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     DNA methyltransferases (DNMTs) regulate distinct cellular functions by regulating 

gene transcription, genome stability, chromatin compaction and genome defense, but the 

exact mechanisms that control DNMTs levels remain largely unknown.  

Posttranscriptional processes are major mechanisms by which mammalian cells control 

gene expression, particularly in altering mRNA turnover and translation. microRNAs 

(miRNAs) are able to directly bind to the cis-elements located at the 3’-untranslated 

regions (3′-UTRs) of target mRNAs leading to changes in mRNA stability and translation, 

through which regulate gene expression. In the present study we reported that DNMT3B 

mRNA is a novel target of microRNA-222 (miR-222) and that miR-222 represses 

DNMT3B expression post-transcriptionally in human intestinal epithelial cells (IECs).  

Overexpression of miR-222 resulted in no significantly change in the levels 



of DNMT3B mRNA, but reduced new synthesis of DNMT3B dramatically.  

Overexpression of miR-222 also repressed the growth of intestinal epithelial cells, which 

arrested in G1 phase.  These findings indicate that miR-222 represses translation of 

DNMT3B mRNA, in turn affecting intestinal epithelial homoeostasis by affecting 

intestinal epithelial cell proliferation. 
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Introduction 

Epigenetic Regulation and DNA Methylation 

Epigenetics is defined as inheritable changes in cellular phenotype or gene expression by 

different mechanisms without altering the DNA sequence [1].  Epigenetic regulation 

consists various molecular processes, including histone modification, DNA methylation 

and expression of non-coding RNA which are influenced by developmental stage, tissue 

type, environmental conditions and disease status of individual [2,3,4,5] (Figure 1).  

Epigenetic mechanisms can alter chromatin structure, nuclear organization, and transcript 

stability.  These changes lead to long-term molecular and functional consequences, 

providing another layer of control in the regulation of gene expression, which enable an 

organism to adjust a changing environment [1].  

      

Figure 1 Epigenetic regulation 

Epigenetic regulation is defined as inheritable changes in cellular phenotype or gene expression 

without altering the DNA sequence and including mechanisms of DNA methylation, histone 

modification and expression of non-coding RNA. 

Epigenetic Regulation 
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    As one of major mechanisms of epigenetic regulation, DNA methylation is an essential 

process for normal development and cellular differentiation [6,7].  DNA in all nucleated 

cells within an organism is identical in sequence.  DNA methylation enables cells to 

differentiate and maintain lineage by either down regulating or turning off promoters for 

genes that are not necessarily needed by particular tissues and when these differentiated 

cells replicate, DNA methylation enable cells to remain their differentiated identity by 

transmitting their DNA methylation pattern during mitosis [6].  In this way, DNA 

methylation plays significant roles in promoting genome stability and maintenance, 

which include genomic imprinting, X- chromosome inactivation and for the tissue-

specific gene expression [8].  Changes in the methylation patterns of DNA during a cell’s 

lifetime provide an adaptive ability for the organism to adjust to changes in the 

environment [1]. 

 

    Methylation of DNA at the fifth carbon of the cytosine to form 5-methycytosine (5mC) 

is the most abundant epigenetic modification that directly affects the DNA molecule in 

eukaryotes [9] (Figure 2).  In mammals, DNA methylation is predominantly found as part 

of a cytosine and guanine dinucleotide (CpG).  The CpG sequence is paired to the GpC 

sequence on the complementary strand and methylation is symmetrical, leading to that 

cytosine paired with a guanine on the opposite strand is also methylated.  CpG 

dinucleotides are found clustered at the 5’ends of genes in regions known as CpG islands, 

which are defined “as sequences comprising greater than 50% guanine and cytosine with 

a ratio of CpG and GpC in the same strain of at least 0.6” [8] and usually colocolize with 
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gene promoters and regulatory regions through which DNA methylation represses gene 

expression [1,9,10]. 

 

 
Figure 2  Cytosine methylation 

 

     If DNA methylation occurs in the promoter region, gene expression is decreased, 

while active gene transcription occurs in the absence of DNA methylation [11,12].  When 

cytosines within the promoter region are methylated, methyl-CpG-binding proteins 

(MBPs) have a greater affinity for the promoter sequence than transcription factors.  

Binding of the MBPs to CpGs within the promoter inhibits the binding of transcription 

factors and therefore the gene cannot be expressed.  In addition, the MBPs recruit 

additional proteins, which bind to each other and form a complex [13,14].  These 

complexes have histone deacetylase activity and alter the structure of chromatin in to a 

closed conformation [15].  Under such circumstance, transcription factors are not able to 

gain access to the promoter region, and transcription of that gene is also repressed.   

 

    Methylation of regulatory regions of a gene may inhibit transcription factors from 

binding to the DNA [16].  Transcription factors bind to specific sequences of DNA in 

response to extracellular signals and internal programs, followed by recruiting 

transcription machinery to the site and then the gene is expressed.  When DNA 
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methylation occurs, gene expression is repressed because transcription cannot be initiated 

[1]. 

 

    Methylation of DNA is catalyzed by a family of DNA methyltransferases (DNMTs), 

which are sharing a conserved catalytic domain and including DNMT1, DNMT3A, 

DNMT3B and DNMT3L (DNMT3 like) [9].   

 

    DNMT1 is responsible for maintaining DNA methylation. During DNA replication, 

hemimethylated DNA sites are created, which are the preferential substrates for DNMT1 

that copies patterns of CG methylation onto the newly synthesized DNA strand [8,9].  

This is made possible because CpG sites are symmetrical and provides an example of 

epigenetic mark being copied in the same way during cell division.   

 

    DNMT3A and DNMT3B are known as de novo DNMTs, which catalyze a new 

methylation pattern to unmodified DNA [6,8,9] (Figure 3).   Both enzymes are highly 

homologous but possess distinct target specificities and expression patterns [17,18]. 

DNMT3L is another member of the DNMT3 family without independent 

methyltransferases activity and may cooperate with DNMT3A or DNMT3B [6].  

DNMT3B is more prevalent in early embryonic stages and is the main enzyme 

responsible for getting DNA methylation during implantation [19], whereas DNMT3A is 

expressed in later embryonic stages and differentiated cells. In particular, DNMT3A is 

responsible for setting up DNA methylation patterns in maturing gametes [17,20,21] and 

has also been implicated in the epigenetic control of postnatal somatic stem cells [22,23].  
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Figure 3  DNA Methylation 

DNMT3A and DNMT3B are de novo DNMTs, which catalyze a new methylation pattern to 

unmodified DNA. DNMT3L is without independent methyltransferases activity and may 

cooperate with DNMT3A or DNMT3B. DNMT1 is the most abundant DNMT in mammalian 

cells and methylates hemimethylation during DNA replication to copy the DNA methylation 

pattern from the parental DNA strand onto the newly synthesized daughter strand. 

 

    Given such important roles DNA methylation plays, loss of normal DNA methylation 

results in genomic instability and leading to many diseases. Studies showed that 

reduction of DNMT1 in mouse preimplantation embryos leads to a failure to maintain 

gamete-derived DNA methylation at imprinted loci [24, 25] and DNMT3B knocked-out 

mice die during early embryonic development whereas DNMT3A knocked-out mice 

survive until 4 weeks after birth [26].   

 

    In addition, all types of cancer show both genome-wide hypomethylation and aberrant 

hypermethylation of tumor-suppressor genes or non-coding RNAs, which decrease 

growth controls that lead to adaption and metastasis [1,6].  Increased expression of 

DNMT1 and DNMT3 (3A and 3B) has been reported in gastrointestinal (GI) tumors 

including colorectal, hepatocellular, gastric, and pancreatic tumors [27,28,29,30,31].  

Over expression of DNMT1 or DNMT3 is significantly associated with reduced 
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histologic differentiation and poor prognosis in GI cancers [32,33,34] and over-

expression of DNMT3 is associated with carcinogenesis in GI cancers and other cancers 

[35,36].  It has also been reported that de novo methytrasferase DNMT3B is frequently 

repressed in human colorectal cancer by aberrant DNA hypermethylation of its distal 

promoter and when overexpressed, DNMT3B specifically targets genes usually 

hypermethylated in healthy colon tissues [37].  

 

Posttranscriptional Regulation by microRNAs 

Although the exact roles and mechanisms of gene regulation in GI epithelial homeostasis 

have been extensively studied for decades, the essential contribution of 

posttranscriptional events in the control of gene expression program is becoming 

increasingly recognized recently. Posttranscriptional processes are major mechanisms by 

which mammalian cells control gene expression, particularly in altering mRNA turnover 

and translation [38, 39].  Changes in mRNA stability and translation are governed by two 

types of trans-acting factors: RNA-binding proteins (RBPs) and microRNAs (miRNAs) 

that directly bind to the cis-elements located at the 3’-untranslated regions (3′-UTRs) of 

target mRNAs and regulate gene expression synergistically or antagonistically [39]. 

     

    miRNAs are members of non-coding RNAs of size ~22 nucleosides that have emerged 

with a variety of biological functions and the major one is to suppress the post-

transcriptional of gene expression by guiding RNA-induced silencing complex (RISC) 

interaction with their specific sequence motifs within the 3’-UTR leading to the 

degradation/translational-inhibition of the target mRNAs [40].   
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    In cells (Figure 4), the first step of miRNA maturation is the production of the primary 

miRNA transcript (pri-miRNA) by RNA polymerase II or III and cleavage of the pri-

miRNA comprise of a 5' cap and poly-A tail in the nucleus [41,42].  The resulting pre-

miRNAs are aproximately 70-nucleotides in length and are folded into imperfect stem-

loop structures, followed by exported into the cytoplasm by the karyopherin exportin 5 

(Exp5) and Ran-GTP complex [43].   In the cytoplasm, the RNase Dicer in complex with 

the double-stranded RNA-binding protein TRBP cleaves the pre-miRNA hairpin to its 

mature length, which results in a double-stranded RNA aproximately 22 nucleotides [44].  

Then the functional strand of the mature miRNA is loaded together with Argonaute 2 

(Ago2) proteins into the RISC and bind to the 3'-UTR of their target transcripts, where it 

guides RNA-induced silencing complex to silence target mRNAs through mRNA 

cleavage, translational repression or deadenylation, whereas the passenger strand is 

degraded [41,45,46]. 
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Figure 4   microRNA pathway 

 

    The relatively short region of complementarity between miRNA and target results in 

that many transcripts containing potential binding sites for a given miRNA, and a single 

miRNA therefore has the potential to regulate hundreds of different mRNA targets.  

 

    Although the exact functions of miRNA in human development and physiology remain 

largely unknown, high-throughput and functional studies showed that miRNAs play 

important roles in many aspects of cellular physiology and pathological processes, such 

as inflammation and tumorigenesis [47,48].  Recently, miRNAs have also emerged as 

master regulators of gut epithelial homoeostasis [39,49,50], and several intestinal 

epithelial tissue-specific miRNAs, including miR-222 [49], miR-322/503 [51,52], miR-

21/155 [53], miR-195 [54] and miR-122b [55], have been shown to modulate intestinal 

epithelial cell (IEC) proliferation, apoptosis and cell-to-cell interaction. 
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Intestinal Epithelial Homoeostasis 

The epithelium of the intestinal mucosa is a rapidly self-renewing tissue in the body, and 

defects in the renewal process occur commonly in various disorders [38].  Mammalian 

intestinal mucosal epithelial integrity is determined by the balance among cell 

proliferation, growth arrest and apoptosis.  Intestinal epithelial cells replicate in the 

proliferative zone within crypts [39,56,57,58,59,60,61].  The stem cells from the crypt 

bottoms give rise to a rapidly dividing transit-amplifying population. In the crypts, 

transit-amplifying cells migrate up and differentiate into all mature cell types of the 

intestinal epithelium including absorptive enterocytes and three secretary cells types: 

goblet, enteroendocrine and Paneth cells [62].  Apoptosis occurs in the crypt area, where 

this process maintains the balance in cell number between newly divided and surviving 

cells, and at the luminal surface of the colon and villous tips in the small intestine, where 

differentiated cells are lost [39].  The average life span of a cell in the intestinal 

epithelium is just 3–5 days [63].  This rapid dynamic turnover rate of intestinal epithelial 

cells is a complex process, which is critically controlled by numerous factors.   

 

    Our lab has profiled global miRNA expression in normal intestinal mucosa and IECs. 

It revealed that several miRNAs, including miRNA-29b, miRNA-222, miRNA-503 and 

miRNA-195, are highly expressed in the intestinal epithelium.  Intestinal epithelial cells 

treated with DFMO resulted in cell growth arrest and revealed several miRNAs increased 

after polyamine depletion, including miR-222, miR-195, miR-140, and miR-29b (Figure 

6), which can result in cell growth arrest. 
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    Among those highly expressed miRNAs in intestinal mucosa, miRNA-222 functions as 

a regulator of cell survival and migration in lung cancer, prostate cancer, hepatocellular 

cancer and breast cancer [64, 65, 66, 67], but its importance intestinal epithelial 

homeostasis remains to be well elucidated. 

 

    Studies showed DNA methylation is required for the control of stem cell 

differentiation in the small intestine [68] and plays important role in carcinogenesis, 

particularly DNMT3B overexpression is reported in colorectal cancer [32, 35, 69] and in 

other tumor types such as bladder and kidney [35], acute and chronic myeloid leukemia 

[70], ovarian cancer [71], breast cancer [72, 73], gastroenteropancreatic neuroendocrine 

tumors [34] and retinoblastoma [74]. However, the exact regulation mechanism of 

DNMTs in the gut mucosa is largely unknown.  In addition to better understand the role 

of miR-222 in intestinal epithelial homeostasis, in present studies we focused on the 

molecular mechanism involved miR-222 mediated regulation of DNMT3B protein in 

intestinal epithelial cells. 
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Hypothesis & Specific Aims 
 
 
Hypothesis 
 
microRNA-222 interacts with DNMT3B mRNA and regulates its expression, thus 

modulating cell proliferation in intestinal epithelial cells. 

 

Specific Aims 

Aim 1:  

To determine whether overexpression/knockdown of miRNA-222 have an effect on 

DNMT3B expression in intestinal epithelial cells. 

 

Aim 2:  

To determine if microRNA-222 represses DNMT3B expression in posttranscriptional 

level. 
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Research Plans 

1. Firstly, we plan to determine the role of miR-222 in intestinal epithelial cell 

proliferation by ectopic overexpression of miR-222 by transfection with the miR-222 

precursor which are small, chemically modified double-stranded RNA molecules 

designed to mimic endogenous mature miRNAs. Then we will examine the cell cycle 

status by flow cytometric analysis. 

 

2. Then we plan to study the miRNA effects on the target protein DNMT3B (Figure 5). 

We transfect cells with miRNA precursor molecules and miRNA inhibitors, which 

are chemically modified, single stranded nucleic acids designed to specifically bind to 

and inhibit endogenous microRNA molecules.  After collecting the samples, we will 

determine the transfection efficiency by real time PCR followed by Western 

immunoblotting analysis using the specific antibodies that recognize our target 

proteins. 

 
Figure 5  Study plans of miRNA effect on the target proteins 
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3. To study whether miR-222 interacts with DNMT3B mRNA, we firstly plan to study 

the mRNA level of DNMT3B (Figure 6).  Total RNA will be isolated by using 

RNeasy Mini Kit and performed following the manufacturer’s manual.  Then the 

extracted RNA will be transcribed into complementary DNA, which will be used for 

real time PCR in the following step.  Then the quantification of mRNA level will be 

measured by doing real time PCR. 

 
Figure 6  mRNA level of DNMT3B determination 

 

4. To further study if miR-222 interacts DNMT3B at translation level, we will perform 

the analyses of newly synthesized protein.  

 

    We firstly plan to analyze new protein synthesis.  Cells will be incubated in 

methionine-free medium and then exposed to L-azidohomoalaine (AHA), AHA is an 

amino acid analog that contains a very small modification, specifically an azido 

moiety that can be fed to cultured cells and incorporated into proteins during active 

protein synthesis, which provides a fast, sensitive, non-toxic and non-radioactive way 

for the detection of nascent protein.  Detection utilizes the chemoselective ligation or 

“click " reaction between an azide and an alkyne where the azido modified protein is 

detected.  The biotin/alkyne–azide-modified protein complex will be pulled down 

using paramagnetic streptavidin-conjugated Dynabeads.  The pull-down material will 

Total RNA 
Extraction 

Reverse 
Transcription RT-PCR 
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be resolved using 10%SDS/PAGE and analysed by Western immunoblotting analysis 

using antibodies against DNMT3B or Actin. 

 

    Then to further determine the role of miR-222 in regulation of DNMT3B, we will 

examine the relative distribution of DNMT3B mRNA in individual fractions from 

polyribosome gradients (Figure 7). After the RNA in each fraction has been extracted, 

the level of each individual mRNA will be quantified by real time PCR in each of the 

fractions. 

 
Figure 7  Polysome profiling 

Cells transfected with miR-222 or scramble for 48 hour at approximately 70% confluence will be 

incubated for 15 min in 0.1 mg/ml of cycloheximide, lifted by scraping in 1 ml of a polysome 

extraction buffer, and lysed on ice for 10 min.  After nuclei pelleted, the resulting supernatant will 

be fractionated through a 15% – 60% linear sucrose gradient to fractionate cytoplasmic 

components according to their molecular masses.  The eluted fractions will be prepared with a 

fraction collector, and their quality will be monitored at 254 nm using a UV-6 detector.   
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Material & Methods  

Chemicals and cell culture 

Tissue culture medium and dialyzed fetal bovine serum (FBA) were obtained from 

Invitrogen (Carlsbad, CA), and biochemical were obtained from Sigma (St. Louis, MO). 

The antibodies recognizing DNMT3B, glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) and β-Actin were from Cell Signaling and Santa Cruz Biotechnology (Santa 

Cruz, CA).  The secondary antibody conjugated to horseradish peroxidase was from 

Sigma. DNMT3B gene expression probe was obtained from Life Technologies (Grand 

Island, NY).   

 

    The IEC-6 cell line, was purchased from American Type Culture Collection 

(Manassas, VA) at pass 13 and was maintained in T-150 flasks in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 5% heat-inactivated FBS.  Flasks were 

incubated at 37°C in a humidified atmosphere of 90% air-10% CO2, and passages 15–20 

were used in experiments. Caco-2 cells were obtained from the American Type Culture 

Collection (Manassas, VA) at passage 16.  They were maintained in Eagle’s minimal 

essential medium (MEM) with 10% heat-inactivated fetal bovine serum, 1% sodium 

pyruvate solution (Quality Biological, Inc., Gaithersburg, MD), 1% MEM non-essential 

amino acids solution (GE Healthcare, Logan, UT) and flasks were incubated at 37°C in a 

humidified atmosphere of 95% air-5% CO2 [75]. 

 

    For cell cycle status study, flowcytometric analysis service was provided by Core 

Facilities, University of Maryland School of Medicine. 



	   16	  

Cell transfection  

Cell transfection was completed by using pre-miRTM miRNA precursors and anti-miRTM 

miRNA inhibitors of miR-222 from Ambion (Austin, TX) and performed following the 

manufacturer’s manual with minor modification (Table 1).  First, cells were cultured into 

60~80% confluent at transfection followed by diluting LipofectamineTM RNAiMAX 

Reagent and pre-miRTM miRNA precursors/anti-miRTM miRNA inhibitors separately in 

Opti-MEMTM Medium.  After adding diluted pre-miRTM miRNA precursors/anti-miRTM 

miRNA inhibitors to diluted LipofectamineTM RNAiMAX Reagent, the diluted mixes 

were incubated for 5 minutes and then added the pre-/anti-miRNA-lipid complex to cells.  

After incubating cells for 48 hours, samples were collected for analysis.  

 

Table 1   Cell Transfection 

 (-) Pre-miR222 (-) Anti-miR222 

Culture Vessel 60mm 60mm 60mm 60mm 

Volume of Plating Medium 5ml 5ml 5ml 5ml 

Diluted LipofectamineTM 

RNAiMAX 

Opti-MEM 250 µl 250 µl 250 µl 250 µl 

RNAiMAX 17 µl 17 µl 17 µl 17 µl 

Diluted miRNA 

precursors/ inhibitor 

Opti-MEM 250µl 250 µl 250 µl 250 µl 

Precursor /5nm - 3µl - - 

Inhibitor /5nm - - - 6µl 

 
 

 

Total RNA isolation 

Total RNA was isolated by using RNeasy Mini Kit (Qiagen, Valencia, CA) and 

performed following the manufacturer’s manual.  Briefly, cells were collected and 
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disrupted by adding QIAzol Lysis Reagent and then homogenized at room temperature 

(15–25°C) for 5 min followed by adding 140µl chloroform and shaking the tube 

vigorously for 15 s.  After placing for 2-3 min at room temperature, centrifuge tubes 

containing samples for 15 min at 12,000 x g at 4°C.   Then the transferred upper aqueous 

portion was mixed with 1.5 volumes of 100% ethanol.  Samples were pipetted into an 

RNeasy Mini spin column followed by centrifuge at ≥8000 x for 15 s at room 

temperature (15–25°C).  Then add reagents of RNeasy Mini Kit in sequence following 

the manufacturer’s manual to purify total RNA and transfer the RNeasy Mini spin 

column to a new 1.5 ml collection tube pipetting 30–50µl RNase-free water to elute the 

total RNA. 

 

Reverse transcription and quantitative real-time PCR analyses 

After isolation, total RNA was used in reverse transcription (RT) and PCR amplification 

reactions as described [76].  The levels of GAPDH PCR product were assessed to 

monitor the evenness in RNA input in RT– PCR samples.  Quantitative real-time PCR 

(qPCR) analysis was performed using StepOnePlus Real-Time PCR Systems with 

specific primers, probes and software (Applied Biosystems, Foster City, CA).  For 

miRNA studies, the levels of miR-222 were also quantified by qPCR using a TaqMan 

MicroRNAassay (Applied Biosystems,); levels of small nuclear RNA (snRNA) U6 were 

measured as an endogenous control. 
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Western blotting analysis 

Cell samples, adding with 100µl of ice cold cell lysis buffer with protease inhibitor were 

incubate on ice for 30min then clarify the lysate by centrifuging (12,000 rpm) at 4°C for 

15 min.  The supernatant from cell samples were transferred to a new tube and the 

concentration of the protein was determined by bicinchoninic acid assay. Then the 

samples, containing 30µg protein in each, were boiled for 5 min and then subjected to 

electrophoresis on 10% acrylamide gels.  After the transfer of protein onto nitrocellulose 

filters, the filters were incubated overnight in 5% nonfat dry milk in 1× phosphate-

buffered saline containing Tween 20 (PBS-T: 15 mM Na2HPO4, 80 mM Na2HPO4, 1.5 M 

NaCl, pH 7.5, and 0.5% (vol/vol) Tween 20) at 4°C.  Immunologic evaluation was then 

performed for 1 hour in 1% BSA/PBST buffer containing 1 µg/ml of specific antibody 

against DNMT3B or GAPDH protein.  The filters were subsequently washed with 1× 

PBS-T and incubated for 1 hour with the second antibody conjugated to peroxidase by 

protein cross-linking with 0.2% glutaraldehyde.  After extensive washing with 1× PBS-T, 

the immunocomplexes on the filters were reacted for 1 min with chemiluminescence 

reagent (NEL-100; DuPont NEN).  Finally, the filters were placed in a plastic sheet 

protector and exposed to autoradiography film. 

 

Analyses of newly translated protein 

1. Nascent DNMT3B Synthesis 

Nascent DNMT3B was detected by the Click-IT® protein analysis detection kit (Life 

Technologies) and performed following the manufacturer’s manual with minor 

modification [77].  Briefly, cells were incubated in methionine-free medium at 37°C for 
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30-60 min to deplete methionine and then exposed to L-azidohomoalaine, which is an 

amino acid analog that contains a very small modification, specifically an azido moiety 

that can be fed to cultured cells and incorporated into proteins during active protein 

synthesis. After incubating at 37°C 5% CO2 for 4 hours with fresh methionine-free 

medium, cells were harvested, lysed, and protein concentration were determined.  Then 

the cell lysates (up to 200 µg) were mixed with reaction buffer containing biotin/alkyne 

reagent and CuSO4 for 20 min, and the biotin/alkyne–azide-modified protein complex 

was pulled down using paramagnetic streptavidin-conjugated Dynabeads (Invitrogen).  

The pull-down material was resolved using 10% SDS/PAGE and analyzed by Western 

immunoblotting analysis using antibodies against DNMT3B or Actin.  

 

2. Polysome analysis 

    Polysome analysis was performed as described [77].  Briefly, cells transfected with 

miR-222 or scramble for 48 hour at approximately 70% confluence were incubated for 15 

min in 0.1 mg/ml of cycloheximide (CHX) at 37°C, lifted by scraping in 1 ml of a 

polysome extraction buffer (PEB) (Table 2), and lysed on ice for 10 min. The day before 

fractionation, three sucrose gradients (Table 3, 4) for each sample was made and leave 

gradients at 4°C overnight (to allow the gradient to become linear. Also a 70 % chase 

solution (Table 5) with a speck of bromophenol blue added to color the solution was 

made, which helped with the fractionation later. Nuclei were pelleted, and the resulting 

supernatant was fractionated through a 15% – 60% linear sucrose gradient to fractionate 

cytoplasmic components according to their molecular masses.  The eluted fractions were 

prepared with a fraction collector (Brandel, Gaithersburg, MD), and their quality was 
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monitored at 254 nm using a UV-6 detector (ISCO, Lincoln, NE).  After the RNA in each 

fraction had been extracted, the level of each individual mRNA was quantified by qPCR 

in each of the fractions and the levels of GAPDH PCR product were assessed to monitor 

the evenness in RNA input in qPCR samples. 

 

Table 2   Polysome Extraction Buffer (PEB) 

 500 ml (store at 4C) 

20 mM Tris-HCl (pH 7.5) 10 ml 1M 

100 mM KCl 50 ml 1M 

5 mM MgCl2 2.5 ml 1M 

0.3 % Igepal CA-630 1.5 ml 

H2O To 500 ml 

 

Table 3   Sucrose Gradients  (3 Gradients): 

Solution 15% 30% 45% 60% 

2.2M Sucrose 2 ml 4 ml 6 ml 8 ml 

H2O 7 ml 5 ml 3 ml 1 ml 

10X salts solution 1 ml 1 ml 1 ml 1 ml 

Total volume 10 ml 10 ml 10 ml 10 ml 

 
 
Table 4   10X Salts Solution 
 

 50 ml stock Final 10X concentration 

5 M NaCl 10 ml 1 M 

1 M Tris-HCl pH 7.5 200 mM 10 ml 

1 M MgCl2 2.5 ml 50 mM 

H2O 27.5 ml  
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Table 5   70 % Chase Solution: 
 

2.2M sucrose 45 ml 

10X Salts solution 5 ml 

 
 
Statistics 

Values are the means + S.E.M. from three to six samples. Immunoblotting results were 

repeated three times. The significance of the difference between the means was 

determined using ANOVA.  
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Results 

Ectopic overexpression of miR-222 by transfection with the miR-222 precursor 

inhibits intestinal epithelial cell proliferation 

Firstly, to study the function of miR-222, intestinal epithelial cells were cultured into 

60~80% confluent and we transfected cells with miR-222 precursors for 48h. Then we 

determined the role of miR-222 in intestinal epithelial cell proliferation under the 

microscope and it revealed that ectopic overexpression of miR-222 by transfection with 

the miR-222 precursor inhibited cell proliferation when compared to the control group 

(Figure 8A).   

 

    Then we examined the cell cycle status by using flow cytometric analysis, it showed 

that there was relatively more cell population of cells transfected with the miR-222 

precursor in the G1 phase than cell population of control scramble cells. As showing in 

Figure 8B, there was 73.1% cell in experimental group while there was 49.6% in control 

group. 

 
 
 
 
 
Figure 8  
Ectopic overexpression of 
miR-222 inhibits intestinal 
epithelial cells proliferation 
A. Cell proliferation of 
scramble control group (left) 
and pre-mir-222 group (right).   
 
B.  Cell cycle status by flow 
cytometric analysis: scramble 
control group (left) and pre-
miR-222 group (right). 
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DNMT3B mRNA is a novel target of miR-222 in IECs 

The human DNMT3B mRNA is a potential target for miR-222 since there is a predicted 

binding site for miR-222 within the3’-UTR region of the DNMT3B mRNA (Figure 9), 

using standard online software (microRNA.org).  Sequences that match miR-222 seed 

regions that interacts with target mRNAs are not found in 5’-untranslated region (5’-UTR) 

or coding region (CR) of human DNMT3B.  

 

     DNMT3B mRNA 
 

    

FIGURE 9  Schematic representation of DNMT3B mRNA depicting one predicted target 

site for miR-222 in the DNMT3B 3’-UTR 

Alignment of the DNMT3B mRNA sequences with miR-222: top strand, DNMT3B mRNA; 

bottom strand, miR-222.   

 

   To examine the possible role of miR-222 in regulation of DNMT3B, we examined the 

DNMT3B protein expression after 48h transfection with miR-222 precursor and miR-222 

inhibitor.   
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    Firstly, we checked the transfection efficiency.  After the total RNA was isolated, the 

extracted RNA was transcribed into complementary DNA, which was used for real time 

PCR in the following step. Then the quantification of mRNA level was measured by 

doing real time PCR.  

 

    It showed that miR-222 level increased significantly in pre-miR-222 group and 

decreased significantly in anti-miR-222 group separately when compared with cells 

transfected with control scrambled RNA. The results showed here were of the relative 

miR-222 level that had been normalized by housekeeping non-coding RNA U6 (Figure 

10).   

 

    

FIGURE 10  Levels of miR-222 after transfection 

Levels of miR-222 after transfection for 48 h and miR-222 levels as measured by Q-PCR analysis 

normalized by U6 RNA levels.  Values are means ± SE from three separate experiments. *p < 

0.05 compared with cells transfected with control scrambled RNA.   

 

    After determined the transfection efficiency, we examined the protein expression. We 

extracted whole cell protein and analyzed by Western Blot using the specific antibodies 

that recognize the target proteins.  As shown in Figure 11, it revealed that DNMT3B level 

is decreased in pre-miR-222 group and increased in anti-miR-222 group significantly 
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compared with control scrambled group, but there are no significant changes in GAPDH. 

We also transfected cells with pre-miR-29b and anti-miR-29b and it showed no changes 

in DNMT3B level, which suggested that the interaction between miR-222 and DNMT3B 

was specific. 

 
 

 
 

 
 

FIGURE 11 Changes in the levels of DNMT3B proteins after ectopic 

overexpression/knockdown of miR-222 (top) and miR-29b (bottom).  

 

 

miR-222 represses DNMT3B translation 

To determine whether the miR-222 inhibits DNMT3B expression by repressing its 

translation.  We firstly examined the mRNA level of DNMT3B.  As shown in Figure 12, 

it revealed that there are no significant changes in mRNA level of DNMT3B when 

normalized by mRNA level of GAPDH, which is known as a housekeeping gene that 

stable and constitutively expressed at high levels in most tissues and cells.  
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FIGURE 12  Levels of DNMT3B mRNA after transfected cells with pre-miR-222 and anti-

miR-222  

Levels of DNMT3B mRNA as measured by Q-PCR analysis were normalized by GAPDH mRNA 

levels.  Values are means ± SE from three separate experiments. *p < 0.05 compared with cells 

transfected with control scrambled RNA.   

 

 

    Then we examined the changes in DNMT3B protein synthesis after ectopic 

overexpression of miR-222.  Cells were incubated in methionine-free medium and then 

exposed to L-azidohomoalaine.  Detection utilized the chemoselective ligation or “click " 

reaction between an azide and an alkyne where the azido modified protein is detected.  

The biotin/alkyne–azide-modified protein complex was pulled down using paramagnetic 

streptavidin-conjugated Dynabeads. The pull-down material then was resolved using 10% 

SDS/PAGE and analysed by Western immunoblotting analysis using antibodies against 

DNMT3B or Actin. 

 

    In the present study, we found that the level of newly synthesized DNMT3B protein 

decreased significantly in cells transfected with miR-222 precursors compared with cells 
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transfected with the scrambled oligomer (Figure 13).  Inhibition of DNMT3B protein 

synthesis by miR-222 induction was specific, since we found no change in nascent 

synthesis of actin, which is also one of the most highly conserved proteins after 

transfection with pre-miR-222.  

 

          

FIGURE 13  New synthesis of DNMT3B protein 

Whole-cell lysates were prepared for Western blotting after transfection with pre-miR-222 for 

48h; equal loading was monitored by assessing β-actin levels.  For measuring new synthesis of 

DNMT3B protein, cells were exposed to AHA, and then cell lysates were incubated with the 

reaction buffer containing biotin/alkyne reagent.  The biotin/alkyne–azide-modified protein 

complex was pulled down by paramagnetic streptavidin-conjugated Dynabeads.  Values are 

means + S.E.M. from three separate experiments. *P <0.05 compared with scramble. 

 

    To further define the role of miR-222 in regulation of DNMT3B mRNA translation, we 

examined the relative distribution of DNMT3B mRNA in individual fractions from 

polyribosome gradients [50,78].  Cells transfected with miR-222 or scramble for 48 hour 

at approximately 70% confluence were incubated for 15 min in 0.1 mg/ml of 

cycloheximide, lifted by scraping in 1 ml of a polysome extraction buffer, and lysed on 

ice for 10 min. After nuclei pelleted, the resulting supernatant was fractionated through a 

15% – 60% linear sucrose gradient to fractionate cytoplasmic components according to 

their molecular masses. After the RNA in each fraction has been extracted, the level of 

each individual mRNA was quantified by real time PCR in each of the fractions.   
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    As shown in Figure 14, mRNAs in fractions 1–2 were considered to be untranslated, 

because they were not associated with components of the translation machinery nor did 

they co-sediment with ribosome subunits (monosomes); transcripts in fractions 3–6 were 

bound to single ribosomes or formed polysomes of low molecular mass and they were 

considered to be translated at low-to-moderate levels.  Fractions 7–10 comprised the 

mRNAs were associated with polysomes of high molecular mass and considered to be 

actively translated.  Although increasing the levels of miR-222 did not affect global 

polysomal profiles as described in our previous studies [50], the association of DNMT3B 

mRNA with actively translating fractions (fractions 7–9) decreased, shifting to low-

translating fractions (fractions 4– 5; Figure 14, left).  In contrast, housekeeping GAPDH 

mRNA distributed similarly in both groups (Figure 14, right). 
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FIGURE 14  Distributions of DNMT3B and GAPDH mRNAs 

Distributions of DNMT3B (left) and GAPDH (right) mRNAs in each gradient fraction of the 

polysomal profile after ectopic miR-222 overexpression.  After fractionation through sucrose 

gradients, total RNA was isolated from different fractions; the levels of DNMT3B and GAPDH 

mRNAs were measured by qPCR analysis and plotted as a percentage of the total DNMT3B 

mRNA and GAPDH mRNA levels in the samples.  

 

 

 

 

 

 

 

 

 

 



	   30	  

Discussion 

Epithelial cells line the gastrointestinal mucosa and form an important barrier to a wide 

array of noxious substances in the lumen.  Disruption of this barrier function occurs 

commonly in various critical illnesses, such as trauma, burns, haemorrhage, sepsis and 

massive surgical operations, leading to the translocation of luminal toxic substances and 

bacteria to the blood stream [79].  Integrity of the intestinal barrier is determined by the 

balance between cell proliferation, growth arrest and apoptosis and depends on a complex 

process that is critically controlled by numerous factors. 

 

    The inhibition of intestinal mucosal growth causes complex pathological processes. 

The identification of the underlying causes and successful medical treatment remains a 

major challenge, especially in surgical intensive care patients supported with total 

parenteral nutrition [77, 79].  Efforts to develop effective therapeutics to maintain 

mucosal epithelial integrity are extremely important. 

 

    The regulation of mRNA stability and translation critically influences gene expression, 

particularly in the mammalian intestinal mucosa, which has the most rapid turnover rate 

of any tissue in the body under physiological conditions [52].  Over the past several years, 

an increasing body of evidence indicates that control of the stability and translation of 

mRNAs encoding growth/apoptosis-associated factors such as p53, JunD, nucleophosmin 

(NPM), X chromosome- linked inhibitor of apoptosis protein (XIAP), mitogen-activated 

protein kinase kinase-1 (MEK-1), activating transcription factor-2 (ATF-2), Smad 

ubiquitin regulatory factor 2 (Smurf2), cyclin-dependent kinase 4 (CDK4), CDK2, and c-
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Myc is crucial for maintaining normal gut mucosal homeostasis and epithelial integrity 

and its disruption is related to pathogenesis of GI mucosal diseases [39].    

 

    miRNAs and RNA-binding proteins jointly regulate gene expression at the 

posttranscriptional level and are involved in many aspects of cellular functions. RBPs and 

miRNAs are able to directly bind to the cis-elements located at the 3’ untranslated 

regions of target mRNAs and regulate gene expression synergistically or antagonistically.  

Although the exact functions of miRNAs in human development and physiology remain 

largely unknown, differential expression of given miRNAs during disease progression 

suggests an especially significant role for miRNAs in human pathologic conditions. For 

example based on hundreds of expression profiling studies, tumors ubiquitously exhibit 

dysregulated miRNA expression patterns relative to corresponding normal tissue and 

patterns of miRNA expression provide useful information for tumor classification and 

prognosis [80].  Studies also showed that the cardiovascular system has been an 

especially rich source of miRNAs with roles in disease, reflecting the susceptibility of the 

heart and blood vessels to injury and the dependence of mammals on persistent 

cardiovascular function [81]. 

 

     Recently, miRNAs have also emerged as master regulators of gut epithelial 

homoeostasis [39,49,50].  And our group has demonstrated that small intestinal mucosal 

atrophy following polyamine depletion or fasting is associated with a decrease in the 

levels of miR-322/503, which enhances CUG-binding protein 1 (CUGBP1) biosynthesis 

and elevates its abundance [52].  Polyamine-mediated activation of CDK4 expression by 
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targeting CUGBP1 and miR-222 in IECs can directly regulate the growth of the intestinal 

mucosa in vivo and thereby contributes to maintaining the integrity of the intestinal 

epithelium [49].  Decreased levels of Stim1 by miR-195 overexpression repressed cell 

migration and this effect was abolished by HuR overexpression, which plays an 

important role in the regulation of cell migration after wounding [54].  miR-29b functions 

as a potent repressor of mucosal growth in the small intestine by targeting CDK2 and 

LNA-mediated miRNA-29b silencing results in mucosal hyperplasia in vivo, whereas 

ectopic miR-29b overexpression causes IEC growth arrest in G1 phase [38]; and miR29b 

modulate intestinal homoeostasis through the repression of Menin translation [82]. 

 

    In the present study, we highlighted the novel function of miR-222 as a biological 

repressor of mucosal growth in the small intestine and further showed that miR-222 

inhibits mucosal growth by repressing DNMT3B expression.  These findings advance our 

understanding of the molecular mechanism underlying gut mucosal epithelial 

homeostasis. 

 

    The results reported here indicated that miR-222 inhibits the renewal of cells in the 

small intestinal epithelium in cell culture.  Ectopic overexpression of miR-222 by 

transfection with the pre–miR-222 inhibited cell proliferation and resulted in G1-phase 

growth arrest in cultured IECs.  

 

    The results presented here also showed that the DNMT3B mRNA is a novel target of 

miR-222 and that miR-222 represses DNMT3B mRNA translation without affecting its 



	   33	  

stability.  miRNAs commonly interact with the 3’-UTRs of target transcripts, although in 

some instances they also associate with the CR or 5’-UTR of target mRNAs for their 

regulatory actions.  In this regard, we are going to further determine the binding site of 

DNMT3B mRNA by miR-222. 

 

    The specific molecular mechanisms by which miR-222 association with DNMT3B 

mRNA represses DNMT3B translation are unknown.  We recently demonstrated that 

miR-222 binds to the CDK4 mRNA and this association is inhibited by polyamines. 

Depletion of cellular polyamines increases cellular abundance of miR-222, induces its 

association with the CDK4 mRNA, and inhibits CDK4 translation, whereas increasing the 

levels of cellular polyamines decreases CDK4 mRNA interaction with miR- 222, thereby 

inducing CDK4 expression [50].  miR-222 and miR-503 inhibit CDK4 and CUGBP1 

translation in IECs by enhancing the recruitment of CDK4 and CUGBP1 mRNAs to 

processing bodies [49,52], where mRNAs are sorted for translation repression and/or 

degradation [47,83].  It is unclear, however, whether miR-222 induces subcellular 

localization of the DNMT3B mRNA to P-bodies in IECs and whether alterations in 

DNMT3B mRNA recruitment to P-bodies affect its translation rate.  This possibility is 

actively investigated in our ongoing experiments. 

 

    In summary, miR-222 functions as a potent repressor of mucosal growth in the small 

intestine by targeting DNMT3B.  Ectopic miR-222 overexpression represses cell 

proliferation and causes IEC growth arrest in G1 phase.  Our results further showed that 

miR-222 interacts with and represses DNMR3B mRNA translation.  Because DNMT3B 
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plays an important role in DNA methylation, which is necessary for normal gut epithelial 

renewal, our findings suggested that miR-222–mediated regulation of DNMT3B 

expression can directly regulate the growth of the intestinal epithelial cell and thereby 

contribute to maintaining the integrity of the intestinal epithelium. 
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