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THROMBOSIS AND HEMOSTASIS
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Key Points

• Mice overexpressing LOX in
platelets have more severe
thrombosis than normal
animals.

• LOX expression influences
platelet adhesion to collagen.

Lysyl oxidase (LOX) is overexpressed in various pathologies associated with thrombosis,

such as arterial stenosis andmyeloproliferative neoplasms (MPNs). LOX is elevated in the

megakaryocytic lineage of mouse models of MPNs and in patients with MPNs. To gain

insight into the role of LOX in thrombosis and platelet function without compounding the

influences of other pathologies, transgenic mice expressing LOX in wild-type megakaryo-

cytes and platelets (Pf4-Loxtg/tg) were generated. Pf4-Loxtg/tg mice had a normal number of

platelets; however, time to vessel occlusion after endothelial injury was significantly

shorter in Pf4-Loxtg/tg mice, indicating a higher propensity for thrombus formation in vivo.

Exploring underlying mechanisms, we found that Pf4-Loxtg/tg platelets adhere better to

collagen and have greater aggregation response to lower doses of collagen compared with controls. Platelet activation in response to

the ligand for collagen receptor glycoprotein VI (cross-linked collagen-related peptide) was unaffected. However, the higher affinity of

Pf4-Loxtg/tg platelets to the collagen sequence GFOGER implies that the collagen receptor integrin a2b1 is affected by LOX. Taken

together, our findings demonstrate that LOX enhances platelet activation and thrombosis. (Blood. 2016;127(11):1493-1501)

Introduction

Lysyl oxidase (LOX) is known to convert specific lysines to aldehydes,
providing stability in connective tissues through spontaneous cross-
linking of collagen and elastin.1ExcessiveLOXactivity is associatedwith
pathological fibrosis. Using the GATA-1low mouse model of myelopro-
liferative neoplasms (MPNs), our laboratory reported high expression of
LOX in the bone marrow of mice that express low levels of GATA-1. 2

GATA-1 protein expression was also found to be downregulated in
patients with idiopathic myelofibrosis.3 Two reports have since corrob-
orated our findings by demonstrating higher levels of LOX in the bone
marrow and sera of patients with MPNs and other types of fibrosis.4,5

Philadelphia chromosome–negativeMPNs6 are a group of disorders
characterized by proliferation of dysmorphic megakaryocytes and
myelofibrosis in thebonemarrow. In1951,WilliamDameshekproposed
that polycythemia vera (PV), essential thrombocythemia (ET), and pri-
mary myelofibrosis share a common pathogenesis, based on similarities
observed in clinical and bonemarrowmorphologic findings.7 A number
of mutations have been described in this group of diseases, a highly
prevalent one being the JAK2V617F hyperactivatingmutation.8-11More
recently, an exon 9mutation in the calreticulin gene12was identified, and
itwas noted that calreticulin expression is restricted tomegakaryocytes.13

The life expectancy of patients with PV and ET is strongly affected by
hemostatic complications including thrombosis14 and, to a lesser extent,
hemorrhages. The reported incidence of thrombosis ranges from 12% to
39% inPV and from11% to 25% inET. The pathogenesis of thrombosis

in these cases is not entirely clear. Several lines of evidence suggest
enhanced platelet activation as the pathogenesis of thrombosis in PV and
ET.15 Markedly enhanced urinary excretion of thromboxane A2 metab-
olites characterizes untreated ET and PV patients.16,17 Platelet P-selectin
(CD62p) expression is elevated inET andPVpatients18,19 and correlated
with history of thrombosis.19 Elevated levels of soluble forms of
P-selectin and CD40L were found in ET patients20-22 and correlate
with occurrence of thrombosis.20,22

Considering that LOX is overexpressed in other pathologies
associated with increased thrombosis, such as chronic kidney disease23,24

and arterial stenosis,25,26 we sought to determinewhether this enzyme has
the potential to affect platelet activation and predisposition to thrombotic
events.To this end,we isolated the effectofLOXfromother compounding
influences of the MPN phenotype by generating and analyzing mice in
which LOX is exclusively expressed in the megakaryocyte/platelet
lineage. Our results show that LOX overexpression leads to increased
adhesionofplatelets tocollagenand toelevated riskof thrombosis invivo.

Materials and methods

See supplemental Methods, available on the BloodWeb site, for procedures not
described in this section.
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Carotid artery injury model of vascular thrombosis

The procedure was performed according to previously published protocols,27

with somemodifications. Briefly, the right carotid arterywas exposed in animals
under isoflurane anesthesia, and basal blood flow was recorded using a 0.5PSB
S-Series flowprobe connected to a TS420 perivascular transit-time flow meter
(Transonic, Ithaca, NY). The probe was removed, and a piece ofWhatman filter
paper (1 3 10 mm) soaked in 7.5% ferric chloride (FeCl3; Sigma-Aldrich,
St Louis, MO) was placed under the carotid artery for 1 minute. After washing
with warm physiological saline (0.9% sodium chloride), the probe was returned,
and volume of blood flow was monitored for 30 minutes starting from the
placement of the filter paper. Mean, maximum, and minimum carotid flow was
recorded using Powerlab Chart5 version 5.3 software, in 1-second intervals.
Time to occlusion was determined as the first measurement #0.299 mL/min.
Average basal flow volume corresponds to an average ofmeasurements over the
30 seconds preceding placement of the filter paper. Genotype, gender, age, and
weight of the animals used, and the respective average basal flow volume and
time to occlusion are shown in supplemental Table 3. For histologic analysis of
thrombi, carotid artery thrombiwere inducedwith FeCl3 as described earlier, and
the arterywas collectedbyfirst ligating itwith a5-0nylon suture at the level of the
first rib, and then sectioning it with surgical scalpel in the most cranial position
possible. Thenylon suturewas used as a guide to determine thedirectionof blood
flow. For each mouse, vessels were collected upon blood flow cessation, rather
than at the group’s calculated average half-time to occlusion because of the range
of variability observed in individual values within each genotype (Figure 3A).
Thegoalwas tomonitor the thrombus in tissue sections close to the injury site and
upstream from it with respect to the direction of blood flow and injury site. The
artery samples were between 3 and 5mm long. Tissues werefixed, embedded in
paraffin, and serially sectioned (10mm) over their entire length, resulting in 100
to 300 sections per animal. Sections were stained with hematoxylin and eosin.
Images were acquired using a Nikon bright field Eclipse 50i microscope and a
Nikon Plan 103/NA 0.25 objective (Nikon, Japan) equipped with a SPOT
Insight2 camera and SPOT imaging software 5.0 (SPOT Imaging, Sterling
Heights, MI). Genotypes, genders, ages, and results of histologic analysis of
carotid arteries are shown in supplemental Table 5.

Platelet adhesion and spreading assay

For analysis of adhesion and spreading to different matrices, glass coverslips
were coated overnight with (1) a commercially available collagen solution of
50 mg/mL of monomeric (acid-soluble) type I collagen from bovine dermis
extracted by pepsin digestion and provided in 0.01 N hydrochloric acid (BD
Biosciences, Bedford, MA), (2) 10 mg/mL of native fibrillar type I collagen
from equine tendon (Chrono-Log, Havertown, PA), (3) 10 mg/mL of murine
fibrinogen (Enzyme Research Laboratories, South Bend, IN), (4) 50 mg/mL of
GFOGER (Collagen Toolkits, University of Cambridge, United Kingdom),
or (5) 1 mg/mL of poly-L-lysine (Sigma-Aldrich). Coverslips were blocked with
1% fatty acid–free purified bovine serum albumin (BSA) in phosphate-buffered
saline (PBS) for 2 hours at room temperature. Washed platelets were adjusted to
13107 platelets permilliliter and allowed to adhere on coverslips for 30minutes
at 20°C. Nonadherent platelets were washed with modified Tyrode buffer.
Coverslips were fixed with 2% paraformaldehyde in PBS, permeabilized with
0.5%TritonX-100 inPBS, blockedwith 10%fetal bovine serumand1%BSA in
PBS, and stainedwith Alexa Fluor 568 phalloidin (Life Technologies, Carlsbad,
CA) at a 1:1000 dilution in 3% BSA and 0.1 M Tris (pH 7.4), 150 mM sodium
chloride, and 0.1% Triton X-100 overnight and mounted with VECTASHIELD
(Vector Laboratories, Burlingame, CA). Images were acquired on an Olympus
IX70 microscope with a U-Plan APO 603/NA 0.90 objective lens, equipped
with anOlympusXM10 digital camera and cellSens software (Olympus, Japan).
Platelet counts were determined per field of 603 lens (0.016 mm2). Spread
plateletswere discriminated based onmorphology. Ten to 30fieldswere counted
per condition per animal, using ImageJ software (version 1.48). For treatment
with b-aminopropionitrile (BAPN; Sigma-Aldrich), 0.2% BAPN in drinking
waterwas offered ad libitum for 30 days.2 For analysis of the effect of integrina2

inhibition on binding to monomeric collagen, a previously published
protocol was used, with modifications28: washed platelets were adjusted to a
concentration of 3 3 107 platelets per milliliter and incubated with 10 mM
indomethacin, 2U/mLof apyrase (both fromSigma-Aldrich), and 10mg/mLof

anti-integrin a2 (CD49b, clone HMa2; eBioscience, San Diego, CA) or
integrin a2 isotype control antibody (Armenian Hamster IgG; eBioscience) for
10 minutes before adhesion to coverslips coated with 50mg/mL of monomeric
collagen (BD Biosciences) and then incubated for 30 minutes at 24°C.
Coverslips werewashed, fixed, and stainedwith phalloidin as described earlier.

Results

A mouse model with LOX-expressing megakaryocytes

LOX is negligibly expressed in high-ploidy megakaryocytes and
platelets of wild-type (WT) mice, but significantly detected in mouse
and human MPN cells.2,4 To test the direct effect of LOX on platelet
function, free of compounding influences of MPNs, we generated
Pf4-Loxtg/tg mice in which LOX protein is expressed on a WT back-
ground,drivenby themegakaryocyte lineage–specificPf4genepromoter,
as described in numerous other studies.29,30 LOX protein expression
was detected in purifiedmegakaryocytes fromPf4-Loxtg/tgmice, but not
inWTcontrol BSA-purifiedmegakaryocytes (Figure 1A).Our previous
findings show that Lox expression is limited to immature megakaryo-
cytes, of ploidy up to 4N2. The ploidy ofBSA-purifiedmegakaryocytes
is typically 8N or higher,31 and no significant LOX expression is
expected in this fraction of WT cells. Similarly, LOX protein was
detected in platelets of Pf4-Loxtg/tg mice (Figure 1B). Expression was
also confirmed at the messenger RNA level (supplemental Figure 1A).
This linewas selected for continued studies because itsmegakaryocytes
express LOX and show LOX activity at a level similar to that which
we detected in megakaryocytes of the GATA-1low MPN model2

(supplemental Figure 1B).

Expression of LOX affects the megakaryocyte progenitor pool

The differential expression of LOX in low-ploidy megakaryocytes2

suggests its possible involvement in megakaryocyte polyploidization
and/or expansion. Indeed, our earlier studies showed aLOX-dependent
increase in megakaryocytes in GATA-1low mice.2 Megakaryocyte
ploidy was not affected in Pf4-Loxtg/tg mice (Figure 2A-B). The
number of megakaryocytes in the bone marrow, as determined by the
number of acetylcholinesterase-positive cells, was slightly increased in
Pf4-Loxtg/tgmice compared with controls (Figure 2C). Because acetyl-
cholinesterase stains both immature and mature megakaryocytes, the
observed difference could originate from the expansion of immature

Figure 1. A mouse model expressing LOX in megakaryocytes and platelets.

Immunoblot analysis of LOX expression in megakaryocytes (A) and platelets (B) of

Pf4-Loxtg/tg mice and matching WT mice, generated as described under “Methods.”

Megakaryocytes were purified by an albumin gradient, which enriches for large

megakaryocytes $8N megakaryocytes. b-actin or glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) were used as loading controls.
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megakaryocytes. Indeed, the pool of MKPs, as defined by Lin2c-Kit1

Sca-12CD1501CD411 staining,32 was significantly increased in
Pf4-Loxtg/tg animals compared with controls (Figure 2D-E). Flow
cytometry analysis of CD411 and CD421 cells (mature megakaryo-
cytes) showed a tendency toward an increase in percentage of this cell
population upon LOX expression, but this increasewas not statistically
significant (supplemental Figure 2). Considering the very low percent-
age in the bone marrow and the variability in size of mature megakar-
yocytes, we believe that quantification by flow cytometry may have
limitations when analyzing this population. It has been our experience
that only large differences between experimental groups are reliably
detected by this method. Similarly, the 2N/4N fraction of the ploidy
profile (Figure 2A) also did not show a statistically significant differ-
ence, most likely because the MKP population is only a fraction of the
CD411 2N/4N population.

Catalytic activity of LOX has been associated with deposition of
collagen fibers in the bone marrow of GATA-1low mice.2 Reticulin
staining, routinely used to detect deposition of collagen fibers in the
bone marrow extracellular matrix (ECM) through silver impregna-
tion,33 was used to evaluate the bone marrow of Pf4-Loxtg/tg animals.
Myelofibrosis was not detected in these mice up to 40 weeks of age
(data not shown), which was not surprising because the number of
megakaryocytes in the marrow of these mice, although elevated by
LOX, is still marginal compared with that seen in other MPN models.
Splenomegaly, another hallmark of myeloproliferative diseases
in mice, was not detected in Pf4-Loxtg/tg mice at 14 weeks of age
(supplemental Figure 3).

Expression of LOX in platelets affects the propensity

to thrombosis

Platelet numbers in the peripheral blood of Pf4-Loxtg/tg mice were
similar as compared with controls (Table 1). A small decrease in MPV
was observed, but no gross ultrastructural abnormalities were detected
by electron microscopic analysis (supplemental Figure 4A). The
number and shape of microtubule coils, which can affect MPV,34,35

were similar between WT and Pf4-Loxtg/tg mice (supplemental
Figure 4). Immunohistochemical staining for b1-tubulin, a cyto-
skeletal protein necessary for microtubule formation andmodulation
of discoid shape in platelets, showed a similar diameter of marginal
rings and staining intensity between WT and Pf4-Loxtg/tg mice
(supplemental Figure 5).

The carotid artery injury model was used to analyze thrombus
formation in Pf4-Loxtg/tg mice. FeCl3 was used to induce endothe-
lial injury, and time to occlusion of the artery was monitored as a
read-out for time for thrombus formation.36 The mean time to
occlusion in Pf4-Loxtg/tg mice was 4.1 minutes shorter than in WT
mice (2-tailed Student t test, 95% confidence interval, 2.18-6.03;
P, .001) (Figure 3A-B; supplemental Table 3). To assess whether
other variables might account for this observed difference, we also
performed a multivariable regression analysis, controlling for
gender, age, weight, and average basal flow. This model also
showed a significant difference between the experimental groups:
time to occlusion for Pf4-Loxtg/tg mice was 3.82 6 1.25 minutes
shorter than for WT mice (P 5 .00851) (supplemental Table 4).
Moreover, at this dose of FeCl3, which is relatively mild compared
with previously published protocols,37 transient resumption of
blood flow was observed in 8 of 9 WT animals (Figure 3B),
whereas flow resumption was observed only in 1 of 11 Pf4-Loxtg/tg

mice.
In repeated experimental sets, histologic analysis of transverse

sections of the artery showed that in both WT and Pf4-Loxtg/tg

Table 1. Peripheral blood complete blood count

Platelet count,
103/mL MPV, fL

WBC,
103/mL

Hb level,
g/dL

WT (n 5 25) 637.5 6 111.7 4.1 6 0.2 5.8 6 2.6 9.7 6 2.4

Pf4-Loxtg/tg (n 5 38) 626.7 6 174.8 3.9 6 0.2 6.6 6 3.0 9.6 6 2.6

P .74 ,.001 .16 .94

Values are mean 6 SD.

Hb, hemoglobin; MPV, mean platelet volume; WBC, white blood cell count.

Figure 2. Expression of LOX transgene induces

MKP expansion. (A) Flow cytometric analysis of

megakaryocyte ploidy in Pf4-Loxtg/tg mice compared

with matching WT mice. Average 6 SD of percentage

of cells in each ploidy level is shown (n 5 6). (B)

Representative flow cytometric analysis of megakaryo-

cyte ploidy. Histograms represent gated CD411PI1

regions, with CD41 staining megakaryocytes and

propidium iodide (PI) staining DNA. (C) Average 6 SD

of number of acetylcholinesterase-positive (AchE1)

cells per 2 3 105 cytospun bone marrow cells in

Pf4-Loxtg/tg mice (n 5 6) compared with WT mice

(n 5 8). *P , .01. (D) Average6 SD (n5 6, 6-week-old

mice) of percentage of MKPs (Lin2c-Kit1Sca-12

CD1501CD411) in WT and Pf4-Loxtg/tg mice. (E) Gating

strategy for analysis of MKPs. FSC, forward scatter;

MKP, megakaryocyte progenitor; SD, standard de-

viation; SSC, side scatter; Tot BM, total bone marrow.
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mice, thrombi occupied the whole internal area of the vessel near the
FeCl3-induced injury site. However, genotypes differed considerably
in the size of the thrombus in sections of the carotid artery upstream
from the injury site. Sections from 8 of 11Pf4-Loxtg/tg animals showed
complete occlusion, whereas occlusion was observed only in 4 of 8
WT animals, suggesting different dynamics of thrombus formation
(see also Figure 3C; supplemental Table 5). In each genotype, the
average time toocclusion in animals that displayedcomplete occlusion
of the vessel upstream from the injury site was shorter than in animals
that showed partial occlusion. Consistent with results shown in
Figure 3A, the average time to occlusion in all Pf4-Loxtg/tg animals
analyzed by histology was shorter by;35% than in all WT animals
(data not shown). Collectively, these results suggest that LOX
increases the propensity for thrombosis in vivo.

Pf4-Loxtg/tg platelets have enhanced activation in response

to collagen

The initial event in platelet-mediated hemostasis and thrombosis is
attachment of platelets to exposed collagen in subendothelial ECM.38

Following up our in vivo thrombosis data described earlier, we tested
whether LOX-expressing platelets have greater potential to adhere to
collagen. Indeed, a higher number of Pf4-Loxtg/tg platelets adhered to
and spread on monomeric collagen compared with WT platelets in the
same period of time (Figure 4A-B). This effect was not observed in
fibrillar collagen (Figure 4C). Adhesion to fibrinogen, a ligand for
integrin aIIbb3, and to poly-L-lysine was not affected (Figures 4D-E).
Treatment of animalswith theLOX inhibitorBAPN invivo (Figure 4F)
restored the adhesion ofPf4-Loxtg/tg platelets tomonomeric collagen to
WT levels, indicating that LOX activity, not other factors, is necessary
for this effect (Figure 4G). Platelet aggregation to monomeric collagen
was enhanced at intermediate and lower doses (from5 to 2.5mg/mL) in
Pf4-Loxtg/tg platelets (Figure 5A-B). However, the maximal aggrega-
tion response at 10 mg/mL was not affected. Platelet aggregation
responses to fibrillar collagen (Figure 5C) also showed a tendency
toward enhanced aggregation in Pf4-Loxtg/tg platelets compared with
controls at 0.5mg/mL, but the differencewas not statistically significant
(P 5 .26). Platelet aggregation to thrombin (Figure 5D), adenosine
59-diphosphate (Figure 5E), and U46619, a thromboxane A2 analog
(Figure 5F), were similar betweenWT and Pf4-Loxtg/tg animals. These
results suggest that interaction with monomeric collagen results in
enhanced activation of LOX-expressing platelets.

Enhanced activation by collagen in Pf4-Loxtg/tg platelets is

mediated by integrin a2b1

The 2 major receptors for collagen in platelets are the immunoglobulin
superfamily member glycoprotein (GP)VI and the integrin a2b1.
Surface expression levels of GPVI, integrin a2, and integrin b1 were
similar between Pf4-Loxtg/tg and WT platelets in a resting state
(Table 2), demonstrating that the increase in expression of receptors
was not a cause of the observed phenotype.

GPVI alone is not sufficient for interaction with monomeric
collagen, as shown by the lack of aggregation and adhesion to
monomeric collagen in integrina2–deficient animals.39,40 On the other
hand, integrin a2b1 is not necessary for aggregation and adhesion to
fibrillar collagen.40 As described earlier, platelets from Pf4-Loxtg/tg

mice showed enhanced adhesion (Figure 4A) and aggregation
(Figure 5A) to monomeric collagen, but not to fibrillar collagen
(Figures 4C and 5C),which suggests that integrina2b1, notGPVI,may
be a target of LOX. To confirm the role of integrin a2b1 in binding to
monomeric collagen in Pf4-Loxtg/tg platelets, platelet adhesion assays

Figure 3. Expression of LOX in platelets affects thrombosis. (A) Carotid artery

injury model of vascular thrombosis in WT (n 5 9) and Pf4-Loxtg/tg (n 5 11) mice.

Time to occlusion for each mouse is shown. *P, .001 by Student t test, difference of

group means. (B) Representative flowchart of carotid artery blood flow. Interval of

placement of filter paper soaked with FeCl3 and time to occlusion (tOc) are indicated.

(C) Typical images from serial sections of thrombi in carotid arteries. The thrombus is

delineated with a dotted white line. Top images show thrombi in regions of carotid

artery upstream from the injury site. The direction of the blood flow is denoted.

Bottom images represent areas closer to the site of FeCl3 injury (see “Methods”).

Between 100 and 300 sections were stained and analyzed per mouse, using 11

Pf4-Loxtg/tg mice and 8 WT mice.
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were performed after preincubation with an antibody against integrin
a2, as described earlier.41 Inhibition of integrin a2b1 decreased the
adhesion of platelets to monomeric collagen in bothWT andPf4-Loxtg/tg

platelets (Figure 6A). This result suggests that adhesion to monomeric
collagen inPf4-Loxtg/tg, as inWTplatelets,mostly happens through this
integrin. This effect was not observed using anti-a5 as control (sup-
plemental Figure 6).

To discriminate the effects of GPVI and a2b1 receptors and to
precisely determine which receptor is affected in Pf4-Loxtg/tg platelets,
functional assays using ligands specific for each receptor were per-
formed. To examine the possibility that the GPVI receptor is involved
in the enhanced response to collagen in Pf4-Loxtg/tg platelets, the
GPVI-specific ligand peptide CRP-XL42 was used. Expression of
P-selectin, a marker of platelet activation, was generally similar
between Pf4-Loxtg/tg and WT platelets after stimulation with CRP-
XL (Figure 6B), although a statistically significant difference was
detected at the dose of 0.3 mg/mL.

The GFOGER peptide, which specifically binds to integrin a2b1,
was used to evaluate the function of this integrin in Pf4-Loxtg/tg

platelets.43 Because GFOGER does not induce platelet aggregation
(supplemental Figure 7A)42 or cell surface expression of P-selectin
(supplemental Figure 7B), an adhesion assay was used to evaluate the
effect of the peptide. In the platelet adhesion assay,Pf4-Loxtg/tgplatelets
bound to and spreadmore avidly onGFOGER thanWT platelets in the
same period of time (Figure 6C-D), demonstrating the involvement of
integrin a2b1 in enhanced binding of Pf4-Lox

tg/tg platelets to collagen.
Collectively, data from functional studies indicate that integrin a2b1 is
the most likely substrate of LOX in platelets.

Discussion

In this study, we report a previously uncharacterized role of LOX in
platelet activation. In a previous study, we uncovered the role of LOX in
myelofibrosis using the GATA-1low mouse model of MPNs.2 Analyses
of MPN patient samples corroborated our findings, reporting elevated
levels of LOX in sera and megakaryocytes as compared with matching
control samples.4 In analyzing published gene profiling arrays,44 we
noted LOX as upregulated by 2.6- to 2.9-fold in human primary
myelofibrosis samples comparedwith normal samples, depending on the
LOX probes used in the microarrays. MPNs are associated with a
tendency foractivatedplatelets and thrombosis, themechanismsofwhich
have remained elusive.14 LOXwas also found to be upregulated in cases
of thrombosis associated with other organ pathologies (such as chronic
kidney disease) and elevated plasma levels of uric acid23,24 and arterial
stenosis,25,26 thus broadening the scope of our inquiry and findings. To
test the impact of LOX on thrombosis, we generated mice expressing
LOXinaWTbackground inorder to isolate the effect ofLOXfromother
compounding influences of the MPN phenotype and other pathologies.

Lox gene expression is higher in low ploidy (,8N) compared with
high ploidy ($8N) megakaryocytes.2 Analysis of MKPs indicates that
LOX-induced expansion of immature megakaryocytes, although not
sufficient to induce amyeloproliferative phenotype inPf4-Loxtg/tgmice,
may contribute to megakaryocyte expansion observed in MPNs. This
finding is in accordance with our earlier reports that LOX affects the
platelet-derived growth factor (PDGF) receptor and amplifies its pro-
liferative signaling in smooth muscle cells and in megakaryocytes.2,45

Figure 4. Platelets from Pf4-Loxtg/tg mice have

enhanced adhesion and spreading to monomeric

collagen. (A) Platelet adhesion and spreading assay of

WT and Pf4-Loxtg/tg platelets (15-week-old male mice,

n5 4 per group) to monomeric collagen. **P, .001. (B)

Representative image of platelet adhesion and spread-

ing assay on monomeric collagen. (C-E) Platelet

adhesion and spreading assay of WT and Pf4-Loxtg/tg

platelets (15-week-old male mice, n 5 4 per group) to

fibrillar collagen (C), fibrinogen (D), and poly-L-lysine

(E). Data in panels A,C-E are representative results of

3 independent experiments. Similar results were ob-

served in female mice. Data represent the average 6 SD

of platelet counts of 25 fields per animal, except for poly-

L-lysine, in which 5 fields were counted. (F) WT and

Pf4-Loxtg/tg mice were pretreated with the LOX inhibitor

BAPN or water before platelet adhesion and spreading

assay on monomeric collagen (n 5 4 for WT and

Pf4-Loxtg/tg water-treated groups, n 5 5 for the BAPN-

treated Pf4-Loxtg/tg group, and n 5 6 for the BAPN-

treated WT group; all mice were 14- to 15-week-old

females at the start of BAPN treatment). (G) Data

represent the average 6 SD of platelet counts of 25

fields per animal. *P , .05, **P , .001. No statistically

significant difference was observed in WT animals

treated with water or BAPN, whereas BAPN treatment

reduced the upregulated platelet adhesion observed in

LOX-expressing platelets compared with WT (P , .001).
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Because LOX amplifies PDGF receptor signaling, and because
inhibitionof this signaling is important for transitionof commonmyeloid
progenitors to megakaryocytes,46 LOX inhibition may be helpful in
haltingmegakaryocyteproliferation inMPNs.Yet,wedonot ruleout the
possibility that LOX influences the MKP pool also via mechanisms
independent of PDGF, such as its newly identified influence on collagen
receptors. This possible mechanism will require further investigation.

Pf4-Loxtg/tgmice showed shorter time to occlusion in a carotid artery
thrombosis model. Although thrombi structures seemed essentially
similar in the WT and Pf4-Loxtg/tg mice, the genotypes differed in
thrombus size in sections upstream from the injury site. Platelets “roll” on
surfaces before stable adhesion and thrombus formation.We suspect that
ifPf4-Loxtg/tg platelets aremore prone to activation and adhesion, then the
duration and distance of rolling may be shorter.47,48 Another factor that
could account for a shorter time to occlusion is the stability of thrombus
binding to thevesselwall. Thehigher frequencyof transient resumptionof
blood flow in WT animals compared with Pf4-Loxtg/tg animals suggests
that transgenic animals’ thrombi were less likely to detach and were,
therefore, likely more stable. Future access to intravital microscopy will
allow quantification of dynamic aspects of thrombus formation in this
model.

The first event in thrombus formation is the adhesion of platelets to
theexposedsubendothelialECM, inwhichcollagen representsup to40%
of the total protein. Collagen is the onlymatrix protein that supports both
platelet adhesion and complete activation.49 Although LOX is known to
cross-link collagen, no studies to date have examined the relationship
between the degree of collagen cross-linking in blood vessels and platelet
adhesion to collagen in vivo. Here, we showed that LOX-expressing
platelets have greater ability to adhere to commercially available collagen
in vitro, thus focusing our attention on a possible direct effect on collagen
receptors, rather than on the degree of collagen cross-linking.

It has been proposed that of the 2 major collagen receptors, GPVI
and a2b1, GPVI is the central receptor in collagen-induced platelet
activation. Activation of integrin a2b1 requires a conformation change
that induces an increase in affinity to the substrate, and “inside-out”
signaling by GPVI is thought to be essential for this process.39

However, studies of platelet adhesion in a flow chamber show that
platelets can adhere to collagen in the absence of GPVI50 and that
thrombus formation in vivo can occur in GPVI-deficient animals.27,37

Several studies reported aGPVI-independent pathway of integrina2b1

activation, and adhesion to collagen, in particular, seems to occur
independently of GPVI signals.42,51,52

The presence of integrin a2b1 is essential for platelet adhesion
and aggregation to monomeric collagen,40 but not to fibrillar
collagen, although initiation of aggregation is somewhat delayed
in the absence of integrin a2.

40 Adhesion and aggregation to
monomeric collagen, but not to fibrillar collagen, is enhanced in
Pf4-Loxtg/tg platelets. Importantly, this effect is ablated upon in
vivo administration of a LOX pharmacologic inhibitor. Using
CRP-XL, a GPVI-specific ligand, we established that platelet
activation in response to GPVI-ligand binding is not affected in
Pf4-Loxtg/tg platelets. However, Pf4-Loxtg/tg platelets adhered to
and spread more avidly on GFOGER than WT platelets, indicating

Figure 5. Platelets from Pf4-Loxtg/tg mice have

enhanced aggregation to monomeric collagen. (A)

Platelet aggregation in response to monomeric collagen

in WT (n 5 8) and Pf4-Loxtg/tg platelets (n 5 6). *P , .01,

**P , .001. (B) Representative aggregation trace at

5 mg/mL of monomeric collagen. (C-F) Platelet aggre-

gation in response to fibrillar collagen in WT and

Pf4-Loxtg/tg platelets (n 5 3 per genotype) (C), to

thrombin in WT (n 5 7) and Pf4-Loxtg/tg platelets (n 5 6)

(D), to adenosine 59-diphosphate (ADP) in WT (n 5 7)

and Pf4-Loxtg/tg platelets (n 5 6) (E), and to U46619 in

WT and Pf4-Loxtg/tg platelets (n 5 5 per genotype) (F).

Data represented as average 6 SD.

Table 2. Analysis of collagen receptor expression on platelets

GPVI, au Integrin a2, au Integrin b1, au

WT (n 5 3) 739.3 6 111.53 1503.7 6 35.8 14 646 6 335.8

Pf4-Loxtg/tg (n 5 3) 802.7 6 77.9 1318.3 6 205.7 14 670.7 6 202.2

P .55 .28 .94

Values are mean fluorescence intensity 6 SD.

Au, arbitrary units.
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a gain of function of integrin a2b1 receptor–mediated adhesion in
Pf4-Loxtg/tg platelets.

The functional significance of an observedminute decrease inMPV
induced byLOX (Table 1) is unclear, althoughMPVhas been linked to
cardiovascular disease.53 Analysis of the effect of MPV on thrombus
formation using computational modeling showed that a higherMPV is
favorable to thrombus formation54; accordingly, we do not expect that
the lower MPV observed in Pf4-Loxtg/tg platelets accounts for the
propensity of thrombus formation in this model. The decrease inMPV
cannot be attributed to changes inmegakaryocyte ploidy levels because
LOX did not affect ploidy in the current model.

The integrin a2b1 is not a reported substrate of LOX. Integrin b3

and integrin b4 were reported to mediate effects of LOX on phosphor-
ylation of v-src sarcomaviral oncogene homolog and onmetastatic cell
proliferation.55 Modification of the cell surface receptors for PDGF45

and transforming growth factorb156 byLOXwas reported tomodulate
receptor binding to its ligand. The definitive answer as to whether and
where integrin a2b1 is modified by LOX will depend on future
proteomic approaches to examining LOX-mediated modification
of lysine residues.

The thrombotic phenotype of MPNs has been studied in mouse
models of the most prevalent mutation in this pathology, the
JAK2V617F mutation. Platelets from JAK2V617F knock-in mice
showed increased activation in response to CRP-XL, thrombin, col-
lagen, and fibrinogen.57 In another model transplanted with
JAK2V617F knock-in cells, time to occlusion after FeCl3 treatment was
decreased as compared with controls, but formed thrombi were unstable,
whichwas attributed to reduced levels ofGPVI.58Analysis of thrombosis
in vivo in the GATA-1low mouse model is precluded by the extreme
thrombocytopenia observed in those animals.59 One interesting prospect
of future studies will be to analyze the contribution of LOX to the
thrombotic phenotype observed in JAK2V617F mouse models.

An effect of LOX expression enhancing platelet adhesion onto
collagen through integrin a2b1 is described here for the first time.
Accordingly, we propose LOX as a possible target in antithrombotic
therapy in MPNs and other pathologies associated with LOX
overexpression.

Acknowledgments
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Figure 6. Enhanced activation by collagen in Pf4-

Loxtg/tg platelets is mediated by integrin a2b1. (A)

Platelet adhesion and spreading assay of WT and

Pf4-Loxtg/tg platelets preincubated with antibodies

against integrin a2 or isotype control (10 mg/mL). Re-

sults are the average 6 SD of 3 independent ex-

periments, with 1 mouse per group in each experiment.

No statistically significant difference was detected

between “no antibody” and “isotype” samples in either

the WT or the Pf4-Loxtg/tg group. (B) Flow cytometric

analysis of P-selectin (CD62p) expression after stim-

ulation with CRP-XL in platelets from WT (n 5 4)

and Pf4-Loxtg/tg (n 5 4) mice. Data are represented

as average 6 SD. (C) Platelet adhesion and spreading

assay on GFOGER (50 mg/mL); the average 6 SD of the

number of adhered and spread platelets is shown. (D)

Representative image of platelet adhesion and spreading

assay on GFOGER. *P , .05, **P , .001.
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32. Pronk CJ, Rossi DJ, Månsson R, et al. Elucidation
of the phenotypic, functional, and molecular
topography of a myeloerythroid progenitor cell
hierarchy. Cell Stem Cell. 2007;1(4):428-442.

33. Vannucchi AM, Bianchi L, Cellai C, et al.
Development of myelofibrosis in mice genetically
impaired for GATA-1 expression (GATA-1(low)
mice). Blood. 2002;100(4):1123-1132.

34. Davis B, Toivio-Kinnucan M, Schuller S,
Boudreaux MK. Mutation in beta1-tubulin
correlates with macrothrombocytopenia in
Cavalier King Charles Spaniels. J Vet Intern Med.
2008;22(3):540-545.

35. Schwer HD, Lecine P, Tiwari S, Italiano JE Jr,
Hartwig JH, Shivdasani RA. A lineage-restricted
and divergent beta-tubulin isoform is essential for
the biogenesis, structure and function of blood
platelets. Curr Biol. 2001;11(8):579-586.

36. Li W, McIntyre TM, Silverstein RL. Ferric
chloride-induced murine carotid arterial injury:
A model of redox pathology. Redox Biol. 2013;
1(1):50-55.

37. Dubois C, Panicot-Dubois L, Merrill-Skoloff G,
Furie B, Furie BC. Glycoprotein VI-dependent and
-independent pathways of thrombus formation in
vivo. Blood. 2006;107(10):3902-3906.

38. Rivera J, Lozano ML, Navarro-Núñez L, Vicente
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