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Abstract

Mineralization is a process of deposition of calcium phosphate crystals within a fibrous
extracellular matrix (ECM). In mineralizing tissues, such as dentin, bone and hypertrophic
cartilage, this process is initiated by a specific population of extracellular vesicles (EV), called
matrix vesicles (MV). Although it has been proposed that MV are formed by shedding of the
plasma membrane, the cellular and molecular mechanisms regulating formation of mineralization-
competent MV are not fully elucidated. In these studies, 1711A11, ST2, and MC3T3-E1 osteogenic
cell lines were used to determine how formation of MV is regulated during initiation of the
mineralization process. In addition, the molecular composition of MV secreted by 1711A11 cells
and exosomes from blood and B16-F10 melanoma cell line was compared to identify the
molecular characteristics distinguishing MV from other EV. Western blot analyses demonstrated
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that MV released from 1711A11 cells are characterized by high levels of proteins engaged in
calcium and phosphate regulation, but do not express the exosomal markers CD81 and HSP70.
Furthermore, we uncovered that the molecular composition of MV released by 1711A11 cells
changes upon exposure to the classical inducers of osteogenic differentiation, namely ascorbic acid
and phosphate. Specifically, lysosomal proteins Lampl and Lamp2a were only detected in MV
secreted by cells stimulated with osteogenic factors. Quantitative nanoparticle tracking analyses of
MV secreted by osteogenic cells determined that standard osteogenic factors stimulate MV
secretion and that phosphate is the main driver of their secretion. On the molecular level,
phosphate-induced MV secretion is mediated through activation of extracellular signal-regulated
kinases Erk1/2 and is accompanied by re-organization of filamentous actin. In summary, we
determined that mineralization-competent MV are distinct from exosomes, and we identified a
new role of phosphate in the process of ECM mineralization. These data provide novel insights
into the mechanisms of MV formation during initiation of the mineralization process.
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Introduction

Extracellular vesicles (EV) is a broad term describing sub-micron size, spherical,
membrane-enclosed particles released from cells to the extracellular milieu. EV are secreted
from cells in various physiological and pathological conditions and can be detected in
virtually all biological fluids (1, 2). They express cell surface receptors and carry
biologically active proteins, lipids, and nucleic acids. It has been shown that EV have the
capacity to modulate the function of target cells in an autocrine or paracrine manner,
therefore they have been recognized as an integral component of the intercellular
communication (2, 3). EV are highly heterogeneous and dynamic in nature. Their molecular
composition reflects their cell-type of origin, pathophysiological cell state, biogenesis
pathway, and biological function (2, 3).

Mineralization is a biological process by which crystals of calcium phosphate
(hydroxyapatite, HA) are laid down within the fibrous extracellular matrix (ECM).
Physiological mineralization occurs in skeletal and dental tissues (bone, terminal
hypertrophic cartilage, dentin, cementum, and enamel). Mineralization can also occur
ectopically (pathologic mineralization) in soft tissues, for example in the blood vessels
(arterial calcification) or in joints during the late stages of osteoarthritis. The progression and
extent of both physiologic and pathologic mineralization are regulated locally and
systemically. Mineralization depends upon the availability of Ca2* and PO43~ (P;),
concentration of mineralization inhibitors, and ECM composition (4-13).

P; participates in the mineralization process in multiple ways. First, P; is a structural
component of the inorganic phase of the mineralized ECM, thus its local availability affects
the rate of HA formation. Second, addition or removal of P; to/from various ECM proteins
regulates their function in mineralization (14, 15). Finally, it has been shown that P;
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regulates expression of multiple genes involved in osteogenic differentiation and the
mineralization process (16—20). The Pj-induced signaling pathway is not well delineated and
its mediators are largely unknown. However, it has been demonstrated that P; signaling in
mineralizing cells depends on the activity of P; transporters and is mediated by Erk1/2, but
not p38 or c-jun kinases (21-23). Pj-induced activation of Erk1/2 is bi-phasic with the first
activation happening quickly, within 15-30 minutes of P; treatment, and the second
activation occurring approximately 6-8 hours later (23, 24).

Initiation of physiologic mineralization of cartilage, mantle dentin, and woven bone is
facilitated by a specific population of EV, called matrix vesicles (MV). There is evidence
suggesting that ectopic mineralization of arteries is also associated with increased secretion
of EV from vascular smooth muscle cells with a presumptive role in supporting pathologic
vascular mineralization (25). Electron microscopy demonstrated that mineralizing cells, such
as hypertrophic chondrocytes and newly differentiated odontoblasts and osteoblasts, shed
numerous sub-micron size (80 — 200 nm) vesicles from their plasma membrane (26-30).
Therefore, it has been proposed that MV are formed by budding off the plasma membrane.
The plasma membrane origin of MV has been further supported by comparative analyses of
lipids and proteins, in which it was demonstrated that there are significant similarities in the
molecular composition of MV and the plasma membrane of the cell of origin (31, 32).
However, in two more recent studies, vesicles containing electron-dense material composed
of calcium and phosphorus were detected in the cytoplasm of mouse calvarial osteoblasts,
suggesting that intracellular processes may play a role in initial HA formation (33, 34).

MV have a discrete intravesicular environment as well as protein and lipid composition that
together support the accumulation of high concentrations of P; and Ca2*, and subsequent HA
formation. In particular, MV are enriched in tissue-nonspecific alkaline phosphatase (TNAP)
and phosphoethanolamine/phosphocholine phosphatase (PHOSPHO1), whose catalytic
activities provide P; for HA formation, but have non-redundant functions in skeletal
mineralization (4, 35-39). Proteomic analyses of vesicles produced by chondrocytes,
osteoblast cell lines, and bone marrow stromal cells undergoing osteogenic differentiation
consistently detect numerous proteins that are involved in the mineralization process and
matrix remodeling. This agrees with the notion that the biological function of MV is to
support mineralization (32, 40-43). Of note, MV are also enriched in Ca2* transporters
(annexins) which are commonly detected in many different types of EV (26, 38, 40, 43-47).

It is now recognized that cells utilize various cellular mechanisms to secrete EV of diverse
biological functions. With the rising interest in using EV as diagnostic markers and
therapeutic targets, it is critical to understand the differences between various populations of
EV and the mechanisms regulating their secretion. In this study, we use cellular models of
mineralization to gain mechanistic insights into the regulation of secretion of a specific
group of EV with the biological function to promote mineralization. The goals of our study
are to increase our understanding of how the mineralization process is initiated and to
delineate characteristic features of mineralization-competent MV.
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Results

Stimulation of osteogenic differentiation increases secretion of matrix vesicles in cellular
models of mineralization

In studies using cellular models of mineralization, differentiation of progenitor cells and
deposition of a mineralizing matrix is most commonly stimulated by treatment of cells with
ascorbic acid and phosphate. Under these conditions, the calcium phosphate deposits in
ECM are detected around day 21 of culture in most of the mineralizing cells. In our previous
studies, we have shown that these standard osteogenic conditions induce rapid (within 6-8
days) mineralization of 1711A11 cells, which is accompanied by production of MV (48-50).
Therefore, we selected 1711A11 cells as an in vitro model for studies of mineralization-
competent MV biogenesis. First, to determine whether 1711A11 cells are a representative in
vitro model for MV formation under osteogenic conditions, we compared secretion of
vesicles from 1711A11 cells with other murine osteogenic cell lines derived from cells of
different developmental origin. Preodontoblast-derived 1711A11 cell line, bone marrow
stromal cell-derived ST2 cell line, and calvarium osteoblast precursor-derived MC3T3-E1
cell line were grown to confluency. In all experiments, cells were cultured in vesicle-
depleted medium to eliminate contamination of MV preparations by vesicles from FBS.
Standard osteogenic conditions were used to induce mineralization. To ensure that all
secreted vesicles were accounted for in these analyses, both ECM and conditioned media
from tested cells were collected for vesicle isolation. Vesicles produced by unstimulated
cells at the time of confluency (Oh; base line) were compared with vesicles produced by cells
within 24h, 48h, and 72h of culture in osteogenic conditions (Fig. 1). Nanoparticle tracking
analyses (NTA) were used to quantify purified vesicles and determine their size.

NTA revealed that all compared cell lines secrete vesicles when cultured under standard
growth conditions. However, the secretion of vesicles significantly increases upon addition
of ascorbic acid and P; (Fig. 1A and C). For 1711A11 and ST2 cells, a significant increase in
the number of secreted vesicles per cell is detected within the first 24h of growth under
osteogenic conditions, while for MC3T3-EL1 cells this occurs at 72h. During the first 24h of
osteogenic differentiation, MV release is the highest in 1711A11 cells (8 fold) as compared
to 3.1 fold in ST2 cells and 1.9 fold in MC3T3-EL1 cells (Fig. 1B). In conditioned medium,
the number of vesicles increased robustly between 48h and 72h for all cell lines. At 24h,
280.8+68 vesicles/cell were detected in conditioned media of 1711A11 cells, whereas
26500+6630 vesicles/cell were detected in ECM. Thus, the ECM vesicle fraction constitutes
98.9% of all vesicles released by 1711A11 cells. The percentage of vesicles released to media
was increased to 11.1% at 72h of 1711A11 osteogenic differentiation. The increased
contribution of vesicles in media at 72h was consistent for all analyzed cell lines (Fig. 1D).
Thus, for all cell lines, the contribution of vesicles in medium to the total number of vesicles
produced per cell increases with time. However, even after 72h of osteogenic differentiation,
ECM vesicles (MV) constitute the vast majority of all EV secreted during the early stage of
osteogenic differentiation (Fig. 1D).

The size of MV produced by 1711A11, ST2, and MC3T3-E1 cells under osteogenic
conditions was measured using NTA. These analyses showed that the size distribution of
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MYV does not change during osteogenic differentiation and does not vary between cell lines
(Fig. 1E). In all compared cells lines, MV size distribution is in the same range of 50-220
nm, which is consistent with the reported size of MV produced by osteogenic cells (51).

In summary, supplementation of growth medium with standard mineralization-inducing
factors (ascorbic acid and P;) stimulates release of MV from all tested osteogenic cell lines
in as early as 24 hours. Furthermore, these data show that MV secretion from 1711A11 cells
is comparable to other osteogenic cell lines. Therefore, the 1711A11 cell line is used in
subsequent experiments addressing the regulation of MV formation.

High cell density is required for induction of matrix vesicles secretion in response to
mineralization-inducing factors

To determine the key factors regulating secretion of MV at the initiation of the
mineralization process, we measured the concentration of vesicles formed by 1711A11 cells
and their size distribution under different culture conditions. First, we compared MV
secretion from cells at different cellular confluency states, since cell-cell interactions play a
role in the differentiation process (52). In standard osteogenic differentiation experiments,
osteogenic factors are added at high cell density, since the cessation of proliferation is
required to enter differentiation pathways. Furthermore, 1711A11 cells cultured at high
density, even without addition of ascorbic acid that stimulates collagen production, produce
ECM containing collagen (Supplemental Fig. 1). Therefore, we sought to determine how
cell density affects the secretion of MV. MV release was compared from untreated (control)
and stimulated (ascorbic acid and P;) 1711A11 cells cultured at high (100% confluent) or low
(70% confluent) cell densities. Results of this experiment showed no differences in the
concentration of ECM-fraction MV at high or low cell density when cultured for 24h in
standard growth medium (Fig. 2A). As expected, the comparison of MV concentration in
ECM of cells grown at high density in standard versus osteogenic conditions shows
significantly higher MV secretion under osteogenic conditions. However, there is no
difference in the concentration of MV in ECM of stimulated and unstimulated cells grown at
low density. Thus, osteogenic factors stimulate MV secretion from confluent cells only. At
the same time, there is no difference in the size of MV secreted by cells grown under
different cell densities and osteogenic conditions, with the majority of MV in the size range
of 50-220 nm in all analyzed groups (Fig. 2B). In summary, high cell density is required for
induction of MV secretion by osteogenic factors, but does not affect MV secretion during
standard growth.

Osteogenic medium induces secretion of matrix vesicles from 171IA11 cells

Our comparative analyses of vesicle secretion show that 1711A11 cells respond to osteogenic
stimuli by significantly increasing secretion of vesicles to ECM within 24h (Fig. 1A). As the
next step, we compared the number of MV secreted per cell within 6h, 12h, 18h, and 24h of
treatment with standard osteogenic medium (Fig. 3). These analyses revealed that there is no
increase of MV number within the first 6h of treatment. Then, the number of MV secreted
per cell rapidly and significantly increases within 6h-12h of osteogenic stimulation.
Although MV continue to accumulate in ECM within the next 12h of osteogenic
stimulation, the increase in the MV number per cell at 12—24h of osteogenic stimulation is
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lower than the 6-12h time frame (Fig. 3). These data show that the highest increase in MV
secretion by 1711A11 cells takes place between 6h to 12h of treatment, suggesting that MV
formation is an early event occurring at the onset of the osteogenic differentiation program.

Matrix vesicles are positive for proteins supporting mineralization

To determine if MV secreted by 1711A11 cells have a role in mineralization and to compare
MV with other EV of similar size (specifically exosomes), we analyzed their molecular
composition by Western blot. For comparison, we used exosomes isolated from mouse
plasma and exosomes produced by melanoma cells (B16-F10). Since there is no common
molecular standard for various EV that can be used to confirm equal vesicular protein
loading in Western blot analyses, we used silver staining of proteins separated by PAGE to
confirm equal protein loading (Fig. 4A). This method also revealed a distinct protein
banding pattern of each EV protein extract, suggesting substantial differences in molecular
composition of EV from different sources. Interestingly, although the protein banding
pattern of MV isolated from 1711A11 cells cultured in standard growth medium is similar to
MV isolated from cells stimulated with osteogenic factors, clear differences are detected
with several bands unique for each group (Fig. 4A).

Western blot analyses demonstrated that two key mineralization supporting phosphatases,
TNAP and PHOSPHOL, are detected only in vesicles secreted by 1711A11 cells and not in
plasma or melanoma exosomes (Fig. 4B). Interestingly, in MV from cells stimulated with
osteogenic factors, three isoforms of TNAP were detected, while only two TNAP isoforms
were detected in MV from unstimulated cells. Similarly, MV from stimulated cells
contained an additional isoform of PHOSPHO1, while only one PHOSPHOL1 isoform was
detected in MV from unstimulated cells. Both PHOSPHO1 isoforms were detected in
1711A11 cells cultured either in standard growth conditions or with osteogenic factors. MV
from both stimulated and unstimulated 1711A11 cells were highly positive for calcium
channel protein annexin V. Consistent with published molecular phenotyping studies, which
demonstrated that annexins are commonly detected in different types of EV (44), annexin V
was also detected in exosomes from the melanoma cell line. However, unlike melanoma
exosomes, MV were negative for exosomal markers HSP70 and CD81. A low but detectable
amount of the early endosomal marker Rab5 was present in vesicles from 1711A11 and
melanoma cells. A distinguishing feature of MV from 1711A11 cells stimulated with
osteogenic factors, which contrasts them from MV from unstimulated cells and exosomes, is
high expression of lysosomal membrane glycoproteins Lampl and Lamp2a. Of note, while
MV from stimulated cells are highly positive for Lamp2a, in 1711A11 cells this protein was
barely detectable, which suggests that LampZ2a is distributed specifically to MV. Cytochrome
C was also detected specifically in MV from stimulated 1711A11 cells, while Grp78 was
detected only in exosomes from melanoma cells. Antibodies against histone 3A detected
three smaller-sized proteins, presumptive products of histone 3A proteolysis, in MV but not
in exosomes. GAPDH and organelle proteins GM130 and histone 1 were not detected in
MV. GAPDH was present only in EV from melanoma cells, which is consistent with
previous reports showing GAPDH in exosomes (44).
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In summary, comparative analyses of the molecular composition of MV from 1711A11 cells
stimulated with osteogenic factors, MV from unstimulated cells, and exosomes identified a
distinct molecular signature of each EV sub-population (Fig. 4). MV from induced cells are
specifically enriched in lysosomal proteins. Furthermore, MV from both unstimulated and
induced 1711A11 cells are negative for exosomal markers and positive for proteins providing
Ca?* and P;. This suggests their function in supporting formation of HA, and hence
mineralization.

Matrix vesicles from 171lA11 cells are mineralization-competent

In order to determine, if MV secreted by 1711A11 cells support formation of hydroxyapatite,
we used two different approaches. First, the in vitro calcification assay was used (37, 53).
MV isolated from 1711A11 cells grown for 24h in standard growth medium, osteogenic
medium or in standard growth medium supplemented with 10 mM P; were incubated with
varying concentrations of Ca2* and 1mM ATP as a source of phosphate. Results of this
assay demonstrated that all three groups of MV accumulated Ca2* from the extravesicular
environment in a dose-dependent fashion (Fig. 5A). Of note, the Ca2* content in MV
incubated with 1 mM Ca2* was under the detection limit.

To further confirm the MV secreted by 1711A11 cells are mineralization-competent, we used
transmission electron microscopy (TEM) with electron diffraction (54, 55) and atomic force
microscopy (AFM) phase analyses (56). In our previous studies we determined that
mineralization of 1711A11 cells ECM is visible around day 5 of culture under osteogenic
conditions (48-50). Thus, to identify the mineral phase in MV, we compared MV isolated
from ECM of 1711A11 cells cultured either in standard growth medium or in osteogenic
medium for 1 day (when there is no detectable ECM mineralization) and 8 days (when ECM
mineralization reaches the plateau). TEM with selected area electron diffraction (SAED)
detected no crystalline material in day 1 MV (Fig. 5B). Based on the presence of a very
weak diffuse ring with d-spacing around 3A, it is possible that some amorphous mineral was
present in the MV collected from cells grown in osteogenic medium for 1 day (Fig. 5B). In
contrast, crystalline material was detected by SAED in MV from both groups on day 8.
However, in the sample derived from the cells grown in the standard growth medium only
very few particles with very weak diffraction patterns were identified (Fig. 5B). Analysis of
the diffraction patterns revealed weak reflections with d-spacings of 3.4 and 2.6A,
corresponding to (002) and (011) planes of HA reflections, respectively (54, 55). In contrast,
particles producing strong reflections with d-spacings of 3.4A corresponding to (002) planes
of HA were found in the sample prepared from cells grown for 8 days in osteogenic medium
(Fig. 5B).

The presence of HA in MV isolated from 1711A11 cells grown under osteogenic conditions
for 8 days was further confirmed by examining MV dropped onto a mica substrate and
imaged by means of AFM, followed by qualitative evaluations of their internal composition
by AFM phase analysis (56). MV AFM phase images showed the presence of internal spots
with high phase angle (¢) values surrounded by regions with very low ¢ values (Fig. 5C).
The spots at high ¢ values were interpreted to be caused by the presence of HA crystals
under the MV membrane. HA crystals were surrounded by less crowded media, which made
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the membrane deformable and able to damp AFM tip vibrations, which explains the large
variations in ¢ values between the spots and the surrounding regions. Control MV had
different topographic and phase properties compared to MV isolated from cells grown under
osteogenic conditions. Control MV appeared smaller than MV isolated from cells grown
under osteogenic conditions and had either a smooth surface (not shown) or a non-uniform
surface with several irregularities that were a few to several A tall (Fig. 5C). AFM phase
images showed that these irregularities corresponded to spots with high phase surrounded by
regions with lower phase values. However, the variation in ¢ values between the spots and
the surrounding regions were much smaller for control MV than for MV isolated from cells
grown under osteogenic conditions, thus suggesting that control MV were filled with
mineral aggregates at an early mineralization stage, i.e. a nucleation core.

In summary, these results together with the Western blot data detecting Ca?* and P;
providing proteins in MV (Fig. 4B), suggests that MV from 1711A11 cells are competent to
support mineralization.

Phosphate is the key inducer of matrix vesicle production by osteogenic cells

Ascorbic acid and phosphate (either in the organic form as p-glycerophosphate or in the
inorganic form as Na-P; buffer) are routinely used to stimulate osteogenic differentiation in
vitro (24, 57). Ascorbic acid enhances the secretion of type | collagen, a major organic
component of the mineralizing ECM (57), while phosphate is a structural component of the
inorganic phase of the mineralizing ECM as well as a signaling molecule that regulates
expression of multiple genes involved in mineralization (24, 57). Here we determined that
treatment of osteogenic cells with ascorbic acid and P; stimulates secretion of
mineralization-competent MV (Figs. 1, 4 and 5). Therefore, we next compared secretion of
MV by 1711A11 cells stimulated with: i) both ascorbic acid and P;; ii) P; only; and iii)
ascorbic acid only. As a control, MV from untreated 1711A11 cells were also analyzed.
Quantitation of MV secreted by cells within 24h was done using NTA. These comparative
analyses showed that there are no significant differences in the number of MV secreted per
cell from cells treated with either both osteogenic factors or P; only. Furthermore, there is no
significant difference in the number of MV secreted per cell from untreated cells and cells
treated only with ascorbic acid (Fig. 6A). These results demonstrate that extracellular P; is
the major factor driving MV production from 1711A11 cells, as ascorbic acid alone is not
able to stimulate MV secretion from these cells within 24h. In all treatment conditions, the
size distribution of secreted vesicles was similar (range of 50-220 nm, Fig. 6B).

We confirmed by cryo-electron microscopy imaging that the nano-particles secreted by
1711A11 cells were indeed membrane vesicles. MV secreted by cells in all treatment
conditions appeared to be translucent with a round shape and clear lipid bilayer (Fig. 6C).
These analyses show that MV secreted by untreated 1711A11 cells, cells treated either with
ascorbic acid and Pj, or treated with P; only have a similar morphology.

Erk1/2 activation is required for matrix vesicle production in response to phosphate

It has been shown that Pi-regulated gene expression in osteogenic cells is mediated through
Erk1/2 (24, 58, 59). Therefore, the role of Erk1/2 activation in Pi-induced formation of
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mineralization-competent MV was analyzed. First, to determine the dynamics of Erk1/2
activation in response to Pj in 1711A11 cells, cells were treated with 2, 5, and 10 mM Na-P;
buffer, and the activation of Erk1/2 was assessed by Western blot at 15min, 30min, 45min,
1h, 2h, 4h, 6h, and 8h after addition of P; (Fig. 7A). Comparison of the levels of
phosphorylated (active) Erk1/2 to total Erk1/2 showed that Erk1/2 phosphorylation is
highest at initial 15min to 1h after P; treatment and is then reduced. We did not detect the
second Erk1/2 activation within the 8h of P; treatment of 1711A11 cells and this activation
pattern was consistent at all three P; concentrations (Fig. 7A). Next, to address whether
Erk1/2 is mediating the release of MV upon P; treatment, we analyzed MV production when
Erk1/2 signaling is inhibited. To do this, 1711A11 cells were treated with 20mM Na-P; for
12h with or without Erk1/2 inhibitor (U0126, 10 uM). Because we determined that the most
robust MV production occurs within the initial 12h of osteogenic treatment (Fig. 3), and
Erk1/2 activation is highest within the first 4h of P; treatment, we added Erk1/2 inhibitor
either together with P; or after 4h, 6h, or 8h of P; treatment. NTA showed that MV
production was significantly disrupted by Erk1/2 inhibition at Oh, 4h, and 6h, but not when
the Erk1/2 inhibitor was added 8h after P; (Fig. 7B). A maximum decrease (65%) in the
production of MV was observed when Erk1/2 inhibitor was added at the same time as P;.
These results demonstrate that MV release in response to P; is dependent upon Erk1/2
activation.

Recent studies identified mineral-containing vesicles inside osteoblasts, which suggest that
MV are formed inside cells (33, 34). Considering this, the involvement of the cytoskeleton
in the trafficking of intracellular vesicles and the role of actin filaments assembly in MV
secretion (60-62), we analyzed the role of the actin cytoskeleton in the release of MV in
response to P;. First, we analyzed whether P; influences the organization of the cytoskeleton.
To do this, we assessed filamentous actin (F-actin) cytoskeleton arrangement upon P;
treatment of 1711A11 cells in a time-dependent manner (Fig. 7C). F-actin fibers were
detected using fluorescent phalloidin staining. In untreated cells (0Oh), F-actin fibers were
oriented randomly and resided close to the nucleus. P; treatment resulted in more condensed
and elongated F-actin fibers that were distributed throughout the cytoplasm. The changes in
F-actin organization were apparent at 30min of P; treatment and became more prominent at
1h, 3h, 6h, and 12h. To examine if Erk1/2 is involved in the Pi-induced cytoskeleton
reorganization, we compared changes in F-actin organization following P; treatment in the
absence and presence of Erk1/2 inhibitor. The experimental design was the same as for the
MYV analyses (Fig. 7B), namely, 1711A11 cells were treated with P; for 12h, and the Erk1/2
inhibitor (U0126, 10 pM) was added either at the same time as P; (Oh) or 4h, 6h, or 8h after
Pj treatment (Fig. 7D). We did not observe any changes in F-actin reorganization in cells
treated with Erk1/2 inhibitor at any time points in comparison with cells treated with P;
without Erk1/2 inhibitor. This data suggests that while P; alters the cytoskeletal organization
of the cell, this is independent of Erk1/2 activation. However, Erk1/2 is an important
mediator of MV secretion by P;.

Discussion

Initiation of both physiologic and pathologic (ectopic) mineralization is supported by
mineralization-competent MV secreted locally by cells with an active osteogenic program.
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Here, we presented data showing that secretion of MV from osteogenic cells is induced by P;
through Erk1/2-mediated signaling. Furthermore, we determined that molecular
characteristics of mineralization-competent MV distinguish this group of EV from exosomes
not only by the presence of proteins specific for their biological function, but also
intracellular proteins that may be indicative of the biogenesis pathway specific for
mineralization-competent MV.

The constitutive and induced secretion of bioactive EV is now recognized as a common
biological process of cell-cell communication (63-65). In this respect, MV are unique
among other EV, as they do not transfer their bioactive cargo to other cells, but rather release
it to the ECM. Our results show that the vast majority of vesicles produced by osteogenic
cells during the early stage of osteogenic differentiation reside in ECM (Fig. 1), which is
consistent with the biological function of MV in changing the properties of ECM and is in
agreement with studies by Anderson et al. (66). However, it is not known whether the
retention of MV in the ECM is a passive entrapment of vesicles in the ECM or an active
process facilitated by molecular interactions between MV and ECM proteins. Although the
collagenous network formed by 1711A11 cells in our experimental conditions is not well
developed (Supplemental Fig. 1), the 1711A11 ECM composition and structure may be
sufficient to retain MV. The small percentage of vesicles detected in conditioned medium
may simply be MV that escaped from ECM. However, studies by Anderson et al. detected
differences in protein banding pattern of PAGE-separated vesicle proteins isolated from
matrix and medium fractions, suggesting different molecular composition (66). Thus, more
detailed comparison of the molecular composition and the functional assays of vesicles
isolated from ECM and conditioned medium of osteogenic cells is required to determine if
these are the same or different populations of EV. Nonetheless, our data from quantitative
analyses of vesicles in ECM and medium indicate that measuring vesicles only in medium
may grossly underestimate the magnitude of MV production during osteogenic
differentiation.

Out of the variety of available cell lines that undergo mineralization when stimulated with
osteogenic factors, we selected three mouse cell lines of different embryonic origins to study
secretion of MV. What distinguishes 1711A11 cells from other osteogenic cell lines is that
even under standard growth conditions, 1711A11 cells express high mRNA levels of multiple
genes involved in the mineralization process, including osteogenic transcription factors, ion
channels, and ECM proteins (48-50). Consistent with their commitment to mineralization,
1711A11 cells respond to stimulation with osteogenic factors with a rapid increase of MV
secretion, whereas the secretion of MV from MC3T3-E1 and ST2 cells was delayed (Fig. 1).
Furthermore, we showed that both stimulated and unstimulated 1711A11 cells secrete MV
expressing high levels of P;-providing enzymes, TNAP and PHOSPHO1, and Ca?* channel
protein annexin V, which is in agreement with a biological function of supporting HA
formation (Fig. 4B) (38, 39, 67, 68). Consistently, MV produced by 1711A11 cells,
regardless of their growth conditions, are able to accumulate CaZ* from the extravesicular
environment (Fig. 5A). The ability of MV to mineralize was further supported by detection
of hydroxyapatite in MV isolated from cells grown in the presence of osteogenic factors for
8 days (Fig. 5B and 5C). Considering that 5 days of culture under osteogenic conditions is
required to detect mineral depositions in ECM of 1711A11 cells (48, 49), it is not unexpected
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that MV isolated at day 1 do not contain crystalline material. While we do not have data on
the rate of the HA crystal formation in MV from 1711A11 cells, detection of only the
amorphous mineral in MV at day 1 suggests that more than 24h under osteogenic conditions
is required to form crystals. This, in turn, suggests that the lifespan of MV is longer than
24h. Thus, the quantitative analyses of MV at this time point provide reliable assessment of
their number, while at the later time points, such quantitative analyses may be inaccurate as
they are do not capture MV that have already ruptured from the growth of HA crystals.
Although we have not analyzed formation of crystals at 48h and 72h MV, this may explain
the lower number of MV from 1711A11 cells at 48h and 72h in comparison with 24h (Fig.
1).

Interestingly, MV secreted by 1711A11 cells stimulated with ascorbic acid and P; express
different isoforms of TNAP and PHOSPHOL1 than MV secreted by cells cultured under
standard growth conditions. Although the differences in function of these isoforms are
unknown, these data indicate that the osteogenic extracellular environment not only
stimulates the secretion of MV, but also changes their molecular composition.

The size and morphology of MV are similar to exosomes, which are currently the most
studied EV sub-type. These two groups of EV share similarities on the molecular level,
therefore it has been suggested that MV are membrane-anchored exosomes (47, 69). In our
studies, histone 3a, which has been reported to be present in exosomes (70, 71), was also
detected in MV (Fig. 4B). However, MV secreted by 1711A11 cells are negative for CD81
and HSP70 proteins, which are considered typical exosomal markers (44).

Therefore, results of our studies do not support this concept of MV identity as exosomes, as
their molecular profile is distinct from that of exosomes. Interestingly, we uncovered that
MV released upon stimulation with osteogenic factors are enriched in the lysosomal markers
Lampl and Lamp2a, yet these proteins are not detected in MV from untreated cells or
exosomes (Fig. 4B). Of note, there is no difference in Lampl and Lamp2a protein levels in
unstimulated and stimulated cells, thus osteogenic factors affect only the subcellular
distribution of these proteins and not expression. Considering that the EV molecular
composition reflects their biological function, this suggests that Lampl and Lamp2a are
involved in mineralization. Such a role for Lamp1 has already been suggested by studies
demonstrating that Lampl can localize on the cell surface and bind amelogenin, a major
protein of organic dental enamel matrix (72, 73). Alternatively, the presence of these
lysosomal markers in MV may be a footprint of their biogenesis pathway. This, in turn,
supports the model of the intracellular formation of mineralization-competent MV. However,
now, when it is known that multiple cellular mechanisms of vesicle formation exist, it is
worth to consider that the biogenesis pathway of EV may be determined by extracellular
stimuli or by the pathophysiological state of the cells, and not by the biological function of
EV.

In these studies, we found that MV secretion from 1711A11 cells can be induced by P; alone
(Fig. 5). Thus, we uncovered a new function of P; in the mineralization process. Similar to
Pj-induced expression of mineralization-related genes, this new P; function is also mediated
through Erk1/2. However, in comparison with transcriptional regulation, the secretion of
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MV in response to Pj is faster, as it occurs within 6-12h of treatment, while changes in
osteogenic gene expression have been reported after 24h (23). This suggests that induction
of MV secretion in response to P; does not require changes in transcription, or at least not in
1711A11 cells, in which osteogenic factors are already expressed at high levels (48-50). This
finding is relevant to physiologic mineralization of skeletal and dental tissues and may also
provide a better understanding of the mechanisms of pathologic mineralization. For instance,
elevated serum phosphate levels are the major factor contributing to vascular calcification,
which is a common complication of chronic renal failure (74). In addition, it has been
recently shown that, akin to physiologic mineralization, increased secretion of EV by
vascular smooth muscle cells can be detected during pathologic mineralization (25).

We also detected that P; induces changes in subcellular organization of F-actin. This was an
intriguing finding, because secretion of MV has previously been shown to be dependent on
reorganization of actin filaments (61, 62). Here, we have shown that similar to Erk1/2
activation, F-actin reorganization in response to P; occurs rapidly, and the elongation of actin
fibers and changes in their intracellular distribution can be detected as early as 30min after
P; treatment. However, inhibition of Erk1/2 activation had no effect on reorganization of F-
actin in response to P;. This suggests that these are two parallel events that occur in response
to Pj independently to regulate MV secretion. Discovering that both MV secretion and
reorganization of F-actin are regulated by P; provides new insights into the molecular
mechanisms of MV secretion.

Although these mechanisms still remain poorly deciphered, two recent studies have
identified proteins critical for MV formation in odontoblasts: mouse genetic studies
uncovered significantly reduced number of MV in mantle dentin and chondrocytes of
Phosphol™~Alpl*’~ mice (36, 56), and our group demonstrated that the Trps1 transcription
factor is required for MV secretion from 1711A11 cells as well as for expression of
Phosphol and Alp/ (48). While the mechanism by which these phosphatases support
secretion of MV is unknown, we speculate that PHOSPHO1, which uses phospholipids as
substrates (75, 76), may affect MV secretion by affecting the fluidity of the plasma
membrane. In contrast, TNAP, which is a major enzyme generating P; and, thus, increasing
P; concentrations in the local cellular microenvironment (77), may support secretion of MV
by providing P;.

It is well recognized that EV present in bodily fluids are a mixed population of vesicles of
different origins and functions, both of which are reflected in their molecular composition
(44, 78). Therefore, there is a growing interest in using EV as biomarkers, as well as
therapeutic targets. The former requires identification of the molecular hallmarks of specific
biological functions or pathology, while the latter requires understanding the mechanisms of
the formation of EV with specific biological functions or under specific pathophysiological
conditions. Results of these studies provide mechanistic insights into the regulation of MV
secretion in response to P;, specifically in the context of osteogenic cells. Furthermore, we
determined differences in the molecular composition of MV and exosomes that can be used
to distinguish mineralization-competent vesicles from other EV.
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Experimental Procedures

Cell lines and cell culture conditions

Mouse preodontoblast-derived 1711A11 cell line was maintained in standard Dulbecco's
Modified Eagle's Medium (DMEM, Gibco; Thermo Fisher Scientific, Logan, UT) with 5%
FBS (Thermo Fisher Scientific, Logan, UT) and 100 units/ml penicillin and 100 pg/ml
streptomycin (Cellgro, Manassas, VA) at 37°C and 8% CO» as described before (48-50).
Mouse melanoma B16-F10 cell line (ATCC; Manassas, VA) was grown in DMEM
supplemented with 10% FBS and penicillin/streptomycin at 37°C and 8% CO,. Bone
marrow stromal cell-derived ST2 cell line (generous gift from Dr. Steven Teitelbaum,
Washington University, St. Louis) and calvarium osteoblast precursor-derived MC3T3-E1
cell line (ATCC; Manassas, VA) were maintained in a-MEM (Hyclone, Logan, UT) with
10% FBS, penicillin/streptomycin, and 2 mM L-glutamine. For osteogenic differentiation,
cells were plated at 2x10° cells per 10cm dish and grown to confluency. Osteogenic
differentiation was induced by supplementing the growth medium with 10 mM Na-P; buffer
(pH 7.4) and 50 pg/ml ascorbic acid (osteogenic medium). For MV analyses, cells were
grown in standard medium depleted of exosomes. Exosome-depleted medium was made by
centrifuging 20% FBS (diluted in DMEM or a-MEM) at 100,000 x g for 24h to remove
serum-derived exosomes (79). To analyze Erk1/2 activation, cells were plated at 5 x 10°
cells per well of 6-well plate. After 24h, the growth medium was replaced with low-serum
(0.5% FBS) medium. Cells were serum-starved overnight, followed by treatment with 2, 5,
or 10 mM Na-P; buffer (pH 7.4).

Isolation and purification of vesicles

Vesicles from ECM and media (MV and EV, respectively) were purified using differential
ultracentrifugation method as previously described (46, 48, 79). Briefly, cells were washed
twice with PBS. MV were released from ECM by enzymatic digestion with 2.5 mg/ml
collagenase IA (Sigma, St. Louis, MO) and 2 mM CaCl, for 2h at 37°C and 8% CO,. The
whole digestion mix containing fragmented ECM, vesicles, and cells was collected and
centrifuged at 500 x g for 5 min to pellet the cells. Supernatant was transferred to separate
tube and centrifuged at 2,000 x g for 10min to remove dead cells. Supernatant was again
centrifuged at 10,000 x g for 30min to remove cell debris then at 100,000 x g for 70min to
obtain the MV pellet. MV pellets were resuspended in PBS and centrifuged at 100,000 x g
for 60min. Finally, the pellet was resuspended in 100 pl PBS and stored at —80°C until
further use. For isolation of EV from conditioned medium, medium was collected from cells
grown under experimental conditions and centrifuged as described above. Cells remaining
on a dish were trypsinized at 37°C for 10min and combined with cell pellet collected after
15t centrifugation. Total number of cells was counted using hemocytometer (Hausser
Scientific, Horsham, PA). EV from conditioned media of B16-F10 melanoma cells were
collected after 48h of culture. EV from blood plasma and B16-F10 cells were purified using
the ultracentrifugation method as described above.

Nanoparticle tracking analyses

Size and concentration of purified vesicles were determined by Nanoparticle Tracking
Analysis (NTA) using NanoSight NS300 (Malvern Instruments Ltd, Worcestershire, UK).
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Data acquisition and analysis was performed using NTA 2.3 Analytical Software. Five video
files of 60 seconds at camera level 10 from each sample were recorded. Detection threshold
limit 10 was used to analyze size and concentration of vesicles. Resultant concentration of
MV was divided by total number of cells to calculate the production of MV per cell.

Cryo-electron microscopy

MV suspended in TBS buffer (50 mM Tris—HCI, pH 7.4 and 154 mM NaCl) were applied to
holey carbon film (Quantifoil Micro Tools) and vitrified in liquid ethane using an FEI
Vitrobot Mark IV. The grids were transferred to a Gatan 626 cryo-sample holder and imaged
in an FEI Tecnai F20 electron microscope operated at 200 kV and nominal magnifications
ranging from 32,750x% to 65,500%. Low-dose images were captured with a Gatan Ultrascan
4000 CCD camera.

Transmission electron microscopy

Suspensions of MV in 70% ethanol were placed on carbon coated Ni grids and air dried. The
samples were analyzed using Joel 2100 TEM (Peabody, MA) at 200 kV in bright field and
selected area electron diffraction (SAED) modes. Images were acquired using Gatan CCD
camera (Warrendale, PA).

Atomic force microscopy

Five microliters of MV solution was dropped onto a freshly cleaved mica substrate (Ted
Pella, Redding, CA) and allowed to stand for a couple of minutes. Next, the substrate was
rinsed with ddH,0 and dried at room temperature overnight. Samples were imaged by non-
contact (AAC) mode in air using a 5500 AFM (Agilent Technologies). Silicon-nitride
cantilevers with a nominal resonance frequency of ~190 kHz (NanosensorsTM, Neuchatel,
Switzerland) were employed. Topography, amplitude and phase images were recorded for
each scanned field and three-dimensional AFM images were generated by PicoView
software (Agilent Technologies).

In vitro mineralization assay

MV isolated from 1711A11 cells were assessed in vitro for their ability to mineralize as
described earlier (37, 53). Briefly, 1x101% MV were incubated with CaCl, (1 mM, 2mM, or
4mM) and 1 mM ATP as a phosphodiester substrate in calcifying solution (1.6 mM
KH,POy4, 1 mM MgCl,, 85 mM NaCl, 15 mM KCI, 10 mM NaHCO3, 50 mM PBS, pH 7.6)
at 37°C for 5.5 h. The reaction was stopped by centrifuging at 8800 x g for 30 min to pellet
MV. The pellet was solubilized by adding 0.6 N HCI for 24h. The Ca2* content in the MV
pellet was determined by the O-cresolpthalein complexone method (Calcium colorimetric
assay kit, Sigma-Aldrich, St. Luis, MO).

Western blot analysis

Whole protein extracts from cells and vesicles were prepared in RIPA lysis buffer
supplemented with phosphatases and protease inhibitors: 1 mM NaF, 2 mM NayVOy,, 2 mM
leupeptin, 2 mM pepstatin, 2 mM PMSF, and 10 uM MG132. Protein concentration was
determined by micro BCA protein assay kit (Thermo Scientific, Rockford, IL). Protein (10
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ug) was subjected to electrophoresis on 4-12% precast BisTris gels (Invitrogen) and
transferred onto a nitrocellulose membrane. Specific proteins were detected by fluorescence
(Li-Cor Odyssey Infrared Imaging System, LI-COR Biosciences, Lincoln, NE). Primary
antibodies against tissue-nonspecific alkaline phosphatase (1:1000; R&D Systems),
PHOSPHO1 (1:500; Abd Serotec), annexin V (1:2000; Abcam), a-tubulin (1:10,000;
Sigma), Rab5 (1:1000; Abcam), GM130 (1:1000; Abcam), Grp78 (1:500; Santa Cruz),
Gapdh (1:1000; Cell signaling), Hsp70 (1:1000; System biosciences), CD81 (1:500; Santa
Cruz), Lamp1 (1:1000; Abcam), Lamp2a (1:1000; Abcam), cytochrome C (1:500; Santa
Cruz), histone 1 (1:1000; Abcam), histone 3a (1:5000; Abcam), Collal (1:5000; Abcam),
phospho-Erk1/2 (1:2000; Cell Signaling), and Erk1/2 (1:1000; Cell Signaling) were used.
All fluorescent secondary antibodies (LI-COR Biosciences; Lincoln; NE) were used at
1:20,000 dilution. Proteins separated by gel electrophoresis were visualized using Pierce
Silver Stain Kit (Thermo Scientific, MA) according to manufacturer’s protocol.

F-actin staining

Cells (2 x 10°/well) were plated on poly-L-Lysine-coated cover slip (Fischer Scientific, MA)
in 24-well plate. After 24h, cells were treated with 10 mM Na-P; with or without 10 uM
Erk1/2 inhibitor U0126 (Cell signaling, MA). For filamentous actin (F-actin) detection, cells
were fixed with 4% paraformaldehyde and stained with phalloidin (1:50, Life technologies,
Carlsbad, CA) for 30min at room temperature. Finally, cells were mounted with Prolong
Gold antifade reagent with DAPI (Life Technologies, Carlsbad, CA). F-actin organization
was imaged under Nikon Al High Speed Confocal Laser Microscope.

Statistical analysis

All experiments were performed at least three times. Data are presented as the mean + SD.
Probability values were calculated using the Student’s #test. p<0.05 (*) and <0.005 (**)
were considered to be statistically significant and highly significant, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Novel function of phosphate in mineralization was identified.
Phosphate induces secretion of matrix vesicles.

Molecular characteristics of matrix vesicles distinguish them from exosomes.
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Figure 1. Osteogenic medium stimulates secretion of EV from mineralizing cell lines
The number of vesicles (A-D) and size distribution (E) were measured using nanoparticle

tracking analysis. Secretion of vesicles was stimulated by standard osteogenic conditions
(ascorbic acid and P;) for 24h, 48h, or 72h and compared to unstimulated cells (Oh). Vesicles
were collected from the media or extracellular matrix (ECM). (A) Number of vesicles in
ECM normalized to the number of cells. Statistical analyzes were performed to assess
differences between mean values of unstimulated cells and the same cells at different time
points of osteogenic treatment. (B) Fold changes in the number of vesicles in ECM
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compared to Oh of each cell line. (C) Number of vesicles secreted to medium normalized to
the number of cells. (D) Distribution of vesicles between ECM and medium. (E) Size
distribution of vesicles in ECM. Dotted lines indicate the size range of vesicles for each cell
line. Data are represented as the mean values of three independent experiments + SD,
*p<0.05 and **p<0.005.
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Figure 2. MV secretion upon induction of osteogenic differentiation depends on cell density
100% confluent (high) and 70% confluent (low) 1711A11 cells were treated with standard

osteogenic conditions (ascorbic acid and P;) to stimulate vesicle secretion. Control high and
low density cells were grown without osteogenic supplements. After 24h, vesicles were
isolated and the number and size distribution were measured using nanoparticle tracking
analysis. (A) Concentration of MV isolated from ECM of 100% confluent (high) and 70%
confluent (low) cells treated with ascorbic acid and P;, and cells cultured in standard growth
medium. (B) Graphs showing MV size distribution in all culture conditions. Dotted lines
indicate the size range of vesicles for each cell line. Data are represented as the mean values
of three independent experiments + SD, *p<0.05 and **p<0.005.
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Figure 3. Osteogenic medium induces rapid secretion of MV from 1711A11 cells
Comparison of MV concentration in ECM of 1711A11 cells grown in standard growth

conditions (Oh, baseline) and in osteogenic conditions (ascorbic acid and P;; AA + P;) for 6h,
12h, 18h, and 24h. The number of MV secreted per cell was determined using nanoparticle
tracking analysis. Data are represented as the mean values of three independent experiments
+ SD, *p<0.05 and **p<0.005.
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Figure 4. Osteogenic medium induces formation of mineralization-competent MV
1711A11 cells were treated with standard osteogenic conditions (ascorbic acid and Pj; AA +

Pi). Proteins from MV and 1711A11 cells were isolated after 24h of ascorbic acid and P;
treatment. Proteins from MV and 1711A11 cells cultured in standard growth medium were
used as control (Cntrl). For comparison of molecular composition of MV with other types of
EV, EV from murine plasma (Plasma) and B16-F10 melanoma cell line (Mel) were used.
(A) Silver stained gel showing protein loading for Western blot analyses and banding pattern
of proteins from MV, 1711A11 cells, and EV from plasma and melanoma cells. Asterisk
indicates protein bands that are differentially expressed between MV from treated and
untreated cells; pound sign indicates a protein equally expressed in MV from both treated
and untreated cells. (B) Western blot analyses of proteins supporting mineralization: TNAP,
PHOSPHQO1, and annexin V (AnxV); exosomal markers: HSP70 and CD81; cytosolic and
cell organelle proteins: a-tubulin, GAPDH, Rab5, GM130, Grp78, cytochrome C (CytoC),
Lampl, Lamp2a, histone 1 (H1), and histone 3a (H3a).
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Figure 5. MV secreted by 1711A11 cells are able to mineralize
(A) Bar graphs showing Ca2* concentration-dependent accumulation of Ca?* in MV isolated

from 1711A11 cells grown for 24h in standard growth medium (Cntrl), in osteogenic medium
(AA+P;), or in standard growth medium supplemented with 10mM P; (P;). Under conditions
of 1 mM Ca?* in the calcification buffer, there was no detectable Ca* in MV. (B) Bright
field TEM micrographs (left columns) and corresponding electron diffraction patterns (right
columns) of MV preparations collected from cells grown either in standard growth medium
(Cntrl) or in osteogenic medium (AA+P;) for 1 day and 8 days. All micrographs were
acquired at the same magnification. The scale bar corresponds to 200 nm. (C) AFM images
of MV collected from cells grown either in standard growth medium (Cntrl) or in osteogenic
medium (AA+P;) for 8 days. From left to right: 2D topography, 3D topography, 2D phase
and 3D phase images. Scan size of the control sample: 600 nm x 600 nm. Scan size of the
AA+P; sample: 250 nm x 250 nm.
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Figure 6. Inorganic phosphate (P;) alone is sufficient to induce MV secretion from 1711A11 cells
(A) Comparison of the number of MV released by cells within 24h of stimulation with

standard osteogenic medium (ascorbic acid and Pj; AA + P;), 10 mM Na-P; buffer (P;), or
ascorbic acid (AA), with cells cultured in standard growth medium (Cntrl). Data are
represented as the mean values of three independent experiments + SD, *p<0.05 and
**p<0.005. (B) Representative graphs showing MV size distribution in all culture
conditions. Dotted lines indicate the size range of vesicles for each cell line. (C)
Representative cryo-electron microscopy images of MV secreted by cells cultured for 24h in
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standard growth medium (Control) or in standard osteogenic medium (AA+P;), or in the
presence of 10 mM Na-P; buffer (P;). Scale bar = 100nm.
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Figure 7. Phosphate-induced Erk1/2 activation mediates MV secretion from 1711A11 cells
(A) Western blot analyses of total Erk1/2 (t-Erk1/2) and activated Erk1/2 (p-Erk1/2) in

1711A11 cells treated with 2, 5, and 10 mM Na-P; (P;) for Omin, 15min, 30min, 45min, 1h,
2h, 4h, 6h, and 8h. (B) Comparison of MV secretion from 1711A11 cells treated with 10 mM
Na-P; in the presence and absence of Erk1/2 inhibitor U0126 (10 pM). U0126 was added to
growth medium either together with P; (Oh) or 4h, 6h, or 8h after P;. MV were isolated 12h
after P; treatment and quantified using nanoparticle tracking analysis. Graphs depict fold
changes in the number of MV secreted per cell in comparison to untreated cells. Data are
represented as the mean values of three independent experiments + SD, *p<0.05 and
**p<0.005. (C) Representative microscopic images of filamentous actin (F-actin; red
fluorescent staining) showing changes in F-actin organization induced by treatment of
1711A11 cells with 10 mM Na-P;. F-actin was analyzed at 30min, 1h, 6h, and 12h after P;
treatment. Blue DAPI staining: nuclei. (D) Representative images showing F-actin
organization in 1711A11 cells treated with 10 mM Na-P; for 12h in the presence or absence
of Erk1/2 inhibitor U0126 (10 uM). U0126 was added to growth medium either together
with P;j (Oh) or 4h, 6h, or 8h after P;. Arrows indicate elongated and condensed F-actin fibers
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in 1711A11 cells treated with P;, arrowheads indicate perinuclear localization of actin in
untreated cells.
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