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INTRODUCTION

Bone is a highly vascularized tissue reliant on the close spatial and temporal connection between blood
vessels and bone cells to maintain skeletal integrity. Several experimental studies have shown that
angiogenesis plays a vital role in skeletal development and bone fracture repair. 1) Studies using a
distraction osteogenesis model (DO) have shown that intramembranous bone formation is induced by
the application of gradual mechanical distraction across an osteotomy defect, which reveals not only an
increase in osteogenesis but also an increase in expression of several angiogenic factors (1). 2)
Treadmill-running in rats displayed bone marrow angiogenesis concomitant with increase in
osteogenesis (2). 3) Studies using mandibular DO model have shown that high frequency traction
provides a proper mechanical environment for angiogenesis contributing to enhanced bone formation (3).
These findings illustrate that angiogenesis, osteogenesis and ML are tightly related. Recently, newly
discovered MicroRNA (miR)’s belonging to a small class of RNA molecules have received considerable
attention because of the ability to act as a negative regulator of gene expression. So far, at least 500
MicroRNAs have been discovered of which few are linked to pathogenesis of disease (4-7). In particular,
MicroRNA92a has been reported to control angiogenesis. Since angiogenesis and osteogenesis are
critical for increasing bone healing and bone strength in the rehabilitation program, we predict that
inhibiting miR that control angiogenesis can maximize the benefits of exercise on skeleton. Based on this
and the above rationale, we propose the hypothesis that blocking miR that control angiogenesis will
increase the magnitude of anabolic effects of ML on bone formation. To test this, two specific aims are
proposed.
Specific aim 1: Assess bone anabolic response to ML, and then, evaluate expression levels of ms that
are known to control angiogenesis and identify those that are involved in bone response to ML.
1) Subject 10 week C57BL/6J mice to tibia axial loading.
2) Evaluate expression levels of MicroRNA that are known to control angiogenesis by using Real
time RT-PCR approach after 6-hours, 24- hours, 3- & 7-days of axial loading.
3) Evaluate if there is an association between bone formation markers, angiogenesis markers and
miR levels by performing correlation analysis.
Specific_aim _2: Determine the consequence of blocking identified miR using antisense oligos
complementary to the specific miR that control angiogenesis on loading induced bone formation.
1) Using an in vitro model, determine the efficiency of antagomirs specific for identified miR that
control angiogenesis.
2) Based on in vitro results and specific aim 1, we will inject mice with antisense oligos (antagomirs)
specific for miR that control angiogenesis.
3) Subject this experimental group and control mice to axial loading for 2 weeks.
4) Measure ML induced changes in skeletal parameters and bone strength by Micro-CT.
5) Measure cellular processes contributing to osteogenesis and angiogenesis by performing

histology. BODY

(Progress report for the period 1 - 18 months)

The proposed grant involves use of animal testing to evaluate the above specific aims. Therefore, during
first 4 months of the grant proposal, animal protocols were written to obtain approval from the IACUC
committee. Once the approval was obtained, 9 week old female C57BL/6J (B6) mice were ordered from
Jackson Laboratory to evaluate the first specific aim. After 1 week of housing, at 10 weeks of age, a
single dose of 10N load was applied on tibia of these mice and the study was terminated at different
time points (6-hours, 24- hours, 3- & 7-days of axial loading). Mice were euthanized using CO2 and
tibias (loaded and non-loaded bones) were collected, marrow flushed and used for RNA extraction.
Quality and quantity of RNA were analyzed using 2100 Bio-analyzer (Agilent, Palo Alto, CA, USA) and
Nano-drop (Wilmington, DE) and the RNA was stored at -80°C for further experiments.




Earlier studies, using animal models have reported a list of miR’s that are known to regulate
angiogenesis. Among these, for this study, we selected only the miR that show high expression levels
and has a high inhibitory effect on angiogenesis. Therefore, we purchased Tagman miR kits from Applied
Biosystem. Tagman miR assay involves a simple two step protocol that requires reverse transcription
with a mRNA-specific primer followed by real time PCR with Tagman probles. Using 10ng of RNA, we
evaluated the expression levels of selected miR in RNA samples isolated from externally loaded and
non-loaded bones. Furthermore, we also evaluated the expression levels of bone formation and
angiogenic marker genes in the same RNA samples. The results from our study revealed no change
either _in bone formation markers, miR or

angiogenic genes. A potential explanation for not Y ‘f’ '
seeing any change in _the expression levels of 4 /\x ,J" . (
genes is that the duration of loading may not be | S 2 A N L
adequate to stimulate the biological response. _—_— 0 R
Therefore, we further, extended our study by | I = = = T P
performing a longer duration of loading using the e S ]

Non-loaded tibia Loaded tibia

same loading model. Nevertheless, to assure that this
is not due to the in vivo loading model, we also
selected another method of loading, four-point | Figure 1: Cross-sectional area of non
bending. The rationale for selecting this loading model | loaded and loaded tibia obtained from
was based on earlier reports (8). pQCT.

Selection of in vivo loading model that stimulates angiogenesis coupled osteogenesis

Four-point bending method of loading: We purchased two sets of B6 mice from Jackson laboratory. In
one set of mice, at 10 week age, a 9N load was applied on the right tibia of B6 mice using a four-point
bending device (Instron, CA) while the left tibia was used as internal control. The loading was
performed at 2Hz frequency, for 36 cycles, once per day for 2 weeks (6 days/ weeks and 1 day rest). 48
hours, after the last day of loading, in vivo pQCT [Stratec Medizintechnik, Berlin, Germany] was
performed on the diaphysis area (loading region) of tibia to determine if there was any significant change
in the geometrical properties of loaded tibia when compared to non-loaded tibia. Routine calibration was
performed daily with a defined standard containing hydroxyapatite crystals embedded in Lucite.
Scanning was performed using the manufacturer supplied software program, designed to analyze the
data and generate the values for the change in bone parameters. Furthermore, the X-ray attenuation
data were analyzed based upon the software-defined threshold. We set up two thresholds for our
analysis. A 180-730 mg/cm?® threshold was used to measure total area and bone mineral content (BMC
in the loaded vs. unloaded bones and
a 730-730-mg/cm® threshold was
used to measure total volumetric
density (vBMD). The rationale for
selecting this threshold is to include
the newly formed mineralized bone.
In order to minimize the
measurement errors caused by
positioning of tibia for pQCT, we used
the tibia-fibular junction as the
reference line. We selected four-
slices that start 3 mm proximal from
tibia-fibular  junction for pQCT
measurement. This region
corresponds to the loading zone.
Each slice is at a 1mm interval and

Figure 2: Percent change in bone parameters in response to
the values presented in the results 2 weeks of four-point bending measured by pQCT. Values
are an average of these four slices | are mean 1 SD. p<0.05 vs. non-loaded bone tibias. TA-Total
(8). area, BMC-bone mineral content, BMD, total volumetric bone
density, N= 8. A = P<0.05 vs. non-loaded bones.

As can be seen in Figure 1, in




response to 2 weeks of four-point bending, the loaded bones of B6 mice show significant increase in the
newly formed bone when compared to non-loaded bones. Furthermore, quantization of skeletal
parameters, shown in figure 2, revealed 8 to 30% increase in total area, bone mineral content and total
volumetric density.

Subsequently, we euthanized the mice and collected tibias (loaded and non-loaded bones) and
stored at -80°C for further experiments. RNA was extracted from these bones using our previously
published protocol (8). Quality and quantity of RNA were analyzed using a 2100 Bio-analyzer (Agﬁnt,

Figure 3: Quantization of mRNA levels of vascular (left panel) and osteogenic markers (right
panel) after 2 weeks of four-point bending in tibias (diaphysis bone site) of C57BL/6J mice.
Values are mean + SD. p<0.05 vs. non-loaded bone tibias. N= 8, A = P<0.05 vs non-loaded
bones.

Palo Alto, CA, USA) and Nano-drop (Wilmington, DE). Gene expression analysis was performed on
these RNA samples using Real time RT-PCR approach. Briefly, purified total RNA [200ug/ul] was used
to synthesize the first strand cDNA by reverse transcription according to the manufacturer’s instructions
[Bio-Rad, CA]. The gene specific primers for bone formation (DMP1, osterix, EphB2, EFNA1, EFNA2,
SDF1) and angiogenesis (CD 31, Tie 2) were designed by using Vector NTI software and ordered from
IDT DNA technologies. Approximately 25ul of reaction volume was used for the real time PCR assay that
consisted of 1X [12.5ul] Universal SYBR green PCR master mix [Master mix consists of SYBR Green
dye, reaction buffers, dNTPs mix, and Hot Start

Taq polymerase] [Applied Biosystems, Foster . .

City, CA], 50nM of primers, 24ul of water, and Bone Angiogenic markers

1ul of template. The thermal conditions genes CD31 Tie-2
consisted of an initial denaturation at 95°C for 10

minutes followed by 40 cycles of denaturation at | DMP1 0.60 (p=0.04) 0.21

95°C for 15 seconds (sec), annealing and

extension at 60°C for 1 minute, and a final step | Osterix | 0.52 (p=0.07) 0.55 (p=0.06)
melting curve of 95°C for 15 sec, 60°C for 15

sec, and 95°C for 15 sec. All reactions were EFNB1 -0.39 -0.40

carried out in duplicate to reduce variation. The _
data were analyzed using SDS software, version EFNA2 ] -025 0.65 (p=0.04)
2.0, and the results were exported to Microsoft I EphB2 0.56 (p=0.06) 0.57 (p=0.06)
Excel for further analysis. Data normalization _ _

was accomplished using the endogenous control | Table-1: Correlation analysis between bone
[B-actin] and the normalized values were marker genes vs. angiogenic marker genes after
subjected to a 2"**Ct formula to calculate the fold | 2 Weeks of four-point bending. N=8-9.




change between the loaded and non-loaded tibias. The rationale for selecting the above bone marker
genes and angiogenic genes was based on our previously published microarray findings and past
reports (9, 10). As can be seen in Figure 3, in response to 2 weeks of four-point bending, the loaded
bones of B6 mice show significant change in the expression levels of both osteogenic and angiogenic
genes when compared to non-loaded bones. Furthermore, to assure that the increase in bone anabolic
response is in part due to increase in vascular markers, we performed correlation analysis. Accordingly,
vascular markers CD 31 and Tie-2 show significant as well as positive correlation with osteogenic
markers (Table-1). Together, these data are consistent with the possibility that osteogenesis induced by
four-point bending is in part mediated by an increase in angiogenesis.

Axial method of loading: In another set of B6 mice, at 10 weeks of age, a 10N axial load
(Trapezoidal-shaped pulse period=0.1s [loading 0.025s, hold 0.05s and unloading 0.025s]; rest time
between pulse=10 s; cycles/day=40) was applied on the right tibia and the left tibia was used as non-
loaded internal control. The loading was performed at 3 alternate days/ week for 2 weeks. 48 hours after
the last day of loading, in vivo micro-CT was performed on the loaded and non-loaded bone to evaluate
loading induced changes in skeletal parameters. The rationale for choosing micro-CT measurement for
this loading model is that this model induces both cortical and trabecular bone response and pQCT
cannot measure trabecular bone response to loading as efficiently as micro-CT.

To measure microarchitectural changes of trabecular bone as well as cortical bone in response to
axial loading, we used micro-CT, a high resolution tomography image system (Scanco Invivo CT40,
Switzerland). Routine calibration was performed once per week using a three-point calibration phantom
corresponding to the density range from air to cortical bone. Bones were immersed in 1X PBS to prevent
them from drying and scanning was performed using 75Kv X-ray at a resolution of 10.5 ym. To minimize
the position error (slice positioning) and to be consistent in our sampling site from mouse to mouse, we
undertook several precautionary steps, which included: 1) the use of scout view of the whole tibia to

Figure 4: Micro-CT measurements of skeletal parameters after 2 weeks of axial loading in tibias
(both cortical and trabecular bone) of C57BL/6J mice. Values are mean + SD. p<0.05 vs. non-
loaded bone tibias. N= 8-10. A = P<0.05 vs. non-loaded bones.

determine landmarks and precise selections of measurement sites; 2) the use of the growth plate of the
tibia as the reference point; 3) use of a 0.525 mm sampling site that represented 0.315 mm away from
the growth plate for measurement of trabecular bone parameters and 4) the use of a 1.05 mm sampling
site that represented 5.5 mm away from growth plate for measurement of cortical bone parameters. After
acquiring the radiographic data, images were reconstructed by using 2-D image software provided by
Scanco. The area of the trabecular analysis was outlined within the trabecular compartment. Every 10
sections were outlined, and the intermediate sections were interpolated with the contouring algorithm to




create a volume of interest, followed by three dimensional analysis using Scanco in vivo software.
Parameters such as bone volume (BV, mm?®), bone volume fraction (BV/TV, %), apparent density (mg
HA/ccm), trabecular number (Tb.N, mm-'), trabecular thickness (Tb.Th, ym) and trabecular space
(Tb.Sp, um) were evaluated in the externally loaded right and non-loaded left tibia of B6 mice.

In response to 2 weeks of axial loading, the loaded bones of B6 mice revealed 7 to 13% increase
in the cortical bone parameters (total volume, bone density and cortical thickness) as shown in Figure 4.
While at the trabecular site, the loaded bones show 18-20% increase in bone volume/tissue volume,
thickness followed by density with decrease in space.

Figure 5: Quantization of mRNA levels of vascular (left panel) and osteogenic (right panel)
markers after 2 weeks of axial loading in tibias of C57BL/6J mice. Values are mean x SD. p<0.05
vs. non-loaded bone tibias. N= 8. A = P<0.05 vs. non-loaded bones.

Subsequently, we also euthanized the same mice and collected tibias (loaded and non-loaded
bones) and stored at -80°C for further experiment. RNA was extracted from these bones using our
previously published protocol (9). Quality and quantity of RNA were analyzed using a 2100 Bio-analyzer
(Agilent, Palo Alto, CA, USA) and Nano-drop (Wilmington, DE). Gene expression analysis was

performed on these samples using Real time RT-
PCR approach as described above for the four- | Bone Angiogenic markers
point bending RNA samples. As shown in Figure § genes :
5, the gene expression analysis revealed CD31 Tie-2
significant increase in the expression levels of | ogterix 0.40 0.84 (p=0.03)
both osteogenic and vascular genes in response
to axial loading. Furthermore, correlation analysis | EpHB2 -0.04 0.16
revealed that there is an association between
angiogenesis marker genes and osteogenic EFNA2 -0.41 -0.29
marker genes. This finding indicates that axial | EENB1 0.88 (p=0.04) 0.20
loading induced increase in bone anabolic
response is in part mediated by an increase in | DMP1 0.79 (p=0.05) -0.19
angiogenesis.

Though both four point bending and axial | PTN 0.58 -0.19
loading  model .induces osteogenic .Coupled Table-2: Correlation analysis between bone
vascullar effegt IN_response. to I(_)adlng, the marker genes vs. angiogenic marker genes after
magnitude of increase was higher in the four- | 5\ & ¢ ool l0ading. N=6
point bending method of loading than the axial , .



method of loading.
Therefore, we chose four-
point bending method of
loading for further study.
Using the above
loading model and
regimen, we then,
performed mechanical
loading by four-point
bending method on tibia
of 10 week old female B6
mice for 2 weeks. After
the last day of loading,
RNA  was extracted
followed by Real time RT-
PCR was performed on
these sample to evaluate
the expression levels of 7 | Figure 6: Quantization of miR levels after 2 weeks of four-point bending
selected miR (mir-93, | in tibias (diaphysis bone site) of C57BL/6J mice. A=P<0.05 vs. non-
mir15b, mir-20a, mir- | loaded bones (One-Way ANOVA), N=7.
146a, mir-16, mir-221,
mir-222 and internal control U6) that are known to regulate angiogenesis.

As can be seen in Figure 6, among these miR’s, one way ANOVA analysis revealed that the
loaded bones of B6 mice showed significant increase (2-fold, p<0.05 vs. non-loaded bones) in miR-93,
miR-20a and mir-16, and miR-146a when compared to non-loaded bones while mir-15b showed no
change in response to loading. miR-221 and-222 levels were below detectable levels using Tagman
Assay kits. Since these miR’s have been shown to be expressed in other cell types, it is possible that
that the expression of miR-221 and miR-222 may be cell type specific (11). Correlation analyses
revealed a positive correlation between miR-20a and the two angiogenic markers and several osteogenic
markers studied. In contrast, miR-93 showed a positive correlation with Tie-2 but not CD31 and negative
correlation with several osteogenic molecules while miR-16 showed a positive correlation with CD31 and
osteogenic molecules and a negative correlation with Tie-2. miR-15b showed a negative correlation with

Osteogenic genes MicroRNA
miR-93 | miR-20a | miR-16 miR- miR-146a
15b
EFNB1 -0.00 0.02 0.04 -0.13 0.23
Osterix -0.05 0.75 0.44 0.16 0.84
DMP1 -0.54 0.39 0.51 -0.21 0.34
EphB2 -0.58 0.85 0.48 0.01 0.28
ENFA2 0.30 -0.18 0.05 -0.71 -0.01
Angiogenic genes | CD31 -0.29 0.60 0.62 -0.51 0.37
Tie-2 0.63 0.52 -0.53 -0.12 0.12
Table-3: Correlation analysis between expression levels of miR, bone and vascular genes after
2 weeks of four-point bendina. N=7

CD31, Tie-2 and ENFA2. miR-146a showed positive correlation between several osteogenic molecules



and CD31. We also evaluated mir-92 expression, which have been reported as a major negative
regulator of angiogenesis. However, the probe did work and we are waiting for a replacement from the
Applied Biosystem. Since individual miR’s have their own mRNA targets, it is not surprising that the
correlation between various osteogenic and angiogenic markers is not consistent for a given microRNA.
In any case, our data suggest that some miR’s may promote angiogenesis while others act as inhibitors.

In addition, we also performed axial method of loading on B6 mice using the above protocol,
extracted RNA and evaluated expression levels of miR-93,-20a, 16 and 15b. The results from our study
revealed no change in any of the above miR’s in the loaded bones vs. non-loaded bones in response to
axial method of loading. This finding provides additional evidence for selecting four-point bending
method of loading for this study and to show that the magnitude of bone response induced by loading is
critical to see a change in miR expression.

(Progress report for the final year of the funding)

During the first year of the funding, we identified miR that is associated with angiogenesis and
osteogenesis. Instead to selecting the above microRNA for further in vitro testing and validation, we
focused on the miR-92 because a recent study demonstrated that over expression of miR92
blocked 80% angiogenesis in human endothelial cells and that blocking miR92 recovered mouse

from limb ischemia : _ . I .
injury as well as | Table - 4: Body weight and tissue weight measurements in mice treated with

from myocardial | antagomir (experimental group) vs. control antagomir (control group) after two

infarction weeks of four-point bending in 10 week old female B6 mice.

respectively ). Tissues Control group (grams) Experimental group (grams)
Since angiogenesis Body weight 19.6£0.1 19.7+0.26

and osteogenesis Kidney 0.10 + 0.006 0.098 + 0.005
tightly coupled, we Liver 0.88 + 0.02 0.83+0.04
predicted  that | Fieqrt 0.10 % 0.006 0.11%0.010
inhibiting miR92 that

can maximize the
benefits of exercise on skeleton. Based on this and the above rationale, we propose the hypothesis that
blocking MicroRNA that control angiogenesis will increase the magnitude of anabolic effects of ML on
bone formation.

Animals: To test the above prediction, 9 week old female C57BL/6J mice were purchased from Jackson
Laboratory. All the mice were housed under the standard conditions of 14-hour light and 10-hour darkness,
and had free access to food and water. The experimental protocols were in compliance with animal welfare
regulations and approved by local IACUC.

Antagomir designing and dosage: To block miR-92, a microRNA that is well known in regulating
angiogenesis, single stranded RNA antagomir sequences against miR-92 and control antagomir sequence
were ordered from IDT DNA technology. The sequences were obtained from a previously published
manuscript (2). In the miR-92 antagomir and control antagomir, the 2’0 RNA base was methylated followed
by first two bases and last 3 bases were phosphorothiated to increase the stability of antagomir from
degradation. In addition, a cholestrol-TEG was added at the 3’ for easy entry of antagomir into the cells. The
sequence of antagomir for miR-92a is as follows: 5-CAGGCCGGGACAAGUGCAAUA-3") and Antagomir-
Co (5- AAGGCAAGCUGACCCUGAAGUU-3'.

Several studies have used antagomir to block target microRNA at a concentration ranging from 0.33
mg to 100 mg/kg of bodyweight in animal models. The issue of whether the doses used are optimal and
specific to target microRNA has not been examined thoroughly. However, one potential concern with the
use of high dose of antagomir is that antagomir at high concentrations could produce non-specific effects by
inhibiting other genes besides target genes. Since reports have shown 0.33- 1.0- and 3.3- mg/kg of dosage
was effective in exhibiting the biological response in tissues (12), we chose a dose of 2.7mg/kg of
bodyweight antagomir for our study.




Four-point bending in antagomir treated mice and micro-CT measurement of skeletal parameters: To test, if

blocking miR-92 maximizes the
method on 10 week old female
B6 mice for a period of 2 weeks
(8-10). We choose this model
and the load based on our
findings that showed high
osteogenic and  angiogenic
effect in response to loading
during the first year of funding
(8). We applied a 9N load on
the right tibia of B6 mice over
the muscle and soft tissue at
2Hz frequency, 36 cycles once
per day under inhalable
anesthesia (5% Isoflurane and
95% oxygen) for a period of 2
weeks (6 days/week with 1 day
rest). The left tibia was used as
contra-lateral internal control.
During the loading regimen we
injected mice with antagomir
against miR92 and control

benefit of exercise on bone, we performed ML using four-point bending

Figure 7 — Micro-CT measurements of bone parameters (diaphysis
area) after 2 weeks of loading in female B6 mice treated with control
antagomir and antagomir against miR-92. The y-axis corresponds to
percent change and x-axis represents bone parameters. TV: Tissue
volume, BV/TV: Bone volume/Tissue volume and density: total bone

antagomir  via retro-orbital
approach under 5% Isoflurane
and 95% oxygen anesthesia for a period of one week (3 alternate days).

After two weeks of loading, we measured mice body weight and tissues weights after euthanization
followed by tibias were collected to evaluate if there is an increase or decrease in loading induced changes
in skeletal parameters by using micro-CT (Scanco Invivo CT40, Switzerland) and histology (9).

After two weeks of loading, we found no significant differences in the body weight between control
and experiment group (Table-4#

Similarly, we did not see a
difference in the tissue weig
between the control a
experimental groups suggesti
that there are no side effe
caused by the antagomir injectio
(Table-4). Micro-CT  analy
revealed that two weeks of
increased tibia tissue volume (T
bone volume/tissue volu
(BV/TV) and bone density by
15%, as expected, in the cont
antagomir treated mi
Surprisingly, similar increases
TV (16%), BV/ITV (9%) and bo
density (7%) were also seen
mice  treated with miR-
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the skeleton to mechani
loading, as we predicted, we
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analysis on the bone samples from this study.

density. Values are mean + SD, N=4. “p<0.05 vs. unloaded bones.

Figure 8 — Expression levels of mir-92 in heart, skeletal muscle
and liver from mice treated with antagomir against mir-92 vs.
control antagomir treated mice. The y-axis corresponds to fold
change and x-axis represents different tissues. Values are mean + SD,
N=4. #p<0.05 vs. mice treated with control antagomir.




Since there was no difference between the groups, this, then raises a question whether systemic
administration of mir-92 antagomir was effective in reducing the levels of miR-92. To test this, RNA was
extracted from liver, heart, and skeletal muscle of antagomir and control antagomir treated mice using Trizol
followed by Direct-zol kit (Zymo Research, USA). Quality and quantity of RNA were analyzed using a 2100
Bio-analyzer (Agilent, Palo Alto, CA, USA) and Nano-drop (Wilmington, DE). To assure that the antagomir
delivered into mouse model blocked miR-92, expression levels of miR-92, U6 (internal control) and two other
MicroRNA’s (miR-93 and miR-20a) to determine the specificity were quantitated in liver, skeletal muscle and
heart of mir-92 antagomir and control antagomir treated mice. Levels of MicroRNA’s were evaluated using
microRNA specific stem-loop RT primer and by Real time PCR primer that were obtained from Applied
Biosystem and reactions were performed according to the manufacture instructions. In brief, 10ng of RNA
was used synthesize the first strand of cDNA by reverse transcription using respective stem-loop microRNA
RT primer. Approximately 10l of reaction volume was used for the RT assay that consisted of 0.1ul of 100
dNTPs, 1ul of 10X Buffer, 0.5ul of reverse transcriptase enzyme, 0.12ul of 50U/pl RNasin, 1l of 5X RT
primer, 6.78ul of Nuclease free water and 0.5ul of 10ng RNA. 5pl of the five times diluted first strand cDNA
reaction was subjected to real time PCR amplification using microRNA specific real time PCR primers.
Approximately 20ul of reaction volume was used for the assay that consisted of 10ul of TagMan 2X
Universal PCR Master mix, no AmpErase UNG, 0.5yl of 20X probe against target microRNA and 4.5yl of
Nuclease free water, and 5ul of DNA. The data were analyzed using SDS software, version 2.0, and the
results were exported to Microsoft Excel for further analysis. Data normalization was accomplished using U6
as internal control and the normalized values were subjected to a 2**Ct formula to calculate the fold change
between the antagomir and control antagomir treated groups. The results from our study revealed a 5-14
fold decrease in miR-92 levels in the heart, liver and skeletal muscles of mice treated with miR-92 antagomir
compared to control antagomir (Figure 8). In contrast, expression levels of two other MicroRNA’'s miR-93
(fold change vs. control antagomir = 1.0 + 0.6) and -20a (0.88 + 0.18) were not different between the two
groups of mice, thus suggesting specificity of the antagomir used. Since past reports have shown that mir-92
is an important regulator of angiogenesis, we also determined whether blocking miR-92 maximized the
expression levels of vascular marker genes in the above tissues samples. We used CD31, Tie2 and VEGF
genes to evaluate angiogenesis since reports have shown that these two genes are highly expressed on the
surface of the endothelial cells at sites of neo-vascularization or vascularization and an increase in the
expression levels of these genes corresponds to an increase in vascularization (13-15). To quantitate
expression levels of vascular genes, briefly, purified total RNA [200ug/pl] was used to synthesize the first
strand cDNA by reverse transcription according to the manufacturer’s instructions [Bio-Rad, Hercules, CA
USA]. 5ul of the five tim
diluted first strand cD
reaction, was subjected
real time PCR amplificati
using gene specific prim
as described earlier
10). The gene speci
primers for angiogene
(CD 31, Tie 2) w
designed by using Vec
NTI software and order
from IDT D
technologies (Us
Approximately 20l
reaction volume was us
for the real time P
assay that consisted of

[10pl]  Universal SY ] _ ) _
green PCR master Figure 9: Expression levels of vascular genes (CD31, Tie-2 and VEGF) in

[Master mix consists | Mice treated with antagomir against mir-92 vs. mice treated with control
SYBR Green dye, reactif antagomir. The y-axis corresponds to fold change and x-axis represents
buffers, dNTPs mix, af different tissues. Values are mean +SD. N=4.
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Hot Start Taq polymerase] [Applied Biosystems, Foster City, CA], 50nM of primers, 15ul of water, and 5ul of
template. The thermal conditions consisted of an initial denaturation at 95°C for 10 minutes followed by 40
cycles of denaturation at 95°C for 15 seconds (sec), annealing and extension at 60°C for 1 minute, and a
final step melting curve of 95°C for 15 sec, 60°C for 15 sec, and 95°C for 15 sec. The data were analyzed
using SDS software, version 2.0, and the results were exported to Microsoft Excel for further analysis. Data
normalization was accomplished using the endogenous control [B-actin] and the normalized values were
subjected to a 2*“Ct formula to calculate the fold change between the antagomir and control antagomir
treated mice.

Surprisingly, we failed to detect any significant changes in the expression levels of vascular genes
(VEGF, CD31 and Tie2) in heart, liver or skeletal muscle at the time points examined (Figure 9). We offer
the following potential explanations for the negative results in this study: 1) the dosage of antagomir used in
our study was slightly less compared to earlier study (2.7 mg/kg of body weight vs. 8 mg/kg of body weight)
(2). The issue of whether higher dosage is required to see a change in the phenotype or whether the
inhibitory effect on angiogenesis seen in the previous study was due to secondary effects on other genes
require further evaluation. 2) The expression levels of angiogenic genes were examined only at one time
point and additional time points may need to be examined. 3) Earlier study measured an increase in
angiogenesis by blood flow while we examined expression levels of vascular genes.

Based on our above findings, we conclude that systemic administration of antagomir against miR-92,
while it reduced expression levels of miR-92 in the skeletal muscle, liver and heart; it did not significantly
alter either angiogenic or osteogenic response, thus suggesting possible redundancy in miR-92 regulation of
angiogenesis.

Since there is a discrepancy between our findings and the published report, we focused on
generating bone specific microRNA knockout mice to test the roles of microRNAs involved in regulating
angiogenesis and osteogenesis in relation to exercise. We focused on miR17-92 cluster because recent in
vitro findings revealed that miR92 is critical for osteoblast differentiation (16). Furthermore during the first
year of funding, we found miR20a, belonging to the family of miR17-92 cluster is increased in response to
loading. To date though there in direct evidence about the role of miR in relation to bone, there is no clear in
vivo evidence. Based on these rationale, we focused ]

generating miR17-92 cluster bone specific KO. We purchas
homozygous miR17-92"* females (obtained from Jacks

X Mirl7-92'xe/loxe
laboratory) crossed with transgenic male expressing : l
X

Colla2Cre+

improved Cre recombinase under the control of a 100

. H _g7! I
promoter/enhancer unit of Col1a2 gene to generate Cre+ aif Mir17-92/cx/loxe

Colla2Cre+/-

Cre- mir17-92 loxP heterozygous mice. We crossed t Mif17'92'°"°+/'l
heterozygous back with lox/loxp parent to generate condition
mir17-92 knockout (cKO) mice and littermate controls. Colla2Cre+/- [ loxp/loxp (25% KO mice)

schematic representation of breeding is shown in Figure 10. Colla2Cre-/- / loxp/loxp (25% control mice)
3 weeks, tail snips were collected and DNA was isolated Colla2Cre+/- / loxp+/- (25% Heterozygous)
described earlier. Using genotype specific primer, polymeray col1a2Cre-/- / loxp +/- (25% Heterozygous)
chalq ' reaction was performeq on the pups to segregd Figure 10: Generation of conditional
conditional knockout mice from littermate controls. mir17-92 KO mice.

Initial screening by DEXA analysis revealed that femawe
mice deficient for osteoblast derived miR17-92 cluster showed 24-28% and 18-21% reduction in BMC and
area at 4 and 8 weeks of age (Table 5). Similarly, male mice also showed 20% and 18% reduction in
BMC and area at 4 and 8 weeks (Table 5). Overall DEXA analysis show that loss miR17-92 cluster affected
skeletal growth in both sexes. Since female mice are less aggressive and amicable to grouping than male,
we focused on female mice for further study.

To further validate the DEXA data, we measured skeletal parameters using pQCT or micro-CT ina 12
week old female cKO and WT mice. As can be seen in the micro-CT image, the miR17-92 cKO mice showed
reduced cross sectional area when compared to WT mice (Figure 11). Furthermore guantitative analysis by
micro-CT revealed that the reduced BMC at 4 and 8 weeks was maintained at 12 weeks and was caused by
reduction in bone length (10% P<0.05) and cross sectional area (CSA, 18% P<0.05) but not by a vBMD
change as measured by pQCT and micro-CT. These data illustrate that miR17-92 cluster is critical for
osteoblast function in particular for promoting longitudinal and cross sectional skeletal growth.
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In our preliminary study, we found that ML by four-point bending caused 2 fold increases in miR20a
expression and since mice deficient for osteoblast derived miR17-92 cluster showed reduced cross sectional
area (CSA) we predicted that miR17-92 cluster is necessary for normal cortical bone response to loading. To
test this, we choose ML by four-point bending method which induces periosteal bone formation. Since the
size of bone (CSA) in the miR17-92 cKO mice was smaller compared to wild type, we predict that mice with
smaller circumference tend to receive higher mechanical strain than mice with larger circumference. In order
to assure that the difference in the skeletal anabolic response induced by ML is purely due to lack of miR17-
92 cluster rather than due to difference in strain, we need loads that produce same mechanical strain on both
sets of mice. Using the mathematical formula previously described (17), the strain data was calculated and
loads were adjusted to produce similar mechanical strain (4558 + 355 at 7N for KO mice vs. 4555u¢ *
454 at 9N for WT mice, N=5) in tibia of both mice. In our experience, that the calculated strain is generally
higher than the

measured A) Female mice
strain. Parameters WT miR17-92 cluster KO
Therefore, the 4 wks 8 wks 4 wks 8 wks

atmo.“”t g 05 BMD g/cm? | 0.03 +0.000* |0.04 +0.002* |0.03+0.001 |0.04 +0.002
strain produce BMC g |0.17 £0.02* |0.37+0.03* |0.13 £0.009 | 0.29 + 0.015

by respectively >
load, mentioned Area cm” | 525 £0.53* [844+£049* |432 £032 |7.09 £0.08

above is

approximate. B) Male mice

Based on these Parameters WT miR17-92 cluster KO

data, we 4 wks 8 wks 4 wks 8 wks
f‘opp"efng '7?33 BMD 0.03+0.001 |0.04+0.00 |0.03+0.001 |0.040.001

cKO mice and BMC 0.16 +0.01 0.36 £0.025 |0.13+0.02 0.3+0.04

ON load to WT Area 5.28 +0.52 8.44 + 0.67 4.45 +0.37 7.22+0.89

mice. The | Table 5: DEXA measurement of skeletal parameters between miR17-92 KO and WT

loading was | mice. Values are mean + SD, *P<0.05 vs. miR17-92 cluster KO mice, (N=4-6).

performed for 2
weeks (6 days/week, 1 day rest) at 2Hz frequency for 36 cycles, once per day. pQCT analysis revealed that
2 weeks ML caused 28%, 38% and 13% increase in CSA, BMC and total vBMD respectively in the WT
mice. In contrast, in the mMiR17-92 cKO mice, the]
changes were 8%, 15% and 9% in the above parameters
response to ML. Though, the miR17-92 cKO mice showed

increase in bone response to loading, the magnitude

increase was less when compared to WT mice (P<O0.(
providing first in vivo evidence that osteoblast produc
miR17-92 cluster is important for normal periosteal bo
response to loading.

Figure 11: Cross sectional area of the tibia
(3 mm away from the tibia-fibular junction)
from WT and miR17-92 cKO mice.

Key Research Accomplishments

From task 1
1. Short duration of loading was not sufficient to stimulate osteogenic, angiogenic and miR
expression.
2. We have chosen four-point bending method of loading than axial method to test the proposed
aims.

3. The magnitude of angiogenic and osteogenic response induced by mechanical loading was
higher in the four-point bending method of loading than axial method of loading.
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4. We have identified miR93, miR-20a, miR16 and miR146a are differentially expressed in response
to mechanical loading while miR15b did not show any significant change in response to loading.
The issue of whether these MicroRNAs have a positive or negative effect on bone formation in
response to loading is yet to be studied.

5. We have also identified miR-221 and 222 were not found to be expressed in bone.

6. Mice deficient for osteoblast derived miR17-92 cluster showed reduced longitudinal and cross
sectional skeletal growth.

7. We have shown that miR93, miR-20a, miR16 and miR146a showed positive correlation and
miR15b showed negative correlation with angiogenic marker genes.

8. Subsequently, we have also shown that miR-20a, miR16 and miR146a showed positive
correlation with both mechanical loading (four-point bending method) induced increase in
angiogenic and osteogenic marker genes.

From task 2

1.
2.

3.

1. Antagomir injection (Mir92 or control antagomir) in mice did not cause any gross pathology.

2. Blocking miR92 did not affect osteogenesis (as evident from micro-CT analysis) induced by
mechanical loading.

3. Blocking miR92 using corresponding antagomir affected miR92 expression but not angiogenic
marker genes in heart, liver and skeletal muscle of experimental mice when compared to control
mice treated with control-antagomir.

Additional Key Research Accomplishments

Generated mice deficient for osteoblast derived miR17-92 cluster.

Mice deficient for osteoblast derived miR17-92 cluster showed reduced longitudinal and cross
sectional skeletal growth.

Magnitude of bone anabolic response induced by exercise is affected in mice with conditional
disruption of osteoblast derived miR17-92 cluster when compared to the controls.

Reportable outcomes
1. Antony S, Mohan S, Wergedal JE, Rungaroon J and Kesavan C. Systemic Administration of an
Antagomir Designed to Inhibit miR-92, a Regulator of Angiogenesis, Failed to Modulate Skeletal
Anabolic Response to Mechanical Loading. 34th ASBMR Conference.

2. Sengul A, Santisuk R, Xing W, Kesavan C. Systemic administration of an antagomir designed to
inhibit miR-92, a regulator of angiogenesis, failed to modulate skeletal anabolic response to
mechanical loading. Physiol Res. 2013 Apr16; 62(2):221-6.

3. Kesavan C, Wergedal and Mohan S. Conditional Disruption of miR17-92 cluster in Osteoblasts
Impairs Skeletal Growth and Periosteal Response to Mechanical loading. Accepted for Oral
presentation. Annual Meeting of the American Society of Bone and Mineral Research, Baltimore,
USA, 2013.

Conclusion
Systemic administration of antagomir against miR-92 while reduced expression levels of miR-92 in
the tissues; it did not significantly alter either angiogenic or osteogenic response, thus suggesting
possible redundancy in miR-92 regulation of angiogenesis.



10.

11.

12.

13.

14.

15.

16.

17.

13

References

Carvalho RS, Einhorn TA, Lehmann W, Edgar C, Al-Yamani A, Apazidis A, Pacicca D, Clemens TL,
Gerstenfeld LC 2004 The role of angiogenesis in a murine tibial model of distraction osteogenesis.
Bone 34(5):849-61.

Yao Z, Lafage-Proust MH, Plouet J, Bloomfield S, Alexandre C, Vico L 2004 Increase of both
angiogenesis and bone mass in response to exercise depends on VEGF. J Bone Miner Res
19(9):1471-80.

Zheng LW, Ma L, Cheung LK 2009 Angiogenesis is enhanced by continuous traction in rabbit
mandibular distraction osteogenesis. J Craniomaxillofac Surg 37(7):405-11.

Sotiropoulou G, Pampalakis G, Lianidou E, Mourelatos Z 2009 Emerging roles of microRNAs as
molecular switches in the integrated circuit of the cancer cell. RNA 15(8):1443-61.

Bonauer A, Carmona G, Iwasaki M, Mione M, Koyanagi M, Fischer A, Burchfield J, Fox H, Doebele
C, Ohtani K, Chavakis E, Potente M, Tjwa M, Urbich C, Zeiher AM, Dimmeler S 2009 MicroRNA-92a
controls angiogenesis and functional recovery of ischemic tissues in mice. Science 324(5935):1710-
3.

Feng J, Sun G, Yan J, Noltner K, Li W, Buzin CH, Longmate J, Heston LL, Rossi J, Sommer SS 2009
Evidence for X-chromosomal schizophrenia associated with microRNA alterations. PLoS One
4(7):e6121.

Urbich C, Kuehbacher A, Dimmeler S 2008 Role of microRNAs in vascular diseases, inflammation,
and angiogenesis. Cardiovasc Res 79(4):581-8.

Kesavan C, Mohan S, Oberholtzer S, Wergedal JE, Baylink DJ 2005 Mechanical loading-induced
gene expression and BMD changes are different in two inbred mouse strains. J Appl Physiol
99(5):1951-7.

Kesavan C, Wergedal JE, Lau KH, Mohan S 2011 Conditional disruption of IGF-I gene in type-I
alpha2-collegen expressing cells shows an essential role of IGF-I in skeletal anabolic response to
loading. Am. J. Physiol Endocrinol Metab. 2011, Aug 30.

Xing W, Baylink D, Kesavan C, Hu Y, Kapoor S, Chadwick RB, and Mohan S. Global gene
expression analysis in the bones reveals involvement of several novel genes and pathways in
mediating an anabolic response of mechanical loading in mice. J Cell Biochem 96: 1049-1060, 2005.
Mayoral RJ, Pipkin ME, Pachkov M, Van Nimwegen E, Roa A, Monticelli S. MicroRNA-221-222
regulates the cell cycle in mast cells. J. Immunol. 2009 Jan 1: 182 (1):433-45.

Hullinger TG, Montgomery RL, Seto AG, Dickinson BA, Semus HM, Lynch JM, Dalby CM, Robinson
K, Stack C, Latimer PA, Hare JM, Olson EN, Van RooiJ E: Inhibition of miR-15 protects against
cardiac ischemic injury. Circ Res 110: 71-81, 2012.

Peters KG, Coogan A, Berry D, Marks J, Iglehart JD, Kontos CD, Rao P, Sankar S, Trogan E:
Expression of Tie2/Tek in breast tumour vasculature provides a new markers for evaluation of tumour
angiogenesis. Br J Cancer 77: 51-6, 1998.

Sapino A, Bongiovanni M, Cassoni P, Righi L, Arisio R, Deaglio S, Malavasi F: Expression of CD31
by cells of extensive ductal in situ and invasive carcinomas of the breast. J Pathol 194: 254-61, 2001.
Galeano M, Altavilla D, Cucinotta D, Russo GT, Calo M, Bitto A, Marini H, Marini R, Adamo EB,
Seminara P, Minutoli L, Torre V, Squadrito F: Recombinant human erythropoietin stimulates
angiogenesis and wound healing in the genetically diabetic mouse. Diabetes 53: 2509-17. 2004.
Palmieri A, Pezzetti F, Brunelli G, Zollino I, Scapoli L, Martinelli M, Arlotti M, Carinci F. Differences in
osteoblast miRNA induced by cell binding domain of collagen and silicate-based synthetic bone. J
Biomed Sci. 2007 Nov;14(6):777-82.

Stephen C. Cowin: Bone Mechanics Hand book, 2nd edition, chapter: Techniques from mechanics
and imaging, CRC Press, Washington, 2001.

APPENAICES. ... s

List of personnel receiving pay from this research effort:
Chandresekhar Kesavan, Joe Rungaroon, Anil Kapoor



14

PROJECTED and COMPLETED STATEMENT OF WORK

Task 1: Evaluate expression levels of Micro-RNA in response to mechanical loading (Page 2-7,
Completed).
Sub-Task

1.

Purchase 48 female (n=12/group) C5BL/6J mice from Jackson laboratory (Page 1-2,
Completed).
Perform mechanical loading on these mice using tibia axial loading model (Completed).

Note: we have performed ML using four-point bending (Page 2-3, Figure 1-3) and axial method
of loading (Page 4-5, Figure 4-5) to select the loading model that shows maximum biological
change.

Euthanize the mice at different time points after the last loading (6hrs, 24 hrs, 3- and 7-days) and

collect tissue samples for further analysis (Page 2, Completed).

Perform RNA extraction, RNA quality and RNA quantity (Completed).

Quantitate expression levels of angiogenesis specific MicroRNAs, angiogenesis and bone
formation markers in the loaded and non-externally loaded bones using Real Time RT-PCR
approach (Completed; In page 3, see Figure 3 and table-1; In page 5, see Figure 5 and table-2
and In page 6, see Figure 6).

Prioritize MicroRNAs for functional testing based on magnitude of loading induced changes in
expression and what is known in the literature on the formation of MicroRNAs (Completed, page
7).

Projected Deliverables

1.

We will establish experimental proof of evidence that MicroRNA levels are changed in response
to mechanical loading in bone.

We will identify MicroRNAs that are involved in bone response to mechanical loading by
identifying MicroRNAs that are known to control angiogenesis.

Accomplished outcome

1.

2.

3.

We have provided evidence that short duration of loading was not sufficient to stimulate
osteogenic, angiogenic and miR expression (Completed, see page 1-2).

We have chosen four-point bending method of loading than axial method to test the proposed aims
(Completed, see page 5-6).

We have identified miR93, miR-20a, miR16 and miR146a are differentially expressed in response
to mechanical loading while miR15b did not show any significant change in response to loading
(Completed, see page 6 and Figure 6).

We have also identified miR-221 and 222 were not found to be expressed in bone (Completed,
see page 6 and Figure 6).

We have shown that miR93, miR-20a, miR16 and miR146a showed positive correlation and
miR15b showed negative correlation with angiogenic marker genes (Completed, see page 6 and
Table-3).

Subsequently, we have also shown that miR-20a, miR16 and miR146a showed positive correlation
with both mechanical loading (four-point bending method) induced increase in angiogenic and
osteogenic marker genes (Completed, see page 6 and Table-3).
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Task 2: Determine angiogenesis and bone anabolic response to mechanical loading by blocking identified
MicroRNA using antisense oligos complementary to the specific MicroRNA.

Sub-Task

1. Purchase 24 female C57BL/6J mice from Jackson Laboratory (Completed, see page 7).

2. Purchase antisense oligomers to selected MicroRNAs (Completed, see page 7).

3. Test, if the antisense to selected MicroRNAs blocks angiogenesis in vitro (Not completed; This is
because a recent study using in vitro approach have demonstrated that blocking miR92
using antagomir increases angiogenesis).

4. Based on this in vitro data and specific aim-1 results, we will inject mice with antisense oligo
RNA complementary to specific MicroRNA that control angiogenesis. The route of injection will
be intravenously and the dosage will be 8 mg per kg of body weight as described earlier (Science
324(5935):1710-3) (Completed, see page 8).

5. Subject these mice and control group injected with scrambled antisense oligomer for 2 weeks of
axial loading (Completed, see page 8).

6. Compare skeletal changes and bone strength between experimental and control mice by using in
vivo Micro-CT (Completed, see page 8).

7. Euthanize the mice and collect tissues samples (Completed, see page 9).

8. Evaluate cellular processes contributing to osteogenesis and angiogenesis between experimental
and control mice by performing histomorphometric analysis (Not completed because there was
no difference between control and experimental animals).

Deliverables

1. We will establish experimental proof of experimental evidence that MicroRNA levels affect
angiogenesis, bone formation in response to mechanical loading.

2. We will write up our results from task 1 and 2 for a publication in a high impact journal as well as

present our data at relevant research meetings.

Accomplished outcome

4.

Antagomir injection (Mir92 or control antagomir) in mice did not cause any gross pathology
(Completed, in page 7, see Table-4). .

Blocking miR92 did not affect osteogenesis (as evident from micro-CT analysis) induced by
mechanical loading (Completed, in page 8, see Figure 7).

Blocking miR92 using corresponding antagomir affected miR92 expression but not angiogenic
marker genes in heart, liver and skeletal muscle of experimental mice when compared to control
mice treated with control-antagomir (Completed, in page 8 see figure 8 and in page 9, see
figure 9).



