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Abstract

Osteocytes, positioned within bone's porous structure, are subject to interstitial fluid flow upon

whole bone loading. Such fluid flow is widely theorized to be a mechanical signal transduced by

osteocytes, initiating a poorly understood cascade of signaling events mediating bone adaptation to

mechanical load. The objective of this study was to examine the time course of flow-induced

changes in osteocyte gene transcript and protein levels using high-throughput approaches.

Osteocyte-like MLO-Y4 cells were subjected to 2 hours of oscillating fluid flow (1 Pa peak shear

stress) and analyzed following 0, 2, 8, and 24 hours post-flow incubation. Transcriptomic

microarray analysis, followed by gene ontology pathway analysis, demonstrated fluid flow

regulation of genes consistent with both known and unknown metabolic and inflammatory

responses in bone. Additionally, two of the more highly up-regulated gene products—chemokines

Cxcl1 and Cxcl2, supported by qPCR—have not previously been reported as responsive to fluid

flow. Proteomic analysis demonstrated greatest up-regulation of the ATP-producing enzyme

NDK, calcium-binding Calcyclin, and G protein-coupled receptor kinase 6. Finally, an integrative

pathway analysis merging fold changes in transcript and protein levels predicted signaling nodes

not directly detected at the sampled time points, including transcription factors c-Myc, c-Jun, and

RelA/NF-κB. These results extend our knowledge of the osteocytic response to fluid flow, most

notably up-regulation of Cxcl1 and Cxcl2 as possible paracrine agents for osteoblastic and

osteoclastic recruitment. Moreover, these results demonstrate the utility of integrative, high-

throughput approaches in place of a traditional candidate approach for identifying novel mechano-

sensitive signaling molecules.
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1. Introduction

Mounting evidence suggests that osteocytes, positioned within bone mineral's interstitial

space, coordinate cellular remodeling leading to functional adaptation in response to

mechanically-induced stimuli (Bonewald, 2011; Schaffler et al., 2014). Interstitial fluid flow

is one such stimulus (Kufahl and Saha, 1990; Weinbaum et al., 1994) observed upon cyclic

whole bone loading (Knothe Tate and Knothe, 2000; Price et al., 2011). Fluid flow exposes

osteocytes to enhanced solute transport (Price et al., 2011), streaming potentials (Cowin et

al., 1995), and cyclic fluid shear stress transduced via cellular adhesion molecules, the cell

membrane, the actin cytoskeleton, and possibly primary cilium (Bonewald and Johnson,

2008).

In vitro, specific responses of osteocytic cells to steady, pulsating, and oscillating fluid flow

(OFF) have been widely studied. However, these studies are generally constrained to a

limited set of candidate genes or proteins as part of known or suspected signaling pathways.

Osteocytic cells elastically deform when subject to physiological peak fluid shear stresses up

to 5 Pa (Kwon and Jacobs, 2007; Price et al., 2011), initiating the rapid release of adenosine

triphosphate (ATP) and prostaglandin E2 via gap junctions or hemichannels (Batra et al.,

2012; Cherian et al., 2005; Genetos et al., 2007; Klein-Nulend et al., 1995). In turn, these

factors contribute to cell network propagation of intracellular calcium waves in proportion to

flow-induced shear stress in vitro (Huo et al., 2008; Lu et al., 2012) as well as during in situ

dynamic bone loading (Jing et al., 2013). Subsequent to OFF, osteocytic cells demonstrate

stress amplitude-, frequency-, and duration-dependent shifts in mRNA levels with increased

prostaglandin E2-synthesizing Ptgs2 (Cox-2) and a decreased Rankl/Opg mRNA ratio

associated with reduced recruitment of bone-resorbing osteoclasts (Kim et al., 2006; Li et

al., 2012; Xiong and O’Brien, 2012). Fluid flow also regulates molecules involved with

Wnt/β- catenin pathway activation (Kamel et al., 2010; Santos et al., 2009) and protects

against osteocyte apoptosis (Cheung et al., 2011; Kitase et al., 2010).

Related studies have broadened our knowledge of skeletal mechano-sensing through

transcriptomic (Mantila Roosa et al., 2011; McKenzie et al., 2011; Reijnders et al., 2013;

Rolfe et al., 2014; Xing et al., 2005) or proteomic investigations (Li et al., 2011; Zhang and

Wang, (2009) of heterogeneous cell populations from whole bones subject to in vivo

mechanical loading. Others have analyzed global gene expression specifically in osteocytes

isolated from loaded rat trabeculae (Wasserman et al., 2013) and osteocyte-like MLO-Y4

cells subjected to cyclic compressive force stimulation (Chen et al., 2010). However, no

single study has taken an integrated transcriptomic and proteomic approach.

In this study we evaluated the utility of two unbiased high-throughput approaches, gene

transcript microarrays and protein mass spectrometry, to investigate the response of

osteocytes exposed to fluid flow. We mapped a time course of flow-induced fluctuations in

both gene transcript levels and protein abundances at corresponding time points.
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Additionally, in spite of various post-transcriptional modifications, we computationally

predicted sequences of critical signaling nodes using an integrative bioinformatics approach.

We examined the hypothesis that this broadened inquiry will reveal a mechano-sensitive

shift in gene transcript and protein abundances in response to fluid flow, reflecting

regulation of known mechano-sensitive signaling pathways as well as novel signaling

networks. Our results demonstrate both individual and global shifts in signaling molecules

consistent with known regulation of bone metabolism. More importantly, we identified

signaling molecules and pathways not previously implicated in mechanotranduction in bone,

most notably, up-regulation of Cxcl1 and Cxcl2.

2. Methods

2.1. Cell culture

MLO-Y4 osteocyte-like cells (Kato et al., 1997), courtesy of Dr. Lynda Bonewald

(University of Missouri—Kansas City) were maintained in normal growth medium (α-

MEM [Invitrogen, Grand Island, NY] with 2.5% CS [Hyclone, Logan, UT], 2.5% FBS

[Lonza, Walkersville, MD], 1% Penicillin/Streptomycin) throughout all portions of the

experiment. Cells were seeded 48 hours prior to fluid flow on 75 × 38 × 1 mm glass slides

coated with 300 μg/ml Type I Collagen (BD Biosciences, Bedford, MA) for 1 hour and

washed. Cell seeding density was 1.35 × 104 cells/cm2 so that upon flow exposure, cells

were roughly 60% confluent and interconnected by dendritic processes.

2.2. Fluid flow stimulation

Samples were subjected to 2 hours of fully-reversed sinusoidal OFF with a peak shear stress

of 1 Pa (10 dynes/cm2) at a frequency of 1 Hz. As previously described (Haut Donahue et

al., 2004; Jacobs et al., 1998), glass slides were assembled within parallel plate flow

chambers in sterile conditions and placed within an incubator at 37°C and 5% CO2. A rigid-

walled inlet tube connected to a Hamilton glass syringe was actuated by a servo pneumatic

loading device (EnduraTec, Eden Prairie, MN). Paired controls were maintained in identical,

static chambers. After two hours treatment, flowed and static cells were either collected

immediately (0 hour time point) or glass slides were transferred to culture dishes and

incubated for 2, 8, or 24 hours post-flow in 10 ml fresh medium. When collecting samples,

medium was aspirated and cells were lysed directly on glass slides using RLT buffer

(Qiagen, Valencia, CA). For each time point, triplicate samples were collected on separate

days.

2.3. RNA and protein isolation

Total RNA was isolated using an Rneasy Mini Kit (Qiagen, Valencia, CA) per manufacturer

instructions. Protein was collected from the same samples according to Qiagen's

supplementary protocol for acetone precipitation using buffer RLT lysate flow-through from

RNeasy spin columns. Four volumes of acetone were added to flow-through followed by 30

minutes incubation at −20°C to induce protein precipitation. Samples were centrifuged at

20,000 g for 10 minutes, supernatant discarded, pellet washed with ice-cold ethanol, dried

and resuspended in 8 M urea.
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2.4. DNA microarray analysis

Analysis of total RNA was carried out as in Waters, et al. (Waters et al., 2011). First, quality

was verified using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).

Biotin-labeled cRNA was synthesized and fragmented using Affymetrix 3' IVT Express

reagents for hybridization to Mouse Genome 430A 2.0 GeneChips (Affymetrix, Santa Clara,

CA). After hybridization, the arrays were washed and stained with streptavidin-

phycoerythrin, and scanned at a resolution of 2.5 microns using an Affymetrix GeneChip

Scanner 3000. Quality control parameters were assessed throughout to assure maximum

efficiency of transcription, integrity of hybridization, and consistency of qualitative calls.

Synthesis and fragmentation of cRNA were assessed using the Agilent 2100 Bioanalyzer.

Spike-in control transcripts were monitored to verify hybridization integrity. Raw data files

were normalized using the Robust Multi-Array Analysis (Irizarry et al., 2003) and

significantly regulated genes identified by one-way ANOVA (unequal variance) with

Benjamini Hochberg false discovery rate (FDR) multiple testing correction (Dudoit et al.,

2004) and Tukey HSD post-hoc statistics at p<0.05 or p<0.1 using GeneSpring GX 12.5

software. Positive fold-changes were calculated as flow/non-flow quantities while negative

fold-changes were calculated as -1/(flow/non-flow). Raw microarray data files have been

submitted to the Gene Expression Omnibus under accession number GSE42874.

2.5. Real-time RT-PCR

Complimentary DNA was synthesized from total RNA from original samples using the

iScript reverse transcriptase kit (Bio-Rad, Hercules, CA). Quantitative PCR was then carried

out in triplicate with the QuantiTect SYBR-Green PCR kit (Qiagen, Valencia, CA) and

normalized to β-actin. The following murine-specific primers were used (5’ to 3’ direction):

Cxcl1 (forward) GCTTGTTCAGTTTAAAGATGGTAGGC, (reverse)

CGTGTTGACCATACAATATGAAAGACG; Cxcl2 (forward)

ACAGAAGTCATAGCCACTCTC, (reverse) GCCTTGCCTTTGTTCAGTATC; β-actin

(forward) AGATGTGGATCAGCAAGCAG, (reverse) GCGCAAGTTAGGTTTTGTCA.

Relative expression levels were calculated as 2^(Ct[βactin]-Ct[Cxcl1,2]) (Zhang and Chen,

2000). Average values (n=3) within each time point were compared with an unpaired

Student's t-test using Graphpad Prism 5 (La Jolla, CA).

2.6. Gene ontology (GO) analysis

Gene set enrichment for gene ontology biological process annotation was analyzed using

Ingenuity Pathway Analysis (IPA 9.0, Ingenuity Systems, www.ingenuity.com) to identify

the most significant cellular processes affected by flow. Canonical pathway analysis

identified pathways from the IPA library that were most significant to the data set of gene

transcripts demonstrating at least ±1.25 fold-change (p<0.1). The significance of the

association between the data set and the canonical pathway was measured in two ways: (1) a

ratio of the number of molecules from the data set that map to the pathway divided by the

total number of molecules that map to the canonical pathway was determined. (2) Fisher's

exact test was used to calculate a p-value determining the probability that the association

between the genes in the dataset and the canonical pathway is explained by chance alone.

The Functional Analysis identified associated biological functions and/or diseases. A right-
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tailed Fisher's exact test was used to calculate a p-value determining the probability that

each biological function/disease assigned to that data set is due to chance alone. A

denominator representing number of molecules associated with each function is not reported

as these databases are rapidly changing.

2.7. Proteomic analysis

Total protein was subjected to high mass accuracy liquid chromatography-mass

spectrometry (LC-MS) to resolve, detect, and identify individual peptide peaks for protein

quantification. Biological and technical replicates (n=3 and 2, respectively) of tryptically

digested and isolated peptides from each sample were prepared as previously described

(Brown et al., 2012) and subjected to LC-MS analysis using a LTQ-Orbitrap mass

spectrometer (MS; Thermo Scientific, Waltham, MA, USA) and an electrospray ionization

source manufactured in-house, as previously reported (Brown et al., 2012; Livesay et al.,

2008; Xie et al., 2011). The accurate mass and time tag approach (AMT) was utilized to

identify and quantify detected peptide peaks by integrating tandem MS data with quantified

accurate mass peptide peaks with FDR thresholds as previously described (Angel et al.,

2012; Brown et al., 2012). Identified tandem MS spectra were based upon the IPI Mouse

database downloaded 10-24-2007, containing 51,489 protein entries. An in-house software

program, DAnTE, was used to quantify protein values representing a composite of

normalized and correlated peptide values (Polpitiya et al., 2008). Levels of statistical

significance were determined from a basic central tendency normalization and one-way

ANOVA between flow and non-flow conditions. Proteomics raw data is made available at

http://omics.pnl.gov.

2.8. Integrative analysis

From lists of both significantly regulated gene transcripts (p<0.05) and proteins (p<0.1), an

integration network for MLO-Y4 cells exposed to fluid flow was generated using MetaCore

pathway analysis software (GeneGo, St. Joseph, MI) as similarly conducted by Waters, et al.

(Waters et al., 2011). This integration network was developed using the Analyze network

algorithm in which root nodes were established from microarray data in conjunction with

proteomic data, and additional neighboring nodes and edges established connectivity. These

additional nodes were ascertained through MetaCore's proprietary curated database of

mouse regulatory interactions. Sub-networks were created by segregation of the full network

and prioritized based on significance calculated from the proportion of nodes from the

experimental data in the sub-network. To identify significant transcriptional regulators in the

integrated dataset, the statistical Interactome tool was used in MetaCore to measure the

interconnectedness of genes and proteins in the experimental dataset. Statistical significance

of over-connected interactions was calculated using a hypergeometric distribution, where the

p value represents the probability of a particular mapping arising by chance for experimental

data (Nikolsky et al., 2009).
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3. Results

3.1. Transcriptome regulation by fluid flow

We detected approximately 14,000 unique gene products using microarray analysis of whole

cell lysates from flowed and non-flowed MLO-Y4 cells. Among these, 171 gene products

increased or decreased abundance relative to non-flow controls at one or more of the given

time points of 0, 2, 8, or 24 hours post-flow at a significance level of p<0.05 (Supplementary

Table 1). Similarly, 423 gene products were regulated at p<0.1 (Supplementary Table 2). As

we have done previously (Waters et al., 2011), we then utilized a fold change cut-off to

discern gene products of greatest interest. Table 1 identifies all transcripts significantly fluid

flow-regulated by at least ±1.5-fold change at any time point, including 13 at p<0.05 and 22

at p<0.1. Among the four time points we examined, the greatest number of fold changes

fitting these criteria occurred at 2 hours post-flow incubation; there were four changes at 0

hours, nineteen changes at 2 hours, and one change at 8 hours. The greatest up-regulation

occurred in mRNAs encoding C-X-C motif chemokines (Table 1). Cxcl1 increased 2.59-fold

immediately after OFF treatment. At 2 hours post-flow, Cxcl1, Cxcl2, and Cxcl5 increased

2.88, 4.33, and 3.48-fold, respectively. By 8 hours post-flow, levels dropped to non-

significant fold-changes (1.58, 1.76, and 1.73) and approached non-flow control values by

24 hours (−1.05, 1.05, and 1.06). The greatest fold decrease in all flow-regulated transcripts

was in Ccng2 (cyclin G2) with −4.62 at 0 hours. Noteworthy transcripts included in Table 1

despite regulation below the ±1.5-fold cutoff include Nfkb1 and Csf1, both up-regulated 1.2-

fold at 2 hours, Creb1, up-regulated 1.2-fold at 8 hours, and Pias1, down-regulated −1.2-

fold at 2 hours.

3.2. qPCR confirms up-regulation of Cxcl1 and Cxcl2

In order to confirm OFF regulation of specific gene transcripts, we performed quantitative

RT-PCR on RNA from the same samples. We chose to further examine expression of Cxcl1

and Cxcl2 as these are novel mechano-sensitive genes that also demonstrated the greatest

fold-increase of all gene products immediately after flow (0 hours) and 2 hours post-flow.

Accordingly, qPCR indicated that Cxcl1 transcript levels exhibited flow-induced fold

changes of 6.02 at 0 hours, 7.60 at 2 hours, 1.73 at 8 hours, and 1.52 at 24 hours (Figure 1).

Similarly, flow-induced fold changes in Cxcl2 were 3.73, 8.55, 2.46, and 1.21 at these

respective time points. Though only Cxcl1 at 0 hours post-flow achieved significance by

qPCR (p=0.039), patterns of Cxcl1 and Cxcl2 expression by qPCR are both in agreement

with the microarray analysis in Table 1. Also note in Figure 1 that flow-induced increases in

Cxcl1 and Cxcl2 transcript levels occurred alongside relatively steady non-flowed transcript

levels.

3.3. Gene ontology analysis associates gene changes with cell signaling and inflammatory
response

A list of 51 transcripts regulated by at least 1.25 fold-change (p<0.1) was mapped by

Ingenuity Pathway Analysis (IPA) software to identify their collective biological

associations. These associations are compiled from Ingenuity's curated database of

molecular associations in the literature. Table 2 lists select results for consideration in a

skeletal context. Top canonical pathway associations suggested signaling via ErbB
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(p=4.66×10−4) and FAK (p=3.81×10−3); of lower statistical significance were ERK/MAPK

(p=1.04×10−2) and NF-κB (p=4.01×10−2). Physiological function associations included

hematological and connective tissue development and function, hematopoiesis, and immune

cell trafficking. Molecular and cellular functions broadly related to cell morphology,

maintenance, proliferation, and movement.

3.4. Proteomic regulation by fluid flow

Cell lysates from these same flowed and non-flowed MLO-Y4 cells were assessed with high

mass accuracy LC-MS, identifying approximately 3,202 unique peptides corresponding to

approximately 558 proteins. Among these composite proteins, analysis of variance across all

time points revealed 59 proteins significantly regulated at p<0.1 and 24 at p<0.05 for at least

one time point (Table 3). Three are underlined as noteworthy signaling changes in

osteocytes. The most highly up-regulated was S100-A6—also known as Calcyclin—which

increased 2.43-fold (p=0.002) at 8 hours post-flow but decreased by −1.75-fold (p=0.014) at

24 hours. S100-A6 was also the only protein with changes at two time points significant at

p<0.05. Nucleoside diphosphate kinase B (NDK) increased 1.97-fold (p=0.039) at 8 hours.

G protein-coupled receptor kinase 6 (GRK-6) increased 1.51-fold (p=0.005) at 8 hours. Note

that 18 of the 25 fold-changes significant at p<0.05 occurred at the 8 hour time point. This

draws a distinction from transcriptomic data, which demonstrated greatest overall flow

regulation at 2 hours post-flow.

3.5. Integrative analysis reveals signaling nodes not detected by microarray or mass
spectrometry

From these microarray and mass spectrometry results, a regulatory network was computed

using MetaCore software to integrate both transcriptional data (171 genes regulated at

p<0.05) and proteomic data (59 proteins at p<0.1). Figure 2 depicts gene and protein

associations (red and blue circles, respectively) for the three most significantly enriched

transcription factors in the dataset: c-Myc (p=2.09×10−7), c-Jun (p=1.82×10−6), and

RelA/NF-κB (p=8.39×10−6). These three transcription factors are over-connected to seed

nodes relative to what would be expected by chance alone.

4. Discussion

The goal of this study was to establish the utility of high-throughput transcriptomic and

proteomic analyses to unravel the mechano-sensitive response of MLO-Y4 cells subjected to

OFF. We hypothesized that this global analysis would reflect regulation of genes and

proteins previously known to be responsive to fluid flow while also identifying novel

mechano-sensitive signaling molecules and pathways. Gene transcription and protein levels

demonstrated a shift attributable to two variables: fluid flow or non-flow treatment, and time

in post-treatment incubation. Non-flowed MLO-Y4 cells displayed widely shifted

expression levels throughout 24 hours post-incubation due to changes in environmental

stimuli before and after sham flow treatment, including fresh medium, transfer to treatment

chambers, and incubator acclimation. As such stimuli are controlled across flow and non-

flow samples, we attribute variation from the non-flow temporal pattern to the fluid flow
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stimulus. Within each time-point, we quantified this variation as fold-change in detected

gene transcripts and proteins.

Accumulating evidence indicates that osteocytes are able to regulate both anabolic effector

cells (mesenchymal stem cells, pre-osteoblasts, and osteoblasts) and catabolic effector cells

(osteoclasts) (Hoey et al., 2011; Raheja et al., 2008; Schaffler et al., 2014). Our proposal that

OFF elicits diverse cellular signaling functions is bolstered by gene ontology analysis (Table

2) implicating known anabolic, mechano-sensitive pathways—FAK and ERK/MAPK —

alongside inflammatory IL-17A signaling and immune cell trafficking. These latter

functions suggest possible osteocytic activation of the catabolic arm of bone remodeling:

recruitment of macrophage-derived osteoclasts. Indeed, this is consistent with the dose-

dependent contribution of Cxcl2 toward osteoclast recruitment (Ha et al., 2011; Oue et al.,

2012), up-regulation of macrophage colony-stimulating factor, Csf1 (Table 1) (Boyle et al.,

2003) and widespread up-regulation of cytokine transcripts. The molecule Nfkb1, up-

regulated by flow, encodes pro-inflammatory NF-κB and the NF-κB inhibitor Pias1 (Liu et

al., 2005) was suppressed by flow. The ligand for NF-κB, commonly known as RANKL, is

necessary for osteoclast formation and catabolic remodeling (Xiong and O’Brien, 2012).

The RANKL/OPG ratio could not be determined since regulation was not statistically

significant.

The transcriptome also provides context to explore novel mechano-sensitive pathways. Most

notably, OFF up-regulated the levels of mRNAs encoding inflammatory chemokines Cxcl1

and Cxcl2 more than all other transcripts detected at 0 hours. With supporting qPCR data,

this strongly suggests that these genes are up-regulated by OFF. Previous microarray

analyses also reported early up-regulation of Cxcl1 in loaded rat ulnas (Xing et al., 2005)

and Cxcl2 in MLO-Y4 cells following cyclic compression (Chen et al., 2010). We propose

that the products of these genes—pro-inflammatory chemokine ligands—may serve as

migratory, proliferation, or differentiation cues for short-lived, translocating osteolineage

cells (Park et al., 2012). An influx of inflammatory factors like that accompanying woven

bone formation (McKenzie et al., 2011) commonly precedes tissue repair and remodeling.

Osteocytes increase mRNA expression of a similar chemokine Cxcl12 (Sdf1) following

mouse ulnar loading, as do MLO-Y4 cells exposed to OFF, and antagonism of the CXCL12

receptor CXCR4 attenuates both load-induced bone formation (Leucht et al., 2013) and

fracture repair (Toupadakis et al., 2012). Yet, CXCL12 alone is insufficient for increasing

proliferation or differentiation of a stem cell line in vitro, suggesting that additional factors

mediate mechanical adaptation (Leucht et al., 2013). CXCL1, CXCL2, and CXCL5 each

bind to receptor CXCR2, which is expressed by both murine and human bone marrow

mesenchymal stem cells (Chamberlain et al., 2008). CXCR2 ligands stimulate migration in a

variety of cell types, including endothelial progenitors (Jones et al., 2009; Miyake et al.,

2013), hematopoietic stem cells (Fukuda et al., 2007; Yoon et al., 2012), and human bone

marrow mesenchymal stem cells (Nedeau et al., 2008; Ringe et al., 2007). Up-regulation of

Cxcl1 and Cxcl2 suggests a novel paracrine means by which osteocytic cells exposed to

fluid flow might increase local bone formation.

Using LC-MS, we detected peptides corresponding to 558 proteins, including 24 proteins in

Table 3 differentially expressed with 95% significance. Three up-regulated proteins are of
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particular interest: NDK is an enzyme that converts ADP to ATP which is released by

mechanically stimulated osteocytes (Genetos et al., 2007). Thus, NDK may play a further

critical, as yet unappreciated role in mechanotransduction. S100-A6, also known as

Calcyclin, was the most highly up-regulated protein following exposure to OFF.

Interestingly, Calcyclin is a calcium-binding protein which, when over-expressed, increases

proliferation and expression of alkaline phosphatase mRNA in pre-osteoblastic MC3T3-E1

cells (Hwang et al., 2004). Lastly, GRK-6 is an enzyme critical to G protein-coupled

receptor activation of downstream signaling events and has not previously been implicated

in mechanotransduction. Together, regulation of these proteins exemplifies the capability of

this proteomics approach for identifying novel factors that regulate bone cell activity in

response to a mechanical stimulus.

Next, using an integrative informatics analysis to combine both transcript and protein data,

we identified central signaling network control nodes implicated by the collective data.

Intriguingly, neither mRNA data from microarrays nor peptides from MS-based proteomics

alone revealed a flow-responsive role for the two most highly over-connected signaling

nodes, transcription factors c-Myc and c-Jun, exemplifying how central control molecules

may be revealed computationally from combinations of data platforms. Future studies could

directly examine activation (e.g., via ChIP-Seq) of transcription factors c-Myc, c-Jun, and

RelA/NF-κB. To our knowledge, this integrative approach has not yet been employed to

examine mechanotransduction in any cell type.

Our results demonstrate a modest magnitude of flow regulation of gene transcription and

protein expression. Such fold-changes may bring about a cumulative response to a stimulus

that alters bone density over days to months in vivo. In the short term, mRNA fold-changes

may be potentiated or inhibited by post-transcriptional modification, thus explaining some

of the differences between detected gene transcript fluctuations and protein levels. Also, the

0, 2, 8, and 24 hour time-points represent snap-shots of changes so that a continuum of

intervening fluctuations and encoded proteins remains undetected. For instance, Ptgs2—

which encodes anabolic Cox-2 and has been shown to be up-regulated by pulsatile fluid

flow (PFF) and OFF (Kamel et al., 2010; Li et al., 2012; Litzenberger et al., 2010)—was not

significantly regulated in our observations, though expression increased 1.37-fold at 2 hours

and 1.45 at 8 hours. The greatest and most numerous changes in transcript levels occurred at

2 hours post-flow while protein levels followed with greatest regulation at 8 hours. By 24

hours, most transcript and protein levels returned close to those of non-flow controls,

indicating that this 24 hour window is sufficient for capturing the predominant osteocytic

OFF response. Progressive examination of intervening time-points, for instance 1, 3, 6, and

12 hours post-flow, would provide further insight into the dynamic response to OFF.

Though our monolayer fluid flow stimulation is highly reproducible, this mechano-stimulus

remains a rough approximation of three-dimensional canalicular fluid flow. The MLO-Y4

cell line also does not express all genes and proteins detected in primary osteocytes, which

have proven difficult to isolate in cell culture. Specifically, Sost, the gene encoding

Sclerostin (Mabilleau et al., 2010; Woo et al., 2011) and strongly implicated in bone

mechanotransduction, is not expressed by MLO-Y4 cells. A more recently developed

osteocytic cell line, IDG-SW3, may express Sost when terminally differentiated (Woo et al.,
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2011). We speculate that expression of Sost will adjust levels of numerous associated

transcripts and proteins. Indeed, a comparison of our data with the results of a future

transcriptomic/proteomic analysis of IDG-SW3 cells exposed to OFF could provide critical

insights into the roles of Sclerostin in mechanotransduction by osteocytes.

This complimentary analysis of gene transcript and protein levels has enabled the detection

of both conventional and previously unreported signaling molecules at play in osteocytic

MLO-Y4 cells subjected to fluid flow. Application of high-throughput quantification allows

a progression away from a candidate approach for discovering mechano-sensitive signaling

pathways and towards the integration of data into predictive networks. These signaling

networks hold future potential for pinpointing opportunities for therapeutic interventions.

More important presently, these studies suggest that OFF up-regulates both Cxcl1 and

Cxcl2, supporting the concept that OFF regulates both arms of bone remodeling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cxcl1 and Cxcl2 gene transcript levels by real-time RT-PCR
Quantitative analysis of the same RNA used in microarrays supports observed up-regulation

of both Cxcl1 and Cxcl2 in MLO-Y4 cells subject to OFF (blue) relative to non-flow

controls (red) over initial 2 hours of post-flow incubation. Graphs indicate mean +/− SEM,

n=3 per time point, (*) indicates p=0.039 for 0 hr Cxcl1, p=0.198 for 2 hr Cxcl1, p=0.192 for

0 hr Cxcl2, p=0.149 for 2 hr Cxcl2.
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Figure 2. Integrative network analysis
MetaCore network analysis integrating both gene data (red circles) and protein data (blue

circles) into regulatory sub-networks active in the response of MLO-Y4 cells to OFF. The

inferred central transcription factors c-Myc (p=2.09×10−7), c-Jun (p=1.82×10−6), and

RelA/NF-κB (p=8.39×10−6) are the most significantly over-connected to the observed

dataset.
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Table 1

Flow-induced fold changes in gene transcripts revealed by microarray analysis.

Gene GO Biological Process 0 hours 2 hours 8 hours 24 hours

Cxcl1 Inflammatory response 2.59* 2.88** 1.58 −1.05

Cxcl2 Chemotaxis 2.54 4.33* 1.76 1.05

Cxcl5 Cytokine production 2.22 3.48** 1.73 1.06

Zc3h12a Angiogenesis 1.53 2.31** 1.22 1.06

Pdlim5 Regulation of synaptogenesis 1.52** 1.05 −1.03 −1.08

Ereg Angiogenesis 1.37 1.72** 1.17 1.04

Ripk2 Positive regulation of cytokine-mediated signaling pathway 1.26 1.54* 1.07 −1.05

Csf1 Ossification 1.19 1.19* 1.05 −1.01

Nfkb1 Negative regulation of cytokine production 1.17 1.23* 1.07 1.03

Creb1 cAMP responsive element binding protein 1 1.09 1.00 1.21* 1.00

Pik3r1 Positive regulation of protein phosphorylation −1.00 1.51* 1.11 −1.05

Nr2f2 Negative regulation of transcription −1.07 −1.54* −1.18 −1.09

Ndrg1 Mast cell activation −1.14 −1.53** −1.02 1.03

Afp Ovulation from ovarian follicle −1.14 1.45 1.97** 1.01

Osr1 Metanephros development −1.16 −1.51* −1.21 −1.04

Pgm2 Carbohydrate metabolic process −1.22 −1.52** −1.05 −1.04

Pias1 Negative regulation of transcription −1.23 −1.24* −1.01 −1.12

Slc2a1 Transport −1.27 −1.62** 1.08 1.01

Sap30 Negative regulation of transcription −1.32 −1.51* 1.06 −1.12

Scd2 Lipid metabolic process −1.40 −1.64* −1.20 −1.07

Ero1l Protein folding −1.41 −1.67* −1.06 −1.01

Egln1 Response to hypoxia −1.48 −1.90** −1.11 −1.03

Selenbp1 Transport −1.59 −2.37** −1.71 1.06

Higd1a Response to stress −1.91** −2.08** 1.06 −1.06

Bnip3 Response to hypoxia −2.52 −3.96* −1.12 1.03

Ccng2 Cell cycle −4.62** −2.84 1.03 −1.04

Flow vs. non-flow fold increase or decrease for all gene transcripts having at least ±1.5-fold change at one or more time points (exceptions are
Nfkb1, Csf1, Creb1, and Pias1) at a significance of p<0.1 (*) or p<0.05 (**). Results are from microarray analysis of MLO-Y4 cells exposed to 2
hours OFF and post-incubated for the given time.
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Table 2

IPA analysis of signaling pathways, physiological functions, and molecular/cellular functions associated with

flow-induced changes in gene transcripts.

Top Canonical Pathways p-value Ratio Associated Molecules

ErbB Signaling 4.66E-04 5/90 Btc, Ereg, Pak3, Pik3r1, Sos1

Focal Adhesion Kinase Signaling 3.81E-03 4/106 Pak3, Pik3r1, Sos1, Tln1

Neuregulin Signaling 5.26E-03 4/104 Btc, Ereg, Pik3r1, Sosl

Paxillin Signaling 5.73E-03 4/117 Pak3, Pik3r1, Sos1, Tlnl

Role of IL-17A in Arthritis 7.27E-03 3/64 Cxcl3, Cxcl6, Pik3r1

ERK/MAPK Signaling 1.04E-02 5/211 Pak3, Pik3r1, Ppp1r14c, Sos1, Tln1

NF-κB Signaling 4.01E-02 4/181 Irak4, Peli1, Pik3r1, Tirap

Physiological System Development and Function p-value # Molecules

Hematological System Development and Function <4.89E-02 21

Hematopoiesis <3.41E-02 8

Immune Cell Trafficking <4.89E-02 15

Connective Tissue Development and Function <4.25E-02 21

Molecular and Cellular Functions p-value # Molecules

Cell Morphology <4.89E-02 20

Cellular Function and Maintenance <4.89E-02 21

Cellular Growth and Proliferation <4.25E-02 45

Cellular Movement <4.89E-02 31

Results from Ingenuity Pathway Analysis software deriving gene ontology associations from transcript levels changing >1.25-fold (p<0.1). The
software assigns a p-value based on the probability that the functional assignment is due to chance alone. “Ratio” indicates number of molecules
from the data set that map to the pathway divided by the total number of molecules that map to the canonical pathway. Under “# Molecules”, a
denominator representing number of molecules associated with each function is not reported.
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Table 3

Flow-induced fold changes in protein levels inferred from liquid chromatography-mass spectrometry.

Protein GO Biological Process 0 hours 2 hours 8 hours 24 hours

Hnrnpu mRNA Processing 1.25 1.09 1.26* −1.06

FUSE-binding protein 2 mRNA Processing −1.03 −1.04 −1.03 −1.48*

Cavin-1 Transcription −1.03 1.01 −1.35* 1.28

HMG-I(y) Transcription −1.31 −1.14 1.05 −1.43*

Efemp1 Transcription −1.08 1.05 −1.27* 1.08

Dpy-30L Transcription −1.32 −1.07 −1.25 −2.23*

Psmc4 Protein catabolism, folding, and transport −1.34 −1.34 −1.40* −1.08

Tcp-1 zeta Protein catabolism, folding, and transport 1.07 1.11 −1.36* 1.00

Rab GDI beta Protein catabolism, folding, and transport −1.05 −1.05 −1.31* −1.05

Nucleoside diphosphate kinase B Biosynthetic processes 1.36 1.22 1.97* −1.15

C1-THF synthase Biosynthetic processes −1.07 −1.04 −1.76* −1.13

Valyl tRNA synthase tRNA aminoacylation −2.07 1.14 −1.39* −1.17

Nucleolin Nucleotide binding −2.48 −1.24 −1.69* 1.27

CCN family member 2 Regulation of cell growth 1.59 1.33* 1.43 1.10

MCG11809 Translation −1.04 1.01 −1.25* −1.02

Putative uncharacterized protein DNA replication −1.20 1.27* −1.18 1.18

Hemoglobin alpha adult chain Heme, oxygen binding −1.14 −1.27 1.55* −1.22

S100-A6 (Calcyclin) Not indicated −1.11 −1.14 2.43* −1.75*

Deoxyuridine triphosphatase Not indicated −1.23 1.04 −1.51* 1.13

Fibronectin Not indicated −1.02 −1.08 −1.40* −1.27

similar to Tubulin, alpha 3C isoform 3 Not indicated 1.20 1.11 1.48* −1.06

G protein-coupled receptor kinase 6 Not indicated 1.19 −1.18 1.51* −1.04

similar to ribosomal protein L39 Not indicated −1.09 1.04 −1.28* 1.34

ribosomal protein SA Not indicated 1.03 1.30* −1.02 1.16

Flow vs. non-flow fold increase or decrease in MLO-Y4 protein levels inferred from peptides detected by liquid chromatography-mass
spectrometry. Proteins listed with associated gene ontology biological process and fold-change at each post-incubation time point. n=3, (*)
indicates p<0.05. Proteins of special interest (discussed further in text) are underlined.
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