same technique for confocal staining
and stained using a phospho-Ezrin antibody (Abcam, cat# ab47273, 1:200) followed by
secondary anti-rabbit IgG Alexa Fluor 488 (ThermoFisher, A21206, 1:200).

Confocal and STED Imaging

The following day, samples were imaged using a Leica SP8 (DMI8-CS) microscope system.
1376 x 1376 px images were acquired in 8-bit mode using a HC PL APO CS2 100x/1.40

oil objective lens. White light laser lines were set to 488 nm and 633 nm for excitation

and 592 nm and 775 nm for depletion, respectively. Sequential STED was performed using
bidirectional x scanning (speed at 600) and the STED delay time offset was set according to
each day of imaging. Cells were selected at random, with the user first identifying cells in
brightfield mode before initiating confocal or STED imaging. Deconvolution was performed
using Huygens Array Detector deconvolution software (Carl Zeiss Microscopy, Oberkochen,
Germany) with the mounting media refractive index matched for Prolong Gold mounting
media.

Image analysis

For IMARIS analysis, a 300 x 300 pixel square within the center of each cell was analyzed
for PTPo domain size using the analyze surface function. The absolute intensity threshold
of 1.2 x 10% (absolute intensity) and 10 voxels was used with no smoothing. Co-localization
analysis was performed using the Just Another Colocalization Plugin (JACoP) in ImageJ to
calculate the Pearson’s and Manders’ coefficients. For MFI analysis, the image was opened
in ImageJ and the measure tool was used to calculate the MFI.

Cell Migration

TransWell plates with 3 um membranes (FisherScientific # 07-200-148) were coated

with fibronectin (25ug/ml) for 2 hours prior to adding 2x10° mouse bone marrow cells
resuspended in TSF media to the top chamber. Cells were allowed to migrate to media or
media supplemented with SDF-1 (500 mg/mL, R&D Technology, Cat# 460-SD-050/CF) for
16 hours, at which point the cells in the bottom well were counted. Percent migration was
determined by dividing the number of cells in the bottom well by the number of cells input
(2x10°).

Colony forming cell assay

Sorted BM c-kit*sca-1*lineage™ (KSL) hematopoietic stem/progenitor cells were
resuspended in TSF enriched to give a final concentration of 20 pg/mL Syndecan-2 (R&D,
6585-SD-050) 1 ug/mL DJ001, 1 ug/ml PTPRS antibody (MyBioSource, MBS#9129086),
10 pM NSC668394 (Sigma Aldrich, #341216-10MG), or a combination of the above
conditions. Colonies were counted on day 8 after plating. DJ001 was synthesized at the
University of California, Los Angeles as previously described [12].
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Statistical Analysis

All statistical analyses were performed using GraphPad Prism (GraphPad Software, San
Diego, CA, Ver 8.4.3). For all analyses, * p < 0.05, ** p< 0.01, *** p< 0.001, ****

p< 0.0001. For individual comparisons, student’s unpaired t-test was used. For multiple
comparisons, Holm-Sidak corrected t-test was used after one-way ANOVA. Outliers were
identified using Grubbs’ outlier test with alpha = 0.05.

Results and Discussion

We developed an experimental pipeline enabling us to visualize the nanoscale organization
of PTPo on murine BM HSPCs (Fig. 1A). We first used FACS to isolate BM KSL

HSPCs from adult mice (Fig. 1B). One of the challenges of imaging HSPCs is their
non-adherent properties, which can lead to sample drift during the course of imaging. To
circumvent this concern, we immobilized HSPCs on fibronectin-coated slides according

to previously described super-resolution imaging studies of non-adherent cells [18], as
fibronectin can regulate HSPC migration [19]. While conventional microscopy has provided
insight regarding the cellular localization of heparan sulfates and PTPo in prior studies
using mouse dorsal root ganglion neuron cultures [13], the diffraction limit (~200 nm when
using confocal microscopy) has inhibited the capacity to visualize how PTPo organization
is regulated by proteoglycans at the nanoscale. We have utilized the super-resolution
microscopy technique, STED [20-22], which in our studies has a resolution of <50 nm, to
provide the resolution necessary to discern subtle changes in the molecular organization of
PTPo. BM KSL cells were plated on glass slides, stimulated with Syndecan-2, Syndecan-4,
Glypican-6, or Biglycan and stained. Samples were first imaged using a confocal
microscope system (Fig. 1C), which enables visualization of the overall staining pattern at
lower magnification. We next imaged our samples using a STED microscope system, which
enables visualization of nanoscale PTPo organization with improved resolution compared
to confocal microscopy (Fig. 1D, E). To further assess this improvement in resolution,

we analyzed the molecular localization of PTPo and Phospho-Tyrosine residues using
confocal microscopy and STED (Fig. 1F, G). While line-scan analyses demonstrated similar
fluorescence profiles of PTPo and Phospho-Tyrosine (Fig. 1H, 1), we detected a significant
reduction in the molecular co-localization of these proteins using STED based on Pearson’s
(Fig. 1J) and Manders’ analysis (Fig. 1K). Taken together, these data demonstrate how
increased resolution from STED imaging influences the apparent molecular co-localization
detected between proteins in HSPCs.

We next utilized STED microscopy to quantify how proteoglycan treatment regulates the
molecular organization of PTPo on BM KSL cells (Fig. 2A-G). We first confirmed staining
specificity of PTPo and phospho-Tyrosine antibodies using STED (Fig. 2A, B). We next
visualized the molecular arrangement of PTPo microdomains in the presence and absence of
Syndecan-2, Syndecan-4, Glypican-6 and Biglycan using STED images after deconvolution
(Fig. 2C-G), which we quantified using IMARIS. We detected a significant increase in
PTPo domain area upon treatment with recombinant Syndecan-2 (Fig. 2D, H). Meanwhile,
treatment with Syndecan-4 or Glypican-6 did not alter PTPo domain area (Fig. 2E, F, H).
We also treated cells with Biglycan, a chondroitin sulfate proteoglycan enriched in HSCs at
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the genetic level [23]. Biglycan treatment did not change PTPo domain area compared

to controls (Fig. 2G, H). We also analyzed how proteoglycan treatment regulated the
distribution of PTPa domains using frequency distribution analysis. Syndecan-2 treatment
significantly increased the proportion of large PTPo clusters compared to control treatment
and treatment with other proteoglycans (Fig. 21). Time course analyses demonstrate that
the increase in PTPo domain size by Syndecan-2 occurs within 5 minutes and is sustained
through 20 minutes post-treatment, while no longer detected at 1 hour post-Syndecan-2
treatment (Fig. 2J). Taken together, these data suggest Syndecan-2 treatment oligomerizes
PTPo on HSPCs.

Upon clustering, PTPo is deactivated, which diminishes substrate dephosphorylation [13].
We used two-color STED imaging to quantify the molecular co-localization of Phospho-
Tyrosine residues relative to PTPo. We did not detect a change in the molecular co-
localization of PTPo with Phospho-Tyrosine upon proteoglycan treatment (Fig. 2A-G, 2K),
suggesting that Syndecan-2 did not change the capacity for PTPo to localize with Phospho-
Tyrosine residues. Interestingly, quantification of the Phospho-Tyrosine levels revealed that
Syndecan-2 treatment increased Phospho-Tyrosine expression, consistent with deactivation
of PTPo (Fig. 2L).

Since proteoglycans can change the migratory behavior of non-hematopoietic cells and
hematopoietic cells [19, 24], we tested whether Syndecan-2 treatment could affect BM

cell migration in vitro. We observed no change in BM cell migration at baseline or in
response to an SDF-1 gradient (Fig. 3A). Recent studies have demonstrated that Ezrin, a
critical regulator of the actin cytoskeleton, is a substrate for PTPa in mouse intestinal tissue
[25-27]. To analyze the potential relationship between Syndecan-2 - mediated clustering of
PTPo and Ezrin activation in BM HSPCs, we used quantitative confocal microscopy. We
detected a significant increase in Phospho-Ezrin expression in BM KSL cells immediately
following Syndecan-2 treatment (Fig. 3B-F). For comparison, we also treated BM KSL
cells with DJ001, a specific allosteric inhibitor of PTPo. DJO01 treatment also significantly
increased Phospho-Ezrin expression in HSPCs (Fig. 3E, F). STED imaging of Ezrin and
PTPo revealed no change in the localization of PTPo and Ezrin upon Syndecan-2 treatment,
suggesting that Syndecan-2 inactivates PTPo but does not change the localization of the
receptor relative to substrate (Fig. 3G-1). These data suggest that Syndecan-2 promotes
PTPo clustering on HSPCs, thereby inactivating PTPo and augmenting Ezrin activation.

To analyze the functional consequence of Syndecan-2-mediated clustering of PTPo, we
analyzed BM hematopoietic colony formation. We observed a significant increase in

total, granulocyte/monocyte (GM) and granulocyte, erythrocyte, monocyte, megakaryocyte
(GEMM) hematopoietic colony formation in response to Syndecan-2 treatment of BM

KSL cells (Fig. 3J-L). Interestingly, the combined treatment of BM KSL cells with
Syndecan-2 plus the PTPg inhibitor, DJ001, had no additive effect on hematopoietic colony
formation (Fig. 3J-L), suggesting that both Syndecan-2 and DJO01 were working through
the same mechanism. In contrast, inhibition of Ezrin using small molecule, NSC668394
[28], prevented the Syndecan-2 - mediated increase in hematopoietic colony formation (Fig.
3J-L). Taken together, these data suggest Syndecan-2 promotes hematopoietic progenitor
function by clustering PTPao, which in turn increases Phospho-Ezrin levels. We hypothesize
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that Ezrin activation may regulate hematopoietic cell proliferation since Ezrin has been
shown to promote the proliferation of cervical cancer cells, pancreatic cancer cells,

and endothelial cells [29-31]. Our future studies will evaluate the underlying role of

Ezrin in HSPC function and the mechanism through which Syndecan-2 regulates Ezrin-
mediated adhesion, migration and signaling in HSPCs. In summary, Syndecan-2 - mediated
rearrangement of PTPo on HSPC membranes reduces PTPo activity, thereby increasing
tyrosine phosphorylation and Ezrin activation in HSPCs. Modulation of PTPo cell surface
organization has important consequences for HSPC growth.
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(A) Experimental design used to isolate, prepare, and analyze BM KSL cells. (B)
Representative gating for cell sorting strategy used to isolate murine HSPCs. (C)
Representative confocal images taken using a 40X objective showing PTPo distribution
on HSPCs. Representative images showing (D) isotype controls or (E) PTPo organization
on HSPCs using confocal or STED microscopy, with and without deconvolution.
Representative images and line-scan showing KSL cells imaged for PTPo and Phospho-
Tyrosine using (F) confocal and (G) STED microscopy without deconvolution. The
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fluorescence profiles of PTPo and Phospho-Tyrosine on cells imaged with (F) confocal and
(G) STED are shown. Co-localization between PTPo and Phospho-Tyrosine was quantified
using (H) Pearson’s correlation and (1) Manders’ correlation analyses. (n=11 cells from 2
independent experiments using cells isolated from n=5 mice pooled, paired t-test). Images
have been brightness and contrast enhanced equally for visualization purposes.
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Figure 2: Syndecan-2 regulates PTPo molecular organization and Phospho-Tyrosine levelsin
HSPCs.

STED imaging showing (A) isotype staining and (B) PTPo and Phospho-Tyrosine in BM
KSL cells treated with PBS. STED imaging with deconvolution of BM KSL cells treated
with (C) PBS, (D) Syndecan-2, (E) Syndecan-4, (F) Glypican-6 or (G) Biglycan for 20
minutes. (H) PTPo domain size was quantified using IMARIS software (n=19-22 cells/
group from n=3 experiments using cells isolated from n=5 mice/pooled, statistics denote
Holm-Sidak’s multiple comparison t-test after one-way ANOVA). (1) PTPo domain sizes are
displayed as a cumulative distribution plot (n>1086 clusters/group from n=3 experiments
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using cells isolated from n=5 mice/pooled, statistics denote Kolmogorov-Smirnov test

of cluster cumulative distribution). (J) PTPo domain size after Syndecan-2 treatment

for 5, 20, and 60 minutes was quantified using IMARIS software (n=13-15 cells/group
from n=2 experiments using cells isolated from n=5 mice/pooled, statistics denote Holm-
Sidak’s multiple comparison t-test after one-way ANOVA). (K) Co-localization analysis of
PTPo and Phospho-Tyrosine upon proteoglycan treatment (n=12-13 cells/group from n=2
experiments using cells isolated from n=5 mice/pooled). (L) Phospho-Tyrosine expression
was quantified using ImageJ analysis for mean fluorescence intensity (MFI). MFI was
normalized by dividing the MFI by the mean MFI of the PBS group to show expression
relative to the PBS group. (n=9-12 cells/group from n=2 experiments using cells isolated
from n=5 mice/pooled, statistics denote Holm-Sidak’s multiple comparison t-test after one-
way ANOVA). Error bars show S.E.M. Images have been brightness and contrast enhanced
equally for visualization purposes.
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Figure 3: Syndecan-2 regulates Phospho-Ezrin levelsin HSPCs.
(A) BM cell migration to control media or SDF-1 gradient after Syndecan-2 stimulation

was quantified using TransWells. BM HSPCs were analyzed using confocal microscopy to
visualize isotype control staining (B) and Phospho-Ezrin (Y353) staining after treatment
with PBS (C), Syndecan-2 (D) or DJOO1 (E). No deconvolution performed for images shown
in B - E. (F) Phospho-Ezrin MFI was quantified from confocal images. MFI was normalized
by dividing the MFI by the mean MFI of the PBS group to show expression relative

to the PBS group. (n=19-36 cells/group from n=2 experiments using cells isolated from
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n=5 mice/pooled, statistics show Holm-Sidak’s multiple comparison t-test after one-way
ANOVA). (G) STED imaging, with deconvolution, of PTPo and Ezrin after control (PBS)
or (H) Syndecan-2 treatment. (1) Pearson’s correlation of PTPo and Ezrin localization
relative to one another (n=11-15 cells from n=2 experiments using cells isolated from

n=5 mice/experiment, pooled). (J) Numbers of colony forming cells (colonies) are shown
from BM KSL grown in the presence of Syndecan-2 (Sdc2) with or without blocking anti-
PTPo antibody or Ezrin inhibitor, NSC668394 for 7 days (n=3 experiments, n=4 replicates/
experiment, cells sorted from n=5 mice/experiment, statistics show Holm-Sidak’s multiple
comparison t-test after one-way ANOVA). (K) Numbers of granulocyte, monocyte and (L)
granulocyte, erythrocyte, monocyte, megakaryocyte colonies were quantified from BM KSL
grown in the presence of Syndecan-2 (Sdc2) with or without blocking anti-PTPo antibody or
Ezrin inhibitor, NSC668394 for 7 days. (n=3 experiments, n=4 replicates/experiment, cells
sorted from n=5 mice/experiment, statistics show Holm-Sidak’s multiple comparison t-test
after two-way ANOVA). Error bars denote S.E.M. Images have been brightness and contrast
enhanced equally for visualization purposes.
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