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Abstract

MicroRNAs (miRNAs) have been reported to be involved in a variety of functions, including skeletal development and longitudinal growth. The aim of this
study was to investigate the role of miRNAs in food-restriction-induced growth attenuation and nutrition-induced catch-up growth in the epiphyseal growth
plate (EGP). Prepubertal rats were fed ad libitum or were subjected to 40% food restriction for 10 days followed by a renewal of the regular food supply. At
sacrifice, tibial EGPs were excised, and the total RNA was extracted and loaded on miRNA microarrays. The miRNA microarray yielded more than 400 miRNAs
that are expressed in the EGP of mature animals. Results were confirmed by quantitative polymerase chain reaction. Chondrocyte-specific miR-140-3p showed
the highest expression in the mature EGP, and it was one of the few miRNAs that were significantly reduced following nutrition restriction. Changes in predicted
miRNA targets were then followed with Western immunoblotting. Direct binding was demonstrated using exogenous miRNA, the 3'UTR of the target mRNA and
a luciferase reporter assay. Nutrition restriction induced an increase in the level of the miR-140-3p target, NAD+-dependent SIRT1. This study is the first to show
that SIRT1 and miRNAs expressed in the mature EGP are responsive to nutritional cues. Nutrition-induced epigenetic regulation of growth activates two parts of
the epigenetic world — miRNAs and histone deacetylases — that are interconnected. Deciphering the role of epigenetic regulation in growth may open a new era

of research and pave the way for the development of new treatments for children with growth disorders.

© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

By the end of the Human Genome Project, researchers
recognized that a large part of the genome is not translated into
proteins. It has since became apparent that this noncoding, so-
called “junk” DNA is highly relevant to the control of gene
expression and maintenance of genomic stability and serves as
the site of action of epigenetic regulation. Epigenetics is defined as
changes in gene function caused by mechanisms other than changes
in the genomic DNA sequence, for example, chromatin structure
remodeling together with chemical modifications of DNA and
associated proteins, such as histones, as well as gene-regulating
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activities by small (18-24 nucleotides long) non-protein-coding
RNAs termed microRNAs (miRNAs) [1]. miRNAs negatively regulate
gene expression at the posttranscriptional level. Each miRNA can
regulate several mRNA transcripts, and each mRNA may be
regulated by one to several miRNAs [2,3]. miRNAs have been
shown to play a role in many cellular processes, including adipocyte
differentiation, insulin secretion, B-cell development, neural stem
cell fate, immune function and skeletal development [4-10]. They
are deregulated in numerous diseases including cancer, neurode-
generative diseases and autoimmunity [11-13].

Postnatal skeletal growth depends on an elaborate cascade of
events that take place in the cartilaginous growth center of the long
bones, called the epiphyseal growth plate (EGP), and culminate in
endochondral ossification. The process of endochondral ossification
involves the proliferation of early chondrocytes and production of
columns of flat proliferating cells followed by ingress of water and
increase in volume and metabolic activity until maturation of the
cells into hypertrophic chondrocytes. At this stage, the cells cease
dividing, secrete extracellular matrix and undergo programmed cell
death. This is accompanied by vascular invasion, mineralization of
the extracellular matrix and replacement of the cartilage scaffold
with bone tissue.
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Longitudinal growth at the EGP is controlled by both local
factors and systemic factors, namely, local growth factors, compo-
nents of the extracellular matrix and hormones. It can be impaired
by chronic illness, malnutrition and other pathological conditions.
In most cases, when the growth-inhibiting condition is resolved,
spontaneous catch-up (CU) growth occurs. CU growth is defined as
“height velocity above the normal statistical limits for age and/or
maturity during a defined period of time, following a transient
period of growth inhibition” [14]. CU growth is probably an
endogenic capability of the EGP [15].

Despite the enormous effort of pediatric endocrinologists,
dieticians and research scientists to expand our understanding of
the interaction of nutrition and linear growth in children, the exact
mechanism by which the body signals the EGP to grow or
attenuate growth is still unclear. In the last couple of years, our
group has conducted a series of experiments to determine the
factors underlying the association between nutrition and growth.
Together with others (reviewed in Ref. [16]), we have identified
the role of leptin in the regulation of linear growth [17-19], and
we have shown that HIFla, a transcription factor essential for
EGP growth and development [20], is responsive to nutritional
status [21].

Prompted by reports showing miRNA expression in cartilage
[22], in the present study, we applied our system of robust growth
changes to investigate the potential role of miRNAs in regulating
growth attenuation and CU growth in the mature EGP. We found
that miRNAs expressed in the mature EGP are affected by food
restriction. Furthermore, we discovered an apparently direct
association between two parts of the epigenetic regulatory
mechanisms: miRNA and histone deacetylase (HDAC) of the sirtuin
family, SIRT1. These findings may ultimately have important
implications for the treatment of growth disorders in children.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats, 24 days old, were purchased from Harlan
(Jerusalem, Israel) and housed individually at the animal care facility of Felsenstein
Medical Research Center. The rats were divided into two groups: one was given an
unlimited amount of food (complete diet for rats and mice, 3.4 kcal/g, provided by
Teklad, South Easton, MA, USA) (ad libitum group; AL), and the other was given
60% of the same chow (food-restricted group; RES); all animals had unlimited
access to water. The 40% restriction was calculated on the basis of a previous study
wherein animals were housed individually, and the amount of food consumed each
day was measured, together with the animals’ weight and weight gain, as described
[21]. The food restriction was maintained for 10 days. At that point, the RES group
was further divided into two groups: one was kept restricted, and the other was
given normal chow ad libitum (CU group). After 1 day of refeeding, animals from
all three groups (n=6 each) were sacrificed by CO, inhalation. Throughout the
study, animals were observed daily, and all remained bright, alert and active, with
no evidence of any disorder. The Tel Aviv University Animal Care Committee
approved all procedures.

At sacrifice, both tibial EGPs from each animal were removed, isolated and stored at
—70°C, creating a “pool” of growth plates for each group. It was necessary to work with
pools of EGPs because of the tiny size of the EGP. The whole experiment was repeated
five times. The results of each experiment were analyzed independently using
quantitative polymerase chain reaction (qPCR) and Western immunoblots.

2.2. Antibodies

Anti-SIRT1 was obtained from Millipore (Billerica, MA, USA); anti-IGF-1 binding
protein 7 (IGFBP7) and anti-IGF 1 receptor (IGF-1R) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA;) anti-HDAC4 was from Cell signaling (Danvers,
MA, USA); anti-p-actin was obtained from Abcam (Cambridge, MA, USA); secondary
fluorescent antibodies were obtained from LI-COR Biosciences (Lincoln, NE, USA).

2.3. Radioimmunoassay for serum IGF-1
IGF-1 levels were determined with a standard double-antibody radioimmunoassay

kit with extraction (5600 ACTIVE IGF-1 IRMA; Diagnostic System Laboratories, Inc., DSL
Inc., Webster, TX, USA) according to the manufacturer's instructions.

2.4. RNA extraction

Total RNA was extracted from the EGPs according to the acid guanidinium
thiocyanate method [21]. All RNA samples were stored at —70°C. RNA concentration
was assessed using Nanodrop (Nanodrop Technologies, Wilmington, DE, USA). The
integrity of the RNA was confirmed by running samples on denaturing agarose gel and
visualization under UV light after ethidium bromide staining.

2.5. Rosetta Genomics miRNA microarray

Total RNA was extracted from the EGP samples and hybridized to a Rosetta
Genomics (Rehovot, Israel) proprietary microarray. In this microarray, probes are
represented in triplicate, and 54 negative and positive controls are spotted in duplicate.
Normalization was performed as previously described [23]. Briefly, triplicate spots
were combined to produce one signal for each probe by taking the logarithmic mean of
reliable spots. All data was log-transformed (natural base), and the analysis was
performed in log-space. A reference data vector for normalization was calculated by
taking the median expression level for each probe across all samples [23]. For each
sample, a second-degree polynomial function F was found so as to provide the best fit
between the sample data and the reference data. Remote data points (“outliers”) were
not used for fitting the polynomial function. For each probe in the sample, the
normalized value (in log-space) is calculated from the initial value by transforming it
with the polynomial function F found for this sample [23].

Quality assessment was based on similarity of a sample to the median of all
samples and by a high dynamic range (>70 miRNA expressed a signal above 500). The
procedure and analysis were performed at the company's facilities by company
personnel and was repeated four times.

2.6. Reverse transcription (RT) and qPCR for mRNA

First-strand cDNA synthesis was performed with SuperScript III RTS First-Strand
cDNA Synthesis Kit (Invitrogen, Carlsbad, CA, USA) using 1 pg of total RNA according to
the manufacturer's instructions. This step was preceded by Dnase I treatment (Promega,
Madison, WI, USA). qPCR was performed with the ABI Prism 7000 Sequence Detection
System [Applied Biosystems (ABI), Foster City, CA, USA]. According to the manufac-
turer's instructions, PCR reactions were done with specific FAM-labeled probes
[TagMan assay on demand for SIRT1 RN01428093_m1; IGFBP7: MmO00514987_m1;
IGF-1-R RN01477918_m1 and Aconitase (Aco2): RN00667086_m1]. Aco2 was selected
to serve as the internal control because it was previously found to have the least
variability and greatest reproducibility in our system compared to other genes, such as
18S [21]. The following thermal cycling conditions were used: one cycle at 50°C
for 2 min and at 95°C for 10 min, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C.
The probes and reaction mixture were obtained from ABI. Relative expression was
determined using the 274 method [24]. Each sample was examined in triplicate.

2.7. RT and gPCR for miRNA

qPCR was performed with the 7000 Sequence Detection System (ABI). In the first
step, 10 ng of the total RNA were mixed with 0.015nmol dNTPs, 50 U Multiscribe
Reverse Transcriptase, 1.5 pl 10x RT buffer and 3.8 U RNAse inhibitor. Appropriate
primers were added to yield the RT product. The procedure was performed with 1.33 pl
of the RT product, Tagman Universal PCR Master mix and a specific FAM-labeled
probe/primer set [TagMan assay on demand for hsa-let-7e, no: 4373165; hsa-miR-
196a, no: 4373104; hsa-miR-126, no:4395339, hsa-miR-140-3p, no: 4373138; U6B
served as the internal control (RnU6B, no: 437338)]. These probes had the hsa-miR
nomenclature, in accordance with the probes used in the Rosetta Genomics
microarrays. The following thermal cycling conditions were used: one cycle at 50°C
for 2 min and at 95°C for 10 min, followed by 40 cycles of 15 s at 95°C and 1 min at
60°C. The probes and reaction mixture were obtained from ABI. Analysis of the results
was performed as described for mRNA.

2.8. Microdissection of the growth plate

Proximal tibial EGPs from the rats were embedded in OCT and stored at —70°C.
Thereafter, 50-um-thick longitudinal frozen sections were mounted on Superfrost/Plus
microscope slides (Fisher Scientific, Waltham, MA, USA). The slides were thawed for
2 min; fixed serially in 70% ethanol, 100% methanol and 95% ethanol; stained in
eosin; washed in 100% ethanol and dehydrated in xylene. Each step was conducted
for 60 s at room temperature [21].

The proliferative and hypertrophic zones were separated from each section
using an inverted microscope and a scalpel. A narrow buffer zone of chondrocyte
cells between the proliferative and hypertrophic zones was discarded to avoid cross-
contamination of the two zones. Using the microdissection method, we identified
the cells according to both their morphology and location, which guarantees very
high accuracy. For RNA isolation, at least 15 sections from each zone were pooled for
each animal.
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2.9. Protein extraction and determination

EGPs derived from tibial bones of rats from all groups were homogenized in a
commercial extraction buffer supplemented with Benzonase (Sigma-Aldrich) and a
protease inhibitor cocktail (Roche, Basel, Switzerland) in a 1:12 ratio. Protein
concentration was determined, and samples containing an equal amount of proteins
were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis followed
by Western immunoblotting. Positive immunoreactivity was detected with the
secondary fluorescent antibody (LI-COR) decorated with IRDye. Anti-B3-actin was
used as the reference.

2.10. Prediction of miRNA targets

There are many miRNAs, each with a large number of predicted targets. However,
only a handful of targets have been experimentally confirmed. In the absence of a high-
throughput experimental technique to determine the targets, several computational
algorithms were developed to identify putative targets of miRNAs and, hence, their
biological effects [to name a few: PicTar (http://pictar.mdc-berlin.de/), mirBase (http://
microrna.sanger.ac.uk/targets/v4/) and TargetScan (http://www.targetscan.org)].
However, although each of these algorithms yields a large number of putative targets,
the overlap is surprisingly low [25]. To narrow our search to relevant targets, we
selected from the predicted-target algorithms only those targets that may be involved
in growth or epigenetic regulation according to published data [22,26,27].

2.11. Construction of vectors and dual-luciferase activity assay

The binding recognition site for miR-140-3p localized in the 3’UTR of the SIRT1
gene was amplified from rat EGP, cut by the restriction enzymes Xhol and Notl (both
from New England Biolabs, Beverly, MA, USA) and cloned into the 6273-bp vector
psiCHECK-2 (Promega) immediately downstream of the Renilla luciferase gene
(psiCHECK-SIRT1). In a similar manner, psiCHECK-IGFBP7 plasmid was constructed.
The following primer sets were used to amplify the required region for PCR: for SIRT1
(located on Chr 20:25,668,033-25,688,196, according to http://www.ensembl.org/):
forward (5’-3") CCG CTC GAG CTC AAT TTC TGT TCT GCT G, reverse (3’-5) ATA GTT TAG
CGG CCG CTT AAG AGA CCT TTG CTT CC; for IGFBP7 (Chr 14: 33,010,198-33,070,052):
forward (5'-3") CCG CTC GAG ACG ACA GTC ACC GAA ACA, reverse (3/-5') ATA GTT TAG
CGG CCG CTG CTG CGA GTC TGC TTA T. Site-directed mutagenesis was used to
specifically mutate nucleotides 2-4 of miR-140-3p recognition site in the 3'UTR region
of SIRT1 (Quickchange II site-directed mutagenesis kit; Agilent Technologies, La Jolla,
CA, USA) according to the manufacturer's instructions) (psiCHECK-SIRT1-sdm).

Vectors containing miR-140 and miR-126 were prepared as described (miR-Vec-
140; miR-Vec-126) [28]. In brief, pre-miR 140 and pre-miR-126 were amplified using
the appropriate primers from genomic DNA. These fragments were inserted into the
miR-Vec vector between the EcoRl and BamHI sites. All vector sequences were
validated by direct sequencing.

The human cell line HEK293 was grown to 70% confluence in 24-well plates and
then co-transfected with three constructs: 10 ng of the pEGFP-C1 vector expressing a
green fluorescent protein (GFP) and a total of 500 ng of the reporter vector with or
without the relevant miR-Vec. Successful transfection was validated by following GFP
expression under a fluorescent microscope. Only wells with >70% transfection
efficiency were used for luciferase assays. Cells were harvested 72 h after transfection,
and the luciferase activity assay was performed using the Dual-Luciferase Reporter
Assay system (Promega, Madison, WI, USA). The relative luciferase activity was
calculated as the ratio of the Renilla luciferase activity to the firefly luciferase activity
and compared to cells transfected with the relevant psiCHECK vector alone. Data are
shown as the mean4S.E. percentage of controls.

2.12. Statistical analysis

Results are expressed as mean+S.E. Differences between groups were analyzed by
Student's t test or one-way analysis of variance. The statistically significant threshold
was set at P<.05.

3. Results
3.1. Expression of miRNAs in the mature EGP

To investigate the role of miRNA in growth regulation, we profiled
miRNA expression in the EGP of mature, 34-day-old rats. Numerous
miRNAs were found to be expressed above the limit of a signal value
of 500. The 50 with the highest expression and their possible role in
development and growth regulation are presented in Supplemental
Table 1 (Supplementary data, see supplementary Table 1 on the
journal's website at www.jnutbio.com). qPCR was performed with
probes for several highly expressed miRNAs (miR-140-3p, miR-126,
miR-196a1 and let 7e), and their relative expression was verified

(data not shown). The most highly expressed miRNA was found to be
miR-140-3p, in agreement with a previous publication [22].

3.2. miRNA expression following food restriction

Microarray and PCR studies were repeated for total RNA extracted
from the whole EGP of 34-day-old rats after 11-day diet of unlimited
chow (AL group) or 60% chow (RES group) or 10 days of 60% chow
followed by 1 day of normal chow ad libitum (CU group). Following
food restriction, the expression of only a few miRNAs was signif-
icantly and consistently reduced (according to Rosetta Genomics
arrays; later verified by qPCR in at least five independent in vivo
experiments). Food restriction induced a reduced expression of four
miRNAs: miR-140-3p, miR-126, miR-22 and miR-21. After 1 day of
refeeding, the expression of miR-126 and miR-21 remained
unchanged, whereas miR-22 and miR-140-3p expression tended to
increase (Fig. 1).

We also examined the levels of two miRNAs that were highly
expressed in the EGPs but seemingly unaffected by nutritional
manipulation according to the microarray study: let-7e and miR-
196a-1. The qPCR results revealed no significant effect of nutritional
manipulation on the levels of these miRNAs, indicating that the
reduction was not a general phenomenon (data not shown).

3.3. Microdissection analysis

The specific localization of the affected miRNAs in the EGP was
studied by microdissection. All four miRNAs were found to be
expressed in both the proliferative and hypertrophic zones. Interest-
ingly, the food restriction induced a significant reduction in the level
of these miRNAs only in the proliferative zone (data not shown).

3.4. Effect of nutritional manipulation on target levels in the EGP

To study the effect of nutrition on miRNA targets, we focused on
miR-140-3p, which had the highest expression level in the mature
EGPs. Among the predicted targets of miR-140-3p, we checked
changes in the protein level of two HDACs: HDAC4, previously shown
to be involved in chondrogenesis [22], and SIRT1, previously shown to
be involved in the response to long-term calorie restriction in other
systems [27]. As shown in Fig. 2, the protein level of HDAC4 was
significantly reduced by calorie restriction, whereas its mRNA levels
on Affymetrix chip increased slightly. By contrast, mRNA levels of

B AL
1.2 4 B RES
acu

Relative expression

miR-140-3p

miR-126 miR-22

Fig. 1. Effect of food restriction on expression levels of miR- 140, miR-126, miR-22 and
miR-21. qPCR was performed on RNA extracted from the EGP. Expression levels are
presented relative to the AL group. Results given are the average of five separate
experiments. *P<.05 compared with AL.
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Fig. 2. Effect of food restriction on expression and protein levels of HDAC4. (A)
Expression levels of HDAC4 mRNA from the expression microarray [21]. (B)
Densitometric analysis of the Western immunoblots for HDAC4 protein (presented in
C). Results are presented as percentage of the AL group. All data are given as mean=+S.E.
*P<.05 compared with AL (C) Western immunoblots for HDAC4 with B-actin as
reference. Results given are the average of three separate experiments.

SIRT1 showed no significant response to nutritional manipulation, but
quantitative analysis of the immunoblots disclosed higher expression
of SIRT1 in the RES group than the AL group (P<.05). In the CU group,
the increase associated with food restriction was followed by a
reduction already 1 day after refeeding (Fig. 3).

We further explored SIRT1 expression in the different zones of the
EGP using microdissection. Higher expression of SIRT1 mRNA was
found in the proliferative than the hypertrophic zone in all groups
(Fig. 4A), in agreement with the immunohistochemistry results for
the protein (Fig. 4B). SIRT1 was identified in both the nucleus and the
cytoplasm of the cells.

3.5. Direct effect of miRNA-140-3p on the 3'UTR of SIRT1

To confirm the association between miR-140-3p and its putative
target SIRT1, it was necessary to establish that the relevant binding site in
the 3'UTR sequence is expressed by chondrocytes of the EGP and is not
subject to alternative splicing. Indeed, we found that the 3’UTR of SIRT1,
containing the putative binding site for miR-140-3p, is expressed by EGP
chondrocytes (Fig. 5A). Next, a luciferase assay was established. Co-
expression of miR-Vec-140 with psiCHECK-SIRT1 significantly reduced
the luciferase activity. No significant effect on luciferase activity was noted

when miR-Vec-140 was co-expressed with a mutated 3’UTR-containing
vector, psiCHECK-SIRT1-sdm (Fig. 5B).

3.6. Effect of nutrition on IGFBP7

Next, we repeated the analysis for miR-126. Among the predicted
targets of miR-126, we chose IGFBP7, known to be involved in cellular
growth [26]. The mRNA levels of IGFBP7 were significantly reduced by
calorie restriction, but the level of the protein was significantly
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Fig. 3. Effect of food restriction on expression levels of miR-140-3p and its predicted
target, SIRT1. (A) qPCR of miR-140-3p in the EGP. Expression levels are presented
relative to the AL group. (B) qPCR of SIRT1 mRNA. (C) Densitometric analysis of
Western immunoblots for SIRT1 protein (presented in D). Results are presented as
percentage of AL. All data are given as mean4+S.E. *P<.05 compared with AL. (D)
Western immunoblots for SIRT1 with (-actin as reference. Results given are the
average of three separate experiments.
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Fig. 4. Effect of food restriction on expression levels of SIRT1 in microdissected EGP. (A)
qPCR of SIRT1 mRNA in the proliferative and hypertrophic zones of the proximal tibial
EGP. *P<.05 compared with proliferative zone. (B) Immunohistochemical detection of
SIRT1 in the proximal humeral EGP. Staining was located mainly in the transition and
proliferative zones, and mild staining was detected in the hypertrophic zone (arrows
indicate positive staining). Amplification x20.

increased (P<.05). However, in contrast to the results for miR-140-3p
and SIRT1, after 1 day of refeeding (CU group), the IGFBP7 protein
expression returned to baseline, and the IGFBP7 mRNA level
remained low. Although the 3'UTR region, containing the putative
binding site for miR-126 on IGFBP7 mRNA, was found to be expressed
by EGP chondrocytes on luciferase assay, the co-expression of miR-
Vec-126 and psiCHECK-IGFBP7 failed to reduce luciferase activity
(Supplementary figure 1). Thus, the discrepancy between the mRNA
and protein levels in this case warrants further investigation at other
regulatory levels.

3.7. Effect of nutritional manipulation on IGF-1 and IGF-1R

To the best of our knowledge, Western blot analysis is not
common practice in evaluation of extracts of EGP. To validate our
results of an increase in SIRT1 and IGFBP7 in the RES group, we tested
the level of IGF-1R, which we previously found to be reduced under
the same conditions by immunohistochemistry method (data not
shown). Since immunohistochemistry is not reliable for quantitative
analysis, we used this modified protocol for Western blots to follow
quantitative changes in IGF-1R. As shown in Fig. 6 (B,C), there was a
significant (50%) reduction in the IGF-1R protein in the RES group
compared to the AL group. One day of refeeding was enough to
increase the IGF-1R level back to normal (no significant difference
between the CU and AL groups). Interestingly, the mRNA (Fig. 6A)
showed the reverse effect to the protein, suggesting the possible
involvement of miRNAs, which are increased by calorie restriction.

The microarray platform we used did not identify any miRNA that
could explain this observation.

In addition to the reduction in the IGF-1R levels in the EGP, the
level of serum IGF-1 was also significantly reduced by calorie
restriction (by ~80%; P<.05). One day of refeeding was enough to
increase the level of IGF-1 back to normal (CU vs. AL; P=.1) (Fig. 6D).

4. Discussion

To the best of our knowledge, this is the first study showing that
miRNAs are expressed in the EGP of mature animals and the first
showing that miRNAs may respond to nutritional cues. Thus, miRNAs
constitute a part of the complex sensing system designed to ensure
that cells do not undergo periods of growth unless adequate levels of
nutrients are available to produce the energy necessary to support
that growth. Furthermore, this study demonstrates that there is a
direct link between miR-140-3p, a chondrocytes-specific miRNA, and
SIRT1 in the EGP. While calorie restriction reduces the level of miR-
140-3p, it relieves the inhibition on the translation of SIRT1, and the
level of SIRT1 protein is increased. SIRT1 was previously observed to
be increased in a tissue-specific manner in response to long-term
calorie restriction [27,29,30], but not in the context of linear growth
(although SIRT1 knockout rodents are small [31]). SIRT1 was shown
to have targets both in the nucleus and in the cytoplasm [32];
accordingly, immunohistochemistry showed that, in the EGP, SIRT1
can be identified in both regions.

The central role of miRNAs in mammalian development was first
reported by Bernstein et al. [33] who found that development was
arrested at E7.5 in Dicer-null mouse embryos. In addition, mice
lacking Dicer in their cartilage had many skeletal defects during
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Fig. 5. Direct effect of miRNA-140 on the 3’UTR of SIRT1. (A) RT-PCR showing
expression of the 3’UTR of SIRT1 in RNA extracted from the EGP: lane 1, genomic DNA;
lane 2, cDNA from the EGP. (B) Dual luciferase reporter assay performed in HEK293
cells co-transfected with psiCHECK-SIRT1 and miR-Vec-140. The Renilla luciferase
activity was normalized to that of the firefly and compared to cells transfected with the
psiCHECK-SIRT1 alone. For a negative control, we used psiCHECK-SIRT1-sdm, which
was not recognized by miR-140 (*P<.05 compared with SIRT1; **P<.05 compared with
miR-140+SIRT1).
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Fig. 6. Effect of food restriction on IGF-1R. (A) qPCR analysis of IGF-1R mRNA. (B)
Densitometric analysis of the Western immunoblots for IGF-1R protein (presented in
C). (C) Western immunoblots of IGF-1R with B-actin as reference. Data are given as
mean=+S.E. *P<.05 compared with AL. Results given are the average of three separate
experiments. (D) Serum derived from rats of the three groups was analyzed for the
presence of IGF-1 using radioimmunoassay. Data are given as mean+S.D. *P<.05
compared with AL; **P<.05 compared with RES.

development [34]. Dicer has been found to significantly affect limb
size and morphogenesis, and its absence leads to a delay in the
expression of limb-patterning genes [35]. In our study, a high-
throughput miRNA microarray technology was used to identify the
battery of miRNAs that are expressed in the mature EGP. Interestingly,
of the miRNAs that Kobayashi et al. [34] found to be preferentially
expressed in mouse chondrocytes, in the present study, only miR-

196a was relatively highly expressed, whereas miR-202 and miR-496
were not. This discrepancy might be explained by species and age
differences or by our selection of miRNAs on the basis of their level of
expression and not their chondrocyte specificity.

The present study is also the first to demonstrate the effect of
nutritional manipulation on miRNA expression. Interestingly, only
few miRNAs were reduced by food restriction, and none was
significantly increased. None of these miRNAs, except miR-140-3p,
was previously reported to be associated with chondrocyte function
[22,25,36-39]. Interestingly, although these miRNAs were identified
in both the proliferative and hypertrophic zones, the effect of
nutritional manipulation on miRNAs levels was evident mostly in
the proliferative zone. We have previously shown that the prolifer-
ative zone is severely affected by nutritional restriction; there was a
reduction in both cell numbers, zone height and BrdU-positive cells
[16]. These results may suggest that the miRNAs are associated with
cell proliferation. Indeed, miR-21 and miR-126 were previously
reported to be involved in growth regulation [40,41].

The number of experimentally validated mRNA targets is still low,
and the available computational programs predict somewhat differ-
ent target lists, apparently because these algorithms take some
similar and some unique characteristics of the miRNA-target in-
teractions into account [25]. In addition, there is a discrepancy
between the predicted and the in vitro validated targets (e.g., miR-
126 and IGFBP7). As the expression of miRNA is tissue and time
specific [36], effective regulation of transcript translation requires
that miRNAs and their targets reside in the same microenvironment.
In contrast to Nicolas et al. [25] who examined the effect of miRNA
regulation on the mRNA level, we decided to follow the effect on
protein levels [42]. Because of its extremely high level of expression,
we decided to focus our attention on miR-140-3p, and we found that
while the mRNA levels of SIRT1 were only marginally affected, a
significant change in the protein levels was observed.

Calorie restriction induces a global change in gene expression [21].
Therefore, we sought to study the effect of calorie restriction on the
epigenetics-associated targets of miR-140-3p: HDAC4 and SIRT1.
HDAC4, a class I HDAC, was previously shown to regulate
hypertrophy and skeletogenesis [37] by inhibiting the action of
RUNX2, itself a transcription factor required for hypertrophy and
osteoblast differentiation [43]. The calorie-restriction-induced reduc-
tion in the protein level of HDAC4 suggested that HDAC4 is not
involved in nutrition-related growth attenuation. Therefore, it was
not further examined in our study.

SIRT1 is a member of the sirtuin family of class Il HDACs, highly
conserved enzymes that utilize nicotinamide adenine dinucleotide
(NAD+) to deacetylate a number of histone and nonhistone
substrates. The founding member of this family, silent information
regulator 2, promotes longevity in yeast by repressing gene
expression and stabilizing chromatin. SIRT1 is involved in various
nuclear events, such as transcription, DNA replication and DNA repair.
It was found to regulate the proliferation, senescence and apoptosis of
cells via the regulation of several transcription factors that govern
metabolism and endocrine signaling, including PPAR-vy [44], PGC-1 o
[45], FOXOs [46,47], Ku70, NF-kB, p300 and p53 [48,49].

SIRT1 is widely implicated in the response to calorie restriction in
numerous tissues in a tissue-specific manner [27,29-30]. Calorie
restriction and fasting increase the NAD+ level, which positively
regulates the enzymatic activity of SIRT1. Some studies found that SIRT1
was induced by nutrient deprivation in vitro and after long-term calorie
restriction in vivo in the brain, adipose tissue, kidney and liver [27];
others reported that levels increased in adipose tissue and muscle, but
decreased in the liver [30]. We are the first, to the best of our knowledge,
to show the presence of SIRT1 in the EGP. The increase in SIRT1 may
explain the global shutdown observed under calorie-restricted condi-
tions; this hypothesis, however, needs further verification.
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Fig. 7. Calorie restriction effect on the EGP — a suggested model. Calorie restriction
reduces by an as yet unknown mechanism the level of miRNA-140-3p. This reduction
relieves the inhibition on SIRT1 translation, leading to an increase in SIRT1 protein
levels and a possible concomitant increase in deacetylation of HIF1cw. The reduction in
its level and activity leads to a reduction in glycolysis, chondrogenesis and
proliferation. Deacetylation of additional proteins such as histones and transcription
factors may contribute to the EGP growth attenuation.

In our previous publication, we reported that calorie restriction
reduces HIFla expression, protein level and activity [21]. In the
present study, we found that SIRT1 is increased under the same
conditions. The association between HIF1a and SIRT1 is supported by
a recent publication of Lim and colleagues [50] showing that SIRT1
deacetylates HIF1a and reduces its activity. Another important factor
in the response to nutritional modification is the mammalian target of
rapamycin (mTOR), an evolutionarily conserved serine/threonine
protein kinase and key regulator of cell metabolism which is
inactivated when nutrient levels are inadequate. Its inhibition leads
to protein synthesis inhibition, cell growth arrest, inhibition of HIF1cx
and glycolysis and autophagic protein degradation [51]. We therefore
suggest the following model (Fig. 7): Calorie restriction reduces miR-
140 levels by a still-unknown mechanism (involving mTOR?). This
reduction relieves the translational inhibition of SIRT1 and leads to an
increase in SIRT1 levels and a possible increase in its activity and, in
turn, deacetylation and reduced activity of HIF1a and its downstream
targets [21]. This model suggests a cross talk between nutrition, miR-
140-3p, SIRT1 and HIF1. It would be interesting to study the role of
mTOR in this paradigm.

IGFBP7 (also termed mac 25/angiomodulin /IGFBP-related protein
1) is a secreted 27-kDa protein that binds IGF with a relatively weak
affinity [52]. It plays a multifunctional role in regulating cellular
proliferation, adhesion and angiogenesis and was shown to be
involved in senescence and apoptosis. Findings of IGFBP7 down-
regulation in several tumor cell lines and its high expression in
senescent cells suggested that it may also exert tumor-suppressive or
antiproliferative activity in normal tissue [52]. The recent finding of
Lui et al. [53] of an increase in IGFBP7 level in the EGP with aging
supports our finding of an increase in IGFBP7 in association with
growth attenuation. What is intriguing is that only 1 day of refeeding
was enough to reduce the level of IGFBP7 back to normal, implying
that, during CU growth, the EGP returns to a “younger” stage of
development [53]. However, the mechanism that explains the

discrepancy between the effect on mRNA and protein level was not
found in this study.

Negative energy balance leads to reduced plasma levels of GH,
IGF-1, thyroid hormone, insulin and glucose and increases the levels
of glucocorticoids. All these factors have direct effect on linear
growth, and thus, the consequence of nutritional restriction is
reduction in growth and body size. Interestingly, unlike well-fed
children, malnourished children do not respond well to growth
hormone (GH) treatment [54]. The lack of positive staining with the
anti-GHR and anti-IGF-1R antibodies in the RES mice [16] and the
marked reduction in IGF-1R in the EGP of RES rats by Western
immunoblots in the present study, indicate that the EGP is rendered
GH and IGF-1 resistant during food restriction. The remarkable
reduction in IGF-1R protein level in the presence of an increase in its
mRNA level is also suggestive of miRNA regulation; however, the
panel we used failed to identify a miRNA that can explain this
observation. Further investigation is needed to determine if this
effect occurs as a consequence of changes in an as yet unidentified
miRNA or another regulatory system. In contrast to the significant
decrease in IGF-1R protein levels, food restriction induced a
significant increase in IGF-1R mRNA levels, probably as a result of
the marked reduction in serum IGF-1 levels [16,55].

To summarize, we have identified a set of miRNAs that are highly
expressed in the mature mammalian EGP. Our results suggest that
epigenetic mechanisms of miRNAs and HDACs from the SIRT family
respond to nutritional cues. These findings may offer a possible
explanation for some of the effects of food restriction on EGP growth.
The mechanisms by which SIRT1 and miRNAs sense and respond to
the change in nutritional status, and the role of SIRT1 in growth
regulation will be further studied in vitro. Deciphering the role of
epigenetic regulation in growth may open a new era of research and
pave the way for the development of new treatments for children
with growth disorders.

Supplementary materials related to this article can be found online
at doi:10.1016/j.jnutbio.2011.09.010.
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