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ABSTRACT 

Although DNA methylation epigenetically regulates development, data on global DNA 

methylation during development of limb buds (LBs) are scarce. We aimed to investigate the 

global DNA methylation developmental dynamics in rat LBs cultivated in a serum-

supplemented (SS) and in chemically defined serum- and protein-free (SF) three-dimensional 

organ culture. Fischer rat front- and hind-LBs at 13th and 14th gestation days (GD) were 

cultivated at the air-liquid interface in Eagle's Minimal Essential Medium (MEM) or MEM 

with 50% rat serum for 14 days, as SF and SS conditions, respectively. The methylation of 

repetitive DNA sequences (SINE rat ID elements) was assessed by pyrosequencing. 

Development was evaluated by light microscopy and extracellular matrix glycosaminoglycans 

staining by Safranin O. Upon isolation, weak Safranin O staining was present only in more 

developed GD14 front-LBs. Chondrogenesis proceeded well in all cultures towards day 14, 

except in the SF-cultivated GD13 hind-LBs, where Safranin O staining was almost absent on 

day 3. That was associated with a higher percentage of DNA methylation than in SF-cultivated 

GD13 front-LBs on day three. In SF-cultivated front-LBs, a significant methylation increase 

between the 3rd and 14th day was detected. In SS-cultivated GD13 front-LBs, methylation 

increased significantly on day three and then decreased. In older GD14 SS-cultivated LBs, 

there was no increase of DNA methylation, but they were significantly hypomethylated relative 

to the SS-cultivated GD13 at days 3 and 14. We confirmed that the global DNA methylation 

increase is associated with less developed limb organ primordia that strive towards 

differentiation in vitro, which is of importance for regenerative medicine strategies. 

 

KEYWORDS: Chondrogenesis; global DNA methylation; limb bud; development; rat; organ-

culture; ex vivo; in vitro; serum-free; embryo  
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INTRODUCTION 

Limb development is the consequence of inductive interaction between ectoderm and 

mesoderm, with regulatory inputs that are incredibly complex. It must be regarded as a four-

dimensional process where the signals from the three axes change with the progress of 

development [1]. Changes in expression in more than 2000 genes during mesenchymal stem 

cell chondrogenesis in vitro were discovered [2]. Regulation of gene expression necessary for 

developmental processes during embryogenesis, postnatal development, and even in tissues of 

adults depends on main epigenetic mechanisms such as DNA methylation [3], posttranslational 

histone modifications, and RNA interference [4]. DNA methylation occurs mainly in CpG 

dinucleotides and is catalyzed by DNA methyltransferases (DNMTs) that form 5-

methylcytosine (5mC). At a gene promoter or enhancer sequences, DNA methylation is 

frequently associated with gene repression, correlating with the presence of inhibitory histone 

modifications that prevent the binding of transcription factors. Passive DNA demethylation 

may occur during cell replication, while active DNA demethylation is achieved by ten-eleven 

translocation proteins (TET) and oxidative intermediates [5,6]. DNA methylation marks are 

mostly posed on cytosines of the promoter and enhancer regions but also on gene bodies or 

repetitive sequences. In most cases, DNA methylation within gene regulatory sequences stops 

gene transcription. DNA methylation of repetitive sequences ensures genome stability by 

suppressing the transposition of sequences to unpredictable positions within the genome that 

may cause serious consequences such as the malignant transformation of cells [6]. Embryonic 

stem cells that lack DNA methylation are blocked in the initiation of differentiation, and 

dynamic DNA methylation and demethylation occur during cell fate commitment and terminal 

differentiation [7]. Deregulation of DNA methylation may lead to developmental anomalies of 

mammalian limbs in vivo [8] or changes in developmental parameters of limb buds grown in 
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vitro [9]. In addition, it is implicated in the pathogenesis of osteoarthritis [10], while recently, 

DNA methylation profiling has been proposed for sarcoma classification [11].  

Contemporary research on development of various organs/tissues, done outside of 

living organisms (ex vivo), aims at the establishment of models for substitution of damaged 

tissues/organs in regenerative medicine or for screening of embryotoxic/anti-tumor substances 

[9,12–14]. In vitro, three-dimensional organ culture systems have an advantage over two-

dimensional cell culture systems because of the presence of tissue interactions important for 

gene expression and presumably also for the regulatory activity of epigenetic mechanisms such 

as DNA methylation [12,11]. This is also true for limb bud development that must be regarded 

as a four-dimensional process [1,9], where it is necessary to consider the tissue interactions and 

time-points during development in vitro. In embryonic/fetal organ culture systems grown ex 

vivo, the impact of the maternal organism is avoided and the susceptibility to environmental 

factors such as the media composition may be directly assessed [15]. In such experimental 

systems chemically defined synthetic culture media are usually supplemented with e.g., the 

serum or platelet lysates that are of a variable composition even between batches of the same 

origin. Omission of animal ingredients such as the fetal bovine serum is also highly 

recommended for growing cells/tissues for clinical application [16,17]. Chemically defined 

synthetic culture media should be more precise in research of the inherent developmental 

potential of cells/tissues grown ex vivo. Although such defined-media culture conditions were 

described as “an unmet goal” [17], we did such research on experimental teratoma originating 

from the gastrulating embryo-proper [15]. In this system, biologically active substances exerted 

more clearly their activity in chemically defined serum- and protein-free media (SF) than in 

serum-supplemented media (SS) [18]. 

A recent review on osteogenesis and chondrogenesis states that the knowledge about 

DNA methylation dynamics during endochondral ossification and chondrogenesis is not as 
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complete as the knowledge on its role in early development [19]. Our previous work on rats, 

the mammalian representative, has shown that overall growth and cell proliferation at 13th 

gestation day (GD) limb buds grown in vitro with a DNA hypomethylating drug 5-azacytidine, 

were impaired but with no consequence on differentiation [9].  In our research in vivo on the 

treatment of pregnant rat females during 12-13 GDs with 5-azacytidine, we assessed prolonged 

global DNA hypomethylation in limb buds. Such a global DNA methylation decrease led to 

limb anomalies at GD20 associated with reactive oxygen species [8]. In a recently published 

research on chicken micromass in vitro culture, decreased global DNA methylation was 

correlated to the interdigital cell death [20].  

Due to the results on the global DNA methylation during limb development being 

scarce, in this research we aimed to associate for the first time the dynamics of global DNA 

methylation to GD13 and GD14 limb bud chondrogenesis in our organ culture three-

dimensional system [9]. Moreover, we aimed to investigate such association in two types of 

culture media i.e., serum-supplemented and chemically defined serum-free medium. Dynamics 

of global methylation was quantified by pyrosequencing rat identifier (ID) elements because 

they are widespread through the genome and sensitive to changes of microenvironment [21]. 

MATERIALS AND METHODS  

Experimental animals 

Three months-old males and females of Fischer strain inbred albino rats were used. 

Male rats were put in a cage with females overnight, and the first day of pregnancy was 

determined the next morning by the finding of sperm in the vaginal smear. Pregnant dames 

were euthanized with Xylapan (xylazine) 8mg/kg weight and Narketane 100 mg/kg on the 13th 

and 14th days of pregnancy (GD13 and GD14), and limb buds were microsurgically dissected 

from the embryos under the dissecting microscope.  

In vitro culture 
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Limb buds were plated on the lens paper put on the stainless steel grid of a disposable 

organ culture dish (Falcon 3037). Eagle's Minimum Essential Medium (MEM) with Hank's 

balanced salt solution was used alone for the chemically defined SF culture conditions or was 

supplemented with 50% rat serum (SF culture conditions). The cultures were kept for 3 or 14 

days in an incubator with 5% CO2 and 95% air at 37oC.  

Histology 

Cultivated limb buds were fixed in St. Marie solution (96% alcohol and 1% glacial 

acetic acid) for 24 hours. They were dehydrated through an ascending series of alcohols (96% 

and 100% ethanol, each 2 x 20 minutes) and benzene (1 x 30 minutes). After paraffin 

embedding, paraffin blocks were serially sectioned (5 µm). After deparaffinization, routine 

hematoxylin-eosin (HE) staining was done or, after brief staining with hematoxylin, slides were 

rinsed with water, immersed in acidic alcohol (250 µl 36.5% HCl in 100 ml of 96% ethanol), 

incubated with 0.001% Fast Green (FCF) for 30 minutes, immersed in 1% acetic acid and 

incubated with 0.1% Safranin O dye. The sections were then rehydrated in an ascending series 

of alcohol solutions; 96% ethanol (twice for 2 minutes), 100% ethanol (2 minutes), and xylene 

(twice for 2 minutes), and covered.  

For immunohistochemistry, Monoclonal Mouse - Anti-Proliferating Cell Nuclear 

Antigen (PCNA), Clone PC10 (M0879) with Labelled streptavidin-biotin kit, (K0609) 

Dakocytomation, LSAB®2 System–HRP, and (P0397; Streptavidin/HRP, all from DAKO, 

Glostrup, Denmark were used. Polyclonal Rabbit Cleaved Caspase–3 (Asp 175) Antibody (# 

9661; Cell Signaling Technology, Danvers, USA), with Secondary biotinylated Anti-Rabbit 

IgG antibody–Biotin 028K4858 (B8895; Sigma Aldrich, Taufkirchen, Germany) were used as 

recommended by the manufacturer. A standard nonspecific antibody was used for negative 

controls (No. V 1617 mouse IgG1, DAKO). 

DNA isolation 
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At least six limb bud samples/group (total 144 samples) were deparaffinized by xylene 

(2 x 5 minutes) and then incubated in 100%, 95%, 70% ethanol (3 min each) in water. DNA 

was isolated in TE buffer pH 9.0 with 0.1 mg/ml of Proteinase K and 0.25% of Nonidet P40 at 

56oC for 24 h. Samples were heated for 10 minutes at 95oC to inactivate Proteinase K, spun, 

and the supernatant was frozen at -20oC. DNA quality and concentrations were assessed and 

measured with the NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies, 

Wilmington, DE). 

Bisulfite conversion and polymerase chain reaction 

One thousand nanograms of unpurified isolated genomic DNA was used for bisulfite 

conversion by EpiTect Plus DNA Bisulfite Kit (#59124; Qiagen). It includes a clean-up step 

so that purification of DNA was not necessary. PyroMark PCR Kit (#978703; Qiagen) was 

used for PCR amplification in the following conditions: 95oC for 2 minutes, 43oC for 90 

seconds, and 72oC for 60 seconds for 40 cycles. Forward primer was 5’-

GGGTTGGGGATTTAG-3’ and biotinylated reverse primer was 5’-AACCCAAAACCTTA-

3’. 

Global methylation analysis by pyrosequencing 

Pyromark Q24 Advanced System with PyroMark Q24 CpG Advanced Reagents 

(#970922; Qiagen) was used for the pyrosequencing reaction as recommended by Qiagen. 5’-

GGGGATTTAGTTTAGTGGT-3’ was the sequencing primer for the rat ID element [21]. 

DNA methylation data were obtained and analyzed by the PyroMark Q24 Advanced Software. 
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Quality control of the data was determined during the pyrosequencing run. Quality 

control of bisulfite conversion for all samples was incorporated in the pyrosequencing assay. 

During assay design, the control dispensation of cytosine was generated at the non-CpG 

position. Since unmethylated cytosine should be converted to thymine, such control cytosine 

should not give a detectable signal [22]. The control of PCR reaction was conducted by running 

PCR blank, a reaction with all Master mix components without the DNA. Samples obtained 

from PCR runs where blank control reactions did not show any product were considered for 

further pyrosequencing analysis. Moreover, the samples that passed quality control for bisulfite 

conversion after pyrosequencing were further analyzed. 

Statistical analysis 

In the analysis of the results, descriptive statistics was used to describe the measures of 

mean values and standard deviation. The normality of the data distribution was determined by 

the D’Agostino and Pearson Omnibus test. Due to non-parametric distribution, Kruskal Wallis 

test with Dunn’s post hoc test was used for multiple comparisons in front- or hind limb buds 

during the cultivation time for each culture condition separately. Mann Whitney U test was 

used for comparisons between front- and hind-limb for each time point (days in culture) in the 

SF and SS cultivating conditions. Furthermore, the differences in the methylation status of 

GD13 and GD14 at a respective day of culture were also determined by Mann Whitney U test 

for SF and SS culture condition separately. Results with p values <0.05 were considered 

statistically significant. 

Ethical statement 

The in vitro alternative to animal research in vivo was carried out with the permission 

of the Ethics Committee of the Faculty of Medicine, University of Zagreb (No. 04-76/2006-9) 

and according to the positive laws and regulations of the Republic of Croatia and EU directive 

2010/63 on animal experimentation. 
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RESULTS  

Isolated limb buds (GD13 and GD14) 

A typical form of the fins for front limb buds and paddle for hind limb buds was found 

in primary explants at both gestational stages (Figure 1A, 1B). The central part of the limb bud 

consisted of undifferentiated mesenchyme covered by a two-layer immature epithelium 

(ectoderm). In the peak part of the limb bud, there were ray-like thickenings of the 

mesenchyme, i.e., the future bases of finger cartilage (slightly denser in 14-day-old embryos) 

surrounded by the loose mesenchyme in places of prospective interdigital regions. The 

described thickenings continued into thickenings of the future cartilage of the wrist bones (or 

feet in the hind limb buds), surrounded by the loose mesenchyme at the base of the limb bud. 

In the hind limb buds, the rays of the mesenchyme thickening were somewhat less common 

than in the anterior limb buds. 

The expression of the cleaved caspase-3 (apoptotic marker) was assessed in only a few 

mesenchymal cells of the GD14 front limb buds in the future interdigital region, and the 

interphalangeal joint (Figure 1C), and on their basis.  

PCNA expression was detected in individual epithelial and mesenchymal cells (Figure 

1D). Characteristic of the early stage of morphogenesis, the strongest PCNA signal was found 

in the horse-shoe progression zone (ZP) located subectodermally at the tip of the bud. 

The explanted GD13 limb buds and GD14 hind limb buds have not yet expressed 

glycosaminoglycans as the typical staining with Safranin O had been negative (Figure 1E). In 

contrast, GD14 front limb buds were weakly stained by Safranin O, indicating their more 

advanced development (Figure 1F). 

Chondrogenesis within rat limb buds in the 3D organ-culture system 

Serum-supplemented culture 
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Limb buds in the SS two-week culture followed limb bud morphogenesis and tissue 

organization similar to those in vivo.   

On day three of culture, the morphology of the limb buds of ellipsoidal shape was 

retained, with no typical difference in the apical part for the anterior and posterior limb buds. 

Direction of mesenchymal differentiation and condensation in conditions in vivo and in vitro 

began proximally at the base of the limb bud and continued distally toward the tip of the limb 

bud (Figure 2A). Larger cartilage bases were discovered at the base of the limb bud, which 

continued through the central decay zone into radial thickenings of the mesenchyme in the apex 

of the limb bud, i.e., the bases of future fingers (Figure 2A).  

After 14 days in vitro, the cartilage surrounded by the perichondrium was differentiated. 

Chondrocytes within the lacunas still expressed the proliferating cell marker, and the places of 

formation of future joint bases could be distinguished (Figure 2B). However, on the last day of 

culture, morphogenesis and differentiation within the limb bud did not reach the degree of 

differentiation in vivo. At that time, osteogenesis already occurs in vivo [8]. In other words, the 

gestation period in Fischer rats is 21 days, and the culture of GD13 and GD14 limb buds lasted 

for 14 days, which means that the last days of culture would fall in the neonatal stage. 

During the development of both GD13 and GD14 limb buds in SS cultures, abundant 

Safranin O staining has already appeared at day three of culture with the condensation of 

mesenchyme. The highest expression of glycosaminoglycans (Safranin O most prominent red 

staining) was present at the end of the culture of both front- and hind-limb primordia that 

revealed well-differentiated cartilage with lacunae (Figure 3, 4).  
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Serum-free culture 

In experiments with a metabolically poorer SF medium (Figure 5, 6), the hind-limb 

GD13 stage development chondrogenesis was delayed. Namely, Safranin O was almost not 

expressed on the third day of culture (Figure 5) in comparison to all other groups of limb buds 

where it was abundant in areas with mesenchyme condensation (Figure 3, 4, 6). However, 

differentiation of GD13 hind-limb buds progressed even in SF conditions, and 

glycosaminoglycans were abundantly expressed in the well-differentiated cartilage with 

lacunae on the last day of culture (Figure 5).  

Dynamics of global DNA methylation in limb buds 

Global DNA methylation in native and cultivated limb buds of GD13 embryos  

As we have shown a difference in Safranin O staining between isolated and between 

some cultivated limb buds, we were interested whether specific changes in global DNA 

methylation were associated to those findings. All results on the DNA methylation dynamics 

in GD13 are presented in Figure 7.  

In native, isolated GD13 hind- and front-limb buds, no Safranin O staining was found, 

and the percentage of global DNA methylation was equal. In SS cultures, the percentage of 

methylation significantly increased to day three of culture in both front- and hind-limb buds 

(p<0.05) where Safranin O staining had been detected in condensed mesenchyme. Therefore, 

global methylation increase was associated with the beginning of chondrogenesis. On day 14, 

where overt chondrogenesis took place, global DNA methylation decreased in SS cultures, 

significantly only for front-limb buds (p<0.05). 

In SF conditions (Figure 7), a significant increase in methylation (p<0.05) was found 

between days 3 and 14, only in the front-, but not in hind-limb buds that were less developed 

at isolation. Moreover, in SF conditions, a significant difference (p<0.05) in the DNA 

methylation was shown on the third day of cultivation between front- and hind-limb buds. 
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Namely, the average values of DNA methylation were 50.6% in front- and 52.67% in hind-

limb buds that developmentally lagged behind front-limb buds at explantation. Importantly, 

higher DNA methylation in day three hind-limb buds in SF culture was associated with a lower 

degree of chondrogenesis on day three, as previously shown in Figure 5. 

In both front- and hind-limb buds, the degree of methylation was significantly lower on 

the third day of culture in SF than in SS cultivated limb buds that was associated with 

differences in media composition. 

Global methylation of younger GD13 limb buds cultivated in vitro exerted notable 

dynamic changes associated to the type of limb bud (front- or hind-), day of cultivation, and 

the culture media composition. 

Global DNA methylation in native and cultivated limb buds of GD14 embryos 

We were interested in whether older GD14 limb buds will express similar global DNA 

dynamics as GD13. Results of global DNA methylation in GD14 limb buds are shown in Figure 

8. GD14 front- and hind-limb buds showed no significant difference in global DNA 

methylation at the beginning or end of cultivation or between both culture conditions. However, 

in GD14 limb buds cultivated in SF culture medium compared to those grown in SS culture 

medium, front- and hind-limb buds showed higher methylation at day 14 and day 3, 

respectively. We also found a rise in global DNA methylation of SF cultivated front-limb buds 

from day 3 to day 14 of the culture.  

We may conclude that the dynamics of DNA methylation in older GD14 limb buds was 

not so prominent as in the younger GD13. In GD14, the differences in global methylation 

depended mainly on the type of the medium in contrast to GD13. 

Comparison of global DNA methylation in cultivated limb buds of GD13 and GD14 embryos 

Finally, we compared global DNA methylation between two stages (GD13 and GD14) 

of isolated limb-buds (Figure 9). The percentage of global DNA methylation was significantly 
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higher in younger GD13 than older GD14 limb buds. This was true for both front- and hind 

limb buds on days 3 and 14 of cultivation in SS culture medium, while in SF culture medium, 

such difference was not found (not shown).  

DISCUSSION 

Our newly established limb bud in vitro experimental system shows that it is possible 

to achieve the chemically defined culture conditions, highly recommended for various ex vivo 

studies without any serum and other confounding supplements [17]. It enabled us to investigate 

the inherent developmental potential of limb buds for chondrogenesis and its association with 

global DNA methylation. All in vitro cultivated explants of limb buds differentiated well at the 

end of the two-week culture period regardless of the stage of primary explantation or culture 

media used. For the first time, we showed the dynamics of global DNA methylation changes 

in an in vitro 3D organ culture model of mammalian limb bud development by comparing two 

successive developmental stages and two different culture media, i.e., serum-supplemented 

(SS) and chemically defined serum- and protein-free (SF). Our results show that the dynamics 

of the global methylation was associated with the age of explanted limb buds, the progress of 

culture, and the type of medium. 

We used a rat ID sequence to investigate global DNA methylation. The rodent ID 

family of repeats-SINE (short interspersed DNA repetitive element) shows an evolutionary 

extremely high rate of amplification with 130,000 copies per haploid genome which are 

methylated to suppress their mobility and ensure genome stability. Therefore, averaging 

methylation across those repetitive sequences in the genome was recommended to quantify 

global methylation with high accuracy in basic epigenetic research [21], and we have 

successfully applied it before [8]. Pyrosequencing is an appropriate method for screening a 

large number of samples in the CpG-rich regions, compared to methods based on methylation-

specific PCR [22,23]. Furthermore, among other contemporary DNA methylation assays, 
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including immunostaining-based measurement of 5-methylcytosine, pyrosequencing showed 

the best all-around performance. Matched fresh-frozen and formalin-fixed paraffin-embedded 

samples showed highly similar results in methylation assays, and among absolute assays, 

pyrosequencing is optimal for highly fragmented DNA present in traces [24]. 

Safranin O staining used in this study represents an optimal method for evaluation of 

chondrogenesis, e.g., in cartilage grafts that repair osteochondral defects in large animals [25] 

or research on osteoarthritis [26]. Classical histological analysis of differentiation in samples 

and lack of Safranin O staining of glycosaminoglycans in the primary explants of GD13 limb 

buds confirmed that they developmentally lagged behind the GD14 limb buds [27]. Therefore, 

light histology and Safranin O staining complemented each other well in assessing the 

developmental progress of limb primordia. Transcriptomic analysis has shown differential 

expression of several thousands of specific genes during early mouse limb bud morphogenesis. 

The hind-limb identity may be achieved by inhibiting fore-limb-specific genes [28], at least 

partly by DNA methylation. However, when we compared global DNA methylation in 

primarily isolated rat limb buds of the same type (hind- or front-limb buds) but of different 

developmental stages (GD13 and GD14), there was no statistically significant difference in the 

degree of global methylation. Therefore, the degree of development at early stages seems to 

depend more on the suppression of gene sequences by DNA-methylation [28]. Indeed, DNA 

methylome appears to be established before the differentiation process, ensuring cell identity 

and genomic stability, and genomic regions undergo gains and losses of DNA methylation 

associated with activation/repression of lineage-specific genes and loss of pluripotency [7].  

On the other hand, changes in global DNA methylation are also crucial for normal 

development [6,29–31]. The increase of global DNA methylation is associated with somatic 

morphogenesis and differentiation in mammals and in evolutionary distant plants [31]. Our 

results on developmental dynamics of the global DNA methylation have shown that such 
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association is true for the continuation of development in younger, less developed limb buds 

(GD13), where the histological assessment showed no difference in optimal cartilage 

development after 14 days in vitro.  As for the third day in vitro, only the younger hind-limb 

buds in the SF medium lacked expression of glycosaminoglycans. This simple medium seems 

inadequate to provide conditions for phenotypic expression of the full limb bud developmental 

potential at this stage of development. Exactly in hind-limb buds cultivated in SF medium, 

global DNA methylation was higher than in front-limb buds cultivated in SF medium, which 

might be interpreted as if they were at the early stage of morphogenesis where DNA 

methylation is the prerequisite to proceed with the process of chondrogenesis. 

In the optimal metabolic condition achieved in SS medium of GD13 limb buds, the 

maximum global methylation was present on day three of culture in both anterior and posterior 

limb buds and then declined. There was also a significantly higher level of global methylation 

in GD13 than in GD14 cultivated limb buds. This all agrees with the theory that global levels 

of DNA methylation increase during differentiation, although the expression of genes specific 

for a cell line, e.g., chondrocytes, is associated with hypomethylation of genes typical of 

cartilage, mostly in enhancer regions [5]. 

Our whole organ, ex vivo cartilage-differentiating system, represents a unique approach 

where we were able to associate the phenotypes during chondrogenesis with changes of the 

global DNA methylation. Most research on the epigenome in relation to the phenotype is still 

only devoted to associations because epigenomic signatures are complex and change with time 

in a cell/tissue-specific manner [32]. Therefore, our ex vivo system might provide an optimal 

basis for further investigation of the gene-specific methylation during limb development and 

other epigenetic mechanisms that may influence DNA methylation [33,34]. 
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CONCLUSION 

We may conclude that in our original two-week organ culture system, early rat limb 

primordia develop further on, and well-differentiated cartilage is present at the end of the two-

week culture regardless of the explantation stage (GD13 or GD14) or the type of cultivation 

medium (SS or SF). However, during in vitro morphogenesis and differentiation, a specific 

increase of global DNA methylation level was more associated with less developed limb organ 

primordia (GD13) that strive towards differentiation, while the decline in global DNA 

methylation level was associated with more developed organ primordia (GD14). These results 

about the degree of global DNA methylation and differentiation may be important for novel 

strategies in regenerative medicine dealing with manufacturing cartilage grafts for 

osteochondral defects and a better understanding of diseases such as osteoarthritis, cancer, or 

developmental anomalies [8,25,35–37]. 

ACKNOWLEDGMENTS 

This work was supported by the Croatian Ministry of Science, Education and Sport 

under grant (no. 108-1080399-0335) “Experimental Embryonic Tumors and Development of 

Mammalian Embryo In Vitro and In Vivo”; University of Zagreb under supportive grants (no. 

1.2.1.17, no. 1101310 BM1.22) and Scientific Center of Excellence for Reproductive and 

Regenerative Medicine, Republic of Croatia, and by the European Union through the European 

Regional Development Fund, under grant agreement no. KK.01.1.1.01.0008, project 

“Reproductive and Regenerative Medicine—Exploring New Platforms and Potentials. 

REFERENCES 

1. Hill RE, Lettice LA. Limb Development. In: Baldock R, Bard J, Davidson DR, 

Morriss-Kay G (eds). Kaufman's Atlas of Mouse Development Supplement Coronal Images 

Academic Press; 2016, pp. 193-205.  



 18 

2. Barter MJ, Tselepi M, Gõmez R, Woods S, Hui W, Smith GR, et al. Genome-wide 

microRNA and gene analysis of mesenchymal stem cell chondrogenesis identifies an essential 

role and multiple targets for miR-140-5p. Stem Cells 2015;33:3266–3280.  

3. Greenberg MVC, Bourc’his D. The diverse roles of DNA methylation in mammalian 

development and disease. Nat Rev Mol Cell Biol 2019;20:590–607.  

4. Murrell A, Hurd PJ, Wood IC. Epigenetic mechanisms in development and disease. 

In: Biochemical Society Transactions 2013;41(3):697-699.  

5. Barter MJ, Bui C, Cheung K, Falk J, Gómez R, Skelton AJ, et al. DNA 

hypomethylation during MSC chondrogenesis occurs predominantly at enhancer regions. Sci 

Rep 2020;10:1169.  

6. Dahlet T, Argüeso Lleida A, al Adhami H, Dumas M, Bender A, Ngondo RP, et al. 

Genome-wide analysis in the mouse embryo reveals the importance of DNA methylation for 

transcription integrity. Nat Commun 2020;11:3153.  

7. Suelves M, Carrió E, Núñez-Álvarez Y, Peinado MA. DNA methylation dynamics 

in cellular commitment and differentiation. Brief Funct Genomics 2016;15(6):443-453.  

8. Sobočan N, Katušić Bojanac A, Sinčić N, Himelreich-Perić M, Krasić J, Majić Z, et 

al. A free radical scavenger ameliorates teratogenic activity of a DNA hypomethylating 

hematological therapeutic. Stem Cells Dev 2019;28(11):717-733.  

9. Mužić V, Bojanac Katušić A, Jurić-Lekić G, Himelreich M, Tupek K, Šerman L, et 

al. Epigenetic drug 5-azacytidine impairs proliferation of rat limb buds in an organotypic model 

system in vitro. Croat Med J 2013;54(5):489–495.  

10. Miranda-Duarte A. DNA Methylation in Osteoarthritis: Current Status and 

Therapeutic Implications. Open Rheumatol J 2018;12(1):37–49.  

11. Koelsche C, Schrimpf D, Stichel D, Sill M, Sahm F, Reuss DE, et al. Sarcoma 

classification by DNA methylation profiling. Nat Commun 2021;12(1):498.  



 19 

12. Katusic Bojanac A, Rogosic S, Sincic N, Juric-Lekic G, Vlahovic M, Serman L, et 

al. Influence of hyperthermal regimes on experimental teratoma development in vitro. Int J Exp 

Pathol 2018;99(3):131-144. 

13. Arostegui M, Underhill TM. Murine Limb Bud Organ Cultures for Studying 

Musculoskeletal Development. In: Hilton M.J. (eds) Skeletal Development and Repair. 

Methods in Molecular Biology, vol 2230. Humana, New York, NY. 2021, pp. 115-137.  

14. Voabil P, de Bruijn M, Roelofsen LM, Hendriks SH, Brokamp S, van den Braber 

M, et al. An ex vivo tumor fragment platform to dissect response to PD-1 blockade in cancer. 

Nat Med 2021;27(7):1250-1261.  

15. Bulic-Jakus F, Katusic Bojanac A, Juric-Lekic G, Vlahovic M, Sincic N. Teratoma: 

From spontaneous tumors to the pluripotency/malignancy assay. Wiley Interdiscip Rev: Dev 

Biol 2016 5(2):186-209.  

16. Astori G, Amati E, Bambi F, Bernardi M, Chieregato K, Schäfer R, et al. Platelet 

lysate as a substitute for animal serum for the ex-vivo expansion of mesenchymal stem/stromal 

cells: present and future. Stem Cell Res Ther 2016;7(1):93.  

17. Hemeda H, Giebel B, Wagner W. Evaluation of human platelet lysate versus fetal 

bovine serum for culture of mesenchymal stromal cells. Cytotherapy 2014;16(2):170-80.  

18. Bulić-Jakuš F, Vlahović M, Jurić-Lekić G, Crnek-Kunstelj V, Šerman D. 

Gastrulating rat embryo in a serum-free culture model: Changes of development caused by 

teratogen 5-azacytidine. Altern Lab Anim 1999;27(6):925-33.  

19. Allas L, Boumédiene K, Baugé C. Epigenetic dynamic during endochondral 

ossification and articular cartilage development. Bone 2019;120:523-532.  

20. Sanchez-Fernandez C, Lorda-Diez CI, Hurlé JM, Montero JA. The methylation 

status of the embryonic limb skeletal progenitors determines their cell fate in chicken. Commun 

Biol 2020;3(1):238.  



 20 

21. Kim HH, Park JH, Jeong KS, Lee S. Determining the global DNA methylation 

status of rat according to the identifier repetitive elements. Electrophoresis 2007;28(21):3854–

3861.  

22. Lehmann U. Quantitative validation and quality control of Pyrosequencing® 

assays. Methods Mol Biol 2015;1315:39-46.  

23. Tost J, Gut IG. DNA methylation analysis by pyrosequencing. Nat Protoc 

2007;2(9):2265-75.  

24. Bock C, Halbritter F, Carmona FJ, Tierling S, Datlinger P, Assenov Y, et al. 

Quantitative comparison of DNA methylation assays for biomarker development and clinical 

applications. Nat Biotechnol 2016;34(7):726-37.  

25. Vukasovic A, Asnaghi MA, Kostesic P, Quasnichka H, Cozzolino C, Pusic M, et 

al. Bioreactor-manufactured cartilage grafts repair acute and chronic osteochondral defects in 

large animal studies. Cell Prolif 2019;52(6):e12653.  

26. Schmitz N, Laverty S, Kraus VB, Aigner T. Basic methods in histopathology of 

joint tissues. Osteoarthritis and Cartilage 2010;18 Suppl 3:S113-6.  

27. Rugh R. The mouse; its reproduction and development. Minneapolis: Burgess Pub. 

Co.; 1968.  

28. Taher L, Collette NM, Murugesh D, Maxwell E, Ovcharenko I, Loots GG. Global 

gene expression analysis of murine limb development. PLoS One 2011;6(12):e28358.  

29. Zheng Y, Joyce BT, Liu L, Zhang Z, Kibbe WA, Zhang W, et al. Prediction of 

genome-wide DNA methylation in repetitive elements. Nucleic Acids Res 2017;45(15):8697-

8711.  

30. Smith ZD, Meissner A. DNA methylation: Roles in mammalian development. Nat 

Rev Genet 2013;14(3):204-20.  



 21 

31. Shanak S, Helms V. DNA methylation and the core pluripotency network. Dev Biol 

2020;464(2):145-160.  

32. Van Meurs JBJ, Boer CG, Lopez-Delgado L, Riancho JA. Role of Epigenomics in 

Bone and Cartilage Disease. J Bone Miner Res 2019;34(2):215-230.  

33. Osorio-Montalvo P, De-la-Peña C, Oropeza C, Nic-Can G, Córdova-Lara I, 

Castillo-Castro E, et al. A peak in global DNA methylation is a key step to initiate the somatic 

embryogenesis of coconut palm (Cocos nucifera L). Plant Cell Rep 2020;39(10):1345-1357.  

34. Sun H, Zhao X, Zhang C, Zhang Z, Lun J, Liao W, et al. MiR-455-3p inhibits the 

degenerate process of chondrogenic differentiation through modification of DNA methylation 

article. Cell Death Dis 2018;9(5):537.  

35. Hernandez-Vargas H, Sincic N, Ouzounova M, Herceg Z. Epigenetic signatures in 

stem cells and cancer stem cells. Epigenomics 2009;1:261–280.  

36. Bulić-Jakus F. Epigenetika u reprodukciji i razvoju. Paediatr Croat 2013;57:312-7.  

37. Kajdic N, Spazzapan P, Velnar T. Craniosynostosis-recognition, clinical 

characteristics, and treatment. Bosn J Basic Med Sci 2018;18(2):110-6.  



 22 

TABLES AND FIGURES WITH LEGENDS 

  



 23 

FIGURE 1. The anterior (A) and posterior (B) GD13 limb bud. x4. Immature epithelium (arrows); ray-

like thickening of the mesenchyme (circle); future interdigital region (dashed line); future cartilage of 

wrist bones (asterisk); progression zone (plus); the base of the limb bud (B), HE. (C) Expression of 

cleaved caspase-3 in the mesenchymal cells of the GD14 anterior front-limb bud; future interdigital 

region (arrows); future interphalangeal joint (arrowhead). Violet, x200. (D) Expression of PCNA 

(brown) in mesenchymal cells of a GD14 hind-limb bud. Note negative internal control (blue). DAB, 

counterstained with hematoxylin. (E) No expression of GAGs in a GD14 hind-limb bud. Safranin O. 

(F) Expression of GAGs in a GD14 front-limb bud. Safranin O. GD: gestation day; PCNA: Proliferating 

Cell Nuclear Antigen; GAGs: glycosaminoglycans  
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FIGURE 2. (A) Radial finger primordia (circle) in the anterior GD13 limb bud cultivated in vitro in 

the SS medium for 3 days. Interdigital region (dashed line), epithelium (arrow), central zone of decay 

(asterisk), mesenchyme (cross); Azan. (B) PCNA expression in the GD13 front-limb bud cultivated for 

14 days in vitro. PCNA signal in the mesenchymal cell (arrow); PCNA signal in the chondrocytes 

contained in the lacuna (thin arrow); direction of formation of the future interphalangeal joint (hollow 

arrow). GD: gestation day; SS: serum-supplemented; PCNA: proliferating cell nuclear antigen 
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FIGURE 3. Progress of GD13 limb bud development/chondrogenesis in the SS medium. Note 

abundant, red-colored GAGs on the 3rd day of culture in condensed mesenchyme, and intensely red, 

well-differentiated cartilage with lacunae after 14 days of cultivation. Safranin O. GD: gestation day; 

SS: serum-supplemented; GAGs: glycosaminoglycans 
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FIGURE 4. Progress of GD14 limb bud development/chondrogenesis in the SS medium. Note 

abundant, red-colored GAGs on the third day of culture in condensed mesenchyme, and intensely red 

well-differentiated cartilage with lacunae after 14 days of cultivation. Safranin O. GD: gestation day; 

SS: serum-supplemented; GAGs: glycosaminoglycans 
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FIGURE 5. Progress of GD13 limb bud development/chondrogenesis in the chemically defined SF 

medium. Note that after three days in culture of hind-limb buds, red colored GAGs are almost 

nonexistent in comparison to three days cultivated front-limb buds. After 14 days of culture, such 

difference is not seen, and GAGs are abundantly expressed also in the cartilage with lacunae of hind-

limb cultures. Safranin O. GD: gestation day; SF: serum- and protein-free; GAGs: glycosaminoglycans 
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FIGURE 6. Progress of GD14 limb bud development/chondrogenesis in the chemically defined SF 

medium. Note abundant, red-colored GAGs on the 3rd day of culture in condensed mesenchyme, and 

intensely red well-differentiated cartilage with lacunae after 14 days of cultivation. Safranin O. GD: 

gestation day; SF: serum- and protein-free; GAGs: glycosaminoglycans 
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FIGURE 7. Dynamics of global DNA-methylation in GD13 limb buds during in vitro cultivation. N=6 

samples per group. Kruskal Wallis test with Dunn’s post hoc test was used for multiple comparisons. 

Mann Whitney U test was used for comparisons of two values. p<0.05, **p<0.001. GD: gestation day; 

MEM: minimal essential medium 
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FIGURE 8. Dynamics of global DNA methylation in GD14 limb buds during in vitro cultivation. N=6 

samples per group. Kruskal Wallis test with Dunn’s post hoc test was used for multiple comparisons. 

Mann Whitney U test was used for comparisons of two values. *p<0.05. GD: gestation day; MEM: 

minimal essential medium. 
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FIGURE 9. Comparison of global DNA methylation between two stages of limb buds (GD13 and 

GD14) cultivated in the SS medium. N=6 samples per group. Mann Whitney U test was used for 

comparisons of two values. *p<0.05, **p<0.001. GD: gestation day; SS: serum-supplemented; MEM: 

minimal essential medium 

 


