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Abstract

MYH%related disease (MYH9-RD) is a rare, autosomal dominant disorder caused by mutations in
MYHY, the gene encoding the actin-activated motor protein non-muscle myosin A (NMIIA).
MYHS-RD patients suffer from bleeding syndromes, progressive kidney disease, deafness, and/or
cataracts, but the impact of MYH9 mutations on other NMII1A-expressing tissues remains
unknown. In human red blood cells (RBCs), NMIIA assembles into bipolar filaments and binds to
actin filaments (F-actin) in the spectrin-F-actin membrane skeleton to control RBC biconcave disk
shape and deformability. Here, we tested the effects of MYH9mutations in different NMIIA
domains (motor, coiled-coil rod, or non-helical tail) on RBC NMIIA function. We found that
MYHS-RD does not cause clinically significant anemia and that patient RBCs have normal
osmotic deformability as well as normal membrane skeleton composition and micron-scale
distribution. However, analysis of complete blood count data and peripheral blood smears revealed
reduced hemoglobin content and elongated shapes, respectively, of MYHSRD RBCs. Patients
with mutations in the NMIIA motor domain had the highest numbers of elongated RBCs. Patients
with mutations in the motor domain also had elevated association of NMIIA with F-actin at the
RBC membrane. Our findings support a central role for motor domain activity in NMIIA
regulation of RBC shape and define a new sub-clinical phenotype of MYH9-RD.
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Introduction

Mutations in MYH9- the gene encoding the heavy chain of non-muscle myosin 1A
(NMIIA) - lead to a rare, autosomal dominant disorder known as MYH9-related disease
(MYH9-RD, MIM #160775) 1-3. All MYH9-RD patients have reduced platelet counts and
enlarged platelets (macrothrombocytopenia), as well as NMIIA-containing inclusions in
leukocytes (Déhle bodies). Some patients also develop bleeding tendencies, nephropathy,
sensorineural deafness, and/or pre-senile cataracts 4-5. Although NMIIA is widely expressed
7 no additional major hematological or extra-hematological pathologies have been
identified.

MYH9-RD mutations (over 80 identified to date) occur in both the force-generating NMI1A
motor domain and the filament-forming rod/tail domain &. Motor domain mutations
commonly affect two subdomains: the SH3/motor domain interface, which stabilizes motor
domain folding and promotes ATPase activity, or the SH1 helix, which coordinates the
NMIIA power stroke %12, Rod/tail domain mutations affect either the coiled-coil rod
subdomain or the regulatory non-helical tail domain (Fig. 1, 13:14). Genotype-phenotype
correlation studies have demonstrated that motor domain mutations cause the most severe
disease with the highest probability of extra-hematological symptoms, while mutations in
the non-helical tail domain cause the mildest disease 1315, Different mutations within the
same domain or affecting the same residue can also have varying effects on disease severity
and progression 13,

The major cell types affected by MYHI-RD (platelets and kidney podocytes) exclusively
express NMIIA over the NMIIB and NMIIC isoforms and rely on specialized actin
cytoskeletal structures to support complex cellular morphologies and functions 16-18,
Similar to these cell types, human red blood cells (RBCs) predominantly express NMIIA
17,1920 RBCs rely on the membrane skeleton, a quasi-hexagonal network of short (~37 nm)
actin filament (F-actin) nodes interconnected by long, flexible (a.1f1),-spectrin tetramers.
This network underlies the plasma membrane and supports RBC biconcave disk shape and
deformability 21-23,

In RBCs, as in other cells, NMIIA forms heterohexamers (termed NMIIA molecules) of two
heavy chains, two regulatory light chains, and two essential light chains (Fig. 1) 1924, These
NMIIA molecules form bipolar filaments that associate with membrane skeleton F-actin via
their motor domains 2°. Inhibition of NMIIA motor activity with blebbistatin reduces
NMIIA-membrane skeleton association, leads to a loss of RBC biconcave disk shape (with
cell elongation and a reduced dimple), and increases RBC deformability 20. This indicates a
role for NMIIA motor activity in maintaining tension in the membrane skeleton. The impact
of MYH9-RD mutations — which impair specific aspects of NMIIA activity and filament
assembly 2526 _ on RBC shape and deformability remains unknown.
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In this study, we investigate the relationship between MYH9 genotype and RBC NMIIA
function in a cohort of 113 MYH9-RD patients (Table S1). These patients do not present
clinically significant anemia and have normal membrane skeleton composition and
organization, heavy chain and regulatory light chain phosphorylation, and osmotic
deformability. However, patient RBCs exhibit abnormal sizes and elongated morphologies,
based on RBC indices in the complete blood count (CBC) and light microscopy data from
blood smears and confocal microscopy. Mutations in the motor domain cause the most
pronounced RBC shape changes, agreeing with genotype-phenotype correlations in other
cell types. Motor domain mutations also increase NMIIA association with the Triton-
insoluble membrane skeleton, suggesting that enhanced NMIIA motor domain binding to F-
actin underlies the elongated RBC morphology. Our results provide insights into the role of
each domain in NMIIA function and define a new sub-clinical phenotype that could be
important when MYH4RD co-occurs with other conditions.

Materials and Methods

Blood collection, hematology, and shipping.

Whole blood was collected from healthy human donors or MYH9-RD patients into EDTA
tubes by Dr. Remi Favier at Armand Trousseau Children’s Hospital in Paris, France or by
Dr. Alessandro Pecci at the University of Pavia in Pavia, Italy. Complete blood counts
(CBCs) were determined with automated hematology analyzers at the point of collection,
and peripheral blood smears were prepared and stained with Wright-Giemsa (Sigma-
Aldrich). Additional EDTA tubes containing whole blood were collected at the same time
and shipped overnight at 4 degrees to the Fowler laboratory at The Scripps Research
Institute (TSRI) in La Jolla, California, where osmotic fragility assays 2/, ghost preparation,
or fixation for confocal or TIRF imaging (see below) were performed upon arrival. The
blood smear slides were shipped separately to the Fowler laboratory for image analysis.
Osmotic ektacytometry assays 28 were performed on RBCs from blood shipped to Dr. Lydie
Da Costa’s Hematology laboratory at Debré hospital in Paris, France.

Blood smear imaging and analysis.

Wright-Giemsa-stained peripheral blood smears were mounted in Permount (Fisher
Scientific) and imaged using a Keyence BZ-X700 microscope with a 100x Plan Apochromat
oil objective (NA 1.45). Images of smears were analyzed using the Hybrid Cell Count
module of the BZ-X Analyzer software. The “Fill holes” feature was used to fill in the RBC
central pallor regions, which were initially excluded by the Hybrid Cell Count. RBCs close
to the image edge or touching other RBCs were automatically excluded based on size. RBCs
whose shapes were distorted due to close proximity to other RBCs were then manually
eliminated. The major axis and minor axes of the remaining cells were then recorded, and
the aspect ratios were computed by dividing the major axis by the minor axis.

Immunofluorescence staining of RBCs.

Whole blood was collected from healthy human donors or MYH9-RD patients and shipped
overnight to TSRI as explained above. RBC membranes were stained with fluorescent
antibodies to glycophorin A (GPA) as follows. 25 pL of whole blood was added to 1 mL of
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4% paraformaldehyde (PFA, Electron Microscopy Sciences) in Dulbecco’s PBS (DPBS -
Gibco [2.67 mM KCI, 1.47 mM KH,POy, 137.93 mM NaCl, 8.06 mM NapyHPO4-7H,0]),
mixed, and incubated at room temperature overnight. Fixed RBCs were washed three times
in DPBS by centrifuging for 5 minutes at 1000 x g and then blocked in 4% BSA (MP
Biomedicals), 1% normal goat serum (Gibco) in DPBS (blocking buffer) at room
temperature for one hour. Blocked RBCs were stained with a FITC-conjugated mouse anti-
GPA antibody (BD Pharmingen 559943) in blocking buffer for one hour at room
temperature and then washed three times in DPBS. GPA-stained RBCs were deposited on
glass slides at 1000 rpm for 3 minutes using a Cytospin 4 machine (Thermo Scientific) and
mounted with ProLong™ Gold mounting media and coverslipped prior to imaging.

In some experiments, RBC membranes were labeled with wheat germ agglutinin (WGA),
which binds predominantly to GPA, the major sialic acid containing glycoprotein in RBCs.
For WGA staining, shipped whole blood was washed three times in DPBS. Packed RBCs
were then diluted (1:500) in DPBS and incubated in Alexa 555-conjugated WGA (Life
Technologies W32464 at a final concentration of 1ug/ml) for 30 minutes at room
temperature. The WGA-stained RBCs were then washed one time in DPBS and re-
suspended in 4% PFA and fixed overnight at room temperature in the dark. RBCs were then
washed three times in DPBS by centrifugation as above, cytospun onto glass slides and
mounted with ProLong™ Gold mounting media and coverslipped prior to imaging.

For TIRF imaging of RBCs, the glass bottoms of 35mm tissue culture dishes with 0.17mm-
thick cover glass bottoms (FluoroDish FD35-100) were coated with a 0.1% (w/v) solution
of poly-L-lysine (Sigma-Aldrich P8920) for 30 minutes at room temperature. The poly-L-
lysine solution was then removed and the cover glass was allowed to dry. 25ul whole blood
was washed three times in DPBS. The RBC count in a 1:1000 dilution of whole blood in
DPBS was determined using the Bio-Rad TC20™ Automated Cell Counter. This cell count
was used to make a dilution of approximately one million RBCs in 500 pl of DPBS, which
was pipetted onto the coated cover glass. RBCs were allowed to adhere to the poly-L-lysine
for 30 minutes at room temperature. Non-adherent RBCs were then removed by aspirating
the DPBS, and the adherent RBCs were fixed in 1 ml 4% PFA in DPBS for 30 minutes at
room temperature. RBCs were then washed three times by pipetting and aspiration of 1 ml
DPBS, permeabilized in 1 ml DPBS + 0.3% TX-100 for ten minutes, then incubated in
blocking buffer for two hours. Permeabilized and blocked RBCs were incubated with mouse
anti-a.1-spectrin antibody (Abcam ab11751) in blocking buffer overnight at 4°C. RBCs were
then washed two times in DPBS and incubated in Alexa-488-conjugated goat anti-mouse
secondary antibody (Life Technologies A11001) in blocking buffer mixed with rhodamine
phalloidin (Life Technologies R415) at a final concentration of 130nM at room temperature
for one hour followed by two washes in DPBS. 2 mL of DPBS containing 0.02% sodium
azide were added to the dishes to preserve the cells. Dishes were stored at 4°C and imaged
within 1-2 days of staining.

Fluorescence microscopy.

RBC shape measurements of GPA- or WGA-stained RBCs were obtained from confocal Z-
stacks acquired on a Zeiss LSM780 laser scanning confocal microscope using a 100x Plan
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Apochromat objective with 1.4 NA. Z-stacks were acquired at a digital zoom of 1.0 and a Z-
step size of 0.25 um.

RBCs immunostained for a.1-spectrin and rhodamine phalloidin for F-actin were imaged
using a Nikon Eclipse Ti inverted microscope with a 100x Apochromat oil objective (NA
1.49) using TIRF illumination with 488 and 561 laser lines and an ORCA-Flash 4.0 V2
Digital CMOS camera (Hamamatsu). Images were acquired using NIS-Elements 4.1
software.

Fluorescence image analysis.

RBC shape measurements were as previously described 20. Aspect ratios were measured
from maximum intensity projections of Z-stacks using ImageJ and height measurements
were acquired manually from XZ views of the center of each RBC in Volocity (version 6.3)
by using the line function to measure the distance between the edges of fluorescent signal at
the widest (rim) and narrowest (dimple) regions of each RBC. To correct for Z-stretch, the
distance between Z-steps was set to 0.18 pm prior to recording height measurements.
Stomatocytic RBCs, which were likely an artifact of shipping and occurred at similar
frequencies in normal control and MYH9-RD samples, were excluded from 2D and 3D
shape analysis.

Preparation of Mg** ghosts for biochemical analyses.

Whole blood was collected from healthy human donors or MYH9-RD patients and shipped
overnight as above. As previously described 29, blood was added to 5 volumes of ice-cold
PBS/Dextran (150 mM NaCl, 5 mM NaHPO,4 pH 7.4, 0.75% dextran [Sigma 31392], 0.02%
NaN3), then settled at 1 x gto separate the RBCs from white blood cells and platelets 2°.
The sedimented RBCs were washed four times in ice-cold PBS (150 mM NacCl, 10 mM
NaHPOQy, pH 7.4) by centrifuging for 5 min at 600 x g and resuspending in PBS. Packed
RBCs were then lysed in 40 volumes of ice-cold hypotonic lysis buffer containing
magnesium (5 mM NaHPO,4 pH 7.4, 2 mM MgCly, 1 mM DTT, 20 ug/ml PMSF) while
vortexing vigorously, followed by centrifuging for 10 min at 39,000 x gat 4°C to sediment
the RBC membranes (Mg**ghosts) 3. The pellet was resuspended in ice-cold lysis buffer
while vortexing, and membranes sedimented as above, for a total of 4 washes, to remove
hemoglobin and other cytosolic proteins. Ghosts were then aliquoted, flash-frozen in liquid
nitrogen, and stored at —80°C until use.

Preparation of membrane skeletons by TX-100 extraction of Mg** ghosts.

As previously described 20, five volumes of ice-cold TX-100 extraction buffer (0.2%
TX-100 [Sigma], 2 mM MgCl,, 1 mM EGTA, 10 mM NaHPO,4 pH 7.5, 1 mM DTT, 1:2000
protease inhibitor cocktail [Sigma P8340], and phosphatase inhibitor cocktail [Thermo
Scientific product #88667]) was added to a 50 pL aliquot of Mg** ghosts. The sample was
then vortexed and incubated on ice for five minutes. A small volume was removed to make
the “Total” gel sample. The remainder was centrifuged at 21,000 x g at 4°C in an Eppendorf
5424 microcentrifuge to sediment the TX-100-insoluble membrane skeletons. A small
volume of the supernatant was removed to make the “Supe” gel sample, and the rest of the
supernatant was discarded. The TX-100-insoluble pellet was resuspended by vortexing and
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sonication in sufficient TX-100 extraction buffer to obtain the volume of the original sample
after removal of the aliquot for the “Total” gel sample. A small volume of the resuspended
pellet was then used to make the “Pellet” gel sample. Gel samples were prepared by mixing
with equal volumes of 2x SDS sample buffer (210 mM Tris-Cl, pH 6.8, 3 mM EDTA, 20%
sucrose, 0.01% bromophenol blue, 6% SDS, 85 mM DTT) and boiling for five minutes.

SDS-PAGE and Immunoblotting.

For protein stains of Mg*™* ghosts, ghost gel samples were run on Novex™ WedgeWell™ 4—
20% Tris-glycine gels with a 4% stacking gel (Invitrogen) at 150 V for 75 minutes. The gels
were then stained with One-Step Blue protein gel stain (Biotium). For immunoblotting,
ghost and membrane skeleton gel samples were run on BioRad 4-20% Criterion-TGX midi-
gels. For myosin heavy chain blots, proteins were transferred onto 0.2 pm nitrocellulose
(Genesee Scientific) at 120V for 1 hr at 4°C. The transfer buffer contained 20% methanol,
125 mM Tris, 96 mM glycine, and 0.1% SDS and was precooled to 4°C before transfer. For
myosin light chain blots, proteins were transferred onto 0.45 um Immobilon-FL PVDF
(Millipore) at 120V for 1 hr at 4°C. The transfer buffer contained 20% methanol, 125 mM
Tris, and 96 mM glycine and was precooled to 4°C before transfer. After transfer,
membranes were blocked in 1% fish gelatin in 1XTBS (50 mM Tris-Cl, pH 7.6; 150 mM
NaCl) for 1 hr at room temperature and then incubated with primary antibodies overnight at
4°C. Membranes were washed four times in 1xTBS + 0.1% Tween20, incubated with
secondary antibody at room temperature for 1 hr, and then washed four times in 1XTBS

+ 0.1% Tween20. Primary and secondary antibodies were diluted into 1XTBS with 1% fish
gelatin and 0.1% Tween20. Primary antibodies used were: mouse anti-NMIIA tail domain
antibody (Abcam ab55456), rabbit anti-pS1943 NMIIA (Cell Signaling Technologies 5026),
rabbit anti-myosin light chain (Cell Signaling Technologies 8505), and mouse anti-pS19
myosin light chain (Cell Signaling Technologies 3675), each diluted 1:1000. The mouse
anti-actin (Chemicon MAB1501) antibody was diluted 1:10000. Secondary antibodies used
were: goat anti-mouse IRDye 680LT (LI-COR 926-68020) and goat anti-rabbit IRDye
800CW (LI-COR 926-32211) at a dilution of 1:10000. Labeled bands on blots were imaged
on a LI-COR Odyssey Infrared Imaging System, and background-corrected intensity
measurements of protein bands were measured using ImageJ.

Statistical analysis.

Data are presented in dot plots or bar graphs as mean * standard deviation (SD). Means were
compared between two samples using unpaired t-tests. If the samples did not have equal
SDs, Welch’s t-test was used. If one or both samples were not normally distributed, the
Mann-Whitney test was used. Means were compared between three or more samples using
one-way ANOVAs followed by Tukey’s multiple comparisons test. If one or more samples
were not normally distributed, the Kuskal-Wallis test was performed, followed by Dunn’s
multiple comparisons test. Differences between variances were detected using F-tests for
two samples and the Brown-Forsythe test for three or more samples. Statistical significance
was defined as p < 0.05. Statistical analysis was performed using GraphPad Prism 7.03
software.
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Results

MYH9-RD mutations reduce RBC hemoglobin content and size in complete blood count
measurements

Mutations in membrane skeleton proteins can reduce RBC survival in the circulation,
leading to anemia 21.23:31 To determine if M YH9-RD mutations cause anemia, we analyzed
complete blood count (CBC) data from 12 normal donor controls and 113 MYH9-RD
patients (Table S1). We did not control for patient age or sex, which impact RBC
deformability and CBC indices 32-34, However, due to the low prevalence of MYHSRD 3,
an age and sex-controlled study may not have sufficient power to detect differences in RBC
phenotypes. We mitigated age and sex effects by including a large number of patients.
Patients had reduced platelet counts, as expected (Fig. 2A). Patients do not exhibit anemia,
based on normal RBC count, hemoglobin level (HGB), and hematocrit (HCT), nor
compensated hemolysis based on reticulocyte percentage. MYHSRD clinical presentations
such as elevated WHO bleeding score (Table S2) or chronic renal failure (Table S3) did not
affect patient RBC indices.

Despite the absence of anemia, MYHZRD patient RBCs had small but significant
reductions in hemoglobin content (lower MCH and MCHC) and abnormal RBC size (lower
MCV and higher RDW) (Fig. 2A). To investigate whether the location of the MYH9
mutation affects CBC parameters, we compared: (i) patients with either motor or coiled-coil
rod/non-helical tail domain mutations, (ii) patients with mutations in an NMIIA subdomain
(SH3/motor domain interface, SH1 helix, coiled-coil rod, or non-helical tail), and (iii)
patients with mutations in frequently affected residues (R702, R1165, D1424, or R1933) 8.
This analysis — based on a previous genotype-phenotype correlation study 13 — included
groups for which we analyzed at least six unique patients (Table S1, Fig. 1). While patients
with motor or rod/tail domain mutations had similar RBC hemoglobin contents (Fig. 2B, C),
motor domain patients had significantly greater changes in RBC size, with lower MCVs and
larger RDW variation (Fig. 2D, E). However, we observed no relationship between NMIIA
subdomain or specific residue affected and RBC hemoglobin content or cell size (Fig. S1).

MYH9-RD mutations affect RBC morphology

Given that MYH9-RD patient RBCs have abnormal sizes, we next examined RBC shapes in
Wright-Giemsa-stained peripheral blood smears (Fig. 3). While most control RBCs were
round (Fig. 3Ai), we observed elongated RBCs in MYH9-RD patient smears (Fig. 3Aii-xii,
black arrowheads), including many elongated cells with crenated edges similar to those in
echinocytes (not seen in controls). Elongated RBCs were most frequent in patients with
motor domain mutations (Fig. 3Aii-vi) and least common in patients with non-helical tail
domain mutations (Fig. 3Axi-xii). However, the number of elongated RBCs varied
considerably between patients, with some patients (e.g. the F411b patient in Fig. 3Aiii)
having very few.

To compare RBC elongation between samples, we measured RBC aspect ratios (major/
minor axis) in 8 normal controls and 66 M YH9RD patients (Table S1). We excluded RBCs
with morphologies affected by close proximity to other RBCs or by artifacts of the smear
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preparation process (Fig. S2). Patients and controls had similar mean aspect ratios, although
patient values had a larger variance (Fig. 3B, Fig. S3). Because many patients had low
numbers of highly elongated RBCs (see Fig. S4 for examples), we also determined the
percentage of RBCs with aspect ratios greater than or equal to 1.3 in each sample. Patients
displayed a higher percentage of elongated RBCs than controls (Fig. 3C), and patients with
motor domain mutations had higher percentages of elongated RBCs at the domain (Fig. 3D),
subdomain (Fig. 3E), and residue (Fig. 3F) level. We observed similar differences in the
coefficients of variation (standard deviation/mean) of aspect ratios (Fig. S3).

We showed previously that NMIIA activity maintains the biconcave disk shape of RBCs 20,
To evaluate whether MYH9 mutations affect RBC biconcavity, we used confocal
fluorescence microscopy to obtain 3D images of RBCs stained for the membrane marker
glycophorin A (GPA) (Fig. S5A). For these and subsequent analyses, we controlled for
shipping artifacts by comparing shipped patient samples to shipped normal controls.
Consistent with the elongated RBC shapes in peripheral blood smears (Fig. 3), RBCs from
some MYHSRD patients (N93K, R702Cc, and D1424Na [lowercase letters distinguish
unique patients with the same mutation]) had increased mean aspect ratios compared to the
control (Fig. S5B). However, the patients examined had normal biconcavity, as reflected in
the ratio of dimple versus rim height measured in XZ slices through the center of each RBC
(Fig. S5C). Thus, while blebbistatin treatment causes both RBC elongation and loss of
biconcavity, MYH$RD mutations cause only RBC elongation.

MYH9-RD patients have normal RBC osmotic fragility and deformability by ektacytometry

Because MYHI9-RD mutations cause reduced RBC hemoglobin content and RBC
elongation, we hypothesized that MYH9-RD may also affect RBC hydration, surface area to
volume ratio, or membrane mechanical properties. To test this hypothesis, we measured
osmoatic fragility in RBCs from shipped controls, MYH9-RD patients, and a patient with
mild hereditary spherocytosis (Fig. S6, Table S1). While the hereditary spherocytosis patient
had increased osmotic fragility, as expected 31, MYH9RD patient osmotic fragility curves
overlapped with curves from the controls (Fig. S6A, B).

We next performed osmotic gradient ektacytometry, which measures RBC deformability at
varying suspending medium osmolalities and under a defined shear stress 28, on three
patients with mutations in the motor domain (S96Lb, F41la, and F41L [lowercase letters
distinguish unique patients with the same mutation]) (Table S1). The ektacytometry curve
from the patient with an F411 mutation (images of a smear from this patient are shown in
Fig. 3Aii) overlapped with curves from fresh and shipped normal controls (Fig. S7A). All
three patients tested had similar values as controls for: maximum elongation index (EI max),
which measures the maximum ability of RBCs to deform under isotonic conditions; the
osmolality at which RBCs are least deformable under hypotonic conditions (O min), which
measures RBC surface area-to-volume ratio and corresponds to the osmolarity of 50% RBC
hemolysis in the osmotic fragility test; and the osmolality at which RBCs exhibit half-
maximal deformability under hypertonic conditions (O hyper), which measures RBC
membrane mechanical properties and reflects the mean corpuscular hemoglobin
concentration and the RBC hydration state (Fig. S7B) 28:36, Together with the osmotic
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fragility data, this suggests that MYH3RD mutations do not cause significant changes in
RBC hydration, surface area to volume ratio, or membrane mechanical properties detected
by ektacytometry.

The RBC membrane skeleton is unaffected in MYH9-RD patients

Mutations in membrane skeleton proteins can compromise skeleton connectivity, affecting
its composition and/or organization 233137, Compared to shipped controls and published
data 20-36:38. RBC membranes (Mg** ghosts) from multiple MYH9-RD patients contained
normal levels of major membrane skeleton components such as a1/p1-spectrin, band 3,
protein 4.1R, and actin (Fig. S8A). Total internal reflection microscopy (TIRF) images of
RBCs spread on poly-L-lysine show actin and a.1-spectrin localized in a dense, reticular
pattern at the membrane with no detectable differences between the shipped controls and the
motor domain patients examined (Fig. S8B, C). Thus, MYH$RD mutations do not lead to
global rearrangements or disassembly of the membrane skeleton.

MYH9-RD patients have normal RBC NMIIA phosphorylation but increased NMIIA
association with the RBC membrane

MYHS-RD mutations may potentially compromise RBC NMIIA activity by affecting
NMIIA phosphorylation. Phosphorylation at serine 1943 of the NMIIA heavy chain (HC)
inhibits NMIIA filament assembly and promotes filament turnover; phosphorylation at
serine 19 of the NMIIA regulatory light chain (RLC) makes NMIIA molecules competent
for F-actin-activated MgATPase activity and force generation 14:3%-41 Both the HC and
RLC are phosphorylated in RBCs 20, indicating active regulation of motor activity and
filament assembly. To determine if MYHSRD affects RBC NMIIA phosphorylation, we
measured phosphorylation at these residues in shipped control and patient Mg** ghosts
using immunoblotting (Fig. S9A, Table S1). The majority of patients had HC and RLC
phosphorylation levels similar to shipped controls (Fig. S9B-E), suggesting that M YH9-RD
mutations do not affect the regulation of RBC NMIIA contractility or filament assembly by
HC or RLC phosphorylation.

MYHI-RD mutations may also affect RBC NMIIA activity by altering the ability of NMIIA
to bind membrane skeleton F-actin or form bipolar filaments and other higher-order
structures. To test this hypothesis, we isolated membrane skeletons by extracting RBC
membrane ghosts with Triton X-100 to solubilize lipids and transmembrane proteins and
remove any remaining cytosolic components (Fig. 4A-C, Table S1, 20:36.38) Compared to
shipped controls and patients with coiled-coil rod or non-helical tail domain mutations,
patients with motor domain mutations had double the percentage of NMIIA associated with
the Triton-insoluble membrane skeleton pellet (Fig. 4D, E). This suggests that motor domain
mutations may increase the binding of NMIIIA motor domains to membrane skeleton F-
actin. This increased F-actin binding may be related to the high percentages of elongated
RBCs we observe in patients with motor domain mutations.
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Discussion

NMIIA contractility controls RBC biconcave shape and deformability through interactions
between the NMIIA motor domain and membrane skeleton F-actin 20, Here, we tested the
impact of MYH9-RD mutations on NMIIA function in RBCs. We found that MYH9-RD
patients do not have anemia and have normal RBC membrane skeletons and osmotic
deformability. However, MYH9-RD RBCs exhibit elongated morphology, reduced size and
hemoglobin content, and increased size variability. The extent of these abnormal RBC
phenotypes varied, with motor domain mutations causing the most severe effects, as seen in
other cells and tissues from M YH9-RD patients 8:13.15_ patients with motor domain
mutations also had increased NMIIA association with RBC membrane skeleton F-actin.
These results highlight the central role of the NMIIA motor domain in maintaining tension
in the membrane skeleton to control RBC morphology.

In a previous study 20, we determined the function of NMIIA contractility in RBCs using
blebbistatin, which locks NMIIA motor domains in a weak actin-binding state 42,
Blebbistatin treatment caused RBC elongation in 2D and decreased biconcavity in 3D.
MYH9-RD mutations also cause 2D RBC elongation but do not affect RBC biconcavity.
Blebbistatin treatment likely has a larger impact on NMIIA contractility, as blebbistatin can
bind all NMIIA molecules present. Individuals with MYH9-RD mutations, on the other
hand, are heterozygous -5, and mutant NMI1A molecules have varying degrees of normal
activity 2226, Thus, MYH9-RD RBCs may have sufficient NMIIA activity to support
biconcavity but not to prevent elongation.

Blebbistatin treatment decreases NMI1A-membrane skeleton association as measured by
TIRF images of RBCs immunostained for NMIIA 20, By contrast, M YH9-RD motor domain
mutations increase NMIIA-membrane skeleton association in Triton X-100 assays. Purified
NMIIs with motor domain mutations have reduced MgATPase activity but bind F-actin for
longer time periods, resulting in increased tension generation 254344 \Weakening NMIIA-F-
actin binding by blebbistatin treatment can rescue impaired proplatelet formation in MYH9-
RD patient megakaryocytes 4°. These data suggest that increased tension may underlie
MYHSRD disease phenotypes, including in RBCs from patients with motor domain
mutations. Both reduced (blebbistatin) and increased (MYH9-RD) NMIIA-F-actin
association lead to RBC elongation, suggesting that normal RBC morphology requires an
optimal amount of membrane skeleton tension.

Given that blebbistatin inhibition of NMIIA contractility increases RBC deformability in
microfluidics assays 29, we were surprised that A/ YH9-RD patients had normal osmotic
deformability in osmotic fragility and ektacytometry assays. NMIIA likely interacts with a
small subset of membrane skeleton F-actins, as discussed previously 20. Thus, increased
NMIIA-membrane skeleton association in MYH9-RD may not increase RBC membrane
tension enough to affect osmotic deformability. Alternatively, a small percentage of patient
RBCs could display large changes in deformability that we failed to detect in our
ektacytometry assays. Future studies using microfluidics assays will test this possibility by
measuring deformability in individual RBCs and allowing a more direct comparison with
our blebbistatin data.
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In common human RBC membrane disorders, including hereditary spherocytosis (HS) and
hereditary elliptocytosis (HE), many patients have a small percentage of affected RBCs, as
in blebbistatin-treated and MYH9RD RBCs. HS and HE patients with low numbers of
affected RBCs also have small changes in hemoglobin content and other CBC indices 31, as
seen in MYH9-RD. However, both HS and HE affect RBC deformability in ektacytometry,
while MYH9-RD does not. Many RBC membrane disorders cause changes in membrane
protein levels or protein modifications 3146, While we did not detect changes in major
membrane proteins or in phosphorylation of the NMIIA heavy or light chains, future
proteomic or phospho-proteomic studies may detect changes that contribute to the changes
in RBC shape and CBC indices in MYH4RD.

MYHGRD may affect low numbers of RBCs because changes in NMIIA contractility may
have different effects on RBC membrane properties at different stages in RBC lifetimes.
Previous studies suggest a role for NMII in erythroblast cell division prior to enucleation and
in reticulocyte maturation 4749, Future studies using mouse models of MYH9-RD 0 could
test whether MYH9-RD affects erythroblast terminal differentiation. Over the course of the
RBC lifespan, RBCs gradually decrease in membrane surface area, volume, and
deformability 323351, Younger RBCs with higher deformability may thus be more sensitive
to changes in NMIIA activity than older, stiffer RBCs. Alternatively, MYH9 mutations may
make RBCs more vulnerable to repeated deformation in the circulation, leading to gradual
elongation. Future studies could test this hypothesis by repeating the experiments in this
study with age-separated RBCs 51:52,

Taken together, our data support a central role for the NMIIA motor domain in binding to F-
actin to maintain tension in the membrane skeleton and control RBC morphology. We found
that MYH9-RD mutations increase binding of NMIIA to the RBC membrane skeleton and
cause elongated RBC morphology and that these effects were strongest in patients with
motor domain mutations. While these RBC phenotypes do not cause anemia, they may be
exacerbated by co-occurring conditions that impact RBC membrane skeleton structure, cell
shape, and deformability: RBC aging 323351 hemolytic anemias 233137, or sickle cell
disease ®3-55, Along with recent reports of elevated liver enzymes °6:57 and impaired
organelle transport in natural killer cells 5859, RBC elongation adds to a growing list of sub-
clinical alterations of MYH9-RD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
NMIIA molecule structure with domains and residues used in MYH9-RD genotype-

phenotype comparisons. NMIIA heterohexameric molecules contain two heavy chains
(green). Each heavy chain consists of an N-terminal motor domain with F-actin-activated
ATPase activity, a flexible lever arm, a rod domain that mediates coiled-coil formation of the
two heavy chains, and a non-helical tail with regulatory functions. MYH9RD mutations
occur in all domains, with motor domain mutations commonly in two subdomains: the SH3/
motor domain interface and the SH1 helix. Each lever arm binds an essential light chain
(ELC, yellow) and a regulatory light chain (RLC, blue). Four residues commonly affected by
MYHSRD mutations are denoted in red.
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A :
Controls (n = 12)? MYH9-RD patients (n = 113)?  p values
RBC (x10%/uL) 4.63 +£0.29 4.78 = 0.54 (n=111) NS
HGB (g/dL) 14.3 £ 0.88 13.8+1.70 NS
HCT (%) 41.5 +2.55 41.5+£5.07 NS
MCYV (fL) 89.6 £ 2.58 87.3 £7.34 (n=112) p = 0.0339
MCH (pg) 30.8 £ 1.08 29.0 £ 2.80 (n=111) p = 0.0098
MCHC (g/dL) 34.4 £0.60 33.1 £ 1.68 (n=112) p = 0.0008
RDW (%) 12.8 £ 0.53 (n=11) 14.1 £ 1.39 (n=108) p = 0.0003
Ret (%) 1.07 £ 0.18 (n=6) 1.18 £ 0.61 (n=54) NS
Plt (x10%/uL) 266 + 83.4 41.1 £ 28.4 (n=269) p < 0.0001
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Figure 2.

The NMIIA domain affected by MYH9-RD mutations determines differences in RBC
volume and size but not RBC hemoglobin content. (A) Hematological analysis of normal
controls and MYHSRD patients. Values are mean =+ SD. RBC indicates red blood cell
count; HBG, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean
corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDW, red
cell distribution width; Ret, reticulocytes; PIt, automatic platelet count. NS indicates not
statistically significant (p > 0.05). Comparisons of RBC, HGB, HCT, and MCV made with
Welch’s t test. Comparisons of MCH, MCHC, RDW, Ret, and PIt made with Mann-Whitney
test,2 unless otherwise noted. Patients with mutations in the motor and tail domains do not
have significant differences in mean corpuscular hemoglobin (MCH) (B) or mean
corpuscular hemoglobin concentration (MCHC) (C) values. (D) Patients with motor domain
mutations have significantly lower mean corpuscular volume (MCV) values, p = 0.0149. (E)
Mean values for red cell distribution width (RDW) are not significantly different between
motor domain and tail domain patients. However, the variance in RDW is significantly larger
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for motor domain patients by F-test (p = 0.0123). Lines in dot plots represent mean + S.D.
Motor, n = 22; Tail, n = 90, with the exception of RDW measurements: Motor, n = 22; Tail,
n = 86. All comparisons between means were made by unpaired t-test.
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Wright-Giemsa-stained blood smears from MYH9RD patients reveal elongated RBCs. (A)
Representative images of smears from a normal donor control with no M YH9 mutations (i)

and MYH4RD patients with F411 mutations (ii-iii), R702C mutations (iv-v), a R702H
top rows are denoted by black arrowheads. Bottom rows show typical round RBCs from the

mutation (vi), a R1165C mutation (vii), a D1424N mutation (viii), a D1424H mutation (ix),
normal control (i) and the six most elongated RBCs from each patient (ii-xii) (scale

an E1841K mutation (x), or R1933X mutations (xi-xii) (scale

Figure 3.
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Lowercase letters following mutations are used to distinguish unique patients with the same
mutation. (B) Mean aspect ratios (maximum/minimum axis) measured from images of
smears from normal controls or MYH9-RD patients. Welch’s t-test showed no significant
differences, but variances were significantly different by F-test (p = 0.0009). (C) Percentage
of elongated RBCs (aspect ratios greater than or equal to 1.3) in images of smears from
normal controls or MYH3RD patients. Controls vs. Patients, p = 0.0008 by Welch’s t-test.
(D) Percentage of elongated RBCs (aspect ratios greater than or equal to 1.3) in images of
smears from MYHI-RD patients with motor or tail domain mutations. Motor vs. Tail, p =
0.0054 by Mann-Whitney test. (E) Percentage of elongated RBCs (aspect ratios greater than
or equal to 1.3) in images of smears from MYHSRD patients with mutations in the SH3/
motor domain interface, the SH1 helix, the coiled-coil rod domain, or the non-helical tail
(NHT). Kruskal-Wallis test followed by Dunn’s multiple comparisons test showed
significant differences between the SH3/MD and the NHT (p = 0.0227) and between the
SH1 helix and the NHT (p = 0.0225). (F) Percentage of elongated RBCs (aspect ratios
greater than or equal to 1.3) in images of smears from MYH9-RD patients with mutations in
R702, R1165, D1424, or R1933 residues of NMIIA. Kruskal-Wallis test followed by Dunn’s
multiple comparisons test showed a significant difference between R702 and R1933 patients
(p =0.0227). Lines in dot plots represent mean = S.D. Controls, n = 8; Patients, n = 66;
Motor, n = 27; Tail, n = 39; SH3/MD, n = 13; SH1 helix, n = 14; Coiled-coil, n = 2; NHT, n
=17; R702, n = 13; R1165, n = 6; D1424, n = 11; R1933,n = 8.

Am J Hematol. Author manuscript; available in PMC 2020 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Smith et al. Page 20

A
NMIIA mutation: - - S9%Lla  S96Lb F41L F41la  N93K R702Cc
S P S P S P S P 8§ P 8§ P S P S P
NMIIA | — B s . e - s = jl—260kD
B
NMIIA mutation: - - - - T11511  D1424Nc D1424Nd D1424Ne
s P S P S P S P S P S P S P S P
NMIARS . ] 250kD
Acin [ Gt b b — — —
— 37kD
C
T5767+2
NMIIA mutation: - - - - - 59985999 R1933Xc T>A intron 39
s P _S P _S P S P _S P __S P _S_P S P__ .-
NMIA|_.  — . N . ———
‘ Ii—S?kD
S
* % *
ko) B
o 601 T 60
2 . 3 N
£ . = °
< A < 40{ °
E u:a B E . -
Z - e Z
5 2001 =S ‘5 207
R . S ® .
0 s 0
L) \t—- o ?‘ L) L] I‘§
& SFEE \9%0'1’0\"33 \‘\'L&i b‘i"%@ ;{\;q & @o@ S
& MRS B o
<oN®
Figure 4.

Association of NMIIA with the RBC membrane skeleton in MYH$RD patients. (A-C) RBC
Mg** ghosts from normal donor shipped controls and MYH9RD motor (A), coiled-coil rod
(B), and non-helical tail (C) domain patients were extracted in Triton X-100 buffer followed
by SDS-PAGE and immunoblotting for NMIIA heavy chain (top) and actin (bottom) in the
supernatant (S) and Triton-insoluble membrane skeleton pellet (P) fractions. Each pair of
lanes represents a unique normal donor or patient, in the same order as in Figure S9. (D)
Quantification of % NMIIA in the membrane skeleton pellet fraction, comparing normal
shipped controls (dot plot) with individual motor domain patients (black bars), coiled-coil
rod domain patients (dark gray bars), and non-helical tail domain patients (light gray bars).
Each dot in the dot plot and each bar in the bar graph represents one technical replicate of
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each sample. (E) Quantification in (D) grouped by normal donor shipped controls, motor
domain patients, and coiled-coil rod/non-helical tail domain patients. One-way ANOVA
followed by Tukey’s multiple comparisons test, Controls vs. Motor, p = 0.0039; Motor vs.
Rod/Tail, p = 0.0276. In dot plots, lines represent mean + S.D.
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