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An integrated miRNA functional 
screening and target validation 
method for organ morphogenesis
Ivan T. Rebustini1, Maryann Vlahos1, Trevor Packer2, Maria A. Kukuruzinska2 & 
Richard L. Maas1

The relative ease of identifying microRNAs and their increasing recognition as important regulators of 
organogenesis motivate the development of methods to efficiently assess microRNA function during 
organ morphogenesis. In this context, embryonic organ explants provide a reliable and reproducible 
system that recapitulates some of the important early morphogenetic processes during organ 
development. Here we present a method to target microRNA function in explanted mouse embryonic 
organs. Our method combines the use of peptide-based nanoparticles to transfect specific microRNA 
inhibitors or activators into embryonic organ explants, with a microRNA pulldown assay that allows 
direct identification of microRNA targets. This method provides effective assessment of microRNA 
function during organ morphogenesis, allows prioritization of multiple microRNAs in parallel for 
subsequent genetic approaches, and can be applied to a variety of embryonic organs.

The growing appreciation of the role of microRNAs (miRNAs) in regulating organ morphogenesis1 underscores 
the need for methods that rapidly assess miRNA function in vivo. Methods for in vivo miRNA functional pertur-
bation include the injection of chemically modified miRNA inhibitors2, referred to here as antagomirs, and viral 
infections of DNA constructs expressing miRNA inhibitors3, both of which are limited to postnatal developmen-
tal stages and can generate systemic off-target effects. The in vivo genetic targeting of miRNAs using knockout 
mouse models4 remains a gold standard to address miRNA function during organogenesis, but is costly and 
time-consuming.

Explanted mouse embryonic organs provide a reliable and reproducible alternative to mouse genetic mod-
els, and in terms of suitability for rapid screening, offer potential advantages. Organ explants of submandibular 
salivary glands (SMGs)5, lungs6, and kidneys7, mammary glands8, and tooth9 recapitulate some of the important 
morphogenetic processes involved in early organogenesis, including epithelial proliferation and branching mor-
phogenesis. In addition, organ explants can be used to visualize organ development in real-time7,10, and provide 
three-dimensional models for developmental and regenerative biology.

The mechanism of miRNA action is based on the specificity of its 5′ -UTR seed region, a 6–8 nucleotide 
sequence that binds to the complementary 3′ -UTR sequence present in the corresponding target mRNA, which 
triggers mRNA degradation and translational downregulation11,12. Antagomirs are complementary oligonucle-
otides to mature miRNAs that prevent interactions between targets and their corresponding miRNAs. Methods 
to transfect antagomirs have frequently employed liposomes13,14 and have largely been limited to in vitro applica-
tions in cell lines15. Antagomirs can incorporate a chemical modification termed Locked Nucleic Acid (LNA)2,15, 
which consists of a 2′ , 4′  methylene-bridge in the ribose that forms a bicyclic nucleotide with higher affinity bind-
ing to the complementary miRNA target. This allows the use of short LNA-modified oligonucleotides in multiple 
applications including miRNA in situ hybridization16 and knockdown studies15. The efficiency of liposome-based 
LNA-modified antagomir transfection, previously used to interfere with miRNA function in explanted embryonic 
SMGs17, can be affected by the cytotoxicity of the liposomes, triggering stress-induced off-target effects and the 
degradation of the antagomir (or any other cargo molecule carried by the liposomes) via the endocytic pathway18.

An alternative method of transfection originally used in siRNA gene targeting19 employs peptide-based 
nanoparticles to overcome the problems of liposome cytotoxicity and endocytic degradation. Cell-penetrating 
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amphiphilic peptides that possess a self-assembling property have relatively higher affinity for single and double 
strand nucleic acids compared to liposomes. To date, the commercially available N-TER peptide (SigmaTM)19 
is the most commonly used peptide for nucleic acid delivery in a variety of applications, including transfection 
of antagomirs in cell lines20. Despite their versatility, to our knowledge nanoparticle-forming peptides have not 
been previously used to transfect miRNA antagomirs and mimics into more complex systems such as explanted 
embryonic organs.

Here, we describe a method to rapidly characterize the developmental effects of individual miRNAs dur-
ing organ morphogenesis (Fig. 1). First, we employ peptide-based nanoparticles to transfect specific miRNA 
antagomirs and mimics for each miRNA to be evaluated into embryonic organ explants to test for loss- or 
gain-of-function effects, respectively (Fig. 1a; Suppl. Fig. 1). Second, for miRNAs that yield interesting phenotypes 

Figure 1. Integrated miRNA functional screening and target validation method. The method consists of 
two parts: (a) miRNA Functional Perturbation, and (b) miRNA Target Validation (miR-PD). (a) The miRNA 
Functional Perturbation involves preparation of Nanoparticles by loading an amphiphilic peptide with 
miRNA antagomir (inhibitor) or mimic (activator) to functionally target a miRNA of interest. Alternatively, 
Liposome transfection may be used (see Methods). Murine embryonic organs of interest are micro-dissected 
and explanted into multi-well culture plates, either directly onto metal mesh in a modified Trowel-type system 
(e.g., intact manbibles, isolated mandibles, tongue) or directly onto floating Nuclepore filters (e.g., using salivary 
glands, kidneys, lungs). This system provides moderate analytical throughput by allowing use of different 
experimental conditions and phenotypic assays in parallel. (b) The miRNA Target Validation (miR-PD; 
miRNA-Pull Down Assay) involves preparations of organ lysates and incubation of the cytoplasmic fraction 
with biotinylated-mimic miRNA (mimic-biotin), followed by a streptavidin bead purification step to recover 
the biotinylated-miRNA mimic and its target mRNA transcripts. RISC: RNA Interference Silencing Complex 
(necessary for miRNA:mRNA interactions).
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or gene expression changes, we apply a direct miRNA target validation assay based on biotinylated miRNA mim-
ics and miRNA pulldown (Fig. 1b; Suppl. Fig. 2).

An initial step in this protocol involves selecting the miRNAs for functional studies. It has been demonstrated 
that miRNAs play essential roles in directing endoderm, mesoderm, and ectoderm specification and differentia-
tion during organogenesis21. Therefore, one approach is to identify or generate datasets of differentially expressed 
miRNAs in representative ectodermal (e.g., tooth germs and SMGs), endodermal (e.g., lungs), and mesodermal 
(e.g., kidneys) organs during early organogenesis, based on their relative abundance within an individual organ 
(expression profile), or after comparing miRNA expression among different organs to identify a set of miRNAs 
that are enriched in a specific organ (expression signature).

Either RNA-Seq22,23 or qPCR-based TaqMan Low Density Arrays (TLDA)24 can enable fast and robust miRNA 
expression screening, and have generated miRNA expression databases for different developing vertebrate  
organs1,17,22,25,26. Starting from any of these miRNA expression datasets, bioinformatic and annotation-based cri-
teria must be employed to select miRNAs for further evaluation. Herein, we provide a rapid, first-order functional 
screening method that can be applied to a variety of vertebrate organs that develop via epithelial-mesenchymal 
interactions. For illustrative purposes, we focus on the murine molar tooth germ and the SMG as representative 
organs, since both provide classical, well-established model systems5,8,9,27 to investigate early morphogenetic pro-
cesses during organ development.

Results
Selection of miRNAs for organ-specific perturbation. We generated miRNA datasets using total RNA 
from embryonic molar tooth germs, salivary glands, lungs, and kidneys, and performed TLDA analysis of miRNA 
expression. We then obtained relative miRNA expression profiles using a qRT-PCR approach28 (Suppl. Table 1). 
Our TLDA analysis of miRNA expression (Fig. 2a) revealed enriched expression of miR-429-3p, miR-325-3p, 
and miR-590-5p in molar tooth germs and developing incisors compared to SMGs, lungs and kidneys, which we 
confirmed using individual primers to detect the corresponding miRNAs (Fig. 2b–d; Suppl. Fig. 3b). We also gen-
erated miRNA signatures that could potentially be useful for miRNA perturbation studies using other embryonic 
organs (Suppl. Table 1).

Figure 2. Selection of miRNAs for functional perturbation and visualization of antagomir transfections 
into organ explants. (a) Heat map of miRNA expression generated by TaqMan Low Density Array (TLDA) 
analysis shows a negative control miR from Aradopsis (ath-miR159a) and four miRNAs that are part of a 
miRNA expression signature for molar tooth germs. (b–e) qRT-PCR graphs show percent relative gene 
expression (normalized to molars) for miR-429-3p, miR-325-3p, and miR-590-5p in embryonic molar tooth 
germs, incisors, submandibular salivary glands (SMGs), kidneys and lungs. miR-200c-3p, a known regulatory 
component of the morphogenetic processes in embryonic tooth and SMG, is also included. (f–j) Representative 
epifluorescent images were collected after 48 h of ex vivo culture using 100 nM of Antagomir-Cy3 (red) 
transfected into intact E13.5 mandible explants (f), after dissecting the epithelium and mesenchyme tissues 
with Dispase incubation (g), or after fixation of the organ explants and whole mount immunofluorescence for 
E-Cadherin (green) (h–j). The epithelial-mesenchymal separation (g) suggests efficient nanoparticle-based 
transfection of Antagomir-Cy3 throughout both the oral and dental epithelia (OE and DE, respectively) and 
in the mesenchyme (M), a result confirmed quantitatively by flow cytometry analysis of isolated dissociated 
epithelial and mesenchymal cells after Antagomir-Cy3 transfection into mandibular explants (see Suppl. Fig. 5). 
Scale bars: 100 μ.
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In addition, to help validate our miRNA functional perturbation method, we included in this analysis the 
miR-200c-3p (Fig. 2e), which although not differentially expressed in molar and incisor tooth germs compared 
to SMGs and lungs, is known to play a role in regulating epithelial proliferation during odontogenesis29 and SMG 
branching morphogenesis17.

miRNA screening in explanted organs. Efficiency of antagomir transfection into organ explants. To 
develop a rapid, reproducible protocol for perturbing miRNA function during organ morphogenesis, we 
first optimized nanoparticle transfection efficiency using a Cy3 fluorescently-labeled off-target antagomir 
(Antagomir-Cy3) to visualize antagomir uptake in embryonic mandible, SMG, kidney, and lung explants 
(Fig. 2f–j). We dissected the epithelium and the mesenchyme from mandibular explants, and found that 
Antagomir-Cy3 uptake was qualitatively detected in both tissues after nanoparticle transfections (Fig. 2g). We 
found that Nanoparticle-Forming Solution (NFS) was comparatively more efficient than Liposome-Forming 
Solution (LFS) in transfecting Antagomir-Cy3 into explanted E13.5 SMGs and E11.5 lungs cultured on Nuclepore 
floating filters (Suppl. Fig. 4a,b). As an additional quantitative measure of Antagomir-Cy3 transfection efficiency 
in molar tooth germs, we prepared single cell suspensions from dissected epithelium and mesenchyme dental tis-
sues after Antagomir-Cy3 nanoparticle transfection into embryonic mandibular explants, and subjected them to 
flow cytometry analysis (Suppl. Fig. 5). The results showed that ~81% of epithelial cells and ~93% of mesenchymal 
cells were transfected with Antagomir-Cy3. In addition, cell viability assays did not show significant cell death 
when comparing Antagomir-Cy3 nanoparticle transfection with that of an off-target, unlabeled (negative control) 
antagomir, or with untreated explanted embryonic mandibles (Suppl. Fig. 5).

Efficacy of antagomir transfection. To establish the efficacy of antagomir in decreasing expression of its corre-
sponding miRNA, we conducted a comparative analysis using liposome (Liposome-forming solution, LFS)17 
and peptide-based nanoparticle (Nanoparticle-forming solution, NFS) methods of transfection (Fig. 3a,b). We 
selected antagomirs targeting miR-590-5p, previously defined as a component of the molar tooth germ miRNA 
expression signature (Fig. 2d), and miR-200c, a known regulatory component of tooth29 and SMG17 morphogen-
esis. After transfecting antagomirs targeting miR-200c-3p and miR-590-5p in explanted E13.5 mandibles, or in 
explanted E13.5 SMGs attached to the tongue (Fig. 3a), the analysis of miRNA expression by qRT-PCR showed 
a selective decrease in miRNA expression using both LFS and NFS transfections compared to an irrelevant arbi-
trarily selected target small nucleolar RNA Snord61 and snRNA U61 (Fig. 3b). The decreases in miR-200c expres-
sion (middle graph, Fig. 3b) using the corresponding antagomir transfected with LFS (pink squares) and NFS 
(blue triangles) were, respectively: 42.0% and 81% (molar tooth germs), 43.0% and 72.0% (developing incisors), 
and 36.0% and 80.0% (SMGs). The decreases in miR-590-5p expression (right graph, Fig. 3b), using antagomirs 
transfected with LFS (pink squares) or NFS (blue triangles) were, respectively: 39.0% and 77.0% (molar tooth 
germs), 33.0% and 61.0% (developing incisors), and 40.0% and 81.0% (SMGs). Transfections of antagomirs using 
NFS were significantly more efficient than LFS in decreasing expression of the target miRNA. Thus, in these 
initial experiments the organ explant antagomir transfection method shows a relatively high miRNA targeting 
efficiency.

Specificity of antagomir induced miRNA targeting. To evaluate the specificity of the antagomir-induced down-
regulation of target miRNAs, we next conducted a comprehensive qRT-PCR-based expression survey of odon-
togenic miRNAs and their targets (Suppl. Figs 7, 8). We also evaluated the specificity of miRNA targeting using 
individual antagomirs in increasing the expression of their corresponding target genes (Suppl. Fig. 8). We com-
pared the expression of a set of odontogenic miRNAs using qRT-PCR, after transfection of antagomirs in man-
dible explants that targeted miR-590-5p and miR-21 (Suppl. Fig. 7), since members of the miR-21/miR-590-5p 
family partly share seed sequence identity30. We found specific and statistically significant miR-590-5p and miR-
21 downregulation after transfection of the respective antagomirs (Suppl. Fig. 7), whereas the expression of other 
odontogenic miRNAs did not change.

To furher evaluate the specificity of miRNA perturbation, we screened a selection of 15 odontogenic and 
morphogenetic marker mRNAs (Suppl. Table 3) in molar tooth germs after transfection of antagomirs targeting 
the previously defined miRNA-signature in mandible explants (Suppl. Fig. 8a). We found specific upregulation of 
miR-590-5p odontogenic targets after transfection with the corresponding antagomir (Suppl. Fig. 8b), increased 
expression of Nog (a miR-200c-3p target)31 after transfection of miR-200c antagomir, and Pdcd4 (a miR-21 tar-
get)32 and Casp3 (which is known to be upregulated in the miR-21 knockout mouse)33 after transfection of miR-
21 antagomir.

Developmental assays following miRNA perturbation. After transfecting individual antagomirs into embryonic 
mandibular explants, and once the knockdown efficacy and specificity of miRNA targeting were established 
(Fig. 3), we next performed several different developmental assays, including cell proliferation, and morpholog-
ical and histological assessment after targeting various odontogenic miRNAs (Fig. 4a–e). We prepared frozen 
sections of antagomir transfected embryonic mouse mandibular explants, followed by E-Cadherin and EpCam 
immunohistochemistry detection to assess epithelial morphogenesis, or EdU detection following EdU labeling of 
cultured explants to assay cell proliferation.

We found that miR-590-5p perturbation produced abnormal cap stage formation during molar tooth germ 
morphogenesis (Fig. 4d,f, upper panel), and that miR-200c-3p loss-of-function via its antagomir (Fig. 4e) 
increased proliferation in both epithelial and mesenchymal tissues, as previously observed in SMG17 and in tooth 
morphogenesis in a miR-200c knockout mouse31. Of note, loss-of-function using antagomirs targeting other 
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miRNAs previously defined as part of the odontogenic miRNA signature (miR-429-3p and miR-325-3p, Fig. 4b,c) 
also produced increased epithelial and mesenchymal proliferation, compared to an antagomir off-target control.

In a potentially more rapid approach, embryonic mandibular explants were isolated from transgenic or knockin 
mouse strains that express fluorescent reporters under the control of promoters for key regulatory genes for tooth 
morphogenesis (e.g., Krt14-GFP, Shh-GFP), and analyzed directly by fluorescence microscopy (Suppl. Figs 12, and 
13). These analyses revealed disorganized epithelial morphology triggered by miR-590-5p antagomir in short-term 
mandibular explants (Suppl. Fig. 12). Interestingly, when explanted organs were cultured for longer period of times, 
these differences in molar tooth germ morphologies no longer attained statistical significance (Suppl. Fig. 13).  
This suggests potential developmental compensation for miR-590-5p function. In addition, most changes in 

Figure 3. Efficiency and specificity of miRNA knockdown using nanoparticle or liposome based antagomir 
transfection. (a) Representative images of explanted E13.5 mandibles and SMGs (attached to tongue) in 
Trowell-type organ culture after 48 h of transfection of a fluorescently labeled antagomir (Antagomir-Cy3) 
using Liposome Forming Solution (LFS) or Nanoparticle Forming Solution (NFS) methods. Images correspond 
to 4–6 representative organ explants with experimental triplicates. Antagomir-Cy3 uptake was more efficient 
with NFS than LPS (for quantification of Antagomir-Cy3 uptake, see Supplementary Fig. 5). Scale bar: 100 μ.  
(b) Antagomirs targeting miR-590-5p and miR-200c-3p (Anta-590 and Anta-200c, respectively), were 
transfected into E13.5 mandible and SMGs (attached to tongue) in Trowell-type organ cultures. Molar and 
incisor tooth germs, and SMGs were dissected after 24 h, and miRNA expression assessed by qRT-PCR. Both 
NFS and LFS showed specific miRNA knockdown after transfection of the respective antagomir (middle 
and right graphs). Snord61 expression was used as an off-target control (left graph), and the qRT-PCR data 
were normalized to snRNA-U6 expression and plotted as percentage of expression compared to the control 
(represented here as 100% of expression, dotted red line). Expression differences in miRNAs after transfection 
of the corresponding antagomirs using LFS (pink squares) or NFS (blue triangles) are statistically significant 
(T-Student paired one tailed test), as follows: miR-200c-3p expression in molar tooth germs (p =  0.006), in 
incisors (p =  0.010), and SMGs (p =  0.011) using Anta-200c (graph in the middle); miR-590-5p expression in 
molar tooth germs (p =  0.010), in incisors (p =  0.006), and SMGs (p =  0.004), using Anta-590 (graph on the 
right). Snord61 expression did not change significantly in most treatments. For further data documenting the 
specifity of antagomir treatment, see Suppl. Figs 7 and 8.
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Figure 4. Functional screening of miRNAs in molar tooth germ explants and validation of miRNA target 
genes. (a–e) Representative molar tooth germ phenotypes generated by miRNA antagomir transfections into 
mandibular explants. Coronal sections (10 μ) of molar tooth germs show nuclear labeling with DAPI (blue), 
epithelial E-cadherin immunostaining (red), and EdU incorporation (green). Note increased proliferation (EdU) 
in the lingual (L) side to the tooth germ (in b,c,e), and the progression of epithelial morphogenesis (from cap to 
bell stage) after targeting miR-429-3p (b), miR-325-3p (c), and miR-200c-3p (e), whereas epithelial proliferation 
and morphogenesis were inhibited with miR-590-5p antagomir transfection, compared to off-target antagomir 
(a). (f) Coronal and sagittal sections of E13.5 mandible explants showing molar tooth germ epithelium 
(EpiCam, green) and nuclei (DAPI, red). Defects in molar tooth germ morphogenesis after 48 h of antagomir 
transfection targeting miR-590-5p (Anta-590) include lack of the normal cap stage morphology observed in 
the Anta-off-target control, and arrest of tooth morphogenesis at the bud stage after transfection of the miRNA-
590-5p mimic (arrow in the lower panel). B and L correspond to buccal and lingual orientation, and P and A 
to posterior and anterior orientation, respectively. Scale bar: 100 μ. (g–h) qRT-PCR analysis shows significantly 
increased expression for the miR-590-5p targets Chd7, Msx1, and Bcl11b, 24 h after antagomir transfection (g), 
and corresponding decreases in expression after mimic transfections (h). Graphs represent fold-change in gene 
expression normalized to the control housekeeping gene Rps29 and to an off-target antagomir transfection group 
(red dotted lines). (i) qRT-PCR analysis shows decreased fold change in miR-590-5p expression after transfection 
of the corresponding antagomir (A-590), and increased detection of miR-590-5p after mimic transfection (M-
590). A-Off: Antagomir off-target; M-Off: Mimic off-target. Graph shows relative fold-change in qRT-PCR 
expression, normalized to control non-coding RNA (snoRD61) and to an off-target antagomir control (red 
dotted line). (j) Enrichment of miR-590-5p targets in the pulldown fraction after transfecting a biotinylated miR-
590-5p mimic in E13.5 mandible explants (24 h), and performing the pulldown (miR-PD) assay. Graph shows 
relative percent enrichment for miR-590-5p predicted targets Chd7, Msx1, and Bcl11b, compared to non-target 
genes (Shh, Sox2, Bmp4). Details on qRT-PCR data normalization are in Suppl. Fig. 2.
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miR-590-5p target genes using antagomirs and mimics, although statistically significant, are small (Fig. 4g–h), 
suggesting a fine-tuning rather than a major regulatory role for miR-590-5p.

miRNA target prediction and validation using miRNA pulldown. Having established that antag-
omir transfections produce a reproducible effect in embryonic mandibular explants, we sought to extend the 
miRNA loss-of-function screening approach by: (i) predicting and validating potential miRNA target genes, and 
(ii) transfecting the corresponding miRNA mimic into organ explants and assessing the developmental effect,, 
with the possibility of observing a complementary and/or distinct phenotype. Notably, the developmental effects 
obtained by using antagomirs and mimics are not necessarily expected to be complementary (see Discussion).

To assist in this goal, we developed a target prediction pipeline (Suppl. Fig. 6) that utilizes TargetScan34, a 
searchable homology-based prediction database that associates miRNA seed regions with 3′ -UTR sequences 
of potential target mRNAs. Our target prediction pipeline employed two selection filters: (i) the presence of the 
potential miRNA targets in the organ of interest using an appropriate gene expression database (e.g., ToothCODE 
for molar tooth germ35; Suppl. Table 2); and (ii) target gene interaction analysis, using the Gene Ontology-based 
CytoScape-GeneMania plugin36 (Suppl. Table 2). We detected several miR-590-5p targets potentially associated 
with the developing molar tooth germ (Fig. 4g,h, and Suppl. Fig. 6), such as Pitx2, Bcl11b, Msx1, Chd7, and Edar. 
Each of these genes was associated with the GO category “Odontogenesis” (Suppl. Fig. 6, and Supp. Table 2).

The abnormal molar germ tooth morphogenesis caused by the transfection of miR-590-5p antagomir 
(Fig. 4d), and the target prediction associated with odontogenesis (Suppl. Fig. 6) provided a rationale to focus 
on its functional analysis. We transfected a miR-590-5p mimic into E13.5 mandibular explants in Trowell-type 
organ culture, and assessed gene expression after 24 h, and morphogenesis after 48 h. The transfection of miR-
590-5p mimic in the molar tooth germs promoted arrest in molar morphogenesis at the bud stage (Fig. 4f, lower 
panel). To complete the morphogenetic analysis, we assessed the expression of the potential targets predicted by 
the bioinformatic pipeline, and changes in miR-590-5p expression using qRT-PCR. As expected, expression of 
the predicted miR-590-5p targets Chd7, Msx1, and Bcl11b (Fig. 4.g) significantly increased after antagomir trans-
fection, and decreased after mimic transfection (Fig. 4h), whereas miR-590-5p detection significantly decreased 
with antagomir, and increased with mimic transfections (Fig. 4i).

As a final important additional feature of this protocol, in select cases where developmental assays revealed 
compelling and consistent phenotypes, we sought to biochemically validate predicted miRNA targets. From a 
number of methods to investigate miRNA and mRNA interactions (Suppl. Table 4), we developed a biotinylated 
miRNA mimic pulldown assay (miR-PD) to directly assess binding of miR-590-5p to its predicted odontogenic 
targets by determining whether its target mRNAs were enriched in the pulldown fraction (Suppl. Fig. 2). We 
transfected biotinylated miR-590-5p mimic into E13.5 mandibular explants, dissected the molar tooth germs for 
subsequent miR-PD assay, and detected significant enrichment for Chd7, Msx1, and Bcl11b mRNAs in the pull-
down fractions using biotinylated miR-590-5p (Fig. 4j). In contrast, co-regulated genes involved in molar tooth 
germ morphogenesis such as Shh, Sox2, Bmp4 were not enriched. We also found that Pitx2, a predicted miR-
590-5p target, did not enrich in the pulldown fraction. Thus, the miR-PD assay may distinguish direct miRNA 
targets from mRNAs that might be simply co-regulated with target genes, or that are indirectly influenced by 
miRNA functional perturbations.

Discussion
To devise a rapid method for identifying miRNAs with significant effects on organ morphogenesis, we developed 
a miRNA functional perturbation protocol that reliably reproduces expected effects on target miRNA expression, 
and as a result, on the predicted target mRNAs and on organ morphogenesis. Flow cytometry of epithelial and 
mesenchymal tissues that were enzymatically separated from mandibular explants transfected with fluorescently 
labeled antagomirs and dispersed to single cells revealed 80–90% antagomir uptake into both tissues. The fact that 
such a high proportion of organ explant cells are transfected means that intact explants should include a sufficient 
majority of treated cells to yield representative and reproducible effects on gene expression and morphology, as 
was observed. In addition, although it was necessary to use ~10x higher concentrations (50–100 nM) of antag-
omirs or mimcs to load nanoparticles or liposomes for transfection in organ explants than the concentrations 
typically employed in cultured cells (~10 nM), we did not find any obvious evidence of off-target effects. Although 
off-target effects are a well-known corollary of antagomir and mimic based perturbations, large-scale, quantita-
tive gene expression experiments (e.g., RNA-Seq) would likely be required to detect their existence. Since we did 
not detect obvious off-target effects among a panel of 15 miRNAs, and since the main purpose of this method is 
to prioritize miRNAs for futher in vivo analysis, we conclude that off target effects are not likely to be especially 
problematic.

In addition to changes in gene expression, we applied a series of developmental assays, including marker 
and flourescent transgenic reporter expression, EdU incorporation, and morphologic and histologic changes, 
to prioritize miRNAs for subsequent in depth evaluation via in vivo mutagenesis. Lastly, in some cases, using 
similar methods as for antagomir and mimic transfection, it is possible to use transfected biotinylated mimics in 
a streptavidin bead pull down assay to interrogate potential direct miRNA targets. Thus, the assay as developed 
is versatile, multi-faceted and capable of rapidly yielding abundant preliminary information on the function of 
indvidual miRNAs in organogenesis.

We chose to survey organ explants that recapitulate early morphogenetic processes in ex vivo culture using 
two systems: (i) explants of individual embryonic organs on Nuclepore floating filters6,27,37, and (ii) use of the 
classic Trowell-type organ culture system8. In our experience, epithelial branching organs were best studied 
using Nuclepore floating filters, while the early morphogenetic events of odontogenesis, when detailed histol-
ogy was required, were best assessed using the Trowell-type organ culture. In a refinement of this method, we 
explanted embryonic mandibles directly on top of a metal grid without Nuclepore filters (Suppl. Fig. 9). This 
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final streamlined procedure eliminated the need to dissect the tooth germs from the mandible, preserved their 
anatomical orientation, and facilitated the preparation of frozen sections.

In our explanted embryonic mandible cultures, we assessed the morphologic changes in molar tooth germs, 
starting from the E13.5 bud stage, continuing through the E14.5 cap stage, and concluding at the E15.5–16.5 bell 
stage9, using mandible frozen sections and immunofluorescence. Of note, when transfected with an off-target 
antagomir control (Fig. 4a) and analyzed after short-term (48–72 h) culture conditions, explants showed a normal 
developmental progression, including transition from epithelial bud to cap (48 h) and/or bell (72 h) stages, with 
proliferation in both dental epithelium and mesenchyme. Furthermore, we analyzed cell viability after antagomir 
transfections, using epithelial and mesenchymal single-cell suspensions and flow cytometry (Suppl. Fig. 5), and 
comparing two independent LNA-modified antagomir controls (Cy3-labeled and unlabeled off-target sequences) 
with untreated mandible explants, and did not find significant differences. All together, and in agreement with the 
negligible off-target efects previously described in applications using other types of LNA-modified oligos38,39, our 
results suggest that the off-target effects of LNA-antagomir treatments did not affect, at short-term, the morpho-
genetic processes that we set out to investigate.

In contrast to the results obtained after off-target antagomir transfection, mandibular explants, transfected 
with antagomirs targeting miR-429-3p, miR-325-3p, miR-590-5p, or miR-200c-3p exhibited striking changes 
in molar germ morphogenesis (Fig. 4a–e). miR-200c-3p antagomir increased epithelial molar tooth germ pro-
liferation (Fig. 4e), in agreement with previous experiments that genetically removed miR-200c during murine 
tooth morphogenesis31. Although miR-590-5p expression was significantly downregulated after 24 h of antagomir 
transfection in molar tooth germ explants (Fig. 4i), caution must be used when analyzing the apparent increase 
in miR-590-5p expression after mimic transfections (Fig. 4i), since the exogenously transfected mimic and the 
endogenously expressed miR-590-5p sequences are indistinguishable by qRT-PCR. Regardless, we demonstrated 
a dose-response relationship for transfected mimics (Suppl. Fig. 10), and concentrations of mimics lower than 
50 nM did not significantly alter the expression of the corresponding miR-590-5p targets (not shown).

The arrest in molar tooth morphogenesis caused by miR-590-5p mimic transfection (Fig. 4f, lower panel), 
resembles the phenotype of Msx1 knockout mice40. This result is therefore consistent with the observed statisti-
cally significant decrease in expression of Msx1 (Fig. 4h), a predicted miR-590-5p target gene. Of note, although 
endogenous miR-590-5p is preferentially expressed in molar tooth germ epithelium (Suppl. Fig. 3c) where it pre-
sumably contributes to the general downregulation of Msx1 in that tissue, mimic transfection is expected to dis-
tribute into both epithelium and mesenchyme, thereby downregulatimg Msx1 expression in the latter. Conversely, 
compared to off-target control (Fig. 4f, upper panel), miR-590-5p antagomir transfection produced a disorgan-
ized epithelium with no visible cap or bell stage morphologies or enamel knot formation (Fig. 4f, middle panel). 
These defects could reflect up-regulation of the miR-590-5p target genes Chd7 and/or its co-factor Sox241 in the 
epithelium (Fig. 4g, Suppl. Fig. 11). Both genes, which encode interacting co-factors, are required for dental epi-
thelial proliferation, and their up-regulation would be consistent with a block in dental epithelial differentiation. 
These results thus suggest a functional role for miR-590-5p in early molar tooth development, and illustrate how 
this method can provide a potentially useful first-order tool for miRNA functional assessment.

As a final feature of this method, the pulldown protocol using biotinylated miRNA mimics (miR-PD)42 pro-
vides a straightforward method to validate miRNA targeting, when compared with other methods currently 
available such as Luciferase Reporter Assays43, Ribosome Profiling11, and Cross-Linking Immuno-Precipitation 
or CLIP44 (Suppl. Table 4). The predicted miR-590-5p targets Chd7, Msx1, and Bcl11b, which contain seed regions 
for miR-590-5p (Suppl. Fig. 14) were enriched in the pulldown fraction (Fig. 4j), whereas presumptive non-target 
genes such as Shh, Sox2, and Bmp4 were not. Possible explanations for discrepancies between target prediction 
and validation, exemplified by the case of Pitx2 which was not enriched in the pulldown fraction (Fig. 4j), include 
potential false-positives associated with all miRNA target prediction methods45, and the possibility that the Pitx2 
3′ -UTR region may not be physically exposed or available to allow binding due to secondary structure.

In sum, the combined use of miRNA loss- and gain-of-function and direct target validation provides a practi-
cal first-order functional assessment of selected miRNAs in embryonic organ explants. The versatility of embry-
onic organ explants allows verification of morphogenetic changes when interfering with miRNA function in 
real-time, which can be challenging using in vivo approaches. Potential off-target effects may occur, but our 
experiments suggest that these are not highly prevalent, and in any case need not interfere with the goal of this 
method to prioritize miRNAs for more faithful gene targeting approaches where such non-specific effects can 
be definitively addressed. Other advantages of the method include an improved transfection efficiency using 
nanoparticles, rapid gene expression analyses using qRT-PCR, a multiwell plate configuration that allows up 
to 12 different treatments (antagomirs and mimics) at a time and that it is scalable according to the size and the 
number of organ explants, the use of accessible, inexpensive reagents, the use of miR-PD as an efficient miRNA 
target validation method that requires only small amounts of RNA for qRT-PCR analysis (when screening for a 
selected number of predicted targets), and the convenient use of biotinylated mimics in both gain-of-function 
and pulldown assays.

At the same time, some potential limitations of this protocol exist. These include the limited lifespan of 
explanted embryonic organs and the potential developmental artifacts associated with organ culture, the 
inherent inaccuracy of miRNA target gene prediction programs that can generate false positives or exclude 
authentic targets, and the small amounts of total RNA available for miR-PD assays, which may require scal-
ing up experiments or increasing the RNA yields when unbiased and high throughput analyse of gene 
expression such as RNA-Seq are required. Nonetheless, the method described here provides rapid, efficient 
first-order approach to assess miRNA function in several embryonic mouse organs, and in some cases, ena-
bles the simultaneous identification of miRNA target mRNAs. Furthermore, the method is scalable to moderate 
throughput, as organ explants can be adapted to multi-well formats and scored for developmental phenotypes 
in parallel. While the gold standard for the assessment of gene function remains targeted gene inactivation  
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in vivo, even CRISPR46 and TALEN-mediated47 gene editing methods can be expensive and time-consuming. 
The method described here can instead serve as a highly effective and low cost first-order screening plaform for 
prioritizing miRNAs for futher in depth investigation.

Methods
Embryonic organ dissections. The methods were carried out in accordance with the guidelines and reg-
ulations of the protocol 750-R98 approved by the Harvard Medical School Institutional Animal Care and Use 
Committee. The embryonic stages for organ dissections were E11.5 for lungs, E12.5 for kidneys, E13.5 for sali-
vary submandibular glands (SMGs), and E13.5 for molar germs, which represent the starting times for the cor-
responding explants (Suppl. Fig. 3a). Briefly, pregnant euthanized CD-1 mice were surgically open, the uterus 
from each mouse containing the embryos was removed and placed in a 150 mm Petri dish containing 15–20 mL 
of DMEM-F12/PS as previously described27. Embryos were dissected from the uterus, washed twice with 
DMEM-F12/PS, and further dissected under a stereomicroscope according to specific methodologies described 
for harvesting molar tooth germs48, SMGs27, lungs6, and kidneys37. Embryonic organs were used for explant organ 
cultures or total RNA extraction.

Total RNA extraction. Each collection of embryonic organs (Suppl. Fig. 3a), was subjected to total RNA 
extraction using mirVana™  total RNA Isolation Kit (Ambion). Total RNA was quantified using a Nanodrop 
Spectrophotometer (ThermoFisher), distributed in aliquots, immediately frozen in dry ice, and stored at − 80 °C 
prior to use.

Screening of miRNA expression using TaqMan Low-Density Arrays. Reverse Transcription (RT) 
reactions were prepared by pipetting 500–1,000 ng aliquots of total RNA from each embryonic organ of inter-
est in 0.7 mL PCR tubes, and pipetting the reagents following the specifications for Megaplex RT Primers and 
TaqMan®  MiRNA Reverse Transcription Kit (Applied Biosystems). 6.0 μL aliquots of each RT reaction were 
pipetted into 1.7 mL tubes containing 450 μL of TaqMan Universal PCR Master Mix (Applied Biosystems) 
and 444 μL of RNase-free water, mixed by vortexing, and pipetted into microfluidic TaqMan®  Rodent miRNA 
Array A Low-Density Arrays plates. PCR amplification was performed using an Applied Biosystems 7900HT 
Fast Real-Time System Thermocycler according to specifications described on MegaPlexTM Pools microRNA 
Expression Analysis brochure (Applied Biosystems).

Transfections of antagomirs and mimics using nanoparticles. Nanoparticle forming solutions 
(NFS) containing antagomirs or mimics (Suppl. Table 5) were prepared following the N-TERTM Peptide proto-
col (SIGMA) with a few modifications (Suppl. Fig. 1). Briefly, 13.0 μL aliquots of antagomirs or mimics at 5 μM 
and 37.0 μL of Dilution Buffer were pipetted into 1.7 mL tubes and mixed (Solution 1). 8 μL of N-TER Peptide 
(SIGMA) and 42 μL of RNase-free water were pipetted into another 1.7 mL tube and mixed (Solution 2). Both 
solutions 1 and 2 were mixed to form the Nanoparticle Forming Solution (NFS), and incubated for 20 minutes at 
room temperature prior to transfection into organ explants. Appropriate volumes of NFS solution (Suppl. Fig. 1c) 
were pipetted into the culture medium of the organ explants prepared as previously described. For transfections 
of antagomirs and mimics using LFS (Liposome Forming Solution), RNAiFect (QIAGEN) was used following 
previously described procedures17.

Analysis of early morphogenesis using immunofluorescence. Whole mount organ preparations 
were used to analyze organs explanted in the floating-filter system (SMGs, lungs, and kidneys), and cryosec-
tioning was used to analyze molar germs in mandible explants, as described (Suppl. Table 6). Quantification of 
fluorescence was performed using ImageJ Software publically available at http://imagej.nih.gov/ij, according to 
previously described protocols27.

Analysis of Antagomir-Cy3 uptake by flow cytometry. E13.5 mandibles from a mouse strain con-
stitutively expressing ubiquitous EGFP (also known as Rosa26-Cas9 knockin, JAX 024858) were explanted, and 
transfected with a Cy3-labeled or unlabeled Off-Target Antagomirs as described above. Explants were cultured 
for 24 h, and the mandibles treated with Dispase neutral proteases and subjected to epithelial and mesenchymal 
tissue separation, and to single-cell suspension preparations as previously described. Epithelial and mesenchy-
mal single-cell suspensions from approximately 4–6 mandibular explants were combined and subjected to flow 
cytometry analysis using an Accuri C6 Flow Cytometer and analyzing the data using the CFlow Plus Software 
(BD Biosciences).

Prediction of miRNA target genes. All in silico predictions of miRNA target genes were performed 
using TargetScan (http://www.targetscan.org) and the total number of miRNA targets was filtered using the cri-
teria found in our general prediction pipeline (Suppl. Fig. 6). Briefly, for miR-590–5p, a list containing predicted 
miRNA targets was generated using TargetScan, and the genes present during tooth morphogenesis were selected 
using a searchable database for molar tooth germ expression (http://compbio.med.harvard.edu/ToothCODE). 
The list of selected miRNA targets was subjected to Gene Ontology analysis using the application GeneMania 
version 3.2.1 found in the downloaded plugin CytoScape (http://www.cytoscape.org)49 by applying the following 
parameters: (i) Predicted Interactions; (ii) Physical Interactions; (iii) Co-Expression; (iv) Co-Localization; (v) 
Gene Interactions; and (vi). Pathways, Weighting window: GO Biolgical Process-Based. The miR590-5p targets 
were scored and ranked according to Gene Ontology Identifications (GO IDs) and the corresponding q-values 
(Suppl. Table 2, Suppl. Fig. 6). A selected group of miR-590-5p targets in the first two GO entries: Chd7, Pitx2a, 
Msx1, and Bcl11b, were selected for further qRT-PCR analysis, and the putative non-targets Shh, Bmp4, and Sox2, 
were also included.

http://imagej.nih.gov/ij
http://www.targetscan.org
http://compbio.med.harvard.edu/ToothCODE
http://www.cytoscape.org
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Analysis of miRNA expression by qRT-PCR. All Reverse Transcription reactions to analyze expression 
of individual miRNAs were performed using 200 ng of total RNA and reagents and specifications in the miScript 
II RT kit (QIAGEN). Detection of mature miRNA expression was performed using reagents and specifications 
found in the miScript SYBR PCR kit (QIAGEN), and the corresponding PCR primers (Suppl. Table 7).

Analysis of mRNA expression by qRT-PCR. Reverse Transcription (RT) reactions were prepared using 
200 ng of total RNA and reagents and specifications in the iScript cDNA Synthesis kit (BIORAD). Dilutions con-
taining 1 ng of cDNA from the RT reactions were used to amplify the PCR products using iQ™  SYBR®  Green 
Supermix (BIORAD). PCR reactions were performed in a Thermal Cycler CFX96 C100 (BIORAD) using the 
corresponding PCR primer sequences (Suppl. Table 7). Calculations of fold change in expression were performed 
as previously described28.

miRNA pulldown (miR-PD). The miR-PD was performed using an adapted protocol42 and following the 
specifications in the Dynabeads®  MyOne™  Streptavidin T1 Reagent (Invitrogen). Briefly, a 100 μL aliquot of 
magnetic streptavidin beads was pipetted into a 1.7 mL tube, and placed on ice. The beads were washed (100 μL 
of miR-PD Lysis solution), and blocked (200 μL of miR-PD Blocking Solution, 2 h incubation, 4 °C, rocker). 
Explanted organs were collected into 1.7 mL tubes, lysed with 200 μL of miR-PD Lysis Buffer, and homogenized 
(10 seconds, on ice). The tubes were sealed with Parafilm and incubated (5 minutes, ice), centrifuged (10,000 rpm, 
10 minutes), and the supernatant (Input Fraction) collected into a new 1.7 mL sterile tube. The blocking solution 
was removed from the beads using a MagnaRack for Microcentrifuge Tubes (Invitrogen), and the Input fractions 
were transferred into the tubes containing the beads and incubated (4 °C, 4 h). The tubes were placed in the 
MagnaRack, the supernatant (Input – PD fraction) was pipetted into a new 1.7 mL tube, and the remaining beads 
(PD fraction) were washed 5 times with ice-cold miR-PD Lysis Solution. RNA extraction was performed using a 
50.0 μL aliquot of the Input-PD and the PD fractions, and gene expression assessed by qRT-PCR analysis.
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