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let-7 Enhances Osteogenesis and Bone Formation While
Repressing Adipogenesis of Human Stromal/Mesenchymal

Stem Cells by Regulating HMGA2

Jianfeng Wei,1 Hongling Li,1 Shihua Wang,1 Tangping Li,1 Junfen Fan,1 Xiaolei Liang,1 Jing Li,1

Qin Han,1 Li Zhu,1 Linyuan Fan,1 and Robert Chunhua Zhao1,2

Bone and fat cells share a common progenitor, stromal/mesenchymal stem cells (MSCs), that can differentiate
into osteoblasts or adipocytes. Osteogenesis and adipogenesis of MSCs maintain homeostasis under physio-
logical conditions. The disruption of this homeostasis leads to bone-related metabolic diseases. For instance,
reduction in bone formation, which is usually accompanied by an increase in bone marrow adipogenesis, occurs
with aging, immobility, or osteoporosis. Thus, it is crucial to gain an understanding of how osteogenic and
adipogenic lineages of MSCs are regulated. Here, we present evidence that let-7 is a positive regulator of bone
development. Using gain- and loss-of-function approaches, we demonstrate that let-7 markedly promotes
osteogenesis and suppresses adipogenesis of MSCs in vitro. Moreover, let-7 could promote ectopic bone
formation of MSCs in vivo. Subsequent studies further demonstrated that let-7’s effects are mediated through
the repression of high-mobility group AT-hook 2 (HMGA2) expression. RNAi depletion of HMGA2 could also
enhance osteogenesis and repress adipogenesis. Overall, we found a novel role of let-7/HMGA2 axis in
regulating the balance of osteogenesis and adipogenesis of MSCs. Thus, let-7 can be used as a novel therapeutic
target for disorders that are associated with bone loss and adipocyte accumulation.

Introduction

Human mesenchymal/stromal stem cells (hMSCs)
have the capacity of multilineage differentiation into

cells comprising bone, cartilage, adipose, and muscle [1–4].
Osteogenesis and adipogenesis of MSCs maintain homeo-
stasis under physiological conditions. With aging, meno-
pause, or ovariectomy, the balance between adipogenic and
osteogenic differentiation of MSCs can be disrupted, leading
to excessive accumulation of bone marrow adipocytes and a
decrease in bone mass (eg, osteoporosis) [5]. Therefore,
clarifying the balance of factors that control bone formation
and adipogenesis of MSCs might lead to novel approaches for
the prevention and treatment of disorders related to osteo-
genesis and adipogenesis.

MicroRNAs (miRNAs) are a class of small, non-coding
RNA molecules that function as negative regulators of gene
expression at the post-transcriptional level [6,7]. Emerging
evidence suggests that miRNAs are involved in regulating
differentiation and cell fate decisions [8]. Lots of miRNAs,
including miR-143, miR-24, miR-31, miR-30c, miR-642a-
3p, miR-141/200a, miR-135, miR-378, miR-196a, miR-27a,

miR-26a, miR-125b, miR-133, miR-29b, miR-2861, miR-
3960, miR-335-5p, miR-138, and miR-130, have been
identified that are involved in the differentiation of adipo-
cytes or osteoblasts [9–22]. Recently, several miRNAs have
also been identified to be responsible for the balance of
adipogenesis and osteogenesis. Overexpression of miR-204,
miR-17-5p, and miR-106a suppresses osteoblast differenti-
ation and promotes adipocyte differentiation [23,24]. In
contrast, miR-637 has an opposite effect, suggesting that
adipocyte and osteoblast differentiation are tightly regulated
by specific miRNAs in hMSCs [25]. As the first known
human family of miRNAs, the let-7 family has 10 mature
members that are produced from 13 precursor sequences [26].
let-7 miRNA family controls many cell-fate determination
genes and influences pluripotency, differentiation, tumori-
genesis, and transformation [26–29]. Recently, the role of
let-7 in modulating adipocyte differentiation by the direct
targeting of high-mobility group AT-hook 2 (HMGA2) was
discovered [19]. In addition, inhibition of the platelet-derived
growth factor pathway during osteogenic differentiation of
MSCs resulted in reduced expression of several miRNAs,
including let-7 [30]. However, the precise functions of let-7
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in osteogenesis and the underlying molecular mechanisms
remain largely unknown. HMGA2 has been found to be a
well-established target gene of let-7 [31,32], but how let-7/
HMGA2 axis regulates osteogenesis is not known until now.

In the present study, we detected the dynamic miRNA
expression pattern in femurs of mice (embryos from 15–21
days of gestation to 1- to 6-week-old males) and found that
let-7 is a positive regulator of bone development. Gain-
and loss-of-function analysis showed that let-7 can pro-
mote osteogenic differentiation, suppress adipogenesis of
human adipose-derived mesenchymal stem cells (hADSCs)
in vitro, and enhance bone formation in vivo as shown by
the detection of expression of Runt-related transcription
factor 2 (Runx2), bone sialoprotein (BSP), osteocalcin
(OC), and type I collagen alpha 1 (Col1a1) (late marker of
osteogenesis) as well as alkaline phosphatase (ALP) and
osteopontin (OPN) (early marker of osteogenesis). Our
findings indicated that let-7 was involved in the lineage
specification of hADSCs through the targeting of HMGA2.
Inhibition of HMGA2 could mimic the effect of let-7
overexpression on osteogenesis and adipogenesis. This
evidence prompted us to conclude that let-7 may serve as a
novel therapeutic target for osteogenesis- or adipogenesis-
related disorders.

Materials and Methods

Isolation and culture of hADSCs

The hADSCs were isolated from human adipose tissues
that were obtained from donors undergoing tumescent li-
posuction according to the procedure approved by the Ethics
Committee at the Chinese Academy of Medical Sciences
and the Peking Union Medical College. The isolation and
culture procedure of hADSCs was adapted from our previ-
ous article [33]. hADSCs in the third passage were used for
the following experiments. Adipogenic and osteogenic dif-
ferentiation of hADSCs was performed as described earlier
[23,24]. hADSCs from three different individuals were used
as biological replicates.

ALP staining, alizarin red staining,
and oil red O staining

ALP staining was typically performed using the ALP
staining kit (Institute of Hematology and Blood Diseases
Hospital, Chinese Academy of Medical Sciences) according to
the manufacturer’s instructions. Alizarin red and oil red O
staining were performed according to previous articles [23,24].

ALP activity assay

ALP activity assay was performed using the Alkaline
Phosphatase Yellow (pNPP) Liquid Substrate System for
ELISA. ALP activity was calculated according to the
manufacturer’s instructions (ALP diagnostics kit; Sigma-
Aldrich). ALP activity was normalized to the total protein of
cell lysates.

Masson’s trichrome staining

Masson’s trichrome staining was performed according to
standard procedures using the Trichrome Stain (Masson) kit
(Sigma-Aldrich).

Lentiviral vector preparation and infection

Lentivirus production was carried out according to pro-
tocols from GenePharma (www.genepharma.com/). After
cells were infected with let-7 overexpression lentiviral
vector, GFP-positive cells were sorted by an FACSCalibur
(BD) Flow Cytometer.

miRNA inhibitor, and siRNA transfection

Cells were transfected with single-stranded oligonucleo-
tides corresponding to the mature miRNA sequence as an in-
hibitor pool of let-7 family miRNAs by Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. All
oligonucleotides were obtained from GenePharma. The siR-
NA targeting HMGA2 was synthesized (Invitrogen). The
siRNA was transfected into cells with the procedure used for
miRNA transfection. The sequences of miRNA inhibitor of
let-7 family and siRNA targeting HMGA2 are listed in Sup-
plementary Tables S1 and S2.

Dual luciferase reporter genes constructs
and assays

let-7 recognition sites of the target genes were cloned in
the 3¢-untranslated region (3¢-UTR) containing the predicted
seed match site or the mutant (mu) site of the firefly lucif-
erase reporter vector according to standard protocols. Eighty
to100 bp synthetic fragments were cloned in between the
XhoI and NotI cleavage sites of the pRL-TK vector (Pro-
mega). The oligonucleotide sequences are shown in Figure 5.
A total of 5 · 104 293T cells were co-transfected with 1mg
pRL-TK vector with or without the synthetic fragment of the
predicted target genes 3¢-UTR, pGL-3 vector with luciferase
reporter gene, and 100 nM let-7 mimics or miR-NC mixed
with lipofectamine 2000 (Invitrogen), respectively, accord-
ing to the manufacturer’s instructions. Lysates were har-
vested at 24 h after transfection. Luciferase activity was
measured in triplicate by using the Dual Luciferase Reporter
Assay System (Promega). Firefly luciferase activity was
normalized to Renilla luciferase activity.

RNA isolation and qRT-PCR analysis

Total RNA was extracted from cultured cells or fresh
bone tissues with TRIzol reagent (Invitrogen). The mRNA
levels were assayed with the primer sets in the Fast Real-
Time PCR system (Applied Biosystems). The miRNA was
extracted with the miRVana Isolation kit (Ambion) as de-
scribed by the manufacturer. The miRNA levels were assayed
according to the manufacturer’s instructions by TaqMan
Small RNA assays (Invitrogen). Relative expression of mRNA
or miRNA was evaluated by the 2 -DDCt method and nor-
malized to GAPDH or U6, respectively. Primers of mRNA
real-time PCR are listed in Table 1.

Western blot

Protein was extracted with radioimmunoprecipitation ly-
sis buffer with PMSF (Beyotime) and quantified with BCA
Protein Assay kit (Beyotime). Lysates were electrophoresed
on 10% sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis and transferred to polyvinylidene difluoride
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membrane. The blots were probed with primary antibodies at
4�C overnight and then probed with horseradish peroxidase-
conjugated secondary antibodies (1:2,000; Zsbio). Antibody–
antigen complexes were detected using an ECL reagent
(Millipore).

In vivo bone formation assay

All procedures involving mice were performed in accor-
dance with institutional guidelines and permissions of the
Ethics Committee at the Chinese Academy of Medical
Sciences and the Peking Union Medical College. Approxi-
mately 5 · 105 hADSCs infected with Lenti-let-7c and
Lenti-scr were loaded in PLGA scaffolds and implanted into
6-week-old male athymic mice (BALB/c nu/nu strain) (12
mice/group) for 60 days. The xenografts were removed for
subsequent experiments.

Immunofluorescence staining

Cells were fixed with 4% formaldehyde (Sigma-Aldrich)
in phosphate-buffered saline (PBS) for 30 min at room
temperature, permeabilized with 0.1% Triton X-100 in
PBS for 15 min, and then blocked with 3% bovine serum
albumin (BSA; Sigma-Aldrich) in PBS for 30 min.
Thereafter, cells were incubated with primary antibody at
4�C overnight, incubated in the specified secondary anti-
bodies for 1 h, and visualized with an Olympus IX71
fluorescence microscope that was equipped with an
Olympus DP72 imaging system.

Immunohistochemical analysis

After xenograft implantation for 60 days, the mice were
killed, and their tissues were fixed overnight, processed,
sectioned according to standard procedures, and stained with
hematoxylin and eosin (H&E). The sections were permea-
bilized with 0.1% Triton X-100 in PBS for 15 min, blocked
with 3% BSA (Sigma-Aldrich) in PBS for 30 min, and
thereafter incubated with primary antibody at 4�C overnight.
Next, sections were processed using the ABC detection kit
(Vector Laboratories). Sections were visualized with an
Olympus BX51 light microscope that was equipped with an
Olympus DP70 camera.

Statistical analysis

The data are presented as the mean – SD. Student’s t-test,
and one-way ANOVA was used to test the differences be-
tween groups. The results were considered significant if
P < 0.05. Calculations were performed with SPSS software
version 19.0.

Results

The expression pattern of let-7 suggests
that it might be a candidate enhancer
in bone formation and osteogenesis

In our study, we detected the dynamic expression pattern
of let-7c and let-7d in the mouse femur (embryos from 15–
21 days of gestation to 1- to 6-week-old male C57BL/6J
mice) by TaqMan qRT-PCR. The results showed that let-
7c and let-7d were expressed at relatively low levels in
embryos and markedly increased after birth. Expression
peaked in 4-week-old mice and rapidly decreased there-
after (Fig. 1A, B). Previous reports demonstrated that bone
formation and mineral apposition rates decrease rapidly
from the fourth week onward in male C57BL/6J mice [34].
We confirmed that the peak in the expression of let-7c and
let-7d was consistent with the bone development phase. To
confirm the expression profile of let-7 in osteogenesis in
vitro, the expression patterns of let-7c and let-7d were
analyzed on day 0, 2, 4, and 6 of osteogenic differentiation
using TaqMan qRT-PCR (Fig. 1C, D). Results showed that
the expression level of let-7 was up-regulated when
hADSCs underwent differentiation toward osteogenic
lineages.

Up-regulation of let-7 promotes osteogenic
differentiation and suppresses adipogenesis
of hADSCs

An initial small-scale screen using miRNA mimics
showed that all let-7 family members could actually
promote osteogenic differentiation and repress adipo-
genesis in hADSCs, suggesting that this large family of
miRNAs is functionally similar. This is consistent with
previous observations that let-7 and its family members
are highly conserved across species in sequence and
function [26]. Furthermore, the dynamic miRNA expres-
sion pattern of let-7c and d orthologs is similar in femurs
of mice and hADSCs; therefore, we chose to focus on
let-7c.

The expression of let-7c was up-regulated by expressing
its precursor in hADSCs with a lentiviral vector (Lenti-let-
7c). The same lentiviral vector expressing a scrambled
sequence (Lenti-scr) with no homology to the human ge-
nome was used as a parallel control. TaqMan qRT-PCR
confirmed that the expression of let-7c was up-regulated by
more than 400-fold in Lenti-let-7c-infected hADSCs (data
not shown). Lenti-let-7c-infected hADSCs were induced to
differentiate to the osteoblast lineage with standard oste-
ogenic induction media. ALP staining and activity assays

Table 1. Real-Time PCR Primers Sequence Used in This Study

Gene Forward primer (5¢-3¢) Reverse primer (5¢-3¢)

RUNX2 TGTCATGGCGGGTAACGAT AAGACGGTTATGGTCAAGGTGAA
ALP CCACGTCTTCACATTTGGTG AGACTGCGCCTGGTAGTTGT
OC GGCGCTACCTGTATCAATGG GTGGTCAGCCAACTCGTCA
OPN ACTCGAACGACTCTGATGATGT GTCAGGTCTGCGAAACTTCTTA
GAPDH GGTCACCAGGGCTGCTTTTA GGATCTCGCTCCTGGAAGATG
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confirmed that the expression and activity of ALP, an early
marker of osteoblasts, were increased by let-7c over-
expression (Fig. 2A–C). Alizarin red staining indicated that
matrix mineralization was enhanced in let-7c-upregulated
cells (Fig. 2D).

Immunofluorescence staining and western blot analysis in-
dicated that the protein levels of ALP, OPN, and Runx2
were upregulated in Lenti-let-7c-infected hADSCs (Fig. 2E–
G). As shown by qRT-PCR, Runx2, ALP, and OPN were
increased in let-7-overexpressed hADSCs during osteogenesis

FIG. 1. let-7 expression profiles during bone formation and osteogenesis differentiation. (A, B) The expression of let-7c
and let-7d, respectively, in different developmental stages of the mouse femur was detected using TaqMan qRT-PCR. U6
was used as an internal normalization control. The data are presented as the mean – SD from three independent trials. (C, D)
TaqMan qRT-PCR analysis of the dynamic expression pattern of let-7c was performed in human adipose-derived mes-
enchymal stem cells (hADSCs) at days 0, 2, 4, and 6 of osteogenic differentiation. U6 was used as an internal normalization
control. The data are presented as the mean – SD from three independent trials.

FIG. 2. Overexpression of let-7 promotes osteogenic differentiation and suppresses adipogenesis of hADSCs; the expression
of let-7 was up-regulated by expressing the let-7c precursor with a lentiviral vector (Lenti-let-7c), and the same lentiviral vector
expressing a scrambled sequence (Lenti-scr) was used as a parallel control. (A) Alkaline phosphatase (ALP) staining indicated
the effect on osteogenic differentiation of Lenti-let-7c-infected hADSCs compared with Lenti-scr-infected cells at day 4. n = 5.
Scale bars: 100mm. (B) ALP-positive cells were counted under a high power field and normalized by the total cell numbers in
infected cells. The data are presented as the mean – SD from five independent images of each group. (C) ALP activity was
analyzed in hADSCs infected with Lenti-let-7c and Lenti-scr during osteogenic differentiation at day 4. n = 3. (D) Alizarin red
staining indicated the mineralization in hADSCs infected with Lenti-let-7c and Lenti-scr after induction to the osteogenic lineage
at day 14. n = 3. Scale bars: 100mm. (E, F) Immunofluorescence analysis of the expression of ALP and Runt-related transcription
factor 2 (Runx2) with Hoechst 33342 counterstaining in hADSCs infected with Lenti-let-7c and Lenti-scr after induction to the
osteogenic lineage at day 4. Scale bars: 100mm. (G) The protein expression of ALP, osteopontin (OPN), and Runx2 was
measured by western blot analysis in hADSCs infected with Lenti-let-7c and Lenti-scr after inducing osteogenic differentiation
at day 4. n = 3. (H) The mRNA expression levels of Runx2, ALP, OPN, and osteocalcin (OC) were analyzed by qRT-PCR in
hADSCs infected with Lenti-let-7c and Lenti-scr after induction to the osteogenic lineage at day 4. The data are presented as the
mean – SD from three independent trials. (I) Oil red O staining indicated the effect of let-7 overexpression on adipogenic
differentiation of hADSCs at day 12. n = 4. Scale bars: 100mm. (J) The dye in cells was extracted with isopropanol, and the OD
value was measured at a wavelength of 510 nm using a microplate reader for quantitation. The data are presented as the
mean – SD from five independent trials. Color images available online at www.liebertpub.com/scd
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(Fig. 2H). To further elucidate the effect of let-7 on the adi-
pogenic differentiation of hADSCs, Lenti-let-7c-infected
hADSCs were induced to differentiate to the adipogenic
lineage. Overexpression of let-7 inhibited adipogenesis as
indicated by oil red O staining (Fig. 2I, J). This is consistent
with a previous report that let-7 inhibits adipogenesis in
3T3-L1 cells [19].

Down-regulation of endogenous let-7 suppresses
osteogenic differentiation and enhances
adipogenesis of hADSCs

To further study the effect of let-7 on osteogenic differ-
entiation, we used specific inhibitors to reduce endogenous
expression of let-7. miRNA-specific qRT-PCR analysis

1456 WEI ET AL.



FIG. 3. Down-regulation of endogenous let-7 suppresses osteogenic differentiation and promotes adipogenic differenti-
ation of hADSCs; a specific inhibitor of let-7 (let-7I) was transfected into hADSCs to inhibit its endogenous expression. (A)
ALP staining indicated the effect of let-7 down-regulation on osteogenic differentiation of hADSCs at day 6. n = 3. Scale
bars: 100 mm. (B) ALP-positive cells were counted under a high power field and normalized by the total cell number of
hADSCs transfected with let-7 inhibitor and negative control miRNA inhibitor (miR-NCI) after inducing osteogenic
differentiation at day 6. The data are presented as the mean – SD from five independent images of each group. (C) ALP
activity was calculated in let-7c-down-regulated and negative control hADSCs after induction to the osteogenic lineage at
day 6. n = 3. (D) Alizarin red staining for mineralization indicated the effect of osteogenic differentiation of let-7-down-
regulated and negative control hADSCs at day 14. n = 3. Scale bars: 100 mm. (E) Western blot analysis evaluated the
expression of ALP, OPN, and Runx2 in let-7-down-regulated and negative control hADSCs undergoing osteogenic dif-
ferentiation at day 6. n = 3. (F) Oil red O staining indicated the effect of let-7 down-regulation on adipogenesis of hADSCs
at day 12. n = 3. Scale bars: 100 mm. (G) The dye of oil red O-positive cells was extracted by isopropanol, and the OD value
was quantified at 510 nm wavelength. The data are presented as the mean – SD from four independent trials. miR-NCI was
used as a control. let-7I, let-7 inhibitor. Color images available online at www.liebertpub.com/scd
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showed that inhibitors effectively inhibited let-7 expression
compared with negative control inhibitors (Supplementary
Fig. S1; Supplementary Data are available online at www
.liebertpub.com/scd). Then, let-7-inhibited hADSCs were
induced to differentiate to the osteogenic lineage. The re-
sults of ALP staining and ALP activity assays showed that
the inhibition of endogenous let-7 significantly decreased
the osteogenic differentiation of hADSCs compared with
cells transfected with a negative control miRNA inhibitor
(miR-NCI) (Fig. 3A–C). Alizarin red staining showed that
the matrix mineralization was also suppressed during oste-
ogenic differentiation of let-7-inhibited hADSCs (Fig. 3D).
These results confirmed that down-regulation of let-7 can
sharply decrease the osteogenic differentiation of hADSCs.

Consistent with these results, western blot analysis showed
that the expression levels of Runx2, OPN, and ALP were de-
creased when let-7 was inhibited during the osteogenesis of
hADSCs (Fig. 3E). These results indicate that let-7 is a positive
regulator of osteogenesis in hADSCs. However, oil red O
staining showed that the down-regulation of let-7 significantly
promoted the adipogenesis of hADSCs (Fig. 3F, G).

let-7 promotes ectopic bone formation
of hADSCs in vivo

To clarify whether up-regulation of let-7 can enhance ec-
topic bone formation in vivo, hADSCs infected with Lenti-let-
7c and Lenti-scr were loaded in PLGA scaffolds and implanted
into 6-week-old male athymic mice (BALB/c nu/nu strain) for
60 days (Fig. 4A, B). Significant differences between hADSC
xenografts infected with Lenti-let-7c and those infected with
Lenti-scr were observed by H&E staining and Masson’s tri-
chrome staining (Fig. 4C, D). Bone tissue and Blue collagen in
hADSC xenografts overexpressing let-7c were more abundant
than in the Lenti-scr group (Fig. 4C, D). Immunohistochemical
staining showed that the expression of Runx2, BSP, and
Col1a1 increased and that the expression of ALP and OPN
decreased in Lenti-let-7c-infected xenografts (Fig. 4E).

Furthermore, western blot analysis showed that the expres-
sion levels of ALP and OPN were lower in Lenti-let-7c-infected
hADSC xenografts than in Lenti-scr-infected hADSC xeno-
grafts; while the expression of Runx2 was higher in Lenti-let-
7c-infected hADSC xenografts (Fig. 4F). In addition, analysis
of the ultrastructure of xenografts by transmission electron
microscopy indicated that osteocytes displayed a more typical
and mature status in Lenti-let-7c-infected hADSC xenografts
and were characterized by cytoplasmic processes surrounded
by a matrix (Fig. 4G). Up-regulation of let-7c promoted bone
formation, which supported the notion that let-7c positively
regulates osteogenic differentiation and bone formation
in vivo. Furthermore, in the ultrastructure of xenografts, os-
teoclasts were close to the bone matrix of osteocytes (Fig.
4G), indicating that functional bone tissue was remodeled
through bone formation by osteoblasts and bone resorption
by osteoclasts.

Prediction and confirmation of the direct target
of let-7 in regulating osteogenic differentiation
of hADSCs

To investigate the molecular mechanisms of let-7 regu-
lation of differentiation of hADSCs, we used TargetScan

and miRBase to predict the let-7 potential targets for os-
teogenesis- or adipogenesis-related genes. Among the can-
didate target genes, we found that HMGA2, PPARGC1A,
PPARGC1B, and SMAD2 have let-7 binding sites in the 3¢-
UTR (Fig. 5A). As previously reported, HMGA2 has been
shown to be a target of let-7 [19,31,32], but there are no
published articles which have experimental data to show
that PPARGC1A, PPARGC1B, and SMAD2 are regulated
by let-7. To test which one can be targeted in the subset of
genes, we constructed luciferase reporter vectors that had
either a wild-type (wt) 3¢-UTR or a 3¢-UTR of those genes
containing mu sequences in the let-7 binding site (Fig. 5B
and Supplementary Table S3). Interestingly, we found that
only the luciferase reporter activity in the wt HMGA2 3¢-
UTR was inhibited by let-7 (Fig. 5C); this is consistent with
a previous report that let-7 represses the expression of
HMGA2 [19,31,32]. Western blot analysis further confirmed
that endogenous protein expression of HMGA2 was effec-
tively suppressed by let-7 (Fig. 5D).

To further confirm that the effect of let-7 is directly
mediated by HMGA2, we inhibited endogenous HMGA2
expression in hADSCs using a specific siRNA. ALP staining
and assays for the expression and activity of ALP and
alizarin red staining for mineralization (Fig. 6A–D), qRT-
PCR, and western blotting for the expression of osteogenic
differentiation lineage-related genes were performed (Fig.
6E, F). The results indicated that down-regulation of en-
dogenous HMGA2 promoted osteogenic differentiation of
hADSCs. In contrast, down-regulation of endogenous HMGA2
suppresses adipogenesis of hADSCs as indicated by oil red
O staining for lipids (Fig. 6G).

Discussion

Decreased bone formation that occurs with aging, im-
mobility, or osteoporosis is usually accompanied by an in-
crease in bone marrow adipogenesis [35,36]. Adjusting the
balance between bone formation and adipogenesis might be
a therapeutic option for the prevention or treatment of bone-
and fat-associated metabolic diseases. Several miRNAs in-
volved in regulating osteogenic or adipogenic differentiation
of MSCs have been identified, such as miR-204, miR-17-5p,
and miR-106a, that were indicated to suppress osteoblast
differentiation while promoting adipocyte differentiation
[23,24]. In contrast, reports of protective miRNAs that can
promote osteogenesis and suppress adipogenesis are rare. In
this study, we demonstrated a crucial role of let-7 family
miRNAs in modulating osteogenesis and adipogenesis of
hADSCs. In our study, we detected the dynamic temporal
expression pattern of miRNAs in mouse femurs. We found
that the expression of let-7c and let-7d increased after birth
and peaked at 4 weeks before rapidly decreasing after bone
maturation. Previous reports demonstrated that bone for-
mation and mineral apposition rates decrease from the
fourth week onward in male C57BL/6J mice [34]. Our
findings suggest that let-7 might be a positive regulator of
bone development and osteogenesis of MSCs.

To investigate the role of let-7 in osteogenesis of hMSCs
in vitro and bone formation in vivo, we selected hADSCs as
a cell model of hMSCs. These cells were chosen due to their
convenient isolation and culture and their effective adipo-
genic and osteogenic differentiation potential under certain
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FIG. 4. let-7 promotes the ectopic bone formation of hADSCs in vivo. The expression of let-7 was up-regulated by
expressing the let-7c precursor with a lentiviral vector (Lenti-let-7c), and the same lentiviral vector expressing a scrambled
sequence (Lenti-scr) was used as a parallel control. (A, B) The hADSCs infected with Lenti-let-7c and Lenti-scr were
loaded on PLGA scaffolds and implanted into 6-week-old male athymic mice (BALB/c nu/nu strain) for 60 days. Black
arrows indicate xenografts (12 mice/group). (C) Hematoxylin and eosin staining of xenografts. Scale bars: 50 mm. (D)
Masson’s trichrome staining analyzed the osteoid formation in xenografts. Scale bars: 50 mm. (E) Immunohistochemical
staining showed the expression levels of Runx2, bone sialoprotein (BSP), type I collagen alpha 1 (Col1a1), ALP, and OPN
in xenografts. Scale bars: 50 mm. (F) Western blot analysis indicated the expression of ALP, OPN, and Runx2 in xenografts.
n = 3. (G) The ultrastructure of Lenti-let-7c-infected xenografts was observed by transmission electron microscopy. Scale
bars: 1mm. Color images available online at www.liebertpub.com/scd
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conditions both in vitro and in vivo [2,3,37,38]. We found
that let-7 overexpression in hADSCs can significantly pro-
mote osteogenesis and simultaneously suppress adipogenic
differentiation in vitro. When cells were loaded in PLGA
scaffolds and implanted into 6-week-old male athymic mice
for 60 days, let-7 upregulation enhanced ectopic bone for-
mation of hADSCs in vivo. We observed the ultrastructure
of xenografts using transmission electron microscopy and
found that osteocytes generated from hADSCs that over-
expressed let-7 displayed a more typical and mature status
which was characterized by cell cytoplasmic processes
surrounded by a matrix. Bone tissue is continuously turned
over and remodeled through bone formation by osteoblasts
of mesenchymal origin and bone resorption by osteoclasts
that arise from the hematopoietic lineage [39]. Our results
indicated that functional osteocytes and osteoclasts were
regulating this dynamic process in bone tissue.

HMGA2 is a member of the high mobility group A family
of proteins [40]. It is expressed in almost all tissues at the
early developmental stage and then subsequently has limited

expression in adults, where it is restricted to tissues of
mesenchymal origin [41]. HMGA2 is associated with a
variety of common benign mesenchymal tumors and rare
aggressive cancers in humans, and it has also been strongly
associated with differentiation and development [42,43]. As
a non-histone chromatin protein, HMGA2 alters chromatin
structure and positively or negatively regulates the expres-
sion of many genes [42]. Knockdown of HMGA2 blocks
normal cardiac development and completely abrogates
in vivo cardiogenesis [44]. HMGA2 also plays a pivotal role
in human bone growth and development, and severe muta-
tions in this gene alter body size in both mice and humans
[45]. For instance, an 8-year-old boy with severe somatic
overgrowth and advanced endochondral bone and dental
development had breakpoints at the HMGA2 locus [46].
HMGA2 can be influenced by BMP4, which has been linked
to the early steps of adipocyte lineage differentiation of
MSCs [47]. These reports suggest that HMGA2 is a negative
regulator of bone formation and a positive regulator of
adipogenesis.

FIG. 5. Prediction and confirmation of the direct target of let-7 in regulating osteogenic differentiation of hADSCs. (A)
Bioinformatics analysis showed that target sequences of let-7 on the 3¢-untranslated region (3¢-UTR) of its candidate target
genes. (B) Schematic representation of the luciferase reporter vectors construct containing that had either a wild-type 3¢-
UTR or a mutant 3¢-UTR of high-mobility group AT-hook 2 (HMGA2) coding sequence in the let-7 binding site. (C) let-7
specifically represses its targets in the luciferase assay in 293T cells. The data are presented as the mean – SD from three
independent experiments. (D) Western blot analysis was used to evaluate the expression of HMGA2 when endogenous
HMGA2 was inhibited in hADSCs using let-7. miR-NC was used as a negative control. n = 3.
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FIG. 6. Down-regulation of HMGA2 promotes osteogenic differentiation and inhibits adipogenic differentiation of hADSCs.
(A) ALP staining indicated osteogenic differentiation of hADSCs at day 6 when HMGA2 was down-regulated by RNA
interference. Scrambled siRNA was used as a negative control. n = 3. Scale bars: 100mm. (B) The number of ALP-positive cells
was determined by counting under a high power field and normalized by total cell number. The data are presented as the
mean – SD from five independent images of each group. (C) ALP activity was calculated during osteogenic differentiation of
hADSCs at day 6 when HMGA2 was down-regulated by RNA interference. n = 3. (D) Alizarin red staining for mineralization
indicated the effect of HMGA2 down-regulation on osteogenic differentiation of hADSCs at day 14 by RNA interference.
Scrambled siRNA was used as a negative control. n = 3. Scale bars: 100mm. (E) qRT-PCR revealed the mRNA expression levels
of Runx2, OSX, ALP, and OC during the osteogenic differentiation of HMGA2-inhibited hADSCs at day 6. Scrambled siRNA
was used as a negative control. n = 3. (F) Western blot analysis detected the expression of ALP, OPN, and Runx2 during the
osteogenic differentiation of HMGA2-inhibited hADSCs at day 6. Scrambled siRNA was used as a negative control. n = 3. (G)
Down-regulation of HMGA2 affected the adipogenesis of hADSCs as indicated by oil red O staining at day 12. Scrambled
siRNA was used as a negative control. n = 5. Scale bars: 100mm. Color images available online at www.liebertpub.com/scd
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To investigate the underlying mechanism of let-7 in bal-
ancing osteogenesis and adipogenesis of hMSCs, we identi-
fied a set of candidate target genes that contain the binding
site of let-7 in their 3¢-UTR and only HMGA2 was confirmed
as a target of let-7. Several groups also reported that HMGA2
is a let-7 target gene and that HMGA2 plays a role in regu-
lating adipogenesis and repressing tumorigenesis [19,31,32].
However, how let-7/HMGA2 axis regulates osteogenesis is
not known until now. Here, we used specific siRNA to down-
regulate the endogenous expression of HMGA2 and found
that osteogenesis was promoted and adipogenesis was sup-
pressed. This was similar to the effect of let-7 overexpression
on the differentiation of hADSCs by targeting HMGA2.

In summary, we showed that let-7 positively regulates
osteogenic differentiation and negatively regulates adipo-
genic differentiation of hADSCs by repressing HMGA2.
Importantly, the temporal expression pattern of let-7 in
mouse femurs is consistent with the timing of bone devel-
opment. The overexpression of let-7 can accelerate the os-
teogenesis of hADSCs and lead to increased bone formation
in vivo. Our results suggest that targeting let-7 expression to
promote osteogenesis and suppress adipocyte generation
might be used as a novel therapeutic approach for disorders
such as osteoporosis that are associated with bone loss and
adipocyte accumulation.
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