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Abstract

Assessing the quality of tissue engineered (TE) cartilage has historically been performed by 

endpoint measurements including marker gene expression. Until the adoption of promoter-driven 

reporter constructs capable of quantitative and real time non-destructive expression analysis, 

temporal gene expression assessments along a timeline could not be performed on TE constructs. 

We further exploit this technique to utilize microRNA (miRNA or miR) through the use of firefly 

luciferase reporter (Luc) containing a 3’ UTR perfect complementary target sequence to the 

mature miR-145-5p. We report the development and testing of a firefly luciferase (Luc) reporter 

responsive to miR-145-5p for longitudinal tracking of miR-145-5p expression throughout MSC 

chondrogenic differentiation.

Plasmid reporter vectors containing a miR-145-5p responsive reporter (Luc reporter with a perfect 

complementary target sequence to the mature miR-145-5p sequence in the 3’UTR), a Luc reporter 

driven by a truncated Sox9 (one of the targets of miR-145-5p) promoter, or the Luc backbone 

(control) vector without a specific miRNA target were transfected into MSCs by electroporation. 

Transfected MSCs were mixed with untransfected MSC to generate chondrogenic pellets. Pellets 

were imaged by bioluminescent imaging (BLI) and harvested along a preset time line.

The imaging signals from miR-145-5p responsive reporter and Sox9 promoter-driven reporter 

showed correlated time-courses (measured by BLI and normalized to Luc-control reporter; 

Spearman r=0.93, p=0.0002) during MSC chondrogenic differentiation. Expression analysis by 

qRT-PCR suggests an inverse relationship between miR-145-5p and Sox9 gene expression during 

MSC chondrogenic differentiation.

Non-destructive cell-pellet imaging is capable of supplementing histological analyses to 

characterize TE cartilage. The miR-145-5p responsive reporter is relatively simple to construct and 
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generates a consistent imaging signal responsive to miR-145-5p during MSC chondrogenesis in 

parallel to certain molecular and cellular events.
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Introduction

Quality evaluation of tissue engineered (TE) cartilage constructs will require the assessment 

of markers for optimal biological properties. These markers include cartilage-related genes 

such as Sox9 as well as other regulators of gene expression such as microRNAs (miRNA or 

miR). Currently, testing for these markers/factors involves endpoint quantifications based on 

immunohistochemistry (IHC) or quantitative real-time polymerase chain reaction (qRT-

PCR) methodologies. While these techniques are accepted as “standard” metrics, alternative 

nondestructive, and longitudinal methods would improve the tracking of key molecular and 

cellular events during chondrogenic differentiation of human mesenchymal stem cells 

(hMSCs). Promoter-driven reporters have been developed previously and used to track 

chondrogenic markers such as aggrecan (ACAN), type II collagen (Col2), COMP, RUNX2, 

and Sox9 [1–3]. However, the tracking of small non-coding RNA molecules such as 

miRNAs has only recently been attempted. miRNAs suppress gene expression in a post-

transcriptional fashion, and target many different genes simultaneously [4]. Each miRNA 

pairs with a nearly complimentary sequence found within target gene mRNA transcripts 

with kinetics based on thermal hybridization efficiency. The binding of a miRNA leads to 

reduced target mRNA translation through either degradation or sequestration [5]. In this 

study, we show the development of a luciferase (Luc) reporter construct negatively 

responsive to the expression of miR-145-5p, an important miRNA relevant to chondrogenic 

differentiation of MSC. This construct produces a Luc mRNA transcript containing a 3’UTR 

perfectly complementary sequence to that of the mature miR-145-5p. miR-145-5p was 

chosen because it targets gene transcripts that are known to have dynamic expression during 

MSC chondrogenic differentiation.

As an obligatory gene for chondrogenesis, the transcription factor SRY-related high-

mobilitygroup box 9 (Sox9) is indispensable for MSC chondrogenic differentiation [6]. The 

Sox9 promoter has been used to drive Luc reporter expression in other cell lines [3] and is 

potentially useful for tracking early events in MSC chondrogenesis. Sox9 expression is low 

in bone marrow-derived undifferentiated MSC and increases in response to differentiation 

cues present in chondrogenic differentiation medium, until hypotrophy and ossification 

stages occur [7]. While the traditional marker gene promoter-driven reporter systems such as 

those driven by the Sox9 promoter are useful, additional reporter systems are sought for 

several reasons. Primarily, promoter/reporter systems have been designed to express mRNA, 

which is transcribed by RNA polymerase III. This bias for mRNA transcripts limits the 

potential to promoters of genes encoding for proteins ignoring entirely non-coding RNAs 

(like miRNA), which participate in innumerable biological pathway regulation. Additionally, 

small changes in promoter activity yielding large biological effects may lack a detectable 

Verbus et al. Page 2

J Stem Cell Res (Overl Park). Author manuscript; available in PMC 2018 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activation when driving the reporter gene expression and thus limit quantification resolution. 

Also, promoter identification and optimization remains a lengthy process for 

chondrogenesis-specific promoter sequences appropriate for driving reporter expression [3]. 

We therefore endeavored to design a reporter construct responsive to miR-145-5p, a non-

coding RNA thought to influence the expression of a variety of genes dynamically regulated 

throughout MSC chondrogenic differentiation.

To this end, a miR-145-5p responsive Luc reporter containing a miR-145-5p perfect 

complementary target sequence (PT) in the 3’UTR of the Luc mRNA and under the control 

of a strong and constitutively active promoter was constructed and tested to investigate the 

expression patterns of miR-145-5p during the process of MSC chondrogenesis. Since Sox9 

is a direct target of miR-145 [8,9], the endogenous miR-145-5p targets both the mRNA of 

marker gene Sox9 and the transcript of the miR-145-5p responsive Luc reporter. Therefore, 

Sox9 expression was also examined during the same process of MSC chondrogenesis. The 

outcome will guide further evaluation of the utility of such miRNA-responsive reporters for 

tracking MSC chondrogenic differentiation and TE cartilage optimization.

Methods

Procurement of human MSCs

The MSCs were obtained from bone marrow aspirate from normal healthy donors after 

informed consent, as described previously [10], under a protocol approved by the 

Institutional Review Board of the University Hospitals Cleveland Medical Center. Primary 

cultures of MSC were generated by the Case Center for Multimodal Evaluation of 

Engineered Cartilage (CCMEEC).

Reporter constructs

The miR-145-5p responsive reporter contains Luc (Figure 1A) with one Perfect 

complementary Target sequence repeat (PT) to the mature human miR-145-5p sequence 

within the 3’UTR of Luc (Luc-miR-145-5p). The expression of Luc is driven by the CMV 

immediate early enhancer and the CMV immediate early promoter sequences located 

upstream of the Luc transcriptional start site. The Luc-control reporter vector construct is 

shown in Figure 1B, is identical to reporter described above, but lacks the PT to miR-145-5p 

and is unresponsive to endogenous miRNA expression.

The traditional Sox9 promoter-driven luciferase reporter (Luc-Sox9) construct is shown in 

Figure 1C, (a generous gift from Dr. Peter Koopman of the University of Queensland, 

Australia) and was used originally for investigating campomelic dysplasia and autosomal 

sex-reversal in mice [3]. This truncated mouse Sox9 promoter segment contains the −193 bp 

proximal Sox9 promoter sequence. The −193 bp upstream region was identified as the 

minimal Sox9 promoter sequence to produce the maximal tissue-independent luciferase 

signal [3].

Verbus et al. Page 3

J Stem Cell Res (Overl Park). Author manuscript; available in PMC 2018 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Reporter transfection

Early passage MSCs (p2) were grown DMEM-low glucose media supplemented with 

Antibiotic: Antimycotic (Thermo Fisher) and 10% FBS (Thermo Fisher, MSC certified by 

CCMEEC). Cells were used to generate chondrogenic pellets no later than the fourth 

passage. MSCs were washed with Tyrode’s solution and trypsinized with 0.25% trypsin-

EDTA (Gibco). Cells (5 × 105 MSCs per reaction) were transfected with either Luc-

miR-145-5p (Luc driven by CMV promoter/enhancer containing the miR-145-5p PT sites), 

or Luc-control (Luc reporter driven by CMV promoter/enhancer without the PT site), or 

Luc-Sox9 (Sox9 promoter-driven Luc) via electroporation (Nucleofector II, Lonza) with the 

high efficiency transfection setting according to manufacture’s protocol. For each 

transfection reaction 2 ug of plasmid DNA was used. After, transfection MSCs were seeded 

in MSC medium and allowed to recover for 5 days.

Pellet culture

One week after reporter transfection, viable transfected MSCs were mixed with 

untransfected MSCs 1:1 from the same donor to reach the number of the cells required to 

generate enough chondrogenic pellets for use in this time-course study. The only exception 

is the untransfected cells, which needed no mixture. On Day 0, 0.125 × 106 transfected MSC 

(p4) cells were combined with 0.125 × 106 untransfected MSC (p4) per well were plated in 

sterile 96-well polypropylene plates containing chondrogenic pellet medium consisting of: 

DMEM-high glucose, 1% ITS+ (Becton Dickinson), dexamethasone (10-7 M), sodium 

pyruvate (1 mM), ascorbic acid-2 phosphate (120 µM), and non-essential amino acids (100 

µM). The plates were centrifuged at 1250 g for 5 minutes and the media was replaced with 

chondrogenic differentiation media, which consists of the chondrogenic pellet media 

supplemented with 10 ng/ml TGF-β1. Media was changed every 2–3 days.

Bioluminescent Imaging

3 to 6 cell pellets were randomly selected for bioluminescent imaging (BLI) on Days 3, 6, 

10, 12, 14, 16, 18, 20 and 26, using an IVIS spectrum imager (PerkinElmer, CA). The 

selected pellets were removed from initial 96-well plate and placed in a new 96-well, clear 

bottom black plate (BD Life Sciences) to monitor BLI signal during chondrogenesis from 

the reporters transfected into MSCs. During each imaging session, the substrate D-luciferin 

potassium salt from Promega (Madison, WI) was added to the wells containing pellets. 

Imaging was done at 1, 5, 10 and 15 min after the addition of D-luciferin, each with 1 min 

exposure. The 10 min time point was chosen when the BLI signals seemed to be stabilized 

and thus suitable for quantification across all days and for all pellets for consistency (see 

supplementary materials). After imaging, half of the pellets were saved for RNA extraction 

and subsequent real-time quantitative PCR (qRT-PCR) analysis of miR-145-5p and Sox9 

expression, and the other half for histology analysis described below.

Total RNA extraction and qRT-PCR

After each imaging session, half of the harvested pellets were homogenized and total RNA 

was isolated with the RNeasy Mini Kit (Qiagen). RNA quantity and quality were measured 

with a NanoDrop instrument (NanoDrop). cDNA was generated from 10 ng of RNA by 
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reverse transcription using the TaqMan microRNA reverse transcription kit (Applied 

Biosystems, Carlsbad, CA), including the miR-145-5p specific primer (Applied Biosystems) 

in the reaction. Reverse transcription was followed by qRT-PCR with a TaqMan PCR master 

mix (Applied Biosystems) and the miR-145-specific TaqMan probe (Applied Biosystems). 

Normalization of the miRNA expression data was done with the endogenous control gene 

U6 (small nucleolar RNA), it was assigned an arbitrary value of 1. For mRNA expression 

analysis, cDNA was generated from total RNA (100 ng) using the High-Capacity RNA-to-

cDNA kit (Applied Biosystems), including oligo(dT)18 primers, according to the 

manufacturer’s instructions. PCR reactions were performed with TaqMan PCR master mix 

(Applied Biosystems) and the appropriate mRNA-specific TaqMan probe (Applied 

Biosystems) for Sox 9. All the PCR reactions were performed in triplicate using StepOne 

system (Applied Biosystems).

Expression data was obtained for each gene from each sample as threshold cycle (Ct). ΔCt 

was calculated as the Ct of endogenous control gene minus the Ct of the gene of interest. 

ΔΔCt was then calculated as the ΔCt of the reference sample minus the ΔCt of another 

sample. This sets the ΔΔCt of the reference sample to 0. The relative quantification of gene 

expression (RQ) was calculated as 2−(ΔΔCt). This yields an RQ for the reference sample as 1. 

Samples with more transcripts than the reference sample will have negative ΔΔCt scores and 

larger RQ values.

Histological analysis

Half of the pellets were harvested and fixed in 10% formalin for paraffin sectioning after 

imaging. Sections were stained with Safranin O to detect cartilage extracellular matrix 

(ECM) proteoglycans. Adjacent sections were also immunohistochemically (IHC) stained 

with antibody to Sox9. Except for the early days (3 and 6), hematoxylin and eosin (H&E) 

stained sections were obtained for all harvest days.

Data Analysis

Data were analyzed with Living Image Software v4.5 (Caliper Life Science) by drawing 

regions of interest (ROIs) over each photon-emitted pellet. The unit of choice for signal 

intensity is radiance (photons/second from the surface) in each pixel, summed over the ROI 

area, in a square centimeter (cm2) of the pellet. These data were multiplied by one steradian 

(sr). The photon radiance is displayed as the average radiance, which is the sum of the 

radiance from each pixel inside the ROI/number of pixels or superpixels (photons/sec/cm2/

sr). Two types of ROI were used for bioluminescent quantification: 1) pellet ROI (each 

photon-emitted pellet); and 2) the averaged background ROI, which measures the 

background signal in the area and corrects the bioluminescent emission by subtraction. Time 

curves of BLI signals were generated from the pellets expressing the miR-145-5p responsive 

reporter (Luc-miR-145-5p), Luc-control, and the Sox9 promoter-driven reporter (Luc-Sox9) 

and calculated with pellet ROIs placed over these pellets in the wells. Normalization of the 

reporter signals was performed by dividing the imaging signal intensity from using either 

Luc-miR-145-5p reporter or Luc-Sox9 reporter with that from using the Luc-control reporter 

along the time line to account for transfection efficiency, reporter longevity, or any other 

effects on the promoter. For each experiment, the data represent the average of three 
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independent pellets in each day of imaging. qRT-PCR for levels of Sox9 mRNA and 

miR-145-5p were quantified as relative quantification (RQ) to a reference from RNA 

extracts from the samples along a set of time points after BLI. Histology analyses were 

performed along the same timeline for other samples. With these data, the following 

statistical analyses were conducted:

1. To check for similarity between BLI signal profiles (imaging intensity time 

activity curves) from the pellets transfected with either Sox9 promoter-driven 

reporter (Luc-Sox9)) or miR-145-5p responsive reporter (Luc-miR-145-5p) by 

checking their correlation and concordance. Concordance was tested using 

Spearman’s correlation coefficient, where the null value is zero (no concordance) 

and values of −1 or +1 indicate perfect negative or positive concordance, 

respectively;

2. To confirm the inverse relationship between quantitative Sox9 mRNA levels with 

corresponding miR-145-5p level from the same pellets using Spearman 

correlations;

3. To determine if Sox9 mRNA profile from qRT-PCR relates with the BLI imaging 

profile from using Sox9 promoter-driven reporter, using simple linear regression. 

Using similar methods, qRT-PCR results of miR-145-5p level with imaging 

signal profile from miR-145-5p responsive reporter.

Results

Overview

In this study, longitudinal imaging during MSC chondrogenesis was performed with two 

reporter systems: a traditional Sox9 native 5’UTR promoter-driven Luc reporter and the 

newly designed 3’UTR downstream of a Luc reporter containing the miR-145-5p target, and 

compared to a control Luc reporter. Specifically, three cohorts of early passage (p4) MSCs 

from the same donor were transfected by electroporation with either: 1) the Sox9 promoter-

luciferase reporter construct (Sox9-Luc), or 2) the miR-145-PT-luciferase reporter construct 

(miR-145-5p–Luc), or 3) the control luciferase reporter construct (Luc-control). 

Electroporation was used as it maintains multipotentiality and proliferation rates at levels 

comparable to untreated cells [11]. Seven days after seeding, transfected MSCs were mixed 

with untransfected MSCs to ensure the formation of the pellets, and chondrogenic pellets 

were generated as described above. Control pellets from untransfected MSC pellets (UTP) 

were also generated for comparison.

Bioluminescent imaging

In order to track miR-145-5p and Sox9 expression, we measured luciferase activity at 

several time points following initial pellet formation (Figure 2). ROIs were placed over each 

pellet to generate the average luciferase activity for the pellets harvested at each time point 

(Figure 3). Luciferase signals in all samples declined rapidly following transfection, as 

expected, because transiently transfected reporters degrade over time. It is known that the 

signal intensity from luciferase reporters following substrate D-luciferin addition is never 

plateaued with time [12], as experienced in this study (see Figure S2 for daily imaging 

Verbus et al. Page 6

J Stem Cell Res (Overl Park). Author manuscript; available in PMC 2018 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



details in supplementary materials). For quantification consistency, the time point for BLI 

signal quantification for all pellets on any imaging day was chosen to be 10 min post-D-

luciferin addition because light output stabilized for most pellets by 10 min (Figure S2 in 

supplementary materials). The BLI signal intensity observed from Luc-control pellets was 

greater than miR-145-5p–Luc pellets. Luc-control pellets were one order of magnitude more 

intense than Sox9-Luc pellets which is consistent with the difference between native 

promoter activities comparing to the stronger CMV promoter. When the BLI signal from the 

prospective miR-145-5p–Luc and pSox9-Luc pellets was normalized to Luc-control pellet 

activity, time-activity curves were closely correlated throughout MSC chondrogenic 

differentiation (Figure 4) (Spearman r = 0.93, p = 0.0002). BLI results were normalized to 

Luc-control expression levels to account for the transient nature of transfected reporter and 

subsequent degradation as demonstrated in supplementary Figure S1.

Sox9 mRNA and miR-145-5p gene expression during chondrogenic differentiation

Relative quantification of Sox9 mRNA and miRNA-145-5p was determined for each 

transfection (pmiR-145-5p–Luc, pSox9-Luc, Luc-control, and UTP) for validation and 

correlation. Each time after BLI (Days 3, 6, 10, 12, 14, 16, 18, 20 and 26), 3 pellets from 

each group were harvested and homogenized for further RNA extraction or histology. 

Expression analysis by qRT-PCR suggested an inverse relationship (Figure 5) between 

miR-145-5p and mRNA of Sox9 expression during MSC chondrogenic differentiation for 

pellets transfected with pmiR-145- 5p–Luc (Spearman r = −0.50, p = 0.17), Luc-control 

(Spearman r = −0.34, p = 0.08) and untransfected pellets (Spearman r = −0.63, p = 0.05).

For pmiR-145-Luc pellets, correlation between normalized BLI signal and miR-145 

expression up to Day 16 was evaluated using linear regression as shown in Figure 6A. 

Figure 6B showed the similar linear regression between normalized BLI signal and the level 

of Sox9 mRNA assayed from the pSox9-Luc pellets along the same time line. Due to the 

exponential decay of the imaging signals from transiently transfected reporters, normalized 

signal intensity became seemingly unreliable beyond Day 16 towards the end of the 

experiment.

Histology

Histology analysis (Figure 7) for pellets collected along the time-line showed similar 

staining between groups of pellets indicating that the reporter transfection did not 

significantly alter MSC chondrogenic differentiation potential.

Discussion

Cartilage is a specialized connective tissue required for the functioning of a variety of other 

tissues and is especially important for healthy joint function but has limited self-repair 

capabilities [13]. TE cartilage would be useful to repair joint surfaces where the native 

cartilage has been compromised. The key to the success of this repair is to mimic 

developmental events within MSC in TE cartilage constructs. However, little is known 

regarding the differences between inherent articular cartilage development and induced MSC 

chondrogenic differentiation. Currently, methods to evaluate engineered tissue for cartilage 
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repair involve destructive histological-morphological examination and IHC staining for 

markers such as ACAN, Col2, or Sox9. While histological analysis is capable of 

characterizing molecular and cellular processes associated with TE cartilage, non-destructive 

imaging can uniquely supplement these analyses optimizing TE cartilage non-invasively. TE 

cartilage optimization is an iterative process, and tracking the key molecular and cellular 

events sequentially with imaging will facilitate this optimization by providing longitudinal 

analysis during construct maturation and feedback through iterations.

This study was designed to test a reporter construct responsive to endogenous miR-145 

expression during MSC chondrogenic differentiation. Baseline MSCs express miR-145-5p 

[8]. The transcript of the miR-145-5p responsive reporter is therefore targeted and degraded, 

and the Luc reporter activity was expected to be reduced. The initial low activity in 

miR-145-5p responsive reporter was indeed observed when miR-145-5p expression in MSC 

is expected. Subsequently, as cells are prompted to undergo chondrogenesis, endogenous 

miR-145-5p expression is suppressed [8], and the reporter activity is expected to increase. 

When the miR-145-5p responsive Luc reporter responds to declining miR-145-5p levels, an 

increase in Luc activity was observed. This would coincide with increased Sox9 expression 

[9]. Upon induction of MSC chondrogenic differentiation, Sox9 expression is indeed 

increased [6] and the luciferase reporter driven by the Sox9 promoter is expected to become 

more active to drive luciferase expression for increased light output. The comparison of 

imaging signal intensity and active duration of the traditional Sox9 5’UTR promoter-driven 

Luc reporter with the new Luc reporter containing the miR-145-5p target cis element at 

3’UTR is consistent with these observations and illustrates a dynamic relationship between 

miR-145-5p and Sox9 expression during the longitudinal measurement of MSC 

chondrogenic differentiation.

Sox9 and miR-145-5p expressions during MSC chondrogenesis

The Sox9 mRNA has two possible miR-145-5p binding sites shown in Figure S3. Of these 

two sites, only the second site (at +1385) is functional. This second site has a mirSVR score 

of − 1.0271. The mirSVR score is based on the empirical distribution of the extent of target 

downregulation (measured as log-fold change) for miRNA target prediction with a cut-off of 

−0.1. In addition, the second site has a PhastCons score of 0.5725, which measures the 

evolutionary conservation of sequence blocks across multiple vertebrates using a 

phylogenetic hidden Markov model [14], is a default parameter to filter out less-conserved 

predicted target sites. A cutoff of 0.57 is usually used to select target sites that are conserved 

in mammals.

However, the results from this study revealed a more intricate relationship between 

miR-145-5p and Sox9 than expected. Even though miR-145-5p directly targets Sox9 mRNA 

in the contents of TE cartilage [9], the inverse relationship between the expression of 

miR-145-5p and Sox9 during MSC chondrogenesis was only marginally demonstrated by 

qRT-PCR (Figure 5). A complex combination of transcription factors concurrently up-

regulate Sox9 while simultaneously down-regulate miR-145-5p during MSC 

chondrogenesis. It is likely that the existence of these transcriptional regulatory elements 

renders the direct regulatory effect of miR-145 on Sox9 not as dominant as previously 
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expected. Consistent with this process, miR- 145-5p along with miR-143, miR-212, 

miR-132 and miR-125b are suppressed by multiple factors including TGF-βs [8,15]. 

Conversely, TGF-β1 in the chondrogenic medium is known to promote Sox9 expression, 

driving MSC chondrogenic differentiation [16]. Sox9 expression is controlled by numerous 

DNA binding factors with seemingly inverse activity on miR-145-5p in the absence of TGF-

β or other cytokine stimulation. Likely factors involved in Sox9 activation suppress the 

expression of miR-145-5p at the same time. Sox9 is not the exclusive target of miR-145-5p. 

A myriad of other genes are targeted by miR-145-5p and thus, the relationship between 

miR-145-5p and Sox9 is less direct than originally anticipated. This might explain in part the 

close correlation between the time courses of BLI profiles (Figure 4) from the two reporters 

(pSox9-Luc and pmiR-145-5p–Luc) despite a weak inverse relationship between Sox9 and 

miR-145-5p expression by qRT-PCR (Figure 5). However, it is possible that in the in vitro 
tissue culture model, the effects of TGF-βs can overwhelm the more subtle endogenous 

regulatory effects of miR-145-5p on Sox9.

miR-145-5p responsive reporter vs. Sox9 promoter-driven reporter

In pellets transfected with pSox9-Luc reporter, the Sox9 promoter-driven luciferase reporter 

construct contains no PT miRNA binding sequence, and should not respond to the level of 

endogenous miR-145-5p. This assumption was confirmed in Figure 6B showing poor 

correlation between the BLI signals from pSox9-Luc and miR-145-5p expression by qRT-

PCR. BLI signal from pSox9-Luc pellets was strongly correlated with Sox9 expression 

(mRNA level by PCR) from the same pellets up to Day 16 when normalized signal intensity 

remained reliable. For all transfected pellets, the reporter expression is transient, and 

standardization (normalization) to Luc control could only correct for the diminishing BLI 

signals up to certain time points, which limits the correlational analysis. Unexpectedly, while 

an inverse trend between BLI and miR-145-5p expression was indeed observed, this 

relationship was insignificant (Figure 6A). Because miRNA target binding can lead to either 

degradation or sequestration of both the miRNA and the target mRNA, one possible 

explanation for this poor association is that high levels of reporter transcripts from the 

pmiR-145-5p–Luc reporter sequestered enough endogenous miR-145-5p copies to limit 

qRT-PCR detection.

The truncated Sox9 (−193bp) promoter-driven reporter was chosen for tissue independent 

expression and signal intensity [3]. The high signal intensity from this promoter was still an 

order of magnitude less than observed from the miR-145-5p–responsive reporter (Figure 4). 

It is not surprising the strength of a native promoter gene such as Sox9 was not as strong as 

those of constitutively active viral promoters due to the subtle regulation of endogenous 

transcription factors. Previously constructed reporter gene systems driven by cartilage-

specific marker gene Col2 promoters also yield low signal intensities when used to monitor 

chondrogenic differentiation of MSCs (Figure S1 in supplementary material).

Since the new reporter was driven by a constitutively active promoter, but is modulated by 

endogenous miRNA expression, it brings consistency to quantitative analysis of image data 

since the strength of individual native promoters is no longer a sensitivity issue. Due to the 

diminishing reporter plasmid expression due to transient transfection, the effective time 

Verbus et al. Page 9

J Stem Cell Res (Overl Park). Author manuscript; available in PMC 2018 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



window was limited to less than three weeks. To track a long-term chondrogenesis in TE 

cartilage, a more desirable approach would be to use stably integrating lentiviral mediated 

reporters, which is the subject of ongoing research effortss.

Potential utilities of miR-145-5p responsive reporter

Non-coding RNAs hold great potential for new opportunities in diagnosis and treatment. 

There have been investigation into the role of specific miRNAs in the process of 

chondrogenesis. Some work has suggested the identification of specific miRNAs from either 

synovial fluid or peripheral circulation as novel diagnostic disease biomarkers [17]. 

Specifically for miR-145-5p, one estimate suggests it targets more than 7,000 mRNA 

transcripts directly [18] in addition to Sox9 during MSC chondrogenesis. Congruently, 

miR-145-5p also indirectly suppresses the expression of other genes such as Col2, COMP, 

MMP13 involved in chondrogenic differentiation through direct suppression of activating 

transcription factors. A good correlation between the BLI signal profiles (time courses in 

Figure 4) from the traditional Sox9 reporter-driven reporter and the simpler miR-145-5p 

responsive reporter was observed during MSC chondrogenesis in this study. If used as an 

imaging biomarker, the miR-145-5p responsive reporter could provide information regarding 

the expression and spatial localization of miR-145-5p to reflect the chondrogenesis process 

of MSCs in a unique way parallel to a sequence of molecular and cellular events regardless 

of the observed complex relationship with Sox9. Such information certainly complements 

the measurement of circulating miRNAs.

The real-time feedback of endogenous miRNA expression provided by a miRNA responsive 

reporter conveys information parallel to marker gene expression dynamics, which is 

desirable for optimization. For example, timely application of TGF-β3 and BMP-2 in 

sequence is crucial for successful MSC chondrogenesis [19,20]. In addition, mechanical, 

electrical, or other material/ structural stimulations can initiate MSC chondrogenesis without 

the key stimuli such as TGF-βs or other molecules [21–23]. Real-time feedback with the 

miR-145-5p responsive reporter could help enhance timing of these events/stimuli to 

potentially facilitate these mechano-dynamic TE cartilage optimizations. The same real-time 

information on endogenous miRNA expression will improve our understanding of 

progenitor cell response to stimuli during chondrogenesis and aid in the discovery of new 

methodology to prevent or delay chondrocyte hypertrophy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Luciferase reporters
A) miR-145-5p responsive reporter contains firefly luciferase (Luc) with one Perfect 

complementary Target sequence repeats (PT) to the mature human miR- 145-5p sequence 

within the 3’UTR of Luc. The expression of Luc is driven by the CMV immediate early 

enhancer and the CMV immediate early promoter sequences located upstream of the Luc 

transcriptional start site; B) Luc-control reporter vector construct is identical to reporter 

described above, but without the PT to miR-145; C) Sox9 promoter-driven luciferase 

reporter construct is a truncated mouse Sox9 promoter segment that contains only a short 

sequence −193bp proximal to the promoter, a product of sequential deletions of the Sox9 

promoter region, which produces maximal luciferase signal, and is no longer tissue-

dependent.
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Figure 2. 
Bioluminescent imaging (BLI) of pellets transfected with luciferase reporters. This is a 

collection of well-plate imaging taken at 10 min after the addition of imaging substrate 

Dluciferin. Figure S2 in supplementary provides the all imaging data.
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Figure 3. 
BLI signal (raw imaging curves with error bars) from using the luciferase reporters 

transfected into prospective pellets as (from the top): Luc-control, Luc-miR-145-5p and Luc- 

Sox9 (see text).
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Figure 4. 
Normalized BLI time intensity courses showing a correlation (Spearman r = 0.93, p = 

0.0002) between signals from using Luc-miR-145-5p and Luc-Sox9 reporters. The signal 

intensity from Luc-miR-145-5p is one order of magnitude higher than that from Luc-Sox9 

(the dotted blue line is the solid blue line times 10).
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Figure 5. 
Expression analysis by qRT-PCR of extracted RNAs from pellets after imaging at each time 

point. The relationship between miR-145-5p and mRNA of Sox9 expression during the time 

course was estimated for pellets transfected with Luc-miR-145-5p (Spearman r = −0.50, 

p=0.17), Luc-control (Spearman r = −0.343, p=0.08) and untransfected (Spearman r = −0.63, 

p=0.051).
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Figure 6. 
Correlation between the imaging signal (BLI) from using the reporter and its associated 

endogenous gene expression (PCR) with the dotted lines for linear regression (Days 3 – 16). 

A) The thick orange dotted line shows regression in pellets transfected with Luc-miR- 

145-5p reporter between normalized BLI signal vs. miR-145-5p level from qRT-PCR.

B) The thick blue dotted line showing regression in Luc-Sox9 transfected pellets between 

normalized BLI signal vs. Sox9 mRNA from qRT-PCR.
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Figure 7. 
Collection of histology analyses of reprehensive pellets harvested after imaging at each time 

point.
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