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lncRNA H19 mediates BMP9-induced osteogenic differentiation 
of mesenchymal stem cells (MSCs) through Notch signaling
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ABSTRACT

Mesenchymal stem cells (MSCs) are multipotent progenitor cells that can undergo 
self-renewal and differentiate into multiple lineages. Osteogenic differentiation from 
MSCs is a well-orchestrated process and regulated by multiple signaling pathways. 
We previously demonstrated that BMP9 is one of the most potent osteogenic 
factors. However, molecular mechanism through which BMP9 governs osteoblastic 
differentiation remains to be fully understood. Increasing evidence indicates 
noncoding RNAs (ncRNAs) may play important regulatory roles in many physiological 
and/or pathologic processes. In this study, we investigate the role of lncRNA H19 in 
BMP9-regulated osteogenic differentiation of MSCs. We demonstrated that H19 was 
sharply upregulated at the early stage of BMP9 stimulation of MSCs, followed by a 
rapid decease and gradual return to basal level. This process was correlated with 
BMP9-induced expression of osteogenic markers. Interestingly, either constitutive H19 
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expression or silencing H19 expression in MSCs significantly impaired BMP9-induced 
osteogenic differentiation in vitro and in vivo, which was effectively rescued by the 
activation of Notch signaling. Either constitutive H19 expression or silencing H19 
expression led to the increased expression of a group of miRNAs that are predicted 
to target Notch ligands and receptors. Thus, these results indicate that lncRNA H19 
functions as an important mediator of BMP9 signaling by modulating Notch signaling-
targeting miRNAs. Our findings suggest that the well-coordinated biphasic expression 
of lncRNA H19 may be essential in BMP9-induced osteogenic differentiation of MSCs, 
and that dysregulated H19 expression may impair normal osteogenesis, leading to 
pathogenic processes, such as bone tumor development.

INTRODUCTION

Mesenchymal stem cells (MSCs) are multipotent 

progenitor cells that can undergo self-renewal and 

differentiate into multiple lineages, including osteoblastic, 

chondrogenic, and adipogenic lineages [1–6]. Owing to 

their broad range utilities and easiness of manipulations, 

MSCs attract profound attention in the arena of stem cell 

biology and regenerative medicine [4, 7–10]. On the other 

hand, osteogenic differentiation from MSCs occurs via the 

sequential events that recapitulate most of the molecular 

and cellular processes occurring during bone and skeletal 

development [11].

While several signaling pathways, such as Wnt, 

Insulin-like growth factors (IGFs), Fibroblast growth 

factor (FGFs) and Notch, play important roles in 

regulating osteogenic differentiation [3, 12–21], bone 

morphogenetic proteins (BMPs) are considered the most 

potent osteoinductive factors [22, 23]. BMPs belong to 

the TGF-β superfamily and play critical roles in skeletal 
development, bone formation and stem cell differentiation 

[3, 22–24]. At least 15 different BMPs have been identified 
in humans and rodents, and disruptions in BMP signaling 

in mice result in a variety of skeletal and extraskeletal 

anomalies [22, 23, 25]. Through a comprehensive analysis 

of the 14 types of BMPs’ osteogenic activities, we found 

that BMP9 (also known as growth differentiation factor 

2, or GDF2) is among the most osteogenic BMPs that 

induce osteoblastic differentiation of MSCs [22, 26–29]. 

We demonstrated that BMP9 is resistant to naturally 

occurring antagonist noggin, which may at least partially 

contribute to its potent osteogenic activity [30]. We further 

demonstrated that TGFβ/BMP type I receptors ALK1 
and ALK2 are essential for BMP9-induced osteogenic 
signaling in MSCs [31]. Nonetheless, the exact signaling 

mechanisms through which BMP9 regulates osteogenic 

differentiation remain to be fully understood.

Increasing evidence indicates noncoding RNAs 

(ncRNAs) may play essential regulatory roles in many 

physiological and/or pathologic processes [32–41]. 
While over80% of the human genome is transcribed, it 

is currently estimated that <2% of the human genome is 

transcribed into mRNA, leaving most of the transcripts 

as ncRNAs [36-40, 42]. The past several years have seen 

a huge expansion of our knowledge about the important 

regulatory functions of ncRNAs, especially long 

noncoding RNAs (lncRNAs).

In this study, we investigate the possible role 

of lncRNA H19 in BMP9-regulated osteogenic 

differentiation of MSCs. Identified as one of the 
first imprinted genes and ncRNAs, H19 is known to 
participate in highly diverse cellular processes including 

tumorigenesis, control of embryonic growth and stem cell 

differentiation [43–47]. We found that H19 was sharply 

upregulated at the early stage of BMP9 stimulation of 

MSCs, followed by a rapid decrease to a low level and 

gradual return to near basal level. This process correlated 

with the BMP9-induced expression of osteogenic markers. 

Either a constitutive expression of H19 or silencing 

H19 expression significantly impaired BMP9-induced 
osteogenic differentiation in vitro and in vivo, which was 

effectively rescued by activating Notch signaling. Further 

analysis revealed that a constitutive expression of H19 

or silencing H19 expression resulted in the increased 

expression of a group of microRNAs (miRNAs) that 

target Notch ligands and receptors. Thus, our results 

demonstrate that lncRNA H19 is an important mediator of 

BMP9 signaling, suggesting that a balanced lncRNA H19 

expression may play an essential role in BMP9-induced 

osteogenic differentiation of MSCs, and that disruptions of 

H19 expression may impair normal osteogenesis, leading 

to pathogenic processes such as bone tumor development.

RESULTS

BMP9 induces biphasic expression of lncRNA 

H19, which correlates with the expression 

of osteogenic regulators and late osteogenic 

markers in MSCs

Considering the important roles that lncRNA H19 in 

development and stem cell differentiation, we examined 

the expression patterns of H19 in MSCs upon BMP9 

stimulation. Using the previously well-characterized 

MSC lines iMEFs and iMADs [48–50], we found that at 

the early stage of BMP9 stimulation (24h and 36h), the 

expression of H19 increased dramatically and reached a 

peak at 36h in both iMEFs and iMADs cells, compared 
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with that of the control group (Figure 1A–ab). However, 

H19 expression decreased rather rapidly at 48h and 

reached the lowest level at 72h after BMP9 stimulation in 

both MSC lines. Nonetheless, H19 expression recovered 

gradually from days 3 to 7 after BMP9 stimulation in 

both iMEFs and iMADs cells (Figure 1A). These results 

suggest that a balanced, biphasic expression of lncRNA 

H19 may play an important role in BMP9-induced 

osteogenic differentiation of MSCs.

We further analyzed whether the expression of 

osteogenic regulators and osteogenic markers correlated 

with the H19 expression pattern. We found that both 

osteogenic lineage regulators Runx2 and Osterix were 

up-regulated starting at day 3 after BMP9 simulation and 

peaked at day 5 (Figure 1B–ab), trailing the early increase 

of H19 expression but correlating with the recovery of 

H19 expression at later time points. Accordingly, the 

expression of late osteogenic markers OPN and BSP 

Figure 1: Expression levels of lncRNA H19 and osteogenic markers in BMP9-induced osteogenic differentiation of 
MSCs. Exponentially growing iMEFs or iMADs were infected with AdBMP9 or AdGFP. At the indicated time points, total RNA was 

isolated and subjected to TqPCR analysis using PCR primers specific for mouse H19 (A) and other osteogenic markers (B). All samples 

were normalized with the reference gene Gapdh. Each assay condition was done in triplicate. Relative expression was calculated by 

dividing the relative expression values (i.e., gene/Gapdh) in BMP9-treated group with that from the GFP group. “**” p < 0.001, “*” p < 
0.05, AdBMP9 group vs. AdGFP group. Runx2, runt-related transcription factor 2; OPN, osteopontin; BSP, bone sialoprotein.
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was shown to increase at 3 days after BMP9 stimulation 

(Figure 1B–cd). Taken together, these results indicate 

that H19 may affect the early stage of BMP9-induced 

osteogenic differentiation, preceding the full commitment 

to osteogenic lineage of MSCs.

Silencing lncRNA H19 expression diminishes 

BMP9-induced osteogenic differentiation of 

MSCs in vitro

To effectively knock down H19 expression in 

MSCs, we constructed an adenoviral vector expressing 

three siRNA sites targeting mouse H19. We showed that 

AdsimH19 alone or with AdBMP9 can effectively infect 

iMEFs (Figure 2A–a). Using TqPCR analysis [51], we 

demonstrated that at both days 2 and 5, AdsimH19 was 

able to effectively downregulate the expression of H19 

(Figure 2A–b).

We analyzed the effect of down-regulation of H19 

expression on BMP9-induced osteogenic differentiation of 

MSCs. When iMEFs were co-infected with AdBMP9 and 

AdsimH19, we found BMP9-induced ALP activities were 
significantly inhibited at days 3 and 5, and to lesser extents 
at day 7, both qualitatively and quantitatively (Figure 2B–

ab). Similarly, BMP9-induced matrix mineralization in 

iMEFs was significantly inhibited at days 7 and 11 when 
the expression of H19 was silenced (Figure 2C–ab). When 

the expression of osteogenic regulators and markers were 

assessed, we found that BMP9-induced expression of 

Runx2 in iMEFs was dramatically reduced by AdsimH19 

co-infection (Figure 2D–a). Accordingly, silencing H19 

expression in iMEFs led to a significant decrease in 
the expression of late osteogenic markers such as Bsp, 

Opn and Ocn at day 5 (Figure 2D–b). Taken together, 

these results indicate that silencing H19 expression 

can significantly diminish BMP9-induced osteogenic 
differentiation, suggesting that H19 may play an essential 

role in BMP9-induced osteogenic differentiation.

Constitutive expression of lncRNA H19 blocks 

BMP9-induced osteogenic differentiation of 

MSCs in vitro

We further determined the effect of H19 

overexpression on BMP9-induced osteogenic 

differentiation of MSCs. To effectively overexpress H19, 

we constructed an adenoviral vector AdH19 and showed 

that AdH19 infected the iMEF cells with high efficiency 
(Figure 3A–a). Quantitative PCR analysis indicated that 

AdH19-mediated expression of H19 was more than 50 

fold higher than that of the control group (Figure 3A–b). 

When iMEFs were co-infected with AdBMP9 and AdH19, 

we found BMP9-induced ALP activity was significantly 
inhibited at days 3 and 5, and to lesser extents at day 7 by 

ALP staining(Figure 3B–a). Quantitatively, overexpression 
of H19 in iMEFs led to a decreased ALP activity to 46.9%, 

44.7% and 57.3% of that for AdBMP9 alone at days 3, 5, 

and 7, respectively (Figure 3B–b). Furthermore, we found 

that BMP9-induced matrix mineralization in iMEFs was 

significantly inhibited by H19 overexpression at days 7 
and 11 (Figure 3C–ab). Similarly, we found that BMP9-

induced expression of osteogenic transcription regulator 

Runx2 was significantly decreased when H19 was co-
expressed (Figure 3D–a), and overexpression of H19 also 

inhibited BMP9-induced expression of late osteogenic 

markers, such as Bsp, Opn and Ocn (Figure 3D–b). Taken 

together, these results indicate that the overexpression of 

H19 can block BMP9-induced osteogenic differentiation 

in vitro, suggesting that maintaining appropriate 

expression level of H19 may be critical for BMP9-induced 

osteogenic differentiation of MSCs.

Both overexpression and silencing of lncRNA 

H19 inhibit the terminal differentiation of 

BMP9-induced ectopic bone formation from 

MSCs

To further assess the in vivo role of lncRNA H19 in 

BMP9-induced osteogenesis, we constructed a retroviral 

vector system to stably overexpress H19 or siRNAs that 

target mouse H19 (simH19) (Figure 4A–a). Using these 

retroviral vectors, we established three iMEF lines that 

stably express mouse H19 (iMEF-H19), simH19 (iMEF-

simH19), and vector only (iMEF-SEB), respectively 

(Figure 4A–b). TqPCR analysis indicated that the 

expression level of H19 were significantly decreased in the 
iMEF-simH19 cells (p<0.05) while drastically increased in 

iMEF-H19 cells (p<0.001), when compared with that of 

the control iMEF-SEB cells (Figure 4A–c).

Using the stable iMEF lines, we conducted the 

in vivo stem cell implantation studies by transducing 

the cells with AdBMP9 or AdGFP and subcutaneously 

injecting the cells into the flanks of athymic nude mice 
for 4 weeks. Consistent with our previous reports [50], 

bony masses were retrieved from the injection sites in 

AdBMP9 treatment groups while no masses were retrieved 

from the injection sites in the AdGFP only groups. μCT 
imaging analysis indicated that either overexpression of 

H19 or silencing H19 expression did not significantly 
affect the size or volumetric values of ectopic bone 

masses, compared with that of the iMEF-SEB control 

group (p>0.05) (Figure 4B–ab). However, the masses 

retrieved from both iMEF-simH19 and iMEF-H19 groups 

exhibited significantly lower mean bone mineral density, 
compared with that of the iMEF-SEB group (p<0.001) 

(Figure 4B–c).

H & E staining of the retrieved masses further 

confirmed that either silencing H19 expression or 
overexpression of H19 significantly diminished BMP9-
induced bone formation, as evidenced by a decreased 

formation of trabecular bones and/or osteoid matrix, 
compared with that of the iMEF-SEB group (Figure 
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Figure 2: Silencing lncRNA H19 expression diminishes BMP9-induced osteogenic differentiation of MSCs in vitro. 
(A) Effective knockdown of mouse H19 expression. (a) The AdsimH19 expressing siRNA targeting mouse H19 transduces iMEF cells 

with high efficiency in single or combination infection. (b) AdsimH19 silences the expression of H19 at day 2 and day 5. All samples were 

normalized with the reference gene Gapdh. Each assay condition was done in triplicate. “**” p < 0.001, AdsimH19 vs. AdGFP groups. (B) 

AdsimH19 inhibits BMP9-induced ALP activity in MSCs. Subconfluent iMEFs were infected with AdBMP9 or AdGFP and/or AdsimH19. 
At the indicated time points, the infected cells were subjected to ALP activity assays by either histochemical staining (a) or quantitative 

bioluminescence assay (b). Each assay conditions were done in triplicate. Representative staining is shown. “**” p < 0.001, AdBMP9 group 
vs. AdBMP9+AdsimH19 group. (C) AdsimH19 inhibits BMP9-induced calcium deposit. Subconfluent iMEFs were infected with AdBMP9 
or AdGFP and/or AdsimH19, and cultured in mineralization medium. At the indicated time points, the infected cells were fixed and subjected 
to Alizarin Red S staining. Each assay condition was done in triplicate. Representative gross images (a) and microscopic images (20x) (b) 

are shown. (D) AdsimH19 inhibits BMP9-induced osteogenic regulator Runx2 at day 3 (a) and late osteogenic differentiation marker Bsp, 

Opn and Ocn at day 5 (b). “**” p < 0.001, AdBMP9 group vs. AdBMP9+AdsimH19 group.
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Figure 3: Overexpression of lncRNA H19 blocks BMP9-induced osteogenic differentiation of MSCs in vitro. (A) 

Adenovirus AdH19-mediated overexpression of mouse H19. (a) AdH19 transduces iMEF cells with high efficiency. (b) AdH19 increases 

the expression of H19 more than 50 times at day 2 and day 5. All samples were normalized with the reference gene Gapdh. Each assay 

condition was done in triplicate. “**” p < 0.001, AdH19 group vs. AdGFP group. (B) Overexpression of H19 inhibits BMP9-induced ALP 
activity in MSCs. Subconfluent iMEFs were infected with AdBMP9 or AdGFP and/or AdH19. At the indicated time points, the infected cells 
were subjected to ALP activity assays by either histochemical staining (a) or quantitative bioluminescence assay (b). Each assay condition 

was done in triplicate. Representative staining is shown. “**” p < 0.001, AdBMP9 group vs. AdBMP9+AdH19 group. (C) Overexpression 

of H19 inhibits BMP9-induced calcium deposit. Subconfluent iMEFs were infected with AdBMP9 or AdGFP and/or AdH19, and cultured 
in mineralization medium. At the indicated time points, the infected cells were fixed and subjected to Alizarin Red S staining. Each assay 
condition was done in triplicate. Representative gross images (a) and microscopic images (20x) (b) are shown. (D) Overexpression of H19 

inhibits BMP9-induced early osteogenic regulator Runx2 at day 3 (a) and late osteogenic differentiation marker Bsp, Opn and Ocn at day 

5 (b). “**” p < 0.001, AdBMP9 group vs. AdBMP9+AdH19 group.



Oncotarget53587www.impactjournals.com/oncotarget

Figure 4: Stable overexpression and silencing of lncRNA H19 inhibit BMP9-induced ectopic bone formation in vivo. 
(A) Stable expression of mouse H19 or siRNAs silencing H19 in MSCs. (a) Schematic representation of the retroviral vectors expressing 

siRNAs targeting mouse H19 or the full-length transcript of mouse H19 (a). The retroviral vectors also express blasticidin resistance 

gene. (b) The stable iMEFs lines that express simH19 (iMEF-simH19), mouse H19 (iMEF-H19), or empty vector (iMEF-SEB). (c) The 

expression levels of H19 in the three stable lines were assessed by TqPCR, “*” p < 0.05, iMEF-SEB group vs. iMEF-simH19 group; “**”, 
p < 0.001 iMEF-SEB group vs. iMEF-H19 group. (B) μCT imaging of the BMP9-induced ectopic bone formation of the three stable lines. 
(a) μCT imaging and 3D reconstruction of the retrieved bone masses from the indicated groups at 4 weeks (a). No significant volumetric 
differences were found among the three groups (b) (p>0.05). Mean bone density was analyzed in each group. “**” p < 0.001, iMEF-SEB 
group vs. iMEF-simH19 or iMEF-H19 group. (C) H & E (a) and Masson’s Trichrome staining (b) of the bone masses retrieved at week 4. 

Representative images are shown. (B) mature bone; M, undifferentiated MSCs.
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4C–a). Interestingly, silencing H19 expression in iMEFs 

seemingly led to formation of a significant amount of 
adipocytes upon BMP9 stimulation (Figure 4C–a), as we 

previously demonstrated that BMP9 is capable of inducing 

both osteogenic and adipogenic differentiation of MSCs 

[28, 29, 52]. Trichrome staining further demonstrated 

that the masses retrieved from both iMEF-simH19 and 

iMEF-H19 groups exhibited very little mineralized and 

mature osteoid matrix, compared with that of the iMEF-

SEB group (Figure 4C–b). Collectively, these results 

strongly suggest that lncRNA H19 may play a delicate 

role in fine-tune regulation of BMP9-induced osteogenic 
differentiation of MSCs as either H19 overexpression or 

silencing H19 expression inhibits the terminal osteogenic 

differentiation of MSCs initiated by BMP9.

Osteogenic deficiency in H19-silenced MSCs can 
be rescued through the activation of the Notch 

signaling pathway

Notch signaling is known to play an important 

role in regulating osteogenic differentiation and bone 

formation [18, 53, 54]. We tested whether activation of 

Notch signaling would rescue osteogenic differentiation 

deficiency of iMEF-simH19 cells upon BMP9 
stimulation. To activate the Notch signaling pathway, we 

previously constructed an adenoviral vector expressing 

a constitutively active form of Notch1, which contains 

the Notch1 intracellular domain (NICD1) [55]. When 

iMEF-simH19 cells were co-infected with AdBMP9 and 

AdNICD1, we found that BMP9-induced ALP activity was 
significantly restored, compared with that stimulated with 
BMP9 alone (Figure 5A–ab). Furthermore, overexpression 

of NICD1 in iMEF-simH19 cells significantly improved 
BMP9-induced calcium deposition and matrix 

mineralization (Figure 5B–ab).

We further tested the in vivo effect of NICD1 

expression on iMEF-simH19 cells upon BMP9 

stimulation. AdNICD1 infected iMEF-simH19 cells were 

implanted subcutaneously and formed robust bony masses 

upon BMP9 stimulation, which exhibited no significant 
volumetric difference compared with the AdBMP9 alone 

group (p>0.05) (Figure 5C–ab). However, μCT imaging 
analysis indicated that overexpression of NICD1 in 

iMEF-simH19 significantly improved mean bone mineral 
density upon BMP9 stimulation, compared with that 

AdBMP9 alone group (Figure 5C–c). Histologic analysis 

revealed that overexpression of NICD1 drastically 

increased the amount of trabecular bone with significantly 
fewer undifferentiated cells left in the masses in BMP9-

stimulated iMEF-simH19 cells, compared with that of the 

AdBMP9 alone group (Figure 5D–a). Trichrome staining 

further confirmed that NICD1 overexpression in iMEF-
simH19 cells formed more mature and better mineralized 

bone matrices, compared with that of AdBMP9 alone 

group (Figure 5D–b), which was consistent with the 

results from μCT analysis of the mean mineral density as 
shown in (Figure 5C-c). Collectively, these in vivo results 

suggest that exogenous expression of NICD1 may rescue 

the diminished terminal osteogenic differentiation caused 

by the absence of lncRNA H19 in MSCs.

Activation of Notch signaling restores the 

osteogenic differentiation impaired by the 
constitutive expression of lncRNA H19 in MSCs

We also tested whether activation of Notch signaling 

would rescue BMP9-induced osteogenic differentiation 

deficiency of iMEF-H19 cells. When iMEF-H19 cells were 
co-infected with AdBMP9 and AdNICD1, we found that 

BMP9-induced ALP activity was significantly enhanced, 
compared with that stimulated with BMP9 alone (Figure 

6A–ab). Overexpression of NICD1 in iMEF-H19 cells 

significantly improved BMP9-induced calcium deposition 
and matrix mineralization (Figure 6B–ab).

We studied the in vivo effect of NICD1 expression 

on iMEF-H19 cells upon BMP9 stimulation. We found that 

subcutaneously implanted AdNICD1 infected iMEF-H19 

cells formed robust bony masses upon BMP9 stimulation, 

which exhibited no significant volumetric difference 
compared with the AdBMP9 alone group (p>0.05) (Figure 

6C–ab). However, μCT imaging analysis revealed that 
overexpression of NICD1 in iMEF-H19 significantly 
improved mean bone mineral density upon BMP9 

stimulation, compared with that AdBMP9 alone group 

(Figure 6C–c). Histologic analysis further revealed that 

overexpression of NICD1 drastically increased the amount 

of trabecular bone with significantly fewer undifferentiated 
cells left in the masses in BMP9-stimulated iMEF-H19 

cells, compared with that of the AdBMP9 alone group 

(Figure 6D–a). Trichrome staining further confirmed that 
NICD1 overexpression in iMEF-H19 cells formed more 

mature and better mineralized bone matrices, compared 

with that of AdBMP9 alone group (Figure 6D–b), which 

was consistent with the results from μCT analysis of 
the mean mineral density as shown in (Figure 6C-c). 

Collectively, these in vivo results suggest that exogenous 

expression of NICD1 may rescue the impaired terminal 

osteogenic differentiation characteristic of constitutive 

lncRNA H19 expression in MSCs.

lncRNA H19 mediates BMP9-induced osteogenic 

differentiation through modulating the 

expression of Notch ligands

To understand how H19 may influence Notch 
signaling in MSCs, we examined whether BMP9-induced 

activation of Notch signaling was impaired when H19 

was silenced or overexpressed. Consistent with our earlier 

findings [55], BMP9 stimulation induced cytoplasmic/
nuclear accumulation of NICD in MSCs (Figure 7A, 

7Aa vs. 7Ab). However, the BMP9-induced NICD 
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Figure 5: Activation of Notch signaling through exogenous expression of Notch1 introcellular domain (NICD1) 
restores BMP9-induced osteogenic differentiation in iMEF-simH19 cells. (A) AdNICD1-mediated expression of NICD1 in 

iMEF-simH19 cells rescues BMP9-induced ALP activity. Subconfluent iMEF-simH19 cells were infected with AdBMP9, AdNICD1, 
AdBMP9+AdNCID1 or AdGFP. At the indicated time points ALP activity was determined by qualitative histochemical staining (a) and 

quantitative bioluminescence assay (b). “**” p < 0.001, AdBMP9 group vs. AdBMP9+AdNICD1 group. (B) NICD1 expression rescues 

down-regulated calcium deposit in iMEF-simH19 cells. Subconfluent iMEF-simH19 cells were infected with AdBMP9, AdNICD1, 
AdBMP9+AdNCID1 or AdGFP, and cultured in mineralization medium. At the indicated time points, the infected cells were fixed and 
subjected to Alizarin Red S staining. Each assay condition was done in triplicate. Representative gross images (a) and microscopic images 

(20x) (b) are shown. (C) μCT imaging of the BMP9-induced ectopic bone formation in iMEF-simH19 cells that were infected with 
AdBMP9 or AdBMP9+AdNICD1. (a) μCT imaging and 3D reconstruction of the retrieved bone masses from the indicated groups at 4 
weeks (a). No significant volumetric differences were found among the three groups (b) (p>0.05). Mean bone density was analyzed in each 

group. “**” p < 0.001, AdBMP9 group vs. AdBMP9+AdNICD1 group. (D) H & E (a) and Masson’s Trichrome staining (b) of the bone 

masses retrieved at week 4. Representative images are shown. B, mature bone; M, undifferentiated MSCs.
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Figure 6: NICD1 expression rescues the deficiency of BMP9-induced osteogenic differentiation in iMEF-H19 cells. 
(A) AdNICD1-mediated expression of NICD1 in iMEF-H19 cells rescues BMP9-induced ALP activity. Subconfluent iMEF-H19 cells 
were infected with AdBMP9, AdNICD1, AdBMP9+AdNCID1 or AdGFP. At the indicated time points ALP activity was determined by 
qualitative histochemical staining (a) and quantitative bioluminescence assay (b). “**” p < 0.001, AdBMP9 group vs. AdBMP9+AdNICD1 
group. (B) NICD1 expression rescues down-regulated calcium deposit in iMEF-H19 cells. Subconfluent iMEF-H19 cells were infected with 
AdBMP9, AdNICD1, AdBMP9+AdNCID1 or AdGFP, and cultured in mineralization medium. At the indicated time points, the infected 

cells were fixed and subjected to Alizarin Red S staining. Each assay condition was done in triplicate. Representative gross images (a) and 

microscopic images (20x) (b) are shown. (C) μCT imaging of the BMP9-induced ectopic bone formation in iMEF-H19 cells that were 
infected with AdBMP9 or AdBMP9+AdNICD1. (a) μCT imaging and 3D reconstruction of the retrieved bone masses from the indicated 
groups at 4 weeks (a). No significant volumetric differences were found among the three groups (b) (p>0.05). Mean bone density was 

analyzed in each group. “**” p < 0.001, AdBMP9 group vs. AdBMP9+AdNICD1 group. (D) H & E (a) and Masson’s Trichrome staining 

(b) of the bone masses retrieved at week 4. Representative images are shown. B, mature bone; M, undifferentiated MSCs.
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Figure 7: lncRNA H19 mediates BMP9-induced osteogenic differentiation by modulating Notch signaling. (A) 

Immunofluorescence staining of NICD1 in H19 silenced or overexpressed MSCs upon BMP9 stimulation. Subconfluent iMEF-SEB, iMEF-
simH19 and iMEF-H19 cells were infected with AdGFP (a) or AdBMP9 (b) for 36h, fixed and subjected to immunofluorescence staining 
using an NICD1 antibody. Cell nuclei were counterstained with DAPI. No primary antibody was used as a negative control. Each staining 

condition was done in duplicate. Representative images are shown. (B) Western blotting analysis of basal NICD1 levels in H19 silenced 

or overexpressed MSCs. Exponentially growing iMEF-SEB, iMEF-simH19 and iMEF-H19 cells were lysed in Laemmli sample buffer 
and subjected to SDS-PAGE and Western blotting analysis using NICD1 or GAPDH antibody. The protein of interest was detected by 

enhanced chemiluminescence (ECL) (a), which was further quantified densitometrically (b). “*” p<0.05, compared with that of iMEF-SEB 
cells. (C) Relative expression levels of Notch ligands and receptors in the MSCs in which H19 was silenced or overexpressed. Total RNA 

was isolated from exponentially growing iMEF-SEB, iMEF-simH19 and iMEF-H19 cells, and subjected to TqPCR using the primers for 

the indicated genes. Gapdh was used as a reference gene. Each qPCR assay condition was done in triplicate. “*” p<0.05, “**” p<0.001, 

compared with the relative expression levels in iMEF-SEB cells (the dotted line).
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accumulation was significantly diminished both in H19 
silenced MSCs (iMEF-simH19) and H19 overexpressing 

MSCs (iMEF-H19) (Figure 7A, 7Aa vs. 7Ab). These 

results were further confirmed by Western blotting 
analysis, in which endogenous NICD accumulation was 

significantly less pronounced in both iMEF-simH19 and 
iMEF-H19 cells, compared with that of the iMEF-SEB 

cells (Figure 7B–ab). Collectively, these results indicate 

that lncRNA H19 may influence BMP9 signaling in MSCs 
by regulating Notch signaling.

We further analyzed the basal expression status 

of Notch receptors and ligands in MSCs when H19 was 

silenced or overexpressed. We found that when H19 

was silenced or overexpressed, the expression levels 

of Notch1 and Notch2 did not change significantly, but 
Notch3 expression was slightly elevated and Notch4 

expression was slightly decreased (Figure 7C). However, 

the expression levels of all Notch ligands (i.e., Dll1, Dll3, 

Dll4, Jag1 and Jag2) were significantly downregulated 
both in iMEF-simH19 and iMEF-H19 cells (Figure 

7C). Interestingly, under the same assay condition H19 

overexpression seemingly led to a greater decrease in the 

expression of Notch ligands, compared with that of the 

H19 silenced MSCs (Figure 7C). Taken together, these 

results suggest that the decreased NICD accumulation in 

iMEF-simH19 and iMEF-H19 cells may be caused by the 

decreased levels of Notch ligands.

Both silencing H19 expression and constitutive 

H19 expression lead to the increased expression 

of the miRNAs that target Notch ligands and 

receptors

While the biological functions of lncRNAs remain to 

be fully understood, it has been shown that lncRNAs can 

act as precursors or sponges of micro-RNAs (miRNAs). 

We hypothesized that H19 may influence BMP9-induced 
osteogenic signaling by modulating miRNAs that target 

Notch receptors and/or ligands. Using the TargetScan 
program, we identified 17 miRNAs that were projected 
to target Notch receptors and ligands (Figure 8A–a). We 

first tested whether the expression of these miRNAs in 
MSCs were influenced by BMP9 stimulation. The qPCR 
results were subjected to clustering analysis using the 

MeV program (Figure 8A–a). The clustering analysis 

revealed that most of the selected miRNAs were down-

regulated upon BMP9 stimulation, compared with that of 

the GFP control group, while nearly half of the selected 

miRNAs were expressed at very low levels in both BMP9 

and GFP groups (Figure 8A–a). We found that eight 

miRNAs, including miR-449b, miR-107, miR-27b, miR-

34a, miR-106b, miR-449a, miR-125a and miR-17, were 

most significantly differentially expressed upon BMP9 
stimulation (Figure 8A–a). Interestingly, most of the eight 

miRNAs are predicted to target Notch ligands, especially 

Dll1, Dll4 and Jag1 (Figure 8A–b).

We next examined the expression status of the 

selected eight miRNAs in MSCs when H19 was silenced 

or constitutively expressed. When H19 was silenced, we 

found the expression of miR-107, miR-27b, miR-106b, 

miR125a and miR17 was significantly elevated while the 
expression of miR-449b, miR-34a and miR-449a was not 

significantly affected (Figure 8B). However, in the MSCs 
where H19 was constitutively expressed seven of the eight 

miRNAs were expressed at significantly higher levels, 
and only the expression of miR-449b did not change 

significantly (Figure 8B). These results suggest that 
deregulation of H19 expression may lead to the elevated 

expression of multiple miRNAs that target Notch receptors 

and/or ligands in MSCs.
To further study whether H19-regulated expression 

of these miRNAs was functionally associated with BMP9-

induced osteogenic signaling, we infected the iMEF-

simH19, iMEF-H19, and iMEF-SEB cells with AdBMP9 

or AdGFP, and analyzed the expression profiles of the 
eight miRNAs. When H19 was silenced in MSCs, BMP9 

stimulation led to a significantly elevated expression of 
all eight miRNAs, compared with that of the GFP group, 

although the increases in miR-449a and miR-17 were 

modest but significant (p<0.05) (Figure 8C). Furthermore, 
when the MSCs, in which H19 was constitutively 

expressed, were stimulated with BMP9, we found six 

of the eight miRNAs were significantly elevated, and 
only miR-449a and miR-17 did not show any significant 
changes in expression (Figure 8D). Thus, deregulated 

H19 expression led to the increased expression of at least 

six miRNAs (e.g., miR-449b, miR-107, miR-27b, miR-

34a, miR-106b and miR-125a) in MSCs upon BMP9 

stimulation. Interestingly, most of these upregulated 

miRNAs are projected to target the Notch ligands Dll1, 

Dll4 and Jag1, consistent with the findings that either 
silencing H19 or constitutive H19 expression leads to the 

decreased expression of Notch ligands in MSCs (Figure 

7C). Taken together, these results strongly suggest that 

lncRNA H19 may modulate the expression of a group of 

miRNAs that can target Notch receptors and/or ligands, 
and may in turn participate in BMP9-induced osteogenic 

differentiation of MSCs.

DISCUSSION

BMP9 was originally identified in developing mouse 
liver [28, 56]. Besides its osteogenic activity, BMP9 plays 

certain roles in inducing and maintaining embryonic basal 

forebrain cholinergic neurons, inhibiting hepatic glucose 

production and inducing the expression of key enzymes 

of lipid metabolism, stimulating hepcidin 1 expression, 

and regulating angiogenesis [28]. As BMP9 is one of 

the least studied BMP, we performed gene expression 

profiling analysis and identified several early downstream 
targets [28, 29, 57–62]. We also found BMP9 signaling 

has extensive cross-talks with other signaling pathways, 
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especially Wnt and Notch signaling [29, 55, 63–69]. We 

found BMP9 up-regulates the Notch downstream target 

Hey1 [60], and that BMP9-promoted proliferation and 

tumor growth of osteosarcoma can be effectively blunted 

by blocking Notch signaling, suggesting that BMP9 may 

function as upstream of Notch signaling.

Notch signaling plays important roles in regulating 

cell fate decision, stem cell renewal and proliferation [20, 

70]. The Notch pathway includes Notch receptors (Notch 

1-4), ligands (DLLs and JAGs), negative and positive 
regulators, and transcription factors [20]. Upon ligand 

binding, Notch proteins are proteolytically cleaved in two 

Figure 8: lncRNA H19 mediates BMP9-induced osteogenic differentiation by modulating the miRNAs that target Notch 
signaling. (A) BMP9-regulated expression of Notch-targeting miRNAs in MSCs. Subconfluent iMEFs were infected with AdBMP9 or 
AdGFP for 36h. Total RNA was isolated from the infected iMEFs and subjected to TqPCR analysis of the selected 17 miRNAs that target 

the Notch pathway based on TargetScan. The relative normalized expression of these miRNAs was subjected to clustering analysis using 

the Multiple Experiment Viewer (MeV). The eight miRNAs that were significantly differentially expressed are highlighted in red (a). The 

Notch receptors/ligands and the putative target sites for the selected miRNAs are shown (b). (B) The basal expression levels of the eight 

miRNAs in iMEF-SEB, iMEF-simH19 and iMEF-H19 cells. Total RNA was isolated from the subconfluent cells and subjected to TqPCR. 
Gapdh was used as a reference gene. “*” p < 0.05, “**” p < 0.001, compared with that of the iMEF-SEB group. (C) The effect of BMP9 on 

the expression of miRNAs in iMEF-simH19 cells. The cells were infected with AdBMP9 or AdGFP for 36h. Total RNA was isolated and 

subjected to TqPCR analysis. Gapdh was used as a reference gene. “*” p < 0.05, “**” p < 0.001, compared with that of the AdGFP group. 

(D) The effect of BMP9 on the expression of miRNAs in iMEF-H19 cells. The cells were infected with AdBMP9 or AdGFP for 36h. Total 

RNA was isolated and subjected to TqPCR analysis. Gapdh was used as a reference gene. “*” p<0.05, “**” p<0.001, compared with that 

of the AdGFP group.
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steps by ADAM10 and γ-secretase, resulting in the Notch 
intracellular domain (NICD) which is translocated to the 

nucleus, interacting with transcription factor CSL/RBPJk 
and the mastermind-like protein, and regulating CSL target 
genes, such as the HES family and Hes-related repressor 

genes [20, 70]. Notch signaling plays a critical role in 

bone and skeletal development as Notch knockout mice 

exhibit severe skeletal abnormalities [18, 71, 72]. DLL3 
Mutations cause spondylocostal dysostosis in humans [70, 

72]. A forced expression of Notch ligands and receptors 

impairs both osteoblastic and osteoclastic differentiation 

of the progenitor cells [18, 70, 72]. Interestingly, 

we recently demonstrated that a blockade of Notch 

signaling significantly impairs BMP9-induced osteogenic 
differentiation and angiogenesis [73]. Nonetheless, it 

remains to be fully elucidated about how BMP9 regulates 

Notch signaling during osteogenesis.

In this study, we demonstrate that lncRNA H19 

may play an important role in mediating BMP9-induced 

osteogenic signaling in MSCs. Although H19 was 

identified nearly three decades ago [43, 74], the diverse 
biological functions of H19 remain to be fully understood 

[44–47]. H19 plays important roles in embryonal 

development and growth control [75], and is located in 

a highly conserved imprinted gene cluster, which also 

contains a neighboring reciprocally imprinted gene 

for insulin-like growth factor 2 (Igf2). This cluster is 

coordinately regulated by the differentially methylated 

regions (DMR), an imprinting control region (ICR), and 

the common endodermal and mesodermal enhancers [44, 

75]. While Igf2 is paternally expressed, both human and 

mouse H19 is expressed from the maternal allele. H19 

expression is strongly induced during embryogenesis 

and downregulated after birth, except in adult skeletal 

muscle and heart [44, 75]. Interestingly, mice with 

targeted deletions of H19, H19Δ13 (deleted the gene and 10 

kb upstream, including the ICR) and H19Δ3 (deleted only 

the 3-kb transcription unit) were viable without apparent 

phenotype, except for an increase in placental and fetal 

weight, with a newborn weight of 27% for H19Δ13 and 

8% for H19Δ3 [76, 77], which was later linked to loss of 

imprinting on the maternal allele and biallelic expression 

of Igf2, revealing a cis effect of these targeted deletions 

on Igf2 expression [44, 75, 78]. Furthermore, conflicting 
results were reported about the role of H19 as a tumor 

suppressor or oncogene [45, 79–83]. These seemingly 

conflicting findings reflect the complex co-regulatory 
circuitry of H19-Igf2 expression in the highly conserved 

imprinted gene cluster [84]. In fact, it has been reported 

that the H19 antisense lncRNA 91H may play an important 

role in modulating H19-Igf2 expression although the exact 

mechanism remains to be fully understood [85–87]. Thus, 

it is important to further investigate if lncRNA 91H is 

regulated by BMP9 and/or whether lncRNA 91H regulates 
H19 functions in BMP9-induced osteogenic differentiation 

of MSCs.

While functioning as a noncoding RNA itself, 

H19 has been recently shown to encode miR-675, which 

is mainly detected in the mouse placenta and at a time 

window during which placental growth normally ceases 

[88]. Interestingly, it was reported that H19-derived miR-

675 promoted osteoblast differentiation through TGFβ/
Smad/HDAC pathway [89]. However, we did not observed 
any expression correlations between H19 and miR-675 at 

different time points in the MSCs stimulated with BMP9 

(data not shown). While the exact biological functions of 

H19 remain enigmatic, one aspect of H19 actions may 

regulate miRNA functions by serving as a molecular 

sponge. In fact, it has been recently demonstrated that 

H19 modulates let-7 availability by acting as a molecular 

sponge [90]. It was reported that overexpression of H19 

and miR-675 inhibited adipogenesis, possibly due to the 

fact that miR-675 targeted the 3' untranslated regions 

of the histone deacetylase (HDAC) 4-6 transcripts and 

resulted in deregulation of HDACs 4-6 [91]. On the 

other hand, H19 was reported to activate Wnt signaling 

and promote osteoblast differentiation by acting as a 

competing endogenous RNA (or ceRNA) [92].

In this study, we investigate whether H19 modulates 

the expression levels of a panel of miRNAs that are 

predicted to modulate Notch ligands and receptors upon 

BMP9 stimulation in MSCs. Our results strongly suggest 

that Notch-associated miRNAs (e.g., miR-107, miR-27b, 

miR-106b, miR125a and miR17) may be modulated by 

H19 in response to BMP9 stimulation in MSCs although 

the detailed mechanisms remain to be understood. The 

paradoxical effects of constitutive H19 expression and 

silencing H19 expression on the expression of the above 

miRNAs may reflect the complex regulatory circuitry 
of H19 expression, but need to be fully investigated. 

Furthermore, it remains to be elucidated how BMP9 

signaling regulates H19 expression in MSCs, given the 

complexity of the imprinted H19/Igf2 cluster. Nonetheless, 

our findings demonstrate that H19 plays an important role 
in mediating BMP9-induced osteogenic differentiation of 

MSCs.

MATERIALS AND METHODS

Cell culture and chemicals

Mouse mesenchymal stem cell (MSC) lines iMEFs 

and iMADs are the conditionally immortalized mouse 

embryonic fibroblasts and immortalized multipotent 
adipose-derived cells as previously described [48–

50]. 293pTP cells were derived from HEK-293 cells 
overexpressing human Ad5 pTP gene as previously 

characterized [93]. All above cell lines were maintained 

in Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS, Gemini 

Bio-Products, West Sacramento, CA), containing 100 U/
ml penicillin and 100 mg/ml streptomycin, at 37°C in 5% 
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 as described [94–96]. Unless indicated otherwise, all 

other reagents were purchased from Sigma-Aldrich (St. 

Louis, MO) or Thermo Fisher Scientific (Waltham, MA).

Construction and generation of recombinant 

adenoviral vectors AdBMP9, AdNICD1, AdH19, 

and AdsimH19

Recombinant adenoviruses were generated using the 

AdEasy technology as described [97, 98]. The AdBMP9 

was previously characterized [26, 27, 52, 55, 99]. Briefly, 
the coding region of human BMP9 and the intracellular 

domain (NICD1) of human NOTCH1, and the full-length 

transcript of mouse lncRNA H19 were PCR amplified 
and subcloned into an adenoviral shuttle vector, and used 

to generate recombinant adenoviral vectors, resulting in 

pAd5-BMP9, pAd5-NICD1 and pAd5-H19, which were 

subsequently used to generate recombinant adenoviruses 

in HEK-293 or 293pTP cells. AdBMP9 also co-expresses 
enhanced GFP (eGFP), while AdNICD1 and AdH19 co-

express monomeric RFP (mRFP). AdGFP was used as 

a mock virus control [48, 63]. For making AdsimH19, 

three siRNAs targeting mouse H19 were simultaneously 

assembled to an adenoviral shuttle vector using the 

Gibson Assembly system as described [100, 101]. For all 

adenoviral infections, polybrene (4-8μg/ml) was added 
to enhance infection efficiency as previously described 
[102]. Detailed information about vector constructions is 

available upon request.

Retrovirus transduction and establishment of 

MSC lines stably expressing mouse H19 and 
simH19

To express full-length mouse lncRNA H19, the full-

length transcript of mouse H19 was PCR amplified and 
cloned to the homemade retroviral vector pSEB-flag which 
is driven by the hEFH promoter, resulting in pSEB-H19. 

For silencing mouse H19, three siRNAs targeting mouse 

H19 were designed by the siDESIGN program and 

subcloned into the homemade retroviral vector pSOK 
which contains the converging Pol III promoters U6 

and H1 to drive the expression of siRNAs [100, 101]. 

All constructs were verified by DNA sequencing. Both 
retroviral vectors confer blasticidin resistance.

To package retroviruses, the retroviral vectors or 

the empty control vector were co-transfected with the 

packaging plasmid pCL-AMPHO into HEK-293 cells. 
The packaged retrovirus supernatants were collected at 

36h, 48h, 60h and 72h respectively, and used to infect 

subconfluent iMEFs. At 24h post infection, the infected 
iMEFs were selected in blasticidin (4μg/ml) for 5 to 
7 days [103]. The resultant stable iMEF lines were 

designated as iMEF-SEB, iMEF-simH19, and iMEF-H19, 

respectively.

RNA isolation and touchdown quantitative  

Real-Time PCR (TqPCR)

Total RNA was isolated with TRIZOL 
Reagent (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s instructions and subjected to reverse 

transcription reactions using hexamer and M-MuLV 
Reverse Transcriptase (New England Biolabs, Ipswich, 

MA). The resultant cDNA products were diluted 10- to 

100-fold and used as PCR templates. PCR primers were 

designed by using the Primer3 Plus program [104]. The 

quantitative PCR analysis was carried out using our 

recently optimized TqPCR protocol [51, 105]. Briefly, 
the SYBR Green qPCR reactions (Bimake, Houston, TX) 

were set up according to manufacturer’s instructions. The 

cycling program was modified by incorporating 4 cycles 
of touchdown steps prior to the regular cycling program as 

described [51, 105]. Gapdh was used as a reference gene. 

All sample values were normalized to Gapdh expression 

by using the 2-∆∆Ct method. The qPCR primer sequences 

are listed in Supplementary Table 1.

Alkaline phosphatase (ALP) assays

The ALP activities were assessed quantitatively 
and qualitatively using the modified Great Escape 
SEAP chemiluminescence assay (BD Clontech) and/or 
histochemical staining as described previously [64, 106]. 

Briefly, for the histochemical staining, the cells were fixed 
with 0.05% glutaradehyde at room temperature for 10 min. 

After being washed with PBS, cells were stained subjected 

to histochemical staining with a mixture of 0.1 mg/mL of 
napthol AS-MX phosphate and 0.6 mg/mL of Fast Blue 
BB salt. After 20 minutes, the mixture was removed and 

replaced with PBS. Histochemical staining was recorded 

using bright light microscopy. For the chemiluminescence 

assay, the cells were lysed by the Cell Culture Lysis Buffer 
(Promega, Madison, WI). Then 5μl Cell Lysis Buffer, 
5ul substrate (BD Clontech) and 15μl Lupo Buffer were 
mixed well under a light-proof condition, and incubated 

at room temperature for 20 minutes before measuring 

chemiluminescence signals. Each assay condition was 

performed in triplicate. The results were repeated in at 

least three independent batches of experiments. ALP 
activities were normalized by total cellular protein 

concentrations among the samples.

Matrix mineralization assay (Alizarin red S 
staining)

MSC cells were seeded in 24-well cell culture plates 

and infected with the indicated adenoviruses. Infected 

cells were cultured in the presence of ascorbic acid (50 

mg/ml) and β-glycerophosphate (10mM). At the desired 
time points, mineralized matrix nodules were stained for 
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calcium precipitation by means of Alizarin Red S staining 

as described [26, 68]. Briefly, cells were fixed with 1% 
glutaraldehyde for 10 min. After washing with PBS, 

cells were incubated with 2% Alizarin Red S at room 

temperature for 30 min, followed by washing with acidic 

PBS (pH=4.2). The staining of calcium mineral deposits 

were recorded under bright field microscopy.

Subcutaneous stem cell implantation and ectopic 

bone formation

The use and care of animals in this study were 

approved by the Institutional Animal Care and Use 

Committee. All experimental procedures were carried out 

in accordance with the approved guidelines. Subcutaneous 

stem cell implantation procedure was performed as 

described [27, 48, 101, 107]. Briefly, the iMEF-SEB, 
iMEF-simH19 and iMEF-H19 cells were infected with 

different adenoviruses. After 24h cells were collected and 

resuspended in PBS (80ul each injection). The cells were 

injected subcutaneously into the flanks of athymic nude 
mice (Envigo/Harlan Research Laboratories; n=5/group, 
female, 5–6 week old; 2 × 106 cells per injection site). 

The animals were maintained ad lib in the biosafety barrier 

facility. At the endpoints, animals were euthanized, and 

the ectopic masses were retrieved from injection sites and 

subjected to μCT imaging, followed by histological and 
other specialty staining evaluations.

Micro-computed tomographic (μCT) imaging 
analysis

The retrieved samples were fixed in 10% formalin 
and imaged with the micro-CT (μCT) component of 
the GE triumph (GE Healthcare) trimodality preclinical 

imaging system. All image data were analyzed by Amira 

5.3 (Visage Imaging, Inc.), and 3D volumetric data and 

bone density were determined as previously described [65, 

108, 109].

Hematoxylin and eosin (H & E) and Masson's 
trichrome staining

The retrieved specimens were fixed with 10% 
formalin, decalcified and embedded in paraffin. Serial 
sections at 5μm of the embedded specimens were carried 
out, and mounted onto treated slides. Then the sections 

were deparaffinized and then rehydrated in a graduated 
fashion. H & E staining and Masson’s trichrome staining 

were done as described [68, 110, 111].

Western blot analysis

Western blot analysis was done as described [112–

114]. The cell lysates were prepared using cell lysis buffer 

containing a protease inhibitor PMSF. About 50 mg of total 

protein for each sample was loaded into 10% SDS-PAGE 

gel and transferred to PVDF membranes, which were 

blocked and incubated overnight with primary antibodies 

against NICD1 (Santa Cruz Biotechnology, Santa Cruz, 

CA) and GAPDH (Santa Cruz Biotechnology) at a dilution 

of 1:200 and 1:1000, respectively. After being washed, 

the membranes were incubated with a secondary antibody 

conjugated with horseradish peroxidase. Immune-reactive 

signals were detected using ECL kit (Millipore, America). 
Image J software were used to quantitatively analysis.

Immunofluorescence staining

Subconfluent cells were treated with drug and/or 
adenoviral infection and fixed with 4% paraformaldehyde. 
The fixed cells were then treated with 0.1% Triton-100 
and blocked with 10% bovine serum albumin. Cells 

were incubated with Notch1 antibody (against the NICD 

domain) (Santa Cruz Biotechnology) in 4°C overnight 
and stained with Cy3-anti-mouse IgG secondary antibody 

(Jackson ImmunoResearch). Cell nuclei were counter-

stained with DAPI, followed by fluorescence microscopic 
imaging.

Statistical analysis

All quantitative experiments were performed in 

triplicate and/or repeated in three independent batches 
of experiments. Data were expressed as mean ± standard 

deviation (SD). The one-way analysis of variance was 

used to analyze statistical significance. A value of p<0.05 

was considered statistically significant.
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