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Introduction
MicroRNAs (miRNAs) have been shown to play important roles in 

cardiac differentiation [1-6], pathological development and progression 
of cardiac diseases [7-12]. Full understanding of their role in these 
conditions requires identification of their precise target genes and 
studying their function in the relevant cell types. Several different cell 
types, such as HEK293 or COS7, or organs like the mouse heart have 
been used for identification and validation of different miRNA targets 
[13,14]. A major hurdle for target identification is that the cells used 
are either not relevant for the studied process, thereby not having the 
correct target mRNAs present, or the redundancy caused by other 
miRNAs that may compete with the miRNA of interest and thereby 
interfere with the effect of overexpression or inhibition of the miRNA 
of interest [15,16]. Therefore, an ideal cell model to study the effects 
of a single miRNA including its targets in a cardiac context would be 
a cardiomyocyte without any mature miRNAs present, a very "Simple 
Cell" as it were.

Most of the currently known miRNAs go through canonical 
miRNA processing. They are transcribed as normal mRNAs by RNA 
Polymerase II and subsequently processed into mature miRNAs 
by microprocessor complexes including Dgcr8 and Drosha [17]. 
After being exported into the cytosol [18,19], precursor miRNAs are 

further processed into mature miRNAs by Dicer [20,21]. Therefore, 
cells lacking Dgcr8 or Dicer are not able to produce canonical mature 
miRNAs. Dicer has been shown to have miRNA independent roles and 
commercial miRNA mimics are provided as precursor or precursor like 
structures, which require processing by Dicer to become functional. 
Thus, knocking out Dgcr8 in embryonic stem cells (ESC) has become 
the first choice to create a versatile miRNA-free cell model. In this 
cell model, the miRNA population will be eliminated, however, the 
activity for precursor processing will be kept intact and the cells may 
hold their potential to differentiate into any cell type of interest, e.g. 
cardiomyocytes. Although inactivation of Dgcr8 was used to explore 
the role of the total miRNA population in a particular cell type or tissue 
in vivo [22-25], the consequence of the loss of Dgcr8 on cardiac lineage 
specification of ESCs, and whether or not we can create the "simple 
cardiomyocyte" from Dgcr8 KO ESCs, is unknown.

Methods and Materials
Embryonic stem cell (ESC) culture and embryonic bodies 
(EB) preparation and differentiation

Wild-type ESCs V6.5 and Dgcr8 knockout (KO) ESCs (Novus 
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Biologicals, NBA1-19349) were cultured on a MEF feeding layer in 
ESC medium, containing DMEM (Gibco, cat. no. 41965), 15% FBS 
(Gibco, cat. no. 16141-079), 1x penicillin/streptomycin (Sigma, cat. 
no. P4458), 1x MEM-nonessential amino acids (PAA, cat. no. M11-
003), 1x Leukemia Inhibitory Factor, and 0.0007% β-mercaptoethanol. 
Cells were detached using Accutase (Chemicon Millipore, SF006) and 
before differentiation, preplated for 0.5-2 h in non-coated plates. The 
supernatant including ESCs was collected, and EBs were formed in low 
attachment plates (6 well) with 2 million cells per well in differentiation 
medium, containing IMDM (Gibco, cat. no. 21980), Ham’s F12 nutrient 
mixture with GlutaMAX-I (Gibco, cat. no. 31765), 2% Horse serum 
(Gibco, 16050-122), 1x MEM-nonessential amino acids (BioWhittaker, 
BE13-114E), 1x Insulin transferrin-selenium (Gibco, 41400-045), 1x 
penicillin/streptomycin (Sigma, cat. no. P4458), and 25 µg/mL ascorbic 
acid (Sigma, A-4034). The cells were incubated at 37 ºC while shaking 
(circa 50 rotations/min) for 2 days to induce EB formation.

Proliferation rate assay

To determine the degree of proliferation, cells were trypsinized into 
single cells and 10,000 cells were seeded in a 24-well plate, pre-coated 
with MEFs. Cells were trypsinized into single cells at 48 and 72 hours 
after seeding and counted with a Bio-Rad TC-10 automatic cell counter.

RNA isolation, small RNA profiling and semi-quantitative 
PCR analysis

Total DNA-free RNA was isolated with Tripure Isolation Reagent 
following manufactory's instructions (Roche Applied Science) and 
analyzed by using the Agilent Small RNA Kit (Agilent Technologies, 
cat. no. 5067-1548) according to the manufacturer’s guidelines. Results 
were obtained using the Agilent Bioanalyzer 2100 and data was analyzed 
with 2100 Expert Software. 

Total RNA was treated with RNase-free DNase I (Qiagen), checked 
to be DNA free, and cDNA was made using the iScriptTM cDNA Syn-
thesis Kit (Bio-Rad). Quantitative real-time polymerase chain reaction 
(qRT-PCR) was performed with iQ SYBR Green Supermix (Bio-Rad) 
and specific primers with the following sequences: Gapdh forward 
5’-GGCATGGACTGTGGTCATGA-3’ and reverse 5’-TTCACCAC-
CATGGAGAAGGC-3’; Hprt forward 5’ TCAGTCAACGGGGGA-
CATAAA-3’ and reverse 5’- GGGGCTGTACTGCTTAACCAG -3’; 
Oct4 forward 5’- AGAGGATCACCTTGGGGTACA-3’ and reverse 
5’- CGAAGCGACAGATGGTGGTC -3’; Sox2 forward 5’- GCG-
GAGTGGAAACTTTTGTCC-3’ and reverse 5’- CGGGAAGCGT-
GTACTTATCCTT -3’; Nanog forward 5’- TCTTCCTGGTCCCCA-
CAGTTT-3’ and reverse 5’- GCAAGAATAGTTCTCGGGATGAA 
-3’; Hnf4α forward 5’- GTGGCGAGTCCTTATGACACG-3’ and 
reverse 5’- GCTGTTGGATGAATTGAGGTTGG -3’; TnT forward 
5’- CAGAGGAGGCCAACGTAGAAG-3’ and reverse 5’- CTCCATC-
GGGGATCTTGGGT -3’; α-MHC forward 5’-ATCCTGTCCAA-
CAAGAAGCC-3’ and reverse 5’-ACCTCTCCCTGAGAGACGAA-3’; 
β-actin forward 5’-CTCTTTTCCAGCCTTCCTTC-3’ and reverse 
5’-TCTCCTTCTGCATCCTGTC-3’; Pasha exon 3 forward 5’-CAC-
GGCTAAAGCAATCGTTCAA-3’ and reverse 5’-GCTCTGTAG-
GTGGACGGCCAC-3’; LINE-1 forward 5'- GAACAGACGAGGA-
CACTGAAAA-3' and reverse 5'- CTGGCTTCTCATTCGCATTCT-3'; 
IAP forward 5'- AGCAAGAAAAGAAGCCCGTGA-3' and reverse 
5'- ATGCCAGAACATGTGTCAAGTG-3'; Major forward 5'- GAC-
GACTTGAAAAATGACGAAATC-3' and reverse 5'- CATATTCCAG-
GTCCTTCAGTGTGC-3'; Minor forward 5'- CATGGAAAATGATA-
AAAACC-3' and reverse 5'- CATCTAATATGTTCTACAGTGTGG-3'. 
For minor and major satellite RNA RT-PCR, PCR products were sepa-

rated using agarose gels (2%) and images were taken using UV expo-
sure and detection with the ChemiDoc XRS System (Bio-Rad).

Western blotting

Total protein was isolated with protein lysis buffer (Roche Applied 
Science). Protein amounts were determined using the Pierce BCA 
Protein Assay (Thermo Scientific). Equal amounts of protein were 
loaded, separated, and transferred to a PVDF membrane using the 
Novex® NuPAGE® SDS-PAGE Gel System and the iBlot® Transfer System 
(Invitrogen). PVDF membranes were blocked in 5% non-fat dry milk in 
0,1% TBST with 2% normal goat serum or 5% non-fat dry milk in 0,1% 
PBST with 2% normal goat serum. Blocked membranes were incubated 
with primary antibodies against Pasha (Dgcr8; 1:1000, Proteintech, 
cat. no. 10996-1-AP) or β-actin (1:5000, Sigma, cat. no. A5441), and 
subsequently probed with horseradish peroxidase-conjugated goat-
anti-rabbit (1:2000, Dako, P0448) or goat-anti-mouse (1:1000, Dako, 
P0447). The signal was visualized with Chemiluminescent Peroxidase 
Substrate (Sigma) and detected with the ChemiDoc XRS System (Bio-
Rad). Image Lab software was used for analysis.

Fluorescent immunohistochemistry

EBs were fixed with 4% PFA in PBS, incubated in 30% sucrose PBS, 
and preserved in Tissue-Tek® O.C.T.TM (Sakura). Cryosections were 
stained for α-actinin (1:800, Sigma, cat. no. A7811), and Troponin I 
(1:100, Abcam, cat. no. ab47003). The secondary antibodies used were 
Alexa Fluor-488 goat-anti-mouse (1:400, Invitrogen, A11001) and 
Alexa Fluor-555 goat-anti-rabbit (1:400, Invitrogen, A21458). Nuclei 
were counterstained with 1 µg/mL Hoechst 33342 (Invitrogen) and 
sections were mounted in Fluoromount-G (SouthernBiotech). Images 
were captured using confocal laser scanning microscopy (Carl Zeiss 
LSM 700) and associated software.

Statistical analysis

Data are presented as mean ± SEM. Student’s t-tests were performed 
for comparison between WT and KO and differences were considered 
statistically significant when p values were < 0.05, as indicated by an 
asterisk (*).

Results
Characterization of mouse Dgcr8 KO ESCs

To confirm the absence of Dgcr8 in KO ESCs, we designed primers 
which amplify the 3' part of intron 2 and the 5' part of intron 4 and 
performed a PCR with WT and KO genomic DNA. As expected, PCR 
products from KO are smaller (100 bp) compared with WT products 
(248 bp) (Figures 1A and B). Additionally, we performed Western 
blotting with an anti-Dgcr8 antibody with protein lysate of WT and KO 
ESC. We indeed confirmed the absence of the predicted 86 kD-signal 
in the KO samples (Figure 1C). The loss of Dgcr8 in the KO ESC was 
further confirmed by immunofluorescent staining, as is illustrated by 
the absence of nuclear Dgcr8 in KO ES cells (Figure 1D).

Dgcr8 KO ESCs were viable and displayed typical mouse ESC 
morphology when cultured on a mouse embryonic fibroblast feeder 
layer. Interestingly, KO ESC colonies were smaller as compared 
with WT colonies (Figure 1E). And we also noticed Dgcr8 KO ESCs 
proliferate much slower than WT cells (Figure 1F). 

Dgcr8 was first identified as a Drosha interacting protein by Drosha 
immunoprecipitation, and therefore its function was mainly associated 
with miRNA biogenesis. To evaluate the consequence of Dgcr8 loss on 
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the cellular RNA profile, we isolated total RNA from WT and KO ESCs 
and compare the small RNA profiles (1-150 bp) using a Bioanalyzer 
small RNA chip. We observed that Dgcr8 KO cells are not only lacking 
miRNAs, as indicated by the miRNA spike in control (20 bp), but also 
a large population of small RNA species ranging from 4-40 bp (Figure 
1G and 1H).

Dgcr8 KO EBs do not differentiate into the cardiac lineage

To assess the effect of the Dgcr8 KO on the cardiogenic 
differentiation of ESCs, we induced cardiac differentiation using a well-
established EB-based differentiation protocol [26]. We observed that 
Dgcr8 KO ESCs can form EBs, but their size is smaller and their shape 
is more irregular compared to WT ESC derived EBs (Figure 2A). Upon 
induction of differentiation, WT ESCs undergo typical morphological 
and phenotypical changes, such as forming of cyst-like structures and 
spontaneous contraction (Figure 2B). In contrast, KO EBs did not show 
cyst-like structures and did not contract (Figure 2A and 2B). 

To further characterize the cardiogenic differentiation of EBs, 
we performed qRT-PCR for pluripotency (Oct4), early mesoderm 
(Brachyury T), and cardiogenic lineage markers (αMHC and 
TnT). Consistent with our previous observations, we found that 
the expression of Oct4 decreased upon differentiation, associated 
with an increased level of Brachyury T in WT cells. Prolonging the 
differentiation reduced the expression of Brachyury T and increased 
the levels of cardiac markers αMHC and Troponin in WT EBs on 
day 10. These results indicate loss of pluripotency and induced 
mesoderm and subsequent cardiac differentiation in the WT EBs. 
In the Dgcr8 KO cells, however, the expression of pluripotency 
markers Oct4, Sox2, and Nanog did not change, only very low levels 
of Brachyury T could be detected, and the expression of αMHC and 
Troponin was absent, even 10 days after differentiation (Figure 2C). 
We further confirmed these findings by immunofluorescent staining 
of EBs for the cardiac markers α-Actinin and Troponin. Indeed, we 
could detect α-Actinin and Troponin positive regions in the WT EBs 

Figure 1: Characterization of Dgcr8 KO mouse embryonic stem cell,
A.	 Illustration of the mouse Dgcr8 gene, including the locations of 2 flox sites that were used for gene targeting and the design of genotyping primers, as used in figure 

1C.
B.	 Validation of the loss of Dgcr8 protein in the Dgcr8 KO-ESCs by Western blotting. 
C.	 Genotyping of WT and KO ESCs with primers franking exon2 and exon4. WT display a band at 248 bp and KO at 100bp
D.	 Immunofluorescent staining of Dgcr8 on WT and KO ESC colonies. Note the nuclear staining of dgcr8 in the WT colony. 
E.	 Representative images of WT and Dgcr8 KO ESCs in culture. 
F.	 Comparison of WT and Dgcr8 KO ESC proliferation rate in culture.
G.	 Representative images of total RNA profiles from WT and Dgcr8 KO ESCs using bioanalyzer 2100. Note the absence of small RNA species in Dgcr8 KO ESCs, 

ranging from 4-40 nt long
H.	 Histogram of the profiles of the total RNA from WT and Dgcr8 KO ESCs using bioanalyzer 2100. Note the absent of small RNA species in Dgcr8 KO ESCs ranging 

from 4-40 nt long.
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after 10 days of differentiation, which were not observed in the KO 
EBs (Figure 2D).

Dgcr8-KO ESCs are deficient in heterochromatin silencing 
and centromeric repeat sequence RNA inactivation

Although miRNA processing was the first role ascribed to Dicer, 
defects in the formation of heterochromatin have been linked to 
failure of differentiation and induction of apoptosis in Dicer KO 
ESCs [27,28]. Centromeric heterochromatin regions contain a lot of 
transposable elements, which have to be silenced by the formation 
of heterochromatin rich regions. RNAi mediated heterochromatin 
assembly has been reported to play a critical role in ESC differentiation, 
genome stability and protection from viral invasion [29]. Recently, a 
Dgcr8 RNA immune-precipitation study has greatly expanded its target 
spectrum and has shown its physical interaction with several other 
non-coding RNAs (ncRNA), including retro-transposable elements 
as well as Major Satellite and Minor Satellite centromeric repeat RNA 
species [30], thereby regulating retro-transposon activities [31]. Dgcr8 
null ESCs are not able to produce a large population of endo-siRNA, 
or shRNA [32], essential components of siRNA induced chromatin 
silencing complexes. Therefore, we investigated if there were any 
differences in heterochromatin formation between WT and Dgcr8 KO 
ESCs. Using a H3K9ME3 antibody, a well-established heterochromatin 
marker [27,33], we performed immunofluorescent staining on WT and 
Dgcr8 KO ESCs before and after differentiation. Although we found 
no differences before differentiation (Figure 3A), upon differentiation 

we did observe a clear condensation pattern only in WT cells (Figure 
3B). A clear example of heterochromatin condensation is seen in 
differentiated fibroblast (Figure 3C). This pattern is not seen in the KO 
ESCs, suggesting there is a defect in the formation of heterochromatin 
regions in KO ESCs.

To further confirm this finding, we selected four centromeric repeat 
sequences: minor and major satellite repeats, and LINE-1, all identified 
as Dgcr8-interacting RNAs [30], and IAP, and performed a semi-
quantitative PCR using WT and KO ESC RNA samples. As predicted, 
we found that the expression of LINE-1 and minor and major satellite 
transcripts is more abundant in the KO ESCs compared to WT ESC, 
before and after differentiation (Figure 4A and 4B). The expression of 
these three RNA transcripts is less pronounced upon differentiation in 
the WT ESCs (Figure 4B and Supplement Figure A-E), which correlates 
with the widespread heterochromatin formation as shown by the 
H3K9ME3 staining (Figure 3A and 3B). The higher expression of these 
three transcripts in the KO ESCs indicates a defect in heterochromatin 
silencing (Figure 4B and Supplement Figure E). Interestingly, another 
retro-transposon-like element, IAP, did not show any difference 
(Supplement Figure F).

Discussion
In this study, we aimed to characterize and generate a miRNA-

free cell that potentially can be used for miRNA functional analysis 
in cardiomyocytes. Our results show that Dgcr8 KO ESCs proliferate 
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Figure 2: Dgcr8 KO ESCs are defect in cardiogenic differentiation
A.	 Morphology of WT and Dgcr8 KO EBs, note the irregular shape/size of Dgcr8 KO  EBs.
B.	 Morphology of WT and Dgcr8 KO EBs 3, 7 and 10 days after initiation of differentiation. Note Dgcr8 KO EBs are smaller, and lack of cyst-like structures which are 

present in WT EBs after 7 and 10 days differentiation.
C.	 qPCR analysis of Oct4, a stem cell pluripotency marker, and differentiation marker Brachyury T, Troponin T(TnT) and αMHC.
D.	 Immunofluorescent staining for cardiac marker α-Actinin and Troponin T in WT and KO cells after 10 days of differentiation.



Citation: Lei Z, van Mil A, van de Vrugt AM, Doevendans PA, Sluijter JPG (2015) Dgcr8 is Indispensable for Cardiac Lineage Specification in 
Embryonic Stem Cells. J Stem Cell Res Ther 5: 260. doi:10.4172/2157-7633.1000260

Page 5 of 7

Volume 5 • Issue 1 • 1000260
J Stem Cell Res Ther
ISSN: 2157-7633 JSCRT, an open access journal 

slower and are lacking a large population of small RNA species ranging 
from 4-40 bp, including mature miRNAs (~20 bp). However, Dgcr8 KO 
ESCs are unable to undergo cardiogenic differentiation. Furthermore, 
we observed that centromeric regions of KO ESCs have a higher 
transcriptional activity upon induction of differentiation as compared 
to WT controls. Therefore, Dgcr8 KO ESCs are unable to fully inactivate 
their heterochromatin regions like WT ESCs, which is likely leading to 
the defect in cardiac differentiation.

Consistent with a previous study, we found that Dgcr8 KO ESCs 
exhibit slower proliferation rates. It has been shown that the miR-
290 family is involved in the regulation of ESC proliferation [34] and 
overexpression of this family could partially rescue the proliferation 
defect of Dgcr8 KO ESCs [34]. Additionally, we observed a defect 
in cardiomyogenic differentiation in the Dgcr8 KO ESCs, as shown 
by the lack of spontaneous contraction and absence of myogenic 
differentiation markers which agree with previous observation that 
Dgcr8 KO ESC is not capable to form teratoma [34]. Dicer is also 
involved in miRNA processing, which is downstream of Dgcr8. Similar 
to Dgcr8 KO ESCs, Dicer KO ESCs display a similar phenotype [27], 
but show a more pronounced defect in heterochromatin silencing even 
before differentiation [27]. 

How and if microprocessors like Dgcr8 or Dicer control ESC 
differentiation through miRNA processing is not known. Although 
a lack of miRNA processing seems the most obvious explanation for 
the defect in differentiation, more and more studies point to a miRNA 
biogenesis-independent role of the microprocessor. In fission yeast, 
which does not have miRNAs, RNAi-mediated heterochromatin 
silencing has been shown to play important roles in protection of 

virus invasion and genome integrity. There, RNA transcripts from 
centromeric chromatin regions are used as a template by the RNA 
dependent RNA polymerase (RdRP) to generate dsRNAs which are 
subsequently processed into short dsRNAs. The short dsRNAs serve 
as a guide for the RNA-induced Silencing Complex (RISC) containing 
Ago-complexes for both Post-Transcriptional Gene Silencing (PTGS) 
and Chromatin Dependent Gene Silencing (CDGS) [29]. In mammals, 
small RNAs, that play an important role in silencing genotoxic 
transposable genetic regions [35,36], have also been identified, both in 
ESCs and germ cells [32]. In germ cells, for example, a class of small 
RNAs called Piwi-associated RNAs (piRNAs), which are longer than 
miRNAs (26-31 nt), have been shown to play an important role in 
silencing genotoxic transposable genetic regions [35,36]. These small 
RNAs have also been found in ESCs, however, the function of these 
small RNAs in ESCs is unclear. Before differentiation, centromeric 
chromatin regions are slightly more open in the Dgcr8 KO cells as 
shown by minor and major satellite RNA semi-quantitative RT-PCR. 
Upon differentiation, centromeric chromatin regions are inactivated 
in WT but not in the Dgcr8 KO cells. The functional importance of 
major satellite RNA transcripts is in line with a recent study, in which 
manipulation of major satellite RNA completely blocked embryonic 
differentiation at 2-cell stages[37]. Our results suggest that Dgcr8 might 
carry a previously unrecognized small RNA related function which is 
independent of miRNA biogenesis, as was also reported for Dicer [27]. 
Future studies are needed to fully understand its function during this 
process and to identify its substrates and working partners [32].

How the defective heterochromatin silencing in Dgcr8 KO ESCs 
prevents their differentiation into the cardiac lineage is not clear. 

Figure 3: Dgcr8 KO ESC is deficient in heterochromatin silencing during differentiation
A.	 H3K9ME3 immunofluorescent staining on non-differentiated WT and KO ESC. 
B.	 H3K9ME3 immunofluorescent staining on 7 days differentiated WT and KO ESCs. Note the H3K9ME3 condense staining in the different WT cells, as indicated 

with white arrows which is absent in the Dgcr8 KO ESCs. 
C.	 H3K9ME3 immunofluorescent staining on mouse embryonic fibroblast served as a positive control. 
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However, recent studies about LINE1 may shed some light on this 
question. LINE1, one of redundant retro-transposon derived RNA 
species, which are distributed in the heterochromatin regions across 
the genome, is inactivated upon differentiation. In oocytes, the level 
of the LINE1 is used to determine which cell will go into apoptosis, 
a well conserved phenomena called fetal oocyte attrition (FOA) [38]. 
Oocytes with low LINE1 activity are selected and the ones with high 
LINE1 levels are eliminated [38]. Interestingly, Dgcr8 KO ESCs show 
accumulation of LINE-1 and a defect in inactivation of LINE-1 upon 
cardiac differentiation. It is conceivable that a failure in inactivation 
of heterochromatin regions in differentiated cells will result in an 
accumulation of these long transposable transcripts, which thereby 
trigger an interferon-response via Toll-Like Receptors 8/9 [39]. 
Interestingly, ESCs and germ cells are still innocent in their TLR-
induced interferon response, but once they are differentiated, the cells 
are no longer tolerant to long dsRNA stimulation. If the cells fail to 
inactivate these heterochromatin regions, this control mechanism 
clears these cells to prevent malignant growths (Figure 5).

Dgcr8 null ESCs have a lower proliferation rate and an absence 
of cardiomyogenic differentiation. Although a defect in miRNA 
processing might be a direct mechanism, our results suggest that Dgcr8 

is also involved in heterochromatin silencing, thereby adding another 
dimension to gene regulation at the epigenetic level. Furthermore, 
this dual role of Dgcr8 suggests that previous reported defects in 
Dgcr8 conditional KO mice could, in addition to a loss of small RNA 
biogenesis, may also be related to heterochromatin maintenance.
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