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Platelets are small anucleated cells produced within the bone
marrow (BM) by megakaryocytes (MKSs) in a process that
requires significant cellular changes.' As an MK matures
from a progenitor cell, it becomes polyploid and expands
substantially in size.” * Within the MK, the cytoplasm and
membrane are remodeled, leading to the formation of the
demarcation membrane system (DMS). Through a network
of tubular invaginations of the plasma membrane, the DMS
defines the source of nascent platelets.” ' Mature MKs
migrate to the BM sinusoids and extend long cytoplasmic
proplatelet extensions through the vascular wall, releasing
hundreds of platelets into circulation.® "’

Hyaluronan (HA) is a large, space-filling, hydrating,
abundant glycosaminoglycan and is a major component of
the extracellular matrix.'*'” Produced by the HA synthase
(HAS) enzymes (HAS 1 to 3), HA can be released into the
extracellular matrix or remain tethered to the cell surface by
HASs and HA receptors.'* HA exerts a broad spectrum of
effects on cells dictated by its size and interaction with
specific glycoprotein receptors, including CD44, Toll-like
receptor (TLR)-4, and receptor for HA-mediated motility
(RHAMM)."”~ "7 Under normal physiologic conditions in
tissues, HA is present in a high-molecular-weight form

(106 to 107 Da) and functions to provide tonic signals
that support homeostasis and suppress inflammation.'® "
Smaller forms of HA, termed HA fragments, are recog-
nized by the cell as damage-associated molecular patterns.””
These fragments promote the expression of inflammatory
cytokines in macrophages and drive cell cycle progression in
smooth muscle cells. HA fragment interaction with RHAMM
specifically is known to induce cytoskeletal changes and
promote motility.”’ By contrast, other glycosaminoglycans,
such as chondroitin sulfate, have well-established roles
in platelet function that depend on sulfation rather than
molecular weight.””

In most somatic tissues, generation of HA fragments is
the result of enzymatic degradation by hyaluronidase-2
(Hyal-2). Hyal-2 exists as a glycophosphatidylinositol-
anchored protein®>** capable of cleaving HA at the
plasma membrane.” %’ Studies of Hyal-2 knockout (KO)
mice revealed increased levels of serum HA, craniofacial
defects, cardiopulmonary dysfunction, impaired red cell
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survival, and macrothrombocytopenia.”**’ Data from our
laboratory and others indicate that MKs and platelets
contain HA, but little is known about its role in these
cells.®**! In addition, we found that both mouse and human
MKSs and platelets contain HYAL2 mRNA and protein with
no evidence for HYALI.?"** Recently, it was reported that
irradiated wild-type (WT) mice receiving transplants of
Hyal-2 KO BM had reduced platelet levels, suggesting a
role for intrinsic HA depolymerization by MKs in
thrombopoiesis.™”

We investigated the role of HYAL2 in MK maturation
and platelet formation using Hyal-2 KO mice and by
generating a CRISPR-Cas9 construct to disrupt Hyal-2 in
the MEG-01 human megakaryoblast cell line. Analyses of
BM from Hyal-2 KO mice revealed a significant accumu-
lation of increased average-molecular-weight HA when
compared with WT animals. Although the number of MKs
in Hyal-2 KO BM was not statistically different, the per-
centage of apoptotic MKs was significantly increased.
Furthermore, Hyal-2 KO MKs were found to be more
immature and exhibited impaired proplatelet formation
compared with WT MKs. DMS formation was disrupted in
Hyal-2 KO MKs because of an inability to degrade intra-
cellular HA. Importantly, proplatelet formation was partially
rescued by addition of exogenous hyaluronidase in both
murine BM MKs and human MEGO1 MKs lacking Hyal-2.
Taken together, our data establish a novel role for HA and
Hyal-2 in thrombopoiesis and BM homeostasis.

Materials and Methods
Mice

All experiments were performed under an animal welfare
protocol approved by the Lerner Research Institute’s Institu-
tional Animal Care and Use Committee. All mice were age
matched at adult age, and controls and Hyal-2 KO outbred
129P1.CD1 Hyal2™- 5% mice’® (or ¢57Bl/6 background
where indicated) were used. Mice were housed and bred in
specific pathogen-free microisolator cages and fed standard
Teklad irradiated chow in the Association for Assessment and
Accreditation of Laboratory Animal Care International—
certified Lerner Research Institute Biological Resource Unit.

Cell Culture and in Vitro Proplatelet Formation

The human MK MEG-01 cell line (ATCC, Manassas, VA)
was maintained in RPMI 1640 medium supplemented with
10% fetal bovine serum, and 0.1 mg/mL of penicillin-
streptomycin. Mouse BM was flushed from femurs and
tibias with Tyrode buffer. The cells were then dissociated and
cultured in Iscove’s modified Dulbecco’s medium supple-
mented with 5% fetal bovine serum, 2 mmol/L L-glutamine,
50 U/mL of penicillin, 50 pg/mL of streptomycin, and 50
ng/mL of thrombopoietin (TPO). After 3 days in culture,
mature MKs were enriched by passing culture suspensions
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through a discontinuous density bovine serum albumin
gradient.”* MKs recovered after density gradient filtration
were then cultured for an additional day in the same medium.
The percentage of MKs extending proplatelets was deter-
mined by using an inverted microscope (objective 40x/0.55;
Leica Microsystems, Wetzlar, Germany), and approximately
300 cells were analyzed in each culture well.

Biotinylation and Delivery of Streptomyces
Hyaluronidase

Streptomyces hyaluronidase (200 pg; Sekigaku, Tokyo,
Japan) was biotinylated according to the manufacturer’s
recommendation using EZ-link sulfo-NHS-LC biotinylation
kit (Thermo Fisher Scientific Inc., Waltham, MA). Strep-
tomyces hyaluronidase was delivered to cells by using the
Chariot (Active Motif, Carlsbad, CA) protein delivery kit
according to the manufacturer’s specifications. Uptake of
biotinylated enzyme with cells was detected by fluorescence
using streptavidin—Alexa Fluor 568 (Life Technologies,
Carlsbad, CA) or Western blot from cell lysates using a
streptavidin—horseradish peroxidase conjugate.

Mouse BM Histologic Analysis

Mouse femurs were fixed for 48 hours in 10% neutral
buffered formalin, and bones were then decalcified for
10 days in 12% EDTA (pH 8.0) at room temperature with
constant rotation. EDTA was changed twice daily. Tissues
were paraffin-embedded, sectioned, and stained with H&E,
HA-binding protein (HABP), or GP41/61. Staining was
performed by the Cleveland Clinic Lerner Research Institute
Histology Core Facility.

HA Isolation and Sizing

HA was purified from samples by centrifugation of isolated
femurs and harvesting the expelled BM. BM was incubated
with 0.5 mg/mL of proteinase-K in phosphate-buffered
saline for 18 hours at 60°C followed by 50 U/mL of
endonuclease from Serratia marcescens (Benzonase) for 1
hour at 37°C. Digests were then dialyzed against 0.1 mol/L
NaCl. Samples were applied to anion exchange spin
columns (Thermo Fisher Scientific) and centrifuged for 5
minutes. Columns were washed twice with 0.1, 0.2, and 0.25
mol/L NaCl before HA was eluted with 0.8 mol/L. NaCl.
Eluted samples that contained HA were dialyzed against
water, concentrated, and analyzed using 0.5% agarose sizing
gels as described previously.” Stained bands in the gel were
confirmed to be HA by demonstrating sensitivity to Strep-
tomyces hyaluronidase (2 U/mL for one hour at 37°C).

TUNEL in Situ Apoptosis Analysis

To determine the degree of apoptosis, terminal deoxy-
nucleotidyl transferase-mediated dUTP nick-end labeling
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(TUNEL) staining was performed using an in situ cell death
detection kit (Promega, Fitchburg, WI) following the man-
ufacturer’s protocol. Five femoral sections from each group
were analyzed. MKs were detected by an antibody directed
against von Willebrand factor (Abcam, Cambridge, UK),
and Vectasheild mounting medium with DAPI was added.
The number of apoptotic MKs (TUNEL and von Willebrand
factor double-positive cells) was quantified in five randomly
selected fields using a Leica upright microscope DM5500 B
(Leica Microsystems).

Immunohistochemistry

BM-derived or MEGO1 MKs were enriched over a bovine
serum albumin gradient, fixed in 4% paraformaldehyde, and
spun onto poly-L-lysine—coated coverslips at 250 x g for 10
minutes. To observe MKs forming proplatelets, the cells were
cultured on poly-L-lysine—coated coverslips. Cells were
permeabilized by adding cold methanol for 5 minutes. Fixed
specimens were washed in phosphate-buffered saline and
blocked with 2% fetal bovine serum in Hanks’ balanced salt
solution for 1 hour. Cells were incubated with biotinyated-
HABP (EMD Millipore, Billerica, MA) and an antibody
against HYAL2 (Abcam), a-tubulin (Sigma-Aldrich, St.
Louis, MO), or GPIbB (Emfret Analytics, Eibelstadt,
Germany). After they were washed, the specimens were
incubated with the appropriate Alexa Fluor secondary anti-
body for 45 minutes at room temperature and washed again.
Then Vectasheild Mounting Medium with DAPI was added.
Images were obtained using a Leica TCS SP5 II confocal/
multiphoton high-speed upright microscope (Leica Micro-
systems), HCX PL APO 63X/1.4NA oil immersion objective,
Leica HyD system detector, Leica LAS AF software version
2.6 (Leica Microsystems), or Leica upright microscope
DM5500 B (Leica Microsystems), HCX PLAN APO
x63/1.32NA oil immersion objective, QImaging Retiga
cooled CCD camera, QCapture Suite software version 6.0
(QImaging, Surrey, BC, Canada). Images were generated
using Fiji version 2.0 (hrtp://fiji.sc) and Image] software
version 1.47 (NIH, Bethesda, MD; http://imagej.nih. gov/ij).%

Video Microscopy

For real-time imaging, glass-bottom plates (MatTek
Corporation, Ashland, MA) were coated with 100 pg/mL of
poly-L-lysine (Sigma-Aldrich). Cells were incubated in the
plates for 60 minutes to allow adhesion and then transferred
to a humidified chamber at 37°C for video recording. Cells
were examined on a Leica digital inverted microscope
(Leica Microsystems) equipped with a 40x phase contrast
long working distance condenser. Images were obtained
using a Hamamatsu charge coupled device camera, and
frames were captured at 10-minute intervals using the
Leica application suite MultiTime software module version
4.4 (Leica Microsystems). Movies were generated using the
Leica application suite (Leica Microsystems).
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Immunoblot Analysis

Megakaryocytes were lyzed in 1% Nonidet P-40, 150 mmol/L
NaCl, and 50 mmol/L Tris(thydroxymethyl)aminomethane/
hydrochloric acid (pH 7.4), containing 1 mmol/L EGTA,
1 mmol/L sodium orthovanadate, and protease inhibitor
cocktail (Sigma-Aldrich). SDS-PAGE buffer was added to
lysates with 5% B-mercaptoethanol. Proteins were resolved by
SDS-PAGE and transferred onto nitrocellulose membrane.
After being blocked overnight with 5% milk in phosphate-
buffered saline, membranes were probed with rabbit anti-
bodies directed against Mpl (Abcam), p38 mitogen-activated
protein kinase (MAPK) or phospho-p38 MAPK (Cell
Signaling Technology, Danvers, MA), and Hyal-2 (Abcam)
and actin (Sigma-Aldrich), followed by secondary horseradish
peroxidase—conjugated goat anti-rabbit IgG antibody
(Thermo Fisher Scientific).”’

MK Ploidy

BM cells were flushed with Hanks’ balanced salt solution
containing 0.38% sodium citrate, 1 mmol/L adenosine,
1 mmol/L theophylline, and 5% fetal bovine serum (washing
buffer), and erythrocytes were lyzed with 0.15 mol/L. ammo-
nium chloride, 10 mmol/LL potassium bicarbonate, and 0.1
mmol/L disodium EDTA (pH 7.4). BM cells were fixed in
70% ethanol, washed twice, and resuspended in washing
buffer. Cells were incubated with phycoerythrin-conjugated rat
anti-CD41 antibody or isotype control (eBioscience Inc., San
Diego, CA). After being washed twice, cells were incubated
with 0.5 mg/mL of RNase (Sigma-Aldrich), incubated with
50 pg/mL of propidium iodide, and analyzed by flow cytom-
etry. Fifty thousand events per sample were acquired on a
LSR II (BD Biosciences, San Jose, CA) and data analysis was
performed with FlowJo software version 10.1 (Tree Star,
Ashland, OR).*®

Electron Microscopy

Cultured MKs were purified over a bovine serum albumin
gradient and were fixed with 3.5% paraformaldehyde and
0.09% glutaraldehyde overnight. MK pellets were washed
with phosphate-buffered saline, dehydrated with ethanol (30%
to 100%), embedded with LR White medium, and polymer-
ized at 50°C for 48 hours. Ultrathin sections cut with a dia-
mond knife (87 nm) were mounted on formvar-coated nickel
grids. Grids were washed with distilled water and stained with
uranyl acetate and lead citrate, dried, and examined with a FEI
Tecnai G2 Spirit BioTWIN Transmission Electron Micro-
scope (FEI Company, Hillsboro, OR) at 60 kV.

CRISPR-Cas9 Targeted DNA Deletion

To generate a Hyal-2 megakaryoblast KO cell line, MEG-01
cells were seeded in 12-well plates at a density of 40,000
cells per well. After 24 hours, the cells were transfected
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with 0.5 pg of pGS-gRNA-Cas9 with a puromycin resis-
tance cassette containing the Hyal-2 genomic RNA targeting
sequence (5'-ATACAGGCCTAGACGGTCG-3') (Gen-
script, Nanjing, China). After 3 days of selection in puromy-
cin, cells were diluted to one cell per well into 96-well tissue
culture plates that contained 200 pL of media with puromycin.
The level of Hyal-2 expression was analyzed for several clonal
populations by Western blotting, and a single population
with undetectable Hyal-2 levels was selected for study.

TPO and IL-6 Enzyme-Linked Immunosorbent Assay

Mouse blood was collected by cardiac puncture, and serum
was separated using Microtainer serum separator tubes (Bec-
ton-Dickinson, Franklin Lakes, NJ). TPO and IL-6 levels were
quantified using mouse sandwich enzyme-linked immuno-
sorbent assay kits (Raybiotech, Norcross, GA) according to the
manufacturer’s specifications. The sera were also measured for
protein concentrations using the Bio-Rad Bradford assay
system (Bio-Rad Laboratories, Hercules, CA). Both assay
plates were read with the SpectraMax 340PC384 (Molecular
Devices Corp., Sunnyvale, CA). The concentrations of TPO
and IL-6 were then normalized to total protein in the serum.

Real-Time Quantitative PCR

RNA was extracted from BM with the RNAeasy mini kit
(Qiagen GMbh, Hilden, Germany) according to the manu-
facturer’s protocol. The RNA was eluted into 30 pL. of H,O.
After digestion of genomic DNA by DNase, reverse
transcription using oligo-d(T) primers and M-MLV Reverse
Transcriptase (Thermo Fisher Scientific) was completed in
accordance with the manufacturer’s instructions. The cDNA
product was stored at —20°C before quantitative PCR
analysis. Validated primers with conjugated 6-
carboxyfluorescein (FAM) probes for Gatal, NFE2,
EKLF, FLI, HASI, HAS2, HAS3, HYALI, TLR4, CD44,
RHAMM, and 18S rRNA were purchased from Applied
Biosystems (Invitrogen, Carlsbad, CA). The real-time PCR
amplifications were performed in 25-pL reaction volumes
that contained TagMan gene expression Master Mix,
primers and fluorogenic probes (Invitrogen), and cDNA. All
reactions were performed with four replicate reactions using
a Bio-Rad C1000 Touch Thermal Cycler with attached
CFX96 Real-Time System (Bio-Rad Laboratories). The
real-time PCR reaction conditions were 50°C for 2 minutes
and 95°C for 10 minutes, followed by 50 cycles of 95°C for
15 seconds and 60°C for 60 seconds. Real-time detection
data were analyzed using Bio-Rad CFX Manager software
version 2.1 (Bio-Rad Laboratories). Changes in gene expres-
sion were calculated using the Livak (AACT) method.*

Statistical Analysis

All experiments were performed at least in triplicate, and
data are represented as means == SEM. Data were analyzed
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with the #-test using Prism software version 6.0 (GraphPad
Software Inc., La Jolla, CA). Differences were considered
significant at P < 0.05.

Results
HA Accumulates in the BM of Hyal-2 KO Mice

A previous report found that Hyal-2 deficiency in mice causes
multiple defects, including severe thrombocytopenia,”® with
a approximately 70% reduction in circulating platelets, a
finding we confirmed in 2 different genetic backgrounds
(WT = 953 + 187 x 107 cells/uL compared with 245 & 113
x 10° cells/uL for Hyal-2 KO mice, n = 12 for each).
Interestingly, platelet half-life was found to be normal in Hyal-
2 KO mice (data not shown). To better understand how the loss
of Hyal-2 leads to reductions in platelet levels, we examined
the BM of Hyal-2 KO mice. Gross BM morphologic features
appeared normal by hematoxylin and eosin staining when
compared with WT mice (Figure 1A). Megakaryopoiesis was
investigated by histochemical staining for a marker of MKs:
CD41/61. Whereas the CD41/61 staining appeared to be more
intense in KO MKs, Hyal-2 KO animals had only a modest
reduction in the number of MKs per visual field when
compared with WT littermates (Figure 1B). We next deter-
mined the localization and amount of HA within KO BM by
HABP staining. Most HA detected in the BM was diffusely
distributed in the extracellular space and lining BM sinusoids
(Figure 1A). As expected, Hyal-2 KO mice had significantly
increased levels of HA within the BM. Although most HA is
pericellular, specific cells (including MKs) appeared to contain
intracellular HA (Figure 1A). Next, we evaluated the size of
HA by purifying BM glycosaminoglycans and analyzing size
distribution by agarose gel electrophoresis. High levels of HA
were observed in the samples from Hyal-2 KO mice, as seen
by the increase in dark-stained material throughout all poly-
disperse molecular weights (Figure 1C). These data are
consistent with our histochemical observations of an accu-
mulation of HA within the BM. In addition, our analyses
revealed a significant increase in the amount of high-
molecular-weight HA in Hyal-2 marrow (Figure 1D). We
further analyzed the BM for relative expression levels of the
three HAS enzymes, Hyal-1, and several HA receptors and
found no statistical change in expression (Supplemental
Figure S1). On the basis of these findings, we concluded that
the increase in HA was due to the loss of Hyal-2, which affects
the maintenance of extracellular HA in the BM.

Megakaryocyte Apoptosis Is Increased in Hyal-2 KO BM

The observation that MKs are present at levels close to WT
in Hyal-2 KO animals suggests that the cause of thrombo-
cytopenia may a defect intrinsic to MKs. Therefore, we
analyzed circulating levels of TPO (Figure 2A) and IL-6
(Figure 2B), two thrombopoietic cytokines known to stim-
ulate MK proliferation, survival, maturation, and platelet
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Hyaluronan accumulates in the bone marrow (BM) of hyaluronidase-2 (Hyal-2) knockout (KO) mice. A: Hematoxylin and eosin (H&E), CD41/61 specific

antibody, and hyaluronan-binding protein (HABP) histochemical and fluorescence histochemical (HA, green; CD41/61, red) staining of wild-type (WT) and Hyal-2
femur BM sections. Arrows indicate CD41/61" megakaryocytes (MKs). B: Quantification of morphologically recognizable CD41/61" WT and Hyal-2 BM MKs.
C: Representative HA sizing gel of femoral bone marrow isolates purified from four WT and Hyal-2 mice. Each lane corresponds to two femurs from one mouse.
Predigestion of mouse bone marrow isolates with Streptomyces hyaluronidase (SH) is used as a specificity control for one mouse isolate. HA can be observed as a dark
material that is removed by specific hyaluronidase digestion. D: Densitometry quantification of high-molecular-weight HA is indicated above the dashed yellow line
in C. Data are expressed as means £ SEM (A). n = 6 mice per group (A); n = 8 mice analyzed in each group (B and C). *P < 0.05. Scale bar = 25 um.

production.””"** Neither serum TPO nor IL-6 levels
differed between WT and KO mice, suggesting that the
platelet and MK volume in KO animals was likely sufficient
to regulate these factors. In addition, we found no change
in steady-state IL-6 receptor levels by Western blot in
purified MKs lacking Hyal-2 compared with controls.
Because TPO and IL-6 were unchanged, we next considered
whether loss of Hyal-2 might attenuate MK survival. We
examined the BM in situ for apoptotic MKs by using the
combination of von Willebrand factor staining and TUNEL
(Figure 2C). Analysis revealed that the relative percentage
of mature apoptotic MKs was increased in the femurs of
KO animals (12% =+ 2.2%) compared with WT controls
(5% + 1.3%) (Figure 2D). Induction of apoptosis was
further evaluated by Western blot analysis of caspase-9
activation and Bcl-xL. These findings confirmed that pro-
apoptotic activation of caspase-9 was increased in purified
Hyal-2KO MKs, whereas antiapoptotic Bcl-xL was
decreased (Figure 2E).
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TPO-mediated megakaryopoiesis is regulated through
interaction of the cytokine with its receptor, c-MPL.** "
On binding and initiating downstream signals, both TPO
and c-MPL are internalized and degraded, resulting in a
ligand-induced negative feedback loop.”® Because both
HA and Hyal-2 form complexes with cell surface
receptors,”**** we evaluated whether the loss of Hyal-2
might affect c-Mpl expression. For these experiments, we
used both murine and human MKs. We first confirmed that
the human MEGO1 MK cell line contains both Hyal-2 and
HA and then subsequently disrupted Hyal-2 using a
CRISPR-Cas9 targeted deletion (Supplemental Figure S2).
We found no change in steady-state c-Mpl levels by
Western blot in either BM-derived MKs or MEGO1 MKs
lacking Hyal-2 compared with controls (Figure 2F).

Increasing evidence indicates that HA is capable of
signaling through several receptors, including TLRs and
CD44 (both of which are expressed in MKs). In addition, HA
regulates cell behavior in a number of cell types, including
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CD41" purified MKs from murine BM were analyzed by immunoblots for caspase-9 and Bcl-xL. F: Total protein (10 ug) samples from murine and human MEGO1
MKs were analyzed by immunoblots for c-MPL, p38, phospho-p38 (P-p38), and B-actin. Immunoblot analyses were performed on at least four mice per group.
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hematopoietic progenitors.'”'**"7" We therefore consid-
ered whether the accumulation of HA might affect down-
stream signal transduction in MKs. Consistent with our
hypothesis, we found a significant decrease in the phosphor-
ylation of p38 MAPK (p38) in both BM-derived or human
MEGO1 MKs lacking Hyal-2 (Figure 2F) compared with
controls. However, we found no change in ERK1/2 activation.
Taken together, HA appears to have a role in the regulation of
MK survival, likely through a p38-mediated mechanism.

Megakaryocyte Maturation Is Impaired in Hyal-2 KO BM

Two key features of MK maturation are polyploidization
and an expansion of cytoplasmic mass (as the cell increases
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in volume, MKs reach sizes approximately 50 to 100 pm in
diameter and reported ploidy distributions up to 128N).>”
As the MK matures, the cytoplasm and platelet organelles
expand, and the DMS is amplified in preparation for pro-
platelet biogenesis.” Therefore, we determined whether
altered HA turnover affects MK maturation by examining
the ploidy of MKs from freshly isolated BM. The mean
number of CD41" MKs were similar among mice
(Figure 3A), consistent with our observations from femoral
sections (Figure 1B). However, although there was no sig-
nificant change in mean ploidy (data not shown), the ploidy
distribution of Hyal-2 KO MKs was significantly different
when compared with control (Figure 3B). Hyal-2 KO MKs
were less mature with an increase in 4N populations,
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Figure 3  Impaired maturation of hyaluronidase-2 (Hyal-2) knockout
(KO) megakaryocytes (MKs). A: Flow cytometric analyses of CD41" bone
marrow (MB) MK frequency. B: Ploidy distribution of wild-type (WT) and
Hyal-2 BM MKs. C: Real-time quantitative PCR analyses of myeloid tran-
scription factors in Hyal-2 KO versus WT BM normalized to 18S rRNA. Data are
expressed as means = SEM. n = 5 per group (A—C). *P < 0.05, **P < 0.01.

whereas 16N and 32N represented only 20.4% + 7.8% of
total BM MKSs compared with 38.6% + 6.8% in WT mice.
These data indicate a disruption in normal MK maturation.

Thrombopoiesis within the BM is a tightly regulated
process in which lineage-restricting transcription factors
direct the maturation of a progenitor cell toward a specific
fate.”’ Because previous studies indicated an increase in
immature erythroid cells in Hyal-2 KO animals,”*"** we next
investigated whether myeloid progenitor cell maturation
might also be disrupted in these animals. Both erythrocytes
and MKs are derived from a common bipotential progenitor,
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and we therefore analyzed a set of lineage-restricting tran-
scription factors with major roles in thrombopoiesis in total
BM isolates. These data revealed that GATAI, the principle
erythroid-megakaryocyte lineage-determining transcription
factor,54 and NFE2, a key regulator of MK terminal dif-
ferentiation,”” were significantly increased in Hyal-2 KO
BM compared with control (Figure 3C). Collectively, these
data indicate that disruption of HA homeostasis within the
BM leads to attenuated MK maturation and a compensatory
increase in MK maturation transcription factors.

Proplatelet Formation Is Aberrant in Hyal-2 KO MKs

To directly determine the ability of Hyal-2 KO MKs to
produce proplatelets, we used an in vitro MK differentiation
system and observed the morphologic features of MKs
forming proplatelets in real-time. Megakaryocytes from WT
BM underwent highly dynamic morphologic changes and
extended irregular membrane processes before the formation
of pseudopodia (Figure 4A and Supplemental Video S1).
As the cell expands, it elongates proplatelets from the
peripheral edge of the membrane until the entire cytoplasm is
elaborated into a network of interconnected proplatelets. In
contrast, MKs from Hyal-2 KO BM appear to begin pro-
platelet formation in a similar fashion, including the forma-
tion of pseudopodia. However, their cytoplasm twists and
expands, appearing almost folded with unusual ring-like
structures visible along the perimeter of the cell (Figure 4B
and Supplemental Video S2). Strikingly, the inability of
an MK to remodel HA in the absence of Hyal-2 impairs
proplatelet formation.

HA and Hyal-2 Are Contained within Proplatelet
Extensions

Because our microscopic analysis indicated that the pro-
platelet formation was severely impaired by the loss of
Hyal-2, we further investigated the involvement of HA in
WT MKs and a subset of Hyal-2 KO MKs still capable of
forming proplatelets. MKs derived from WT BM form
numerous long, branched proplatelet extensions with
platelet-sized bulges (Figure 5A). Conversely, proplatelets
from Hyal-2 KO MKs appeared shorter, appeared less
complex, and had unusual looped structures (Figure 5B).
We hypothesized that the disrupted morphologic features
may result from an inability to remodel intracellular HA;
therefore, we investigated the localization of HA and Hyal-2
within proplatelet-forming MKs. Similar to a-tubulin, HA
was detected throughout the cell body and the proplatelet
extensions of WT MKs and appeared distributed as a web-
like network. Importantly, the localization of Hyal-2 was
close to HA but somewhat more restricted within the cell
body and also along the length of proplatelet extensions
(Figure 5C). By contrast, the HA within Hyal-2 KO MKs
appeared more diffuse and overall less structured, with
regions of accumulation evident within nodes along
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Proplatelet formation is abnormal in hyaluronidase-2 (Hyal-2) knockout (KO) megakaryocytes (MKs). Time-lapse images from video-enhanced

phase-contrast microscopy showing either wild-type (WT) (A) or Hyal-2 (B) bone marrow—derived MKs forming proplatelets. Arrows indicate unusual pro-
platelet structures. Scale bar = 50 um. Videos are provided as Supplemental Videos S1 and S2.

proplatelet loops (Figure 5D). These data reveal that both
HA and Hyal-2 are localized at the site of proplatelet for-
mation and disruption of HA depolymerization leads to
abnormal proplatelet morphologic features.

The DMS of Hyal-2 KO MKs Is Substantially Disrupted

The significant difference in platelet counts and abnormal
morphologic feature of proplatelet-forming MKs prompted
us to examine the ultrastructure of Hyal-2 KO BM MKs.
Control WT MKs formed an elaborate DMS that contained
membrane tubules organized into several rows of territories
around the circumference of the cell (Figure 6A). Strikingly,
Hyal-2 KO MKSs had a poorly developed DMS, which
appeared dilated with increased cytoplasmic space. This
revealed that the membrane network, which divides the MK

The American Journal of Pathology m ajp.amjpathol.org

cytoplasm into fields where individual platelets are formed,
was significantly altered in Hyal-2 KO MKs (Figure 6B)
when compared with control. We further investigated the
molecular basis underlying the DMS disruption by immu-
nostaining for GPIbf, a marker of the DMS, and observed
MKSs by confocal fluorescence microscopy. Consistent with
our transmission electron microscopy images (Figure 6A),
the DMS appeared as a complex network in WT MKs,
extending throughout the cytoplasm to the plasma
membrane, with HA fully dispersed throughout the cell
(Figure 6C). By contrast, GPIbB in Hyal-2 KO MKs
appeared significantly less complex, with the most intense
staining adjacent to the plasma membrane (Figure 6D).
Thus, although Hyal-2 KO MKs were capable of forming
proplatelets, cytoplasmic morphogenesis was disrupted with
abnormal DMS formation of platelet territories.
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Figure 5

Hyal-2 KO

a-tubulin

Proplatelet formation is disrupted by impaired hyaluronan (HA) degradation. Representative light microscopy images of bone marrow (BM)—

derived wild-type (WT) (A) and hyaluronidase-2 (Hyal-2) (B) proplatelet-forming megakaryocytes (MKs) in vitro. Areas within boxes in A and B are shown at
higher magnification in adjacent panels. Representative DAPI, HA-binding protein (HABP), Hyal-2, and a-tubulin immunofluorescence images of WT (C) and
Hyal-2 (D) BM MKs. Arrows indicate abnormal looped proplatelet structures in B and D. Scale bar = 50 um. Original magnification: x20 (A and B, right

panels); x34 (A and B, left panels).

HA Depolymerization Is an Important Step in
Proplatelet Formation

We hypothesized that the disruption of proplatelet formation
might arise from an increase in HA, caused by the absence
of Hyal-2, which altered proplatelet field organization in
MKs. To test this hypothesis, we delivered exogenous
hyaluronidase to both murine and human MKs in culture.
Strikingly, for cells that lacked Hyal-2, enzyme supplemen-
tation recovered the numbers of proplatelet-forming MKs in
murine BM-derived MKs (Figure 7A) and in human MEGO1
MKs (Figure 7B) close to normal levels. Although we were
able to confirm uptake of the enzyme (Supplemental
Figure S3), the addition of exogenous hyaluronidase did
not appear to change the abnormal morphologic features of
proplatelet-forming MKs lacking Hyal-2. Taken together,
Hyal-2 functions to degrade intracellular HA in cultured
MKs, thereby promoting proplatelet formation (Figure 7C).

Discussion

The present study provides new insight into BM homeostasis
and mechanisms that lead to thrombocytopenia through
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examination of various aspects of megakaryopoiesis in sifu
and in vitro. We found that the depolymerization of HA
contained within the cytoplasm of MKs is an important
element of proplatelet formation. Our results indicate that
Hyal-2—dependent HA degradation has previously unrecog-
nized roles in megakaryocyte maturation and thrombopoiesis.
Although there are several members of the hyaluronidase
family present in vertebrates, only systemic KO of Hyal-2
leads to thrombocytopenia. This is consistent with our
observation that Hyal-2 is the only hyaluronidase expressed
by platelets and MKs.”' Histochemical analyses of BM from
Hyal-2 KO mice reveal a significant increase in high-
molecular-mass HA in the extracellular space and surround-
ing BM sinusoids (Figure 1A). Previous studies have found
that the interaction of progenitor cells and pericellular HA is
capable of regulating downstream intracellular pathways
governing proliferation through CD44 and other re-
ceptors.”””'°° However, MKs are distinguished from other
progenitor cell types by a number of features, including the
intracellular localization of HA and cognate receptors.”””’
Despite pronounced thrombocytopenia in Hyal-2 KO ani-
mals, we found a statistically insignificant decrease in the
number of MKs present within the BM when compared
with controls (Figure 1B).
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WT

Figure 6

Hyal-2 KO

The demarcation membrane system of megakaryocytes (MKs) lacking hyaluronidase-2 (Hyal-2) is malformed. Transmission electron microscopy

analysis of wild-type (WT) (A) and Hyal-2 knockout (KO) (B) bone marrow—derived MKs. Areas within boxes in A and B are shown at higher magnification in
the respective panels below. Representative immunofluorescence images of glycoprotein Ibp (GPIbB) (red) as a demarcation membrane system marker in
WT (C) and Hyal-2 KO (D) MKs. Overlay with HA-binding protein (HABP) (green) and DAPI (blue) is shown in adjacent panels. Scale bars: 5 um (A and B,
top panels); 200 nm (A and B, bottom panels); 25 um (C and D). Original magnification: x5385 (A and B, top panels); x91,568 (A and B, bottom panels).

Our present data also reveal that maturation (Figure 3B)
and survival (Figure 2, C—E) of MKs in Hyal-2 KO animals
are severely impaired. Although compartmentalized cell
death is a temporal aspect of proplatelet-forming MKs,
premature apoptosis can directly lead to thrombocytopenia,
for example, as a result of radiotherapy.” Interestingly, the
maturation profile of MKs from Hyal-2 BM appeared
significantly more immature relative to control (Figure 3B),
and analysis of transcription factors that regulate MK and
platelet biogenesis reveal increases in KO BM (Figure 3C).
Among these, GATA-1 and NF-E2 are believed to function
in parallel fashion to promote thrombopoiesis. GATA-1 is
initially required to commit a common bipotential progen-
itor to the MK lineage, but it also regulates all stages of MK
development.54 However, NF-E2 induces MK maturation
and regulates several genes crucial to proplatelet forma-
tion.””>? Our data suggest that the increased levels of
GATA-1 and NF-E2 in Hyal-2 KO BM may be a compen-
satory mechanism, driving the common myeloid progenitor
toward enhanced MK commitment and increasing the num-
ber of MK progenitors. High levels of these transcription

The American Journal of Pathology m ajp.amjpathol.org

factors could possibly affect lymphoid progenitor lineage
programming as well.*’

Multiple reports in the past several decades have eluci-
dated many of the mechanistic events underlying the
formation of proplatelets and the subsequent release of
platelet-sized particles, with considerable emphasis on the
important role of cytoskeletal dynamics. Our data reveal that
the functional interaction between HA and Hyal-2 has a
critical role in platelet biogenesis within the cell. Hyal-2 and
HA are localized along the lengths of proplatelet extensions
in control MKs (Figure 5C), and the loss of Hyal-2 leads to
impaired proplatelet formation in both murine and human
MKSs. Although genetic KO can lead to off-target effects,
importantly, deficient proplatelet formation observed in this
model is rescued by the addition of exogenous hyaluroni-
dase (Figure 7A).

In addition, this report also indicates that disruption of
HA remodeling has unexpected consequences on DMS
formation (Figure 6). BM-derived Hyal-2 KO MKs have a
strikingly abnormal DMS, appearing as a swollen and
dilated membrane network reminiscent of the DMS
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Figure 7  Hyaluronan (HA) degradation is a
key component of proplatelet formation. Bone
marrow (BM)—derived or mature MEGO1 mega-
karyocytes (MKs) were incubated with Chariot
reagent alone or with 5 ng of Streptomyces
hyaluronidase (SH). Quantification of proplatelet-
forming MKs: Mouse BM-derived MKs from wild-
type (WT) and hyaluronidase-2 (Hyal-2) knockout
(KO) (A) and MEGO1 proplatelet-forming MKs (B).
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abnormalities observed in a glycoprotein Ibf—deficient
murine model of Bernard-Soulier syndrome.” As MKs
mature, they increase in size and synthesize the membrane
network that gives rise to the DMS. Our data suggest that
HA and Hyal-2 are involved in this process, and we propose
that HA biosynthesis supports early MK development and
that as MKs mature intracellular HA is processed by Hyal-2,
supporting the formation of a compact DMS throughout the
MK cytoplasm. In the absence of Hyal-2, large HA poly-
mers are unable to be processed to smaller sizes and
contribute to the swollen compartmentalized DMS observed
in Hyal-2 KO MKs (Figure 6 and Figure 7C). Indeed, recent
evidence indicates that DMS biogenesis is initiated at the
plasma membrane in glycoprotein Ib* pre-DMS clusters
and the newly synthesized membrane becomes invaginated,
thereby initiating formation of the DMS.” Expansion of the
DMS requires vesicular membrane delivery from numerous
Golgi complexes within the MK, and it seems plausible that
the HA biosynthetic enzymes and Hyal-2 are contained
within Golgi vesicles and are targeted to the DMS. An
additional noteworthy finding of our study is that although the
addition of exogenous hyaluronidase led to a recovery in the
number of proplatelets released from MKs, the treatment did
not rescue the abnormal morphologic features seen in Hyal-2—
deficient MKs, suggesting that Hyal-2 interactions with other
proteins may contribute as well (Figure 4B and Figure 5, C and
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C: Model of proplatelet biogenesis suggested by
these experiments. During maturation, HA syn-
thase enzymes within the demarcation membrane
system (DMS) produce HA as MKs increase in size.
Hyal-2 is derived from the Golgi and depolymerizes
HA, supporting DMS formation and development
of proplatelet fields. D: In the absence of Hyal-2,
HA accumulates within the DMS, impairing MK
maturation and subsequent proplatelet formation.
Data are expressed as means &+ SEM (A and B).
n = 8 WT and 12 Hyal-2 KO mice (A); n = 12 (B).
*P < 0.05, **P < 0.01, and ***P < 0.001.
Ctrl, control; ER, endoplasmic reticulum; P-p38,
phospho-p38.
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D). Therefore, the addition of hyaluronidase cannot correct
the abnormal DMS architecture once the DMS is formed. The
specific cellular mechanism by which HA depolymerization
supports DMS biogenesis requires further study.

Our data indicate that despite what appear to be a severe
thrombocytopenia, serum TPO levels are not increased
(Figure 2A). Although Hyal-2 KO MKs release fewer
proplatelets per MK in vitro, we observed that Hyal-2 KO
MKSs consistently produced proplatelets at an earlier matu-
ration stage than WT MKs (Figures 4 and 5). In light of
our findings that transcription factors driving the myeloid
lineage toward MK commitment are significantly elevated
(Figure 3C), it is possible that the rates of MK progenitor
proliferation and platelet production are increased to
compensate for increased apoptosis in Hyal-2 KO mice
(Figure 2, C—E). Whereas our data indicate that Hyal-2
deficiency causes an MK-intrinsic defect in platelet produc-
tion with no effect on platelet half-life, a recent study found
decreased erythrocyte lifespan in Hyal-2 KO animals.™

Our data raise a number of interesting questions
regarding the previously unsuspected role of intracellular
HA depolymerization in MK maturation and platelet
release. An increasing body of literature supports the role of
HA-mediated signaling through several receptors, including
CD44, RHAMM, and TLR-2 and TLR-4, all of which are
expressed by MKs.”"”"°% In particular, both RHAMM and
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CD44 are differentially expressed during MK development,
with RHAMM increasing sixfold and CD44 decreasing
during maturation.”” Regulation of p38 modulates MK
differentiation and maturation.”’"°® HA can suppress
phosphorylation of p38 in multiple cell types, either directly
via CD44 or indirectly through RHAMM.?*® We also
found a decrease in p38 signaling in both human and mu-
rine MKs lacking Hyal-2 (Figure 2F), suggesting that total
HA levels or HA polymer size supports p38 signaling in
MKs.

Stimulation of TLR-2, in mouse and human MEG01 MKs,
increases expression of GATA1 and NFE2, similar to our
findings in Hyal-2 KO MKs (Figure 3C), as well as release of
reactive oxygen species, which are capable of degrading HA
directly.”” HA therefore may function as a temporal signal
during megakaryopoiesis dependent on its size. We hypoth-
esize that during early stages as MKs increase in ploidy and
size, HA biosynthesis can support maturation and DMS
development mediated through TLRs and CD44. Later,
during the terminal stages of proplatelet formation, where
RHAMM may contribute to the organization of nascent
proplatelet fields, high-molecular-weight HA must be
degraded into shorter polymer lengths by Hyal-2.

In conclusion, a detailed study of megakaryopoiesis in
mouse and human models lacking Hyal-2 has definitively
identified a requirement for HA depolymerization in the
critical stage of proplatelet formation. HA likely contributes
to earlier stages of MK maturation as well. This concept is
supported by the profound disruption of the megakaryocyte
DMS and defective proplatelet formation in hyaluronidase-
deficient MKs, the latter of which could be rescued by
delivery of exogenous hyaluronidase.

Disorders of thrombopoiesis are heterogeneous and may
be genetic or acquired. Macrothrombocytopenias are the
most frequent inherited form and are characterized by a
reduction in platelet number and by an increase in platelet
volume as observed in Hyal-2 KO mice. Retrospective
studies of inherited platelet disorders have uncovered mul-
tiple cases of chronic macrothrombocytopenia of unknown
origin with mild or no clinical manifestations.”””"" We
propose that the underlying molecular defect in some
macrothrombocytopenias may be related to dysregulation of
HA and Hyal-2.
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