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Abstract 23 

 24 

Several types of cancer are characterized by global hypomethylation accompanied by regional 25 

hypermethylation and overexpression of DNA methyltransferase (cytosine-5) 1 (Dnmt1). In 26 

addition to the established role of Dnmt1 as maintenance methyltransferase, it has been 27 

suggested that Dnmt1 might also methylate certain target sites de novo. We created a 28 

transgenic mouse model to investigate whether the overexpression of the somatic form of 29 

Dnmt1, Dnmt1s, is sufficient to cause erroneous methylation and disease. Because ubiquitous 30 

Dnmt1 overexpression has been reported to be embryonic lethal, we designed a CAG 31 

promoter-driven Cre-loxP conditional transgene containing a floxed EGFP sequence followed 32 

by the Dnmt1s coding sequence. The EGFP sequence is excised and transgenic Dnmt1s 33 

expression is activated  at specific time points or in specific tissues depending on the Cre 34 

deleter strain used for cross-ins. Pronucleus injections with the Dnmt1s transgene construct 35 

resulted in six founder lines as verified by PCR, Southern blot and EGFP fluorescence. We 36 

performed cross-ins with a CMV-Cre deleter strain to clarify if ubiquitous overexpression of 37 

Dnmt1s alone causes the previously observed embryonic lethality. Unexpectedly, these cross-38 

ins yielded viable recombined offspring that ubiquitously overexpressed Dnmt1 mRNA at 39 

tissue-dependent levels of up to 229-fold. However, the recombined offspring did not 40 

significantly overexpress Dnmt1 protein and showed no apparent signs of disease or 41 

pathological phenotype. Here, we describe the establishment of our Dnmt1s-transgenic mouse 42 

model and propose possibilities for the absence of transgenic protein.   43 
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Introduction 44 

 45 

DNA methylation is an important part of epigenetic signaling and is involved in 46 

differentiation, X-inactivation and genomic imprinting (Bird 2002). During DNA replication, 47 

DNA methyltransferase (cytosine-5) 1 (Dnmt1) methylates newly synthesized cytosines in a 48 

hemimethylated CpG context, a process referred to as maintenance methylation (Bestor & 49 

Ingram 1983; Gruenbaum et al. 1982). However, various in vitro studies have also attributed 50 

de novo methylation activity to Dnmt1 (Christman et al. 1995; Okano et al. 1998; Yoder et al. 51 

1997). 52 

The Dnmt1 gene is located on chromosome 9 in the mouse and has three mRNA 53 

isoforms, known as Dnmt1o, Dnmt1p and Dnmt1s, that differ in alternative first exons. 54 

Dnmt1o and Dnmt1p are sex-specific isoforms that are only expressed in the oocyte/zygote up 55 

to the 8-cell stage and in the pachytene spermatocyte, respectively. Dnmt1s is the ubiquitously 56 

expressed somatic isoform, and the only isoform that is expressed from the preimplantation 57 

stage onward and throughout development in human and murine adult somatic cells (Cirio et 58 

al. 2008; Kurihara et al. 2008; Mertineit et al. 1998; Yoder et al. 1996). Dnmt1s contains 59 

several domains for activity regulation at the N-terminal end and a catalytic center at the C-60 

terminal end (Chuang et al. 1997; Gruenbaum et al. 1983; Leonhardt et al. 1992). The Dnmt1 61 

protein is target of many different post-translational modifications, which are established by 62 

numerous proteins and affect either the activity or the stability of Dnmt1 (Qin et al. 2011). 63 

Tumor cells are characterized by global hypomethylation of the genome (Ehrlich 64 

2002; Feinberg & Vogelstein 1983), accompanied by region-specific hypermethylation 65 

(Baylin et al. 1986; Robertson & Jones 2000). Region-specific hypermethylation is often 66 

closely associated with epigenetic gene silencing of tumor suppressor genes (Greger et al. 67 

1994; Jones & Baylin 2002). Dnmt1 protein overexpression is a hallmark of many cancers 68 
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and likely to be a contributor to DNA hypermethylation. Alterations in DNA methylation 69 

patterns can play an important role in the development of tumors, although it is uncertain if 70 

erroneous DNA methylation alone is sufficient to trigger cancer development (Bestor 2003; 71 

Jones & Baylin 2007; Lyko 2005). Further studies have suggested that de novo methylation 72 

has a causal role in the development of tumors, and that hypermethylation is already 73 

detectable in the earliest stages of tumor development (Chan et al. 2006; Myohanen et al. 74 

1998). One in vitro study addressing Dnmt1 overexpression by stable transfection of cDNA in 75 

murine NIH-3T3 cells indicated that Dnmt1-induced hypermethylation may promote cell 76 

transformation (Wu et al. 1993). 77 

The only in vivo study of Dnmt1 overexpression that we are aware of is a mouse model by 78 

Biniszkiewicz et al. that was created using a BAC transgene (Biniszkiewicz et al. 2002). This 79 

mouse model was capable of expressing all three Dnmt1 isoforms and it had an embryonic 80 

lethal phenotype. Therefore, we created a conditional transgenic mouse model for Dnmt1s 81 

overexpression using the Cre-loxP system to avoid embryonic lethality and study long-term 82 

effects. To clarify if the somatic isoform of Dnmt1 alone causes the embryonic lethality 83 

observed in the mouse model by Biniszkiewicz et al. (Biniszkiewicz et al. 2002), we triggered 84 

ubiquitous overexpression of Dnmt1s. Unexpectedly, the resulting offspring was viable with 85 

high levels of Dnmt1 mRNA, but no increase in Dnmt1 protein levels. Transgenic animals 86 

showed no apparent signs of developmental defects or cancer. Further (conditional) cross-ins 87 

were not performed due to the lack of transgenic protein. In this study, we report on the 88 

establishment of our Dnmt1s-transgenic mouse model and provide hypotheses for the absence 89 

of transgenic protein.   90 
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Materials and Methods 91 

 92 

Ethics statement 93 

 94 

Adult mice (C57BL/6J, C3H) were obtained from the Central Animal Facility of the 95 

University Hospital Essen and were maintained in a 12-h light/dark cycle with access to food 96 

and water ad libitum. All animal experiments were approved by the institutional animal care 97 

committee of the German government (Landesamt für Natur, Umwelt und Verbraucherschutz; 98 

LANUV G034/06). 99 

 100 

 101 

Construction of the Dnmt1s transgene cassette 102 

 103 

The pVL1393 plasmid containing the murine tagged Dnmt1s cDNA (NM_010066.4) was 104 

kindly provided by S. Pradhan from New England Biolabs (Ipswich, MA, USA). The tagged 105 

Dnmt1s cDNA sequence was excised from the pVL1393 vector and cloned into the pLCMV-106 

ECFP-loxP plasmid after the second loxP site, resulting in pLCMV-ECFP-loxP-Dnmt1s. The 107 

CMV promoter of the pLCMV-ECFP-loxP-Dnmt1s plasmid was replaced with the CMV 108 

early enhancer/chicken β-actin (CAG) promoter to achieve a stronger ubiquitous expression 109 

of the transgene. Additionally, the ECFP sequence was replaced with an EGFP sequence 110 

resulting in the final version of the Dnmt1s transgene plasmid, which we called pLCAG-111 

EGFP-loxP-Dnmt1s (Fig. 1).  112 

PeerJ PrePrints | http://dx.doi.org/10.7287/peerj.preprints.550v1 | CC-BY 4.0 Open Access | rec: 21 Oct 2014, publ: 21 Oct 2014

P
re
P
rin

ts



6 
 

Cell culture 113 

 114 

All cell culture media and supplements were obtained from Life Technologies (Darmstadt, 115 

Germany). NIH-3T3 murine fibroblast cells (ATCC 1658, adherent, DMEM) were cultivated 116 

in 75 cm2 culture flasks with 12 ml culture medium at 37 °C in an incubator at 5% CO2 and a 117 

relative humidity of 90%. All procedures were performed under a laminar flow hood. All 118 

media and reagents were autoclaved or sterile-filtered before use. 119 

 120 

 121 

Transient transfection of plasmid DNA into 3T3 murine fibroblasts 122 

 123 

Roti-Fect reagent (Carl Roth, Karlsruhe, Germany) was used for transient transfection of 124 

NIH-3T3 cells with slight alterations to the supplier’s protocol. 20 μg of plasmid DNA was 125 

transferred into a 1.5 ml reaction tube and filled to 400 μl with culture medium. In a separate 126 

1.5 ml reaction tube 90 μl of Roti-Fect were mixed with 310 μl culture medium. For co-127 

transfections, 20 μg of each plasmid DNA was used, and the volumes of Roti-Fect and culture 128 

medium were doubled. Both tubes were combined and incubated for 30 min at RT. During 129 

incubation, cells were washed twice with PBS and 8 ml culture medium was added. After 130 

incubation, the DNA-Roti-Fect mixture was added to the cultures and mixed by gently tilting 131 

the flask. Transfected cultures were incubated for 6 h at standard conditions, washed once 132 

with PBS, and incubated in culture medium (without transfection reagent) for a further 18 h 133 

before preparation of whole cell protein extracts. Successful transfection was checked by 134 

replacing the culture medium with PBS and observing EGFP fluorescence under the 135 

microscope, and by western blot analysis of whole cell lysates with a RGS-His6-tag specific 136 

antibody.  137 
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Luciferase Reporter Vectors 138 

 139 

The HSV-TK promoter was cloned into a basic vector with no promoter (pGL4.10[luc2], 140 

Promega) to generate a HSV-TK-driven reporter construct that contained the GCCACC 141 

Kozak consensus sequence directly upstream of the luciferase start codon (pGL4.10[HSV-142 

TK/GCCACC/luc2]) (Fig. S4B, top construct). Using the Geneart Site-Directed Mutagenesis 143 

System (Invitrogen) according to manufacturer’s instructions, a second construct was created 144 

where the Kozak consensus sequence was changed to TTCCCC (pGL4.10[HSV-145 

TK/TTCCCC/luc2]) (Fig. S4B, second from top), the same Kozak sequence as the one at the 146 

beginning of RGS-His6-Dnmt1s.  In addition, variants of the two constructs were created that 147 

were extended by the transgenic RGS-His6 tag to encode N-terminally tagged luciferase, 148 

leading to pGL4.10[HSV-TK/GCCACC+tag/luc2] and pGL4.10[HSV-149 

TK/TTCCCC+tag/luc2] (Fig. S4B, lower two constructs). The Renilla co-reporter plasmid 150 

pGL4.74[hRluc/TK] (Promega) was used for normalization. 151 

 152 

 153 

Luciferase Assays 154 

 155 

Cells were seeded at 1x104 cells per well in 96-well plate the day before transfection. Fifty 156 

nanograms of promoterless control plasmid (pGL4.10[luc2]) or one of the four 157 

pGL4.10[HSV-TK/luc2] target plasmids (GCCACC, TTCCCC, GCCACC+tag, 158 

TTCCCC+tag) were co-transfected with 2.5 ng of pGL4.74[hRluc/TK] co-reporter plasmid 159 

into NIH-3T3 cells using Lipofectamine 2000 (Invitrogen) for 24 h according to 160 

manufacturer’s instructions. The luciferase assay was conducted using the Dual-Luciferase 161 

Reporter Assay System (Promega) and a Centro LB 960 luminometer (Berthold 162 

Technologies, Bad Wildbad, Germany) according to manufacturer’s instructions. The firefly 163 
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luciferase readings were normalized to the Renilla luciferase readings. Results are 164 

representative of quintuplicate samples from three independent experiments and presented as 165 

mean ± standard deviation. Data groups were compared using the unpaired Student’s t-test. 166 

 167 

 168 

Pronucleus injections 169 

 170 

Pronucleus injections were performed by the Central Animal Facility of the University 171 

Hospital Essen. The pLCAG-EGFP-loxP-Dnmt1s plasmid was digested with NotI, and the 172 

transgene was separated from the vector backbone by agarose gel electrophoresis without 173 

ethidium bromide in gel or buffer. The fragment containing the Dnmt1s transgene construct 174 

was excised from the agarose gel and purified using the Qiaquick Gel Extraction Kit (Qiagen, 175 

Hilden, Germany), strictly following the manufacturer’s protocol, except that the DNA was 176 

eluted in specialized pronucleus injection buffer provided by the Central Animal Facility of 177 

the University Hospital Essen. A total of 26 pronucleus injections in oocytes of C3H mice 178 

were performed, and the oocytes were transferred to C57BL/6J females. The pronucleus 179 

injections resulted in three female and three male transgenic mice. The six transgenic animals 180 

served as founder mice and were backcrossed into the C57BL/6J background. Mice used for 181 

analyses were in the F2 generation or later. 182 

 183 

 184 

Southern blot 185 

 186 

4 µg of mouse tail DNA was digested with EcoRI, resolved and transferred to nylon 187 

membranes using standard methods. Membranes were incubated with a radioactively marked 188 
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probe that hybridized to a 1880 bp region spanning from bases 3 – 1882 of the Dnmt1s 189 

sequence. 190 

 191 

 192 

Transgene sequencing 193 

 194 

The whole transgene construct of an unrecombined mouse of line 4 as well as the CAG-195 

Dnmt1s transition area of a recombined mouse of the same line were sequenced. Fragments 196 

were PCR-amplified, gel-purified (MinElute Gel Purification Kit, Qiagen) and Sanger 197 

sequenced.  198 

 199 

 200 

PCR analysis 201 

 202 

The PCRs for transgene insertion, recombination and Cre status, and the  RT-PCR for 203 

verification of transgenic RNA expression were performed using the primers listed in Text 204 

S1. 205 

 206 

 207 

Organ extraction from mice 208 

 209 

Mice were euthanized using CO2. Immediately after extraction, a small piece (50 – 100 mg) 210 

of each organ of was transferred to RNAlater stabilization reagent (Qiagen) for RNA 211 

preparations. The rest of the tissue was snap-frozen in liquid nitrogen for preparation of DNA 212 

or protein.  213 
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RNA extraction and cDNA preparation 214 

 215 

RNA was prepared from RNAlater-stabilized (Qiagen) mouse tissue using the FastPrep 216 

FP120 Homogenizer (Thermo Fisher Scientific, Waltham, MA, USA) and Lysing Matrix D 217 

ceramic beads (MP Biomedicals, Eschwege, Germany). Depending on tissue type, either 218 

QIAzol lysis reagent followed by the RNA Cleanup protocol of the RNeasy Mini Kit was 219 

used for RNA isolation, or the protocol for purification of total RNA from animal tissues of 220 

the RNeasy Mini Kit including an additional homogenization step using QIAshredder 221 

columns (all Qiagen). An on-column DNase digestion was performed using the RNase-Free 222 

DNase Set (Qiagen) for all samples. RNA samples were treated with RQ1 RNase-Free DNase 223 

(Promega, Mannheim, Germany) and transcribed into cDNA using the ABI GeneAmp RNA 224 

PCR Kit with random hexamers (Life Technologies). 225 

 226 

 227 

TaqMan quantitative real-time RT-PCR 228 

 229 

TaqMan gene expression assays were performed to determine total Dnmt1 transcript levels 230 

normalized to Gapdh expression (ABI TaqMan Gene Expression Assays: Dnmt1 231 

Mm01151063_m1, Gapdh Mm99999915_g1; Life Technologies). Depending on tissue type, 232 

1.25 – 6.25 ng cDNA (converted from total RNA) were used in 10 µl reaction volumes 233 

(including ABI TaqMan Gene Expression Assay & Master Mix; Life Technologies). The 384-234 

well plates were pipetted using an EPmotion pipetting robot (Qiagen) and run in an ABI 235 

7900HT Fast Real-Time PCR System (Life Technologies) using following cycle program: 50 236 

°C 2 min, 95 °C 10 min, 45 cycles (95 °C 15 s, 60 °C 1 min). The cycle threshold (Ct) values 237 

of each well were imported to Microsoft Excel for further analysis using the Delta-Delta Ct 238 

method. 239 
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Whole cell protein extracts from cultured cells and mouse organs 240 

 241 

Pelleted cells were sonified at a concentration of 200 μg/ml in whole cell extract buffer (30 242 

mM Tris-HCL, pH 8; 0.42 M NaCl; 0.5 mM EDTA; 20% Glycerol) containing Halt Protease 243 

and Phosphatase Inhibitor (Thermo Fisher Scientific). Frozen (-80 °C) tissue was cut into 244 

small pieces and sonified in whole cell extract buffer with inhibitors or RIPA buffer (50 mM 245 

Hepes pH 7.4, 50 mM NaCl, 1% NP40, 0.5% Na-DOC, 0.1% SDS, 1% DTT, Halt Protease 246 

and Phosphatase Inhibitor, Thermo Fisher Scientific). Samples were then centrifuged at 247 

16,000 x g for 30 min at 4 °C. Protein quantification was performed using Coomassie Plus or 248 

BCA Assay with iodoacetamide as compatibility reagent (both assays Thermo Fisher 249 

Scientific). 250 

 251 

 252 

Western blot 253 

 254 

Western blotting was performed with crude protein extracts or with Ni-NTA-enriched protein 255 

extracts (using Qiagen Ni-NTA Agarose). Gels were blotted onto nitrocellulose or PVDF 256 

membranes with semi-dry or wet blot techniques. Antibodies are listed in Text S2. 257 
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Results 258 

 259 

The conditional Dnmt1s transgene 260 

 261 

We generated a conditional Cre-loxP transgene construct (pLCAG-EGFP-loxP-Dnmt1s) for 262 

the overexpression of Dnmt1s in mice. The transgene was constructed to initially express an 263 

EGFP marker protein ubiquitously driven by the CMV immediate early enhancer/chicken 264 

beta-actin promoter/rabbit beta-globin intron composite (CAG) promoter (Niwa et al. 1991). 265 

The EGFP sequence of the transgene is flanked by loxP sites (Fig. 1A). Upon recombination 266 

with Cre recombinase, the sequence between the loxP sites is looped out, removed and 267 

degraded by cellular mechanisms, preventing its re-insertion (Fig. 1B). Due to the excision of 268 

the EGFP and polyadenylation (pA) sequences, the Dnmt1s sequence moves up to the CAG 269 

promoter, resulting in the expression of Dnmt1s in the recombined version of the transgene 270 

(Fig. 1C). 271 

 272 

 273 

Cell culture testing of the pLCAG-EGFP-loxP-Dnmt1s transgene  274 

 275 

The functionality of the transgene was tested in cell culture before pronucleus injections were 276 

carried out. Transient transfection of pLCAG-EGFP-loxP-Dnmt1s plasmid DNA into NIH-277 

3T3 cells was performed to control for the expression of the EGFP marker protein from the 278 

unrecombined transgene by fluorescence microscopy. About 50% of cells were successfully 279 

transfected and expressed the EGFP marker protein (Fig. 2A), indicating functional promoter 280 

and EGFP sequences. No EGFP fluorescence could be observed in co-transfections with 281 

pCL-Cre plasmid DNA, indicating that the EGFP cassette was excised upon recombination 282 

(not shown). 283 
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To verify that RGS-His6-tagged Dnmt1s was being expressed instead of the EGFP 284 

marker protein in the recombined cells, whole cell lysates were prepared from the 285 

Dnmt1s/Cre co-transfected culture dishes, separated by SDS-PAGE and probed with an RGS-286 

His4 antibody in a western blot. Equal loading was confirmed by a Ponceau-red stain of the 287 

blotted membrane prior to antibody incubation (not shown). A band of the expected size of 288 

Dnmt1s was present in Dnmt1s/Cre co-transfections (Fig. 2B, lane 1 and 2), showing that 289 

RGS-His6-tagged Dnmt1s was expressed from the recombined transgene. No band was 290 

obtained for single transfections with pLCAG-EGFP-loxP-Dnmt1s plasmid DNA (Fig. 2B, 291 

lane 3), showing that the transgene does not express detectable amounts of Dnmt1s until 292 

recombination has taken place. 293 

 294 

 295 

Founder mice express the EGFP marker protein 296 

 297 

Pronucleus injections with the Dnmt1s transgene construct resulted in six transgenic founder 298 

lines with random integration of the unrecombined transgene, of which one line was 299 

discontinued due to breeding difficulties. Mice that carry the unrecombined version of the 300 

transgene should express EGFP protein ubiquitously, but not transgenic Dnmt1s. EGFP 301 

expression was controlled by screening the mouse tail snips gathered for genotyping with a 302 

fluorescence microscope before DNA isolation. Mouse tail snips from unrecombined 303 

transgenic mice showed strong EGFP expression (Fig. 3A, B). EGFP was also expressed in 304 

the paws (Fig. 3C, D), ears, nose, kidney, spleen and liver (data not shown) from mice 305 

carrying the unrecombined transgene, giving solid evidence that the transgene was 306 

successfully inserted and CAG-driven expression of the transgene was ubiquitous.  307 

In addition to fluorescence microscopy, PCR and Southern blots were performed to 308 

verify transgene insertion. The PCR primers spanned a region from the EGFP sequence into 309 
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the Dnmt1s sequence, so that a 532 bp product indicated successful transgene insertion (Fig. 310 

3E). The PCR reaction was multiplexed with primers spanning a region of the endogenous 311 

Rag1 gene, so a 295 bp product indicated a successful PCR procedure. The Southern blot 312 

served as another control for transgene insertion. The transgenic status was indicated by one 313 

or more signals additional to those produced by the endogenous Dnmt1 (Fig. 3F).  314 

 315 

 316 

Ubiquitously recombined Dnmt1s-transgenic mice are viable 317 

 318 

The five founder mice carrying the unrecombined version of the Dnmt1s transgene were 319 

crossed with a CMV-Cre deleter mouse strain, which ubiquitously expresses Cre under the 320 

control of the CMV promoter, to trigger transgene recombination in the zygote, leading to the 321 

ubiquitous overexpression of Dnmt1s in all tissues. To test for the expected recombination 322 

event, genomic DNA from tail snips of the offspring was analyzed by Southern blot and PCR 323 

using a forward primer located in the CAG promoter sequence and a reverse primer in the 324 

Dnmt1s sequence (Fig. 1A, C). This primer selection amplifies different product sizes from 325 

unrecombined and recombined versions of the transgene, being 1299 bp and 218 bp in size, 326 

respectively (Fig. 4A). Offspring from these cross-ins exhibited mendelian inheritance of both 327 

the Dnmt1s and the Cre transgenes. Unexpectedly, recombined offspring was viable and did 328 

not show any apparent signs of developmental defects or pathological phenotype. Dams 329 

showed no signs of carrying unborn dead embryos. Mice carrying recombined copies of the 330 

Dnmt1s transgene were then bred with C57BL/6J wild type mice, and only Cre-negative 331 

offspring with a recombined Dnmt1s transgene was chosen for further breeding to exclude 332 

influence of Cre recombinase on further studies. 333 

 334 

 335 
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Recombined mice overexpress Dnmt1 mRNA in a tissue-dependent manner 336 

 337 

Reverse transcriptase PCR (RT-PCR) analysis was performed to determine if the transgenic 338 

mice express mRNA encoding RGS-His6-tagged Dnmt1s. To specifically detect transgenic 339 

RNA and avoid detection of endogenous Dnmt1s mRNA, the forward primer for the RT-PCR 340 

was placed in the tag sequence, allowing only the specific amplification of a 209 bp 341 

transgenic sequence. Because the Dnmt1s sequence in the transgene is intron-less, the cDNA 342 

obtained from the RT reaction is identical to the genomic transgenic Dnmt1s sequence, so 343 

both would yield a fragment in the RT-PCR. Therefore, RNA preparations were treated twice 344 

with DNase (on column and in solution) to make sure that they were free of genomic DNA. 345 

Transgenic Dnmt1s mRNA was expressed in recombined mice at different levels in a tissue-346 

dependent manner, with highest levels in heart and skeletal muscle (Fig. 4B). Wild type 347 

siblings did not yield any RT-PCR products (Fig. S1). 348 

To compare the expression levels of Dnmt1 mRNA between transgenic mice and wild 349 

type siblings, relative quantitative RT-PCR (qRT-PCR) was performed with ABI TaqMan 350 

probes (Life Technologies, Darmstadt, Germany) that do not discriminate between transgenic 351 

and endogenous Dnmt1. Transgenic line 4 showed the strongest overexpression of total 352 

Dnmt1 compared to sibling wild type controls, with tissue-dependent expression levels (Fig. 353 

5). Overexpression in transgenic lines 2 and 3 was lower but followed a similar tissue-354 

dependent trend (see Fig. S2 for line 2 qRT-PCR). Transgenic mouse lines 2, 3, and 4 were 355 

chosen for further breeding as they showed the highest Dnmt1 expression levels, and lines 1 356 

and 5 were discontinued. To check for point mutations and to verify correct recombination, 357 

we sequenced the complete unrecombined transgene from genomic DNA of a line 4 mouse as 358 

well as the CAG-Dnmt1s transition area after Cre-mediated recombination in a mouse of the 359 

same line (data not shown). We found no point mutations, and after recombination the EGFP 360 
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sequence was successfully removed and the Dnmt1s sequence moved up to the CAG 361 

promoter. 362 

 363 

 364 

Increased Dnmt1 mRNA levels do not lead to Dnmt1 protein overexpression 365 

 366 

We used western blotting techniques for the specific detection of tagged transgenic Dnmt1s 367 

protein or for the semi-quantitative detection of total Dnmt1 protein levels, including whole 368 

cell or Ni-NTA-enriched protein extracts, different blotting techniques (semi-dry blot, wet 369 

blot), different blotting membranes (nitrocellulose and PVDF), and different antibodies 370 

specific either for the His tag or for Dnmt1 (see Text S2 for a list of antibodies). Although 371 

transgenic mRNA was expressed in all tissues analyzed, we could not detect RGS-His6-tagged 372 

transgenic Dnmt1s protein in any of the analyzed tissues from adult transgenic mouse lines 2, 373 

3 and 4 or in transgenic mouse embryonic fibroblasts (MEFs) of 13.5 days post coitum 374 

embryos from line 4 (data not shown). Quantification of total Dnmt1 protein expression using 375 

the quantification software suites QuantityOne (Ver. 4.6.5, Bio-Rad, Munich, Germany) and 376 

MultiGauge (Ver. 3.0, Fujifilm, Düsseldorf, Germany) showed no significant changes 377 

between transgenic and wild type samples of lines 2 – 4 (for representative total Dnmt1 378 

western blots from mouse tissue see Fig. 6 and from MEFs see Fig. S3). None of the western 379 

blots showed signs of degraded Dnmt1 protein.  380 

 381 

The transgenic Kozak sequence and the RGS-His6 tag lead to reduction of protein translation 382 

 383 

We next investigated why our transgene expresses EGFP before recombination, but not 384 

Dnmt1s after recombination in vivo. Therefore, we performed luciferase assays to analyze 385 

more closely the effects of (i) the different Kozak sequences and (ii) the RGS-His6 tag (Fig. 386 
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S4A) on translation. We cloned the different Kozak sequences used in our mouse model into a 387 

standard luciferase reporter plasmid and measured their influence on translation (Fig. S4B). 388 

The Kozak sequence used in our Dnmt1s transgene cassette (TTCCCC) reduced protein 389 

expression to about 70% compared to the Kozak sequence from the EGFP cassette, which had 390 

the optimal Kozak consensus (GCCACC) sequence (Fig. 7). To more closely resemble the 391 

situation in our mouse model, we tested the same two Kozak sequences using a luciferase 392 

reporter vector carrying an N-terminal RGS-His6 tag identical to the one in our mouse model 393 

(Fig. S4B). The RGS-His6 tag reduced the luciferase activity to about 30% in both cases, 394 

independent of the Kozak sequence (Fig. 7).   395 
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Discussion 396 

 397 

Global hypomethylation together with regional hypermethylation and overexpression of 398 

Dnmt1 are characteristic for several types of cancer (Fernandez et al. 2012; Hervouet et al. 399 

2010; Issa 2000). Despite the established role of Dnmt1 as maintenance methyltransferase, a 400 

number of publications on Dnmt1-overexpressing cells suggest that Dnmt1 might also have 401 

the ability to methylate certain target sites de novo (Feltus et al. 2003; Jair et al. 2006). We 402 

created a conditional mouse model to study the effects of Dnmt1s overexpression. 403 

Studying the consequences of gene overexpression in vivo becomes problematic when 404 

the resulting changes are lethal at an early stage of development. This was the case in the 405 

Dnmt1-transgenic mouse model published by Biniszkiewicz et al. (Biniszkiewicz et al. 2002). 406 

They generated Dnmt1-overexpressing mice using a BAC clone that included all three 407 

isoforms of Dnmt1, leaving unclear which isoform(s) triggered the embryonic lethal 408 

phenotype. Therefore, we cloned a transgene using the murine cDNA of the somatic isoform, 409 

Dnmt1s, while leaving out the oocyte- and spermatocyte-specific isoforms, and generated a 410 

mouse model for its conditional overexpression to circumvent embryonic lethality and study 411 

long-term consequences.  412 

We created a Cre-loxP transgene construct (Hoess & Abremski 1985) so that 413 

transgenic Dnmt1s expression can be activated in specific tissues or at specific time points in 414 

development, depending on the expression pattern of the promoters used to drive the 415 

transgene and Cre expression. The conditional transgene is not controlled by the endogenous 416 

Dnmt1 promoter, but by the CAG promoter, which has been shown to be active ubiquitously 417 

from the preimplantation stage throughout development (Okabe et al. 1997; Sakai & Miyazaki 418 

1997). Accordingly, EGFP was expressed ubiquitously from the unrecombined transgene in 419 
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our mouse model. This should provide the basis for activation of Dnmt1s overexpression in 420 

any tissue at any time point, as long as an appropriate Cre deleter strain is available. 421 

We performed cross-ins with a CMV-Cre deleter strain that ubiquitously expresses 422 

Cre recombinase (Schwenk et al. 1995) to generate a transgenic mouse that resembles the 423 

mouse in the publication of Biniszkiewicz et al. (Biniszkiewicz et al. 2002) but is 424 

characterized by the ubiquitous overexpression of only the somatic isoform of Dnmt1. 425 

Surprisingly, these cross-ins yielded only viable offspring that showed no apparent signs of 426 

disease or pathological phenotype. Molecular biological analyses of recombined offspring 427 

showed that the EGFP sequence was excised and transgenic Dnmt1s mRNA was expressed in 428 

all tissues tested. The level of Dnmt1 mRNA expression in recombined transgenic animals 429 

compared to wild type siblings was increased in a tissue-dependent manner (between 1.6- and 430 

229-fold in line 4), with the highest expression levels in heart and skeletal muscle. The 431 

differential expression depending on tissue type most likely resulted from differences in the 432 

efficacy of the CAG promoter in distinct tissues, as previously shown by Ishikawa and 433 

colleagues, who also found the highest activity of their CAG-driven transgene in murine heart 434 

and muscle (Ishikawa & Herschman 2011). 435 

Although transgenic mRNA was expressed in all tissues analyzed and qRT-PCR 436 

showed ubiquitous overexpression of Dnmt1, we could not detect tagged transgenic Dnmt1s 437 

protein or increased total Dnmt1 protein levels in various tissues from adult transgenic mice 438 

or in transgenic MEFs. Similar to our study, Choi et al. generated a human DNMT1 transgene 439 

that was also N-terminally tagged (Choi et al. 2011). Stable integration into the genome of 440 

HEK293T cells led to a ~10-fold DNMT1 mRNA overexpression, but only a 1.5-fold increase 441 

of total DNMT1 protein compared to control cells. Dnmt1 mRNA expression in our mouse 442 

model was increased up to 229-fold depending on tissue type, but using semi-quantitative 443 

western blotting we could not detect any significant changes in total Dnmt1 protein levels. 444 

Both studies taken together suggest that high levels of DNMT1/Dnmt1 mRNA overexpression 445 
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are not reflected on the protein level. In contrast to Choi and colleagues (Choi et al. 2011), we 446 

could not specifically detect tagged transgenic Dnmt1 protein. This might be caused by the 447 

second ATG translation initiation site close to the N-terminus (Fig. S4A, bottom construct) 448 

originating from the Dnmt1s cDNA sequence, which may result in an overexpressed protein 449 

lacking the N-terminal RGS-His6 tag (Qiagen 2002). However, a significant overexpression of 450 

untagged transgenic protein appears rather unlikely as the second ATG site possesses a 451 

weaker Kozak consensus sequence, and we could not detect an increase in total Dnmt1 452 

protein levels in transgenic mice or MEFs. Importantly, testing of our conditional transgene 453 

construct in murine NIH-3T3 fibroblasts prior to pronucleus injections demonstrated the full 454 

functionality of our transgene, and using western blots we could readily detect transgenic 455 

RGS-His6-tagged Dnmt1s in extracts from Dnmt1s/Cre co-transfected cells. Our mouse model 456 

exhibits high levels of Dnmt1 mRNA overexpression but no increased protein levels.  457 

One possibility for the lack of Dnmt1s overexpression is that translation might have 458 

been impaired due to differences to the wild type Dnmt1s sequence. Our transgene lacks the 459 

complete endogenous 5’UTR and all introns, and the endogenous 3’UTR is present but 460 

shortened. The CAG promoter that drives our transgene carries its own 5’UTR and an intron 461 

from the rabbit beta-globin gene and has successfully been used for the expression of intron-462 

less cDNA-based transgenes in mouse models (Ikawa et al. 1995; Kamei et al. 2006; 463 

Sakamoto et al. 2002). EGFP was expressed in our mouse model before recombination, but 464 

not Dnmt1s after recombination. As the two cassettes share the same promoter, but differ in 465 

their Kozak sequences, we compared the translation efficiency of those sequences using 466 

luciferase reporter assays. The translation with the Dnmt1s Kozak sequence had only about 467 

70% efficiency compared to the EGFP Kozak sequence. The N-terminal RGS-His6 tag caused 468 

a reduction of luciferase activity to about 30% regardless of Kozak sequence. It has been 469 

shown that an N-terminal His6 tag does not significantly reduce the activity of luciferase (Min 470 

& Steghens 1999), so it is more likely that the tag impaired the translation of the protein. 471 
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Nevertheless, we would expect to detect RGS-His6-tagged Dnmt1s and a rise in total Dnmt1 472 

protein levels in our mouse model, at least in samples with the highest mRNA overexpression.  473 

It has only recently been shown that the 3’UTR of Dnmt1 mRNA contains a conserved 474 

block functional elements that are essential for efficient Dnmt1 translation (Rutledge et al. 475 

2014). The BAC transgenic mouse model by Biniszkiewicz et al. (Biniszkiewicz et al. 2002) 476 

contained the full-length UTRs and led to Dnmt1 overexpression. The transgenic cells by 477 

Choi et al. (Choi et al. 2011) showed only low levels of Dnmt1 overexpression, but the 478 

publication does not provide information on the UTRs used in the transgene construct. Our 479 

transgene contains an incomplete 3’UTR, which may have contributed to the reduced or 480 

abolished translation of Dnmt1 observed in our model.  481 

Another possibility for the lack of Dnmt1 protein overexpression could be that newly 482 

synthesized protein might have been degraded. Dnmt1 stability and activity are controlled by 483 

a complex interlinked network of numerous post-translational modifications (Qin et al. 2011), 484 

and Agoston and colleagues have shown that the DNMT1 protein contains an N-terminal 485 

destruction domain that controls its stability (Agoston et al. 2005). In addition to the reduced 486 

translation demonstrated in the luciferase assays, the RGS-His6 tag in our transgene may have 487 

affected these and other pathways controlling Dnmt1s protein stability. However, we saw no 488 

indication of degraded Dnmt1 protein in our western blots. In the cell culture validation of our 489 

transgene construct, impaired translation or protein degradation may have been compensated 490 

because the transient transfection protocols we used resulted in high copy numbers per cell. In 491 

our transgenic mouse model, only one or a few copies remain in the genome after 492 

recombination (Lakso et al. 1992; Orban et al. 1992), so inefficient translation or protein 493 

degradation may have led to little or no transgenic protein. 494 

In summary, we generated three independent Dnmt1s-transgenic mouse lines. 495 

Transgene testing in NIH-3T3 cells showed full functionality of the transgene construct in 496 

unrecombined and recombined states, and mice carrying the unrecombined transgene 497 
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ubiquitously expressed EGFP. However, we could not detect an increase of Dnmt1 protein in 498 

recombined mice despite ubiquitous tissue-dependent Dnmt1 mRNA overexpression.  It 499 

remains unclear if this is due to intrinsic features of the transgene or a stringent control of 500 

Dnmt1 levels by the cell.  501 
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Figures 639 

 640 

 641 

Figure 1. The mechanism of the transgene. (A) The CAG promoter initially drives EGFP 642 

expression. (B) Upon recombination with Cre recombinase, the EGFP sequence is looped out, 643 

removed and degraded. (C) After recombination, the CAG promoter drives the expression of 644 

RGS-His6-tagged Dnmt1s. The black bar indicates the binding site of the Southern blot probe. 645 

Yellow box - CAG promoter; blue arrows - loxP sites; green box - EGFP; red boxes - poly A 646 

signal; purple box - RGS-His6 tag; grey box - Dnmt1s (Figure not drawn to scale) 647 
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 648 

Figure 2. Cell culture testing of the pLCAG-EGFP-loxP-Dnmt1s transgene. (A) Transient 649 

transfection of NIH-3T3 cells with pLCAG-EGFP-loxP-Dnmt1s plasmid DNA showed EGFP 650 

fluorescence. (B) Western blot analysis using an RGS-His4-tag antibody on whole cell lysates 651 

of NIH-3T3 cells (lane 1: 80 μg, lanes 2 and 3: 40 μg) Lane 1 and 2: Co-transfections with 652 

pLCAG-EGFP-loxP-Dnmt1s and pCL-Cre plasmid DNA. Bands of about 172 kDa indicate 653 

the expression of RGS-His6-Dnmt1s protein. Lane 3: Transfection with pLCAG-EGFP-loxP-654 

Dnmt1s plasmid DNA alone did not result in expression of RGS-His6-tagged Dnmt1s protein, 655 

showing the requirement of recombination. tg: pLCAG-EGFP-loxP-Dnmt1s status; Cre: pCL-656 

Cre status 657 
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 658 

Figure 3. EGFP is expressed in vivo from the unrecombined transgene. (A – D) 659 

Fluorescence microscopy of mouse tail snips (A and B) and paws (C and D) of transgenic 660 

mice carrying the unrecombined transgene showed EGFP marker protein expression. (E) The 661 

multiplex PCR resulted in a transgene-specific 532 bp fragment for unrecombined transgenic 662 

mice (lanes 2, 5, and 9) and a 295 bp control fragment from the endogenous Rag1 gene for all 663 

samples. PCR reactions without a 532 bp fragment (lanes 1, 3, 4, 6, 7) indicated wild type 664 

mice. PCR reactions lacking the control fragment (lane 8) indicated a failed PCR and were 665 

repeated. Far right lane: 100 bp DNA ladder. (F) Southern blots of wild type animals showed 666 

three bands produced by endogenous Dnmt1 (1.4 kb, 4 kb, 7 kb). Transgenic offspring from 667 

pronucleus injections showed at least one additional signal. For founder line 4, this was one 3 668 

kb band (lane 2).  669 
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 670 

Figure 4. The Dnmt1s transgene recombines upon CMV-Cre cross-in and expresses 671 

transgenic Dnmt1s mRNA ubiquitously. (A) DNA from an unrecombined transgenic 672 

founder mouse produced a 1299 bp PCR product (lane 1), whereas DNA from a wild type 673 

mouse did not yield any product (lane 2). DNA from offspring of CMV-Cre cross-ins 674 

produced a 1299 bp PCR product when Cre was absent (lane 3) or a 218 bp product in the 675 

presence of Cre recombinase (lane 4), indicating successful transgene recombination. Mice 676 

carrying no Dnmt1s transgene construct did not yield any product, regardless of presence 677 
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(lane 5) or absence (lane 6) of Cre. Lane 7 - H2O control; M - FastRuler Low Range DNA 678 

Ladder (Thermo Fisher Scientific) (B) mRNA encoding RGS-His6-tagged Dnmt1s was 679 

specifically expressed in various tissues of recombined transgenic mice, indicated by a 209 bp 680 

band. As input amounts were equal for all samples, different band intensities indicate tissue-681 

specific expression levels. +RT: complete RT reaction; -RT: control reaction without reverse 682 

transcriptase; Marker: FastRuler Low Range Ladder (Thermo Fisher Scientific) 683 
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 684 

Figure 5. Recombined mice of line 4 overexpress Dnmt1 mRNA. The relative expression 685 

of Dnmt1 normalized to Gapdh in tissues from transgenic mice was significantly higher than 686 

in wild type siblings, and overexpression was tissue-dependent [Mean ± SD; n ≥ 5 (except for 687 

lymph nodes: 5 pooled samples); P < 0.05, t-test]. Dnmt1 expression of wild type animals was 688 

set to 1 for each tissue. The highest Dnmt1 mRNA expression was ~ 230-fold in muscle 689 

(228.5 ± 163.5) and ~ 55-fold heart (54.7 ± 25.6). Dnmt1 overexpression was between 3- and 690 

10-fold in brain (5.0 ± 1.3), kidney (5.5 ± 2.1), liver (3.2 ± 0.7), lung (8.7 ± 2.7), pooled 691 

lymph nodes (3.5), spleen (3.3 ± 1.3), testis (3.5 ± 0.2) and uterus (4.0 ± 0.8). The lowest 692 

overexpression was in bone marrow (1.6 ± 0.2) and thymus (1.6 ± 0.4) 693 
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 694 

Figure 6. Increased Dnmt1 mRNA levels do not lead to Dnmt1 protein overexpression. 695 

Detection of total (both endogenous and transgenic) Dnmt1 with a Dnmt1-specific antibody. 696 

Tissues with the strongest mRNA overexpression (heart and muscle) of line 4 (A) and brain 697 

tissue lysates from lines 2, 3 and 4 (B) showed similar Dnmt1 protein levels.  wt - wild type; 698 

tg - transgenic 699 
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 700 

Figure 7. The transgenic Dnmt1s Kozak and RGS-His6 tag sequences do not prevent 701 

translation. The Dnmt1s Kozak sequence (TTCCCC) from the recombined transgene reduces 702 

luciferase activity to 72% compared to the Kozak consensus sequence (GCCACC) of the 703 

EGFP cassette in the unrecombined transgene. Insertion of the RGS-His6 tag in front of the 704 

luciferase start codon of both constructs leads to an even stronger reduction of luciferase 705 

activity to about 30% regardless of Kozak sequence. (P < 0.01 by unpaired Student’s t-test for 706 

all samples compared to GCCACC, which was set to 100%; Empty vector: promoterless 707 

control plasmid pGL4.10[luc2]).   708 
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 709 

Figure S1. cDNA from a wild type mouse does not yield a product in transgene-specific 710 

RT-PCR. RT-PCR on cDNA from a wild type mouse related to Fig. 4B. Reactions were 711 

prepared using the same master mixes; for controls see Fig. 4B. +RT: complete RT reaction; -712 

RT: control reaction without reverse transcriptase; Marker: FastRuler Low Range Ladder 713 

(Thermo Fisher Scientific)  714 
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 715 

Figure S2. Recombined mice of line 2 overexpress Dnmt1 mRNA with a tissue-716 

dependent trend similar to line 4. The relative expression of Dnmt1 normalized to Gapdh in 717 

tissues from transgenic line 2 was significantly higher (P < 0.01, t-test) than in wild type 718 

siblings in all tissues except spleen and thymus (Mean ± SD; n ≥ 3, except for bone marrow: 5 719 

pooled samples). The highest Dnmt1 mRNA expression was ~180-fold in muscle (179.2 ± 720 

30.7) and ~40-fold heart (38.6 ± 14.0). Dnmt1 overexpression was between 2- and 10-fold in 721 

brain (2.0 ± 0.4), kidney (2.9 ± 0.5), liver (4.6 ± 1.3), lung (2.1 ± 0.5), testis (3.6 ± 1.0). No 722 

significant overexpression was found in thymus (1.1 ± 0.2), spleen (1.01 ± 0.4) and pooled 723 

bone marrow (0.7)  724 
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 725 

Figure S3. Increased Dnmt1 mRNA levels do not lead to Dnmt1 protein overexpression 726 

in MEFs. We performed western blots with a Dnmt1-specific antibody on protein lysates of 727 

MEFs from day 13.5 recombined transgenic embryos which showed a 6.4-fold Dnmt1 mRNA 728 

overexpression (data not shown). We used four different protein concentrations to minimize 729 

the chances that slight differences in total Dnmt1 expression are covered by too high overall 730 

amounts of Dnmt1 protein. However, even at 5 µg of protein per lane there was no 731 

measurable significant increase of total Dnmt1 levels in MEFs from recombined transgenic 732 

embryos. wt - wild type; tg - transgenic  733 
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 734 

Figure S4. Construct design for functional testing of the Kozak sequences. (A) Overview 735 

of the Kozak sequences of EGFP in the unrecombined version (top) and RGS-His6-Dnmt1s in 736 

the recombined version (bottom) of the transgene. (B) Schematic of the luciferase reporter 737 

constructs to test the Kozak sequences of the EGFP cassette (top) and the RGS-His6-Dnmt1s 738 

cassette (second from top) alone, and in combination with an RGS-His6 tag (bottom two 739 

constructs). (CDS: coding sequence; Kozak_cons: Kozak consensus sequence; Kozak_tg: 740 

Kozak sequence of transgenic RGS-His6-Dnmt1s)  741 
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Text S1. Primers.  742 

All primers were created with the Primer3 software (Koressaar & Remm 2007; Untergasser et 743 

al. 2012) available at: http://primer3.wi.mit.edu 744 

All sequences are given in 5’ to 3’ direction. 745 

  746 

Transgenic status (Fig. 3e), 532 bp  747 

 748 

GFP_US1  CCAACGAGAAGCGCGATCACATG 749 

Dnmt1_rec_LS1 CCGGGAGCGAGCCTGCCGGGGAG 750 

  751 

  752 

Rag1 control fragment (Fig. 3e), 295 bp 753 

  754 

mRag1.1  GCTGATGGGAAGTCAAGCGAC 755 

mRag1.3  GGGAACTGCTGAACTTTCTGTG 756 

  757 

  758 

Southern blot probe (Fig. 3f), 1880 bp  759 

 760 

Dnmt1_g_US3 GCCAGCGCGAACAGCTCCAGCCC 761 

Dnmt1_g_LS3 GATAGACCAGCTTGGTGGTGGTGGC 762 

  763 

  764 

Transgene recombination status (Fig. 4a), 1299 bp or 218 bp  765 

 766 

CAG_US1  CTGGTTATTGTGCTGTCTCATC 767 

Dnmt1_rec_LS1 CCGGGAGCGAGCCTGCCGGGGAG 768 

  769 

  770 

Transgene-specific RT-PCR (Fig. 4b, Fig. S1), 209 bp 771 

 772 

HIS_RT_US2  TCATCACCATCACCATATGCC 773 

PRIMER3_RT_LS CCAAGTCACACAACTGGCTTT 774 

 775 

References for Text S1 776 

Koressaar T, and Remm M. 2007. Enhancements and modifications of primer design program 777 

Primer3. Bioinformatics 23:1289-1291. 778 

Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm M, and Rozen SG. 2012.779 

 Primer3—new capabilities and interfaces. Nucleic acids research 40:e115.  780 
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Text S2. Antibodies.  781 

Anti-Dnmt1 Antibody (#ab13537, Abcam, Cambridge, UK) 782 

Anti-RGS-His Antibody, BSA-free (#34650, Qiagen, Hilden, Germany) 783 

Anti-Penta-His Antibody, BSA-free (#34660, Qiagen) 784 

Anti-Tetra-His Antibody, BSA-free (#34670, Qiagen) 785 

Anti-His Antibody (#27-4710-01, GE Healthcare, Munich, Germany) 786 

Anti-(HIS)6-Tag Epitope Antibody Clone 13/45/31-2 (#DIA-900, Dianova, Hamburg, 787 

Germany) 788 

Anti-GAPDH Antibody (#2118, Cell Signaling Technology, Danvers, MA, USA) 789 

Stabilized Goat Anti-Mouse HRP Conjugated (#32430, Thermo Fisher Scientific, Waltham, 790 

MA, USA) 791 

Stabilized Goat Anti-Rabbit HRP Conjugated (#32460, Thermo Fisher Scientific)  792 
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