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Abstract
There is strong clinical evidence that implicates tenofovir in the loss of bone mineral density during
treatment of human immunodeficiency virus infection. In this study, we sought to test the hypothesis
that tenofovir treatment of osteoblasts causes changes in the gene expression profile that would
impact osteoblast function during bone formation. Primary osteoblasts were isolated and then treated
with the tenofovir prodrug, tenofovir disoproxil fumarate (TDF). Total RNA from TDF-treated and
untreated osteoblasts were extracted and used for microarray analysis to assess TDF-associated
changes in the gene expression profile. Strikingly, the changes in gene expression profiles involved
in cell signaling, cell cycle and amino acid metabolism, which would likely impact osteoblast function
in bone formation. Our findings demonstrate for the first time that tenofovir treatment of primary
osteoblasts results in gene expression changes that implicate loss of osteoblast function in tenofovir-
associated bone mineral density loss.
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Introduction
There are currently over 30 million people infected with human immunodeficiency virus
(HIV). Highly active antiretroviral therapy (HAART) has been very successful in the clinical
management of HIV infection. Nucleoside reverse transcriptase inhibitors (NRTIs) are used
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in virtually all HAART regimens. The NRTIs target HIV reverse transcriptase and prevent the
synthesis of viral cDNA from the genomic RNA. NRTI's act as chain terminators of HIV DNA
synthesis since NRTIs lack a 3′-hydroxyl group on the deoxyribose and following incorporation
the next incoming deoxynucleotide cannot form a new 5′-3′ phosphodiester bond that is
required to extend the synthesis of the DNA chain. HIV drug resistance and associated drug
metabolic disorders have driven the need for the identification of new drug targets and the
development of new anti-HIV drugs.

Tenofovir, 9-(R)-{2-(phosphonomethoxy)propyl}adenine or PMPA, is a nucleotide analog
that was approved in 2001 for use in treating HIV infection and more recently for chronic
hepatitis B infection. Tenofovir disoproxil fumarate (TDF) is the prodrug form. Tenofovir is
popular and well prescribed for several reasons. First, tenofovir has improved potency as it is
a nucleotide and has an abbreviated intracellular activation pathway to allow a more rapid and
complete conversion to the active drug. Second, TDF has a labile lipophilic group to facilitate
penetration through target cell membranes. Third, tenofovir is not known to be a substrate,
inducer or inhibitor of human cytochrome P450 enzymes in vitro or in vivo. Fourth, tenofovir
has high potency and an unusually durable response when used in trials of single-agent therapy
intensification in highly treatment-experienced individuals. Fifth, the active metabolite,
tenofovir diphosphate, exhibits a long intracellular half-life in both resting and activated
peripheral blood mononuclear cells, which allows for single daily dosing.

HIV infection [1;2;3;4] as well as tenofovir treatment of adults [5] have been implicated in
causing osteopenia. Tenofovir-associated loss of bone mineral density has also been observed
with children and adolescents [6;7;8]. Similar findings of reduced bone mineral density have
been reported with use of tenofovir during infection of macaques with simian
immunodeficiency virus [9;10;11].

Osteoblasts, which are derived from meschenchymal stem cells, synthesize collagen and
glycoproteins that forms osteoid [12]. Osteoclasts, which are derived from hematopoietic stem
cells, on the other hand, resorb bone. Bone is a dynamic tissue characterized by cycles of bone
resorption and bone formation. Osteoblast differentiation is regulated by many cytokines
including bone morphogenetic proteins (BMPs), which are necessary for inducing osteoblast
differentiation and maintaining the differentiated state of committed osteoblasts [13;14];
transforming growth factor beta (TGF-beta), which is a regulator of osteoblast differentiation
[15]; and fibroblast growth factor (FGFs), which antagonizes the positive osteoblast
differentiation effects of the Wnt signaling pathway [16]. Extensive cell signaling between
osteoblasts and osteoclasts is required for maintaining a balance in the activities of osteoblasts
and osteoclasts. Changes in osteoblast function can lead to reduced bone and either osteopenia
or osteoporosis.

Based upon the observations of tenofovir-associated reduced bone mineral density, we sought
to explore the basis for these clinical observations. In this study, we investigated whether
tenofovir could perturb osteoblast gene expression profiles in a manner that could impact
osteoblast function in bone formation. To do this, we initially harvested primary murine
osteoblasts and exposed them to various TDF concentrations. TDF concentrations that were
physiologically relevant to the clinical dosing in humans were then further used for treating
primary osteoblasts followed by isolation of total RNA for use in microarray analysis. We
observed a wide spectrum of gene expression changes in osteoblast genes, including many
associated with osteoblast function in bone formation. Our findings show for the first time that
tenofovir can result in the perturbation of osteoblast gene expression and that these changes
implicate loss of osteoblast function that could lead to reduced bone mineral density.
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Materials and Methods
Primary osteoblast cultures

Primary osteoblasts were isolated as previously described [17]. Calvaria from 7-10 day old
C57/BL6 mice were dissected and subjected to sequential digestions with 2 mg/mL of
collagenase A (Roche Molecular Biomedicals) in MEM solution containing 0.25% trypsin
(Gibco) for 20, 40 and 90 min. The third digestion was plated at 1.5 × 104 cells/cm2. Cells
were maintained at 37 C in a humidified atmosphere of 5% CO2, in MEM media containing
10% FBS, 1% penicillin/streptomycin, and 1% non-essential amino acids. Upon confluency,
cells were differentiated with ascorbic acid (50 μg/mL)-containing media (Sigma-Aldrich).

Cell viability
A serial dilution series (i.e., 500 uM, 250 uM, 50 uM 5 uM, 500 nM, or 50 nM) of TDF was
added to the cell culture media of primary murine osteoblast cultures for 3 days, refreshing the
cells with fresh media with TDF every 24h. Cell viability was determined by measurement of
cellular ATP using the CellTiter-Glo Luminescent Cell Viability Assay using the
manufacturer's instructions (Promega, Madison, WI).

Microarray analysis
Primary murine osteoblasts were prepared and treated with 500 nM TDF for 10 days as
described above. Total RNA from primary osteoblasts was then extracted using the RNeasy
mini plus kit (Qiagen, Valencia, CA). Four independent replicates from TDF-treated and
untreated primary osteoblasts were analyzed. Two gene chips were used in each replicate
experiment. The purity and concentration of total RNA was determined based on OD 260/280
readings. Assistance in RNA quality control, labeling, hybridization, and initial data analysis
was provided by Genome Explorations Inc. (Memphis, TN). The integrity of the RNA was
examined by capillary electrophoresis using a Bioanalyzer 2100 (Agilent Technologies, Santa
Clara, CA) with RNA 6000 Neno Lab-in-a-Chip Kit (Agilent Technologies) following
manufacturer's instructions. Total RNA was used for cDNA synthesis with the reverse
transcription-in vitro transcription (RT-IVT) method [18] using the GeneChip WT cDNA
Synthesis and Amplification kit (Affymetrix, Santa Clara, CA) according to manufacturer's
instructions.

Fragmented and labeled cDNA was hybridized for 17 h at 45 C to GeneChip Mouse Gene 1.0
ST Arrays (Affymetrix). The mouse Gene 1.0 ST array is an expression array featuring whole
genome-transcript coverage with 750,000 unique oligonucleotide probes representing a total
number of 28,853 mouse genes. There were approximately 27 probes covering the full length
of each gene. Arrays were washed and then stained using a Fluidics Station 450 reagent
(Affymetrix) followed by a second staining step with phycoerythrin-conjugated streptavidin
(Invitrogen) according to recommended procedures from the manufacturer. The fluorescence
intensities were the measured using a GCS 3000 7G high-resolution confocol laser scanner
and analyzed with Affymetrix GeneChip Expression Console™ software (Affymetrix).
Background correction, normalization, and signal summarization (per probe set) were
calculated accordingly [19]. For each transcript, an independent t-test (5% confidence) was
applied to assess significance of expression level based on RMA absolute signal log ratios ≥
1.0. The following resources were used to compose gene annotation, gene ontology, and
biochemical pathway: National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov), NetAffx (http://www.affymetrix.com), Gene Ontology
Consortium (http://amigo.geneontology.org), Kyoto Encyclopedia of Genes and Genomes
(http://www.genome.jp/kegg), and WebGestalt (http://bioinfo.vanderbilt.edu/webgestalt).
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Quantitative real-time PCR
Primary murine osteoblasts were prepared and treated with 500 nM, 1 uM, and 2 uM TDF as
described earlier. Ten days post-treatment, cells were washed in 1× phosphate-buffered saline
(PBS) twice prior to RNA extraction. The RNeasy mini plus kit (Qiagen, Valencia, CA) was
used to obtain total RNA and to remove traces of genomic DNA contamination from cells
based on manufacturer's instructions. Immediately following RNA extraction, 500 ug of total
RNA from each sample was used to generate first stand cDNA as templates for quantitative
PCR (qPCR) with the Transcriptor High Fidelity cDNA kit (Roche Applied Science,
Indianapolis, IN). SYBR green qPCR reagents from Invitrogen (Carlsbad, CA) were used to
detect real-time gene expression with an initial denaturation at 95 C for 3 minutes and 35 cycles
of 15 seconds at 94 C, 30 seconds at 60 C, and 30 seconds at 72 C.

Results
The goal of this study was to determine whether in vitro treatment of primary osteoblasts with
TDF, the prodrug of tenofovir (Fig. 1A, B), would alter gene expression as determined by
microarray analysis, and provide insights into how TDF exposure may influence osteoblast
function. We first investigated the effect of TDF exposure on cell viability. We sought to
determine whether physiologically relevant TDF concentrations corresponding to the dosing
of TDF in antiretroviral therapy had any effects on cell viability. A range of TDF concentrations
(50 nM to 500 uM) were analyzed for their effects on osteoblast viability. The highest TDF
concentrations analyzed, i.e., 50 uM, 250 uM and 500 uM, were found to significantly reduce
cell viability (Fig. 1C). The lower TDF concentrations, i.e., 50 nM, 500 nM and 5 uM, had no
effect on cell viability. Tenofovir has been shown to cause very little cytotoxicity in human
HepG2 and skeletal muscle cell lines, with average CC50 of 399 and 870 uM, respectively
[20]. It is to be expected that primary culture is more sensitive to drug treatment in comparison
to immortalized cell lines. As shown in our cytotoxicity assay, primary osteoblast cultures are
sensitive to much lower concentrations of TDF (Fig. 1C). Based upon these results, we chose
the TDF concentration of 500 nM for analyzing the impact of TDF exposure on osteoblast gene
expression in primary cells. This TDF concentration is physiologically relevant based upon
the serum concentrations and dosing regimens used in antiretroviral therapy of HIV infected
individuals [21; 22].

Primary osteoblasts were treated with 500 nM TDF, and then total RNA was extracted and
analyzed for yield and integrity by capillary electrophoresis (data not shown). Samples were
used as templates for cDNA synthesis and used to generate cDNAs that were then prepared
for use in microarray analysis. Two gene chips were used in each replicate experiment and a
total of four independent replicate experiments were performed. A student t-test (p-value ≤
0.05) was used to filter for probe sets that exhibit an absolute fold-change ≥ 1.5. The microarray
analysis was intensive and allowed for the thorough analysis of osteoblast gene expression
profiles. As described below, this intensive approach helped focus the gene expression profile
on a relatively limited number of transcripts (i.e., under 80). Another likely variable that was
responsible for the focused gene expression profile was the replicate-to-replicate variability of
TDF treatment of primary osteoblasts. Finally, limited uptake of TDF by osteoblasts in tissue
culture and in the absence of the bone microenvironment could also explain the focused gene
expression profile.

A heat map was generated from the gene expression profile obtained from the microarray data
(Fig. 2). From this heat map, a total of seventy-nine transcripts were identified to have
significantly altered gene expression profiles in groups treated with TDF. Hierarchical
clustering analysis was done for the gene expression data. The dendrograms were generated
based on average linkage hierarchical clustering of expression data. Supplemental Table 1 lists
the resulting gene expression profile of transcripts with significant expression changes as
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identified from intensive microarray analysis of TDF-treated primary osteoblasts. The Log2
fold change was determined as well as the t-test p-values for TDF treatment versus that of the
control. Twenty-six of the 79 (i.e., 33%) transcripts were upregulated, with the largest increases
observed with Serpina3n, Ass1, and Anxa8, (1.266939, 1.134408,1.128678, respectively).
Fifty-three of the 79 (i.e., 67%) transcripts were downregulated, with Rspo2, Snora44, and
Pgm5 (-1.039561, -1.000873, and -0.993176, respectively) having the greatest reduction in
transcript levels.

The KEGG (i.e., Kyoto Encyclopedia of Genes and Genomes) database was used for analyzing
the pathways associated with the identified genes (Table 1). The use of KEGG allowed us to
identify networks of molecular interactions involved in the response of primary osteoblasts to
TDF treatment. Notably, several signaling pathways (i.e., Wnt, TGF-beta, Hedgehog, VEGF
and MAPK) were identified as well as several involved in amino acid metabolism (i.e., arginine
and proline, glycine, serine and threonine, and alanine and aspartate) and energy metabolism.
The regulation of cell cycle was also implicated by the identification of Cdkn1a, cyclin-
dependent kinase inhibitor 1A (p21), which is a negative regulator of CDK and the cell cycle.

Gene Ontology (GO) analysis was done on the transcripts showing either up-regulation or
down-regulation following TDF-exposure of primary osteoblasts (Supplemental Fig. 1). A
couple of particularly notable observations can be made from this analysis. First, a large number
of the transcripts encode for extracellular proteins, which include molecules involved in
signaling pathways as well as proteins involved in molecule transporters. Second, many types
of proteins involved in amino acid metabolism were identified as having their gene expression
altered by TDF exposure.

To further assess the results from the microarray analysis, a limited number of transcripts were
selected (i.e., Rac3, Acvr2a, Hhip, and Ecm1) for qPCR analysis. These gene transcripts were
selected based upon their general relevance to cell signaling pathways or processes that could
be associated with osteoblast function or differentiation. Three independent experiments were
performed for this assay and the 18S rRNA was used as an internal control for determining the
relative level of gene expression. We were able to conclude general verification on the up- or
down-regulation of transcript expression as determined by the microarray results at a success
rate of 83% (Table 2). The differences for Rac3 and Ecm1 were statistically significant. The
observed discrepancies with the microarray data may be due to the SYBR green method used
for qPCR, which is a relatively non-quantitative method for qPCR compared to other
methodologies (e.g, TaqMan). Also, more than 1 housekeeping gene is likely required in order
to establish accurate normalization for the verification of the small fold differences observed
in the microarray analysis. Finally, alternative splicing and the differences in detection between
the microarray probes versus that of the qPCR probes could result in discrepancies.

Discussion
Tenofovir is a successful anti-HIV drug used in HAART regimens that has been associated
with reduced bone density [23]. In this study, we investigated whether the exposure of primary
osteoblasts in vitro led to significant changes in gene expression profiles. We chose primary
murine osteoblasts for analysis as they provide a readily tractable model system to assess the
mechanism(s) involved in tenofovir-mediated reduction in bone density that can be readily
translated into mouse models of HIV infection. Such models would allow for the in vivo
analysis of TDF administration on bone morphology in the context of HIV infection.

Microarray analysis was used for the identification of genes whose gene expression was altered
due to TDF exposure. The gene expression of several genes involved in amino acid biosynthesis
and metabolism were down regulated in response to TDF exposure (Table 1, Supplemental
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Table 1). The general impact of this downregulation is reduced osteoblast growth, activity and
differentiation. We also identified genes with altered gene expression that are involved in six
different signaling pathways. These pathways include the Wnt (frizzled homolog 4, frizzled-
related protein, Rac3), transforming growth factor-beta (TGF-beta) (activin receptor IIA,
inhibin beta-B), Hedgehog (hedgehog-interacting protein), MAPK (Rac3), VEGF (Rac3), B
cell receptor (Rac3), and the Fc epsilon RI signaling pathway (Rac3). The Wnt proteins are
secreted morphogens required in many species and organs for many basic developmental
processes, such as cell-fate specification, control of asymmetric cell division, and progenitor-
cell proliferation. There are minimally three distinct Wnt pathways: the canonical pathway,
the planar cell polarity (PCP) pathway and the Wnt/Ca2+ pathway. There were 3 Wnt-
associated genes identified from our microarray analysis whose gene expression was perturbed
by exposure to TDF: frizzled homolog 4, frizzled-related protein, and Rac3. The secreted
frizzled-related proteins have been reported to inhibit osteoblast differentiation [24] and their
observed downregulation of frizzled homolog 4 and frizzled-related protein by TDF
(Supplemental Table 1) could result in reduction of bone density.

We recently evaluated the effect of tenofovir exposure on the gene expression profile of primary
osteoclasts [25]. Specific downregulation of Gnas, Got2 and Snord32a was observed. The
downregulation of Gnas gene expression may result in less MAPK/ERK signaling and
ultimately a reduction in osteoclast proliferation and actin filament formation – resulting in
decreased bone resorption. In context of TDF-mediated reduced bone density, this supports
the model that the downregulation of bone formation by osteoblasts is associated with bone
density loss. Got2 is a mitochondrial enzyme involved in energy transduction, specifically
amino acid metabolism as well as the urea and tricarboxylic acid cycles. It is of particular
interest that in this study, we also observed altered gene expression of Ass1 and Pycr1, which
are also both involved in amino acid metabolism (and the urea cycle in the liver of mammals).
KEGG pathway analysis indicated that the enrichment of these particular genes was highly
significant (Table 2). Ass1 is a cellular enzyme while Pycr1 is a mitochondrial enzyme.
Perturbation of amino acid metabolism following exposure to TDF in both osteoblasts and
osteoclasts suggests alteration in bone homeostasis. Like Snord32a, SnorA44 is also a small
nucleolar RNA (snoRNA). In particular, SnorA44 belongs to the H/ACA box class of snoRNAs
as it has the predicted hairpin-hinge-hairpin-tail structure, and is predicted to guide the
pseudouridylation of U822 and U686 of 18S ribosomal RNA (rRNA). The snoRNAs are
essential for regulating biological functions such as RNA processing and modifications, gene
expression, protein trafficking, and genome stability. The reduction in SnorA44 expression,
like that of Snord32a, could result in a decrease of fully functional ribosomes, which would
lead to a reduction in gene expression.

In summary, our observations indicate that TDF exposure of primary osteoblasts results in the
distinct alteration of gene expression including signal transduction pathways, the cell cycle, as
well as amino acid and energy metabolism. Our findings show for the first time that tenofovir
can result in the perturbation of osteoblast gene expression and that these changes implicate
defective osteoblast function leading to decreased bone formation that could result in reduced
bone mineral density.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Tenofovir structure and primary osteoblast cell viability following drug exposure. The structure
of tenofovir (A) and tenofovir disoproxil fumarate (TDF, the prodrug of tenofovir) (B) is
shown. C. Viability of primary osteoblasts following exposure to TDF. A TDF dilution series
was added to primary osteoblast cultures for 3 days, refreshing every 24h. Cell viability was
determined by ATP detection as described in the Materials and Methods.
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Fig. 2.
Heat map of gene expression profile from TDF-treated and untreated primary osteoblasts as
determined from microarray analysis. Two gene chips were used in each replicate experiment
and a total of four independent replicate experiments were performed. Hierarchical clustering
analysis of gene expression data from primary osteoblasts exposed to TDF was also performed.
The dendrograms were generated based on average linkage hierarchical clustering of
expression data from 79 probe sets. Significant change was defined as having an absolute fold
change >= 1.5 and a t-test p-value of <= 0.05. Signal values were log2 transformed, row mean
centered and then subjected to unsupervised hierarchical clustering by the UPGMA algorithm
using Pearson Correlation as the similarity metric.
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