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Abstract
Background—L1 retroelements may play a central role in morphogenesis through epigenetic
mechanisms involving recruitment of chromatin modifying protein complexes. Retroelements are
repressed in terminally differentiated cells, and highly active in embryonic, undifferentiated, and
transformed cells. It is not clear if the modulation of differentiation by L1 is a “cause” or “effect”.
The aim of this study was to determine if murine embryonic kidney cells of clonal origin (mK4
cells) harbor retrotransposition events upon ectopic expression of L1, and the impact of L1 on
embryonic kidney cell differentiation. Given that L1 is reactivated by AHR ligands, we also
sought to investigate the effects of benzo(a)pyrene (BaP) and 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) on the genetic network of mK4 cells.

Methods—mK4 cells overexpressing human LIRP were assessed for changes in proliferation and
expression of molecular markers of cellular differentiation.

Results—L1RP increased proliferation rates and markedly downregulated differentiation
programming in mK4 cells. These genetic alterations were recapitulated by exogenous activation
of L1 by AHR ligands.

Conclusion—L1 regulates nephrogenesis in vitro via both insertional and non-insertional
mechanisms that disrupt mesenchymal to epithelial transition. Thus, a feedback loop involving L1,
WT1 and AHR may play a role in regulation of kidney morphogenesis.
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Introduction
L1RP, an active human retroelement, is 99.9% identical to the consensus L1 sequence
(Kimberland et al., 1999), and contains two open reading frames, ORF1 and ORF2
respectively. L1 ORF2 encodes endonuclease (EN) and reverse transcriptase (RT) activities
(Feng et al., 1996). The RT function is essential for self-propagation of L1 within the
genome (Martin et al., 1998). Inhibition of L1-encoded RT significantly inhibits replication
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of transformed cell lines and induces differentiation (Sciamanna et al., 2005). Expression of
RT-coding genes is generally active in early embryos, germ cells, and tumor tissues, but
repressed in terminally differentiated cells (Spadafora, 2004). Thus, L1 may be involved in
genetic reprogramming during early embryonic development. This interpretation is
consistent with our recent demonstration that reactivation of L1 by genotoxic carcinogens
occurs in mK4 mouse embryonic kidney cells (Teneng et al., 2007). The L1 reactivation
process involves i) promoter-associated epigenetic changes at the DNA and histone levels,
ii) dynamic regulation of protein complexes involving aryl hydrocarbon receptor (AHR),
E2F and Rb transcription factors and iii) corepressor and coactivator recruitment including
histone deacetylases (HDACs), histone methylases, and DNA methyl transferases
(DNMTs), histone and DNA demethylases and histone acetylases (HATs). Further, AHR-
mediated L1 reactivation was established in studies showing that AHR null mouse primary
cells or human cervical cancer cells (HeLa) transfected with siRNA against AHR exhibit
impaired L1 reactivation following BaP challenge. Rescue of the knockdown phenotype
through forced overexpression of AHR protein in siRNA-treated cells restored BaP-
dependent reexpression of L1, confirming that AHR is in fact involved in L1retroelement
reactivation upon carcinogen challenge (Teneng et al., 2007). These events in turn lead to L1
expression and in some instances L1 reinsertion, events that may contribute to regulation of
cellular proliferation and differentiation (for a review see (Montoya-Durango and Ramos,
2010)).

Studies of chromatin dynamics in oocytes and early stage embryo development are limited.
A comparison of sperm and embryonic stem cells (ESC) showed similar patterns of DNA
methylation, with only small differences found at regulatory regions (Albert and Peters,
2009; Edwards, 2006), suggesting that genome-wide demethylation of cytosine is
characteristic of pluripotent and germ cell lines (Imamura et al., 2006). In addition to the
modulation of DNA methylation, histone covalent modifications are orchestrated early after
zygote formation. In the one to two cell embryo, protamines of the paternal genome are
substituted by maternal histone H3.3, and later replaced by histones H3.1 and H3.2 (Torres-
Padilla et al., 2006), with covalent mono-, di- and tri-methylation of histones H3K4 and
H3K27 appearing thereafter (Santos et al., 2005; Torres-Padilla et al., 2006). Conversely,
the epigenetic silencing mark H4K20 trimethyl is detected only at the 8-cell stage embryo
and maintains significant disparity as compared to histone H3 epigenetic marks (Bhaumik et
al., 2007; Biron et al., 2004). Most of these marks however, are already present in the
maternal lineage where a nucleosomal status is found upon fertilization (Liu et al., 2004).
Thus, the maternal and paternal epigenetic codes are markedly different, with the maternal
epigenetic machinery providing chromatin modifiers, such as the polycomb protein (PcG)
Ezh2 which modulates H3K27 di-/tri-methylation, and PRC1 complex that controls
heterochromatic DNA regions to establish epigenetic chromatic codes during embryogenesis
(Bhaumik et al., 2007). A key role for L1 during embryogenesis comes from studies of X-
chromosome inactivation (XCI) in female embryonic cells (Chow et al., 2010). L1 elements
serve as the building blocks for creation of broad domains of silent chromatin (Pauler et al.,
2009) to which actively transcribed genes are recruited and embedded into heterochromatin
(Chow et al., 2010), and participate in the synthesis of non-coding RNAs through
bidirectional promoter activity (Soifer and Rossi, 2006). A similar mechanism may operate
in autosomal DNA domains containing L1 insertions (Chow et al., 2010; Pauler et al., 2009).
Human cell lines derived from females subject to random XCI exhibit two different
heterochromatic domains characterized by enrichment in histone H3 trimethylated at
lysine-9 (H3K9me3) and histone H4 trimethylated at lysine-20 (H4K20me3), respectively
(Chadwick and Willard, 2004). Interestingly, we previously identified these marks in the
mouse L1 promoter (Montoya-Durango et al., 2009), and found that their expression is
dependent on the presence of functional retinoblastoma proteins. Thus, L1 likely plays a role
in morphogenesis through epigenetic mechanisms involving L1 positioning within specific
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domains, generation of non coding RNAs, and recruitment of chromatin modifying protein
complexes specialized on nucleosomal histone(s) trimethylation and heterochromatin
formation.

Morphogenesis is regulated by genetic and epigenetic networks that control chromatin
dynamics and gene expression respectively (Li, 2002), and by structural variations such as
genetic imprinting, XCI, and recombination events in cells of the lymphoid lineage. These
events are controlled through orchestrated waves of signaling cascades that when
compromised disrupt phenotypic expression, or become lethal (De Robertis et al., 2000;
Gurdon and Bourillot, 2001). The study of differentiation programming during early
development has been facilitated by the mK4 cell model, an established model of
mesenchymal-to-epithelial transition during nephrogenesis (Kispert et al., 1998; Valerius et
al., 2002). During the nephrogenic transition, mesenchyme differentiates into epithelium and
gives rise to the glomerulus and proximal and distal tubules (Almeida and Mandarim-de-
Lacerda, 2002; Pohl et al., 2000). As in other organ systems, renal morphogenesis is
characterized by changes in spatiotemporal expression of differentiation genes (Patterson
and Dressler, 1994; Pohl et al., 2000). Gene array studies using mK4 cells have shown that
these cells express epithelial conversion-related genes, including Pax-2, Pax-8, Wnt-4,
cadherin-6, collagen IV, and LFB3 (Valerius et al., 2002). As such, mK4 cells represent a
“freeze frame” molecular picture of induced metanephric mesenchyme during kidney
development.

Retroelements are transcriptionally repressed in terminally differentiated cells, and highly
active in embryonic, undifferentiated, and transformed cells (Packer et al., 1993; Poznanski
and Calarco, 1991). Additionally RT activity is high in embryonic and transformed cells and
extremely low, or undetectable, in terminally differentiated cells (Deragon et al., 1990;
Medstrand and Blomberg, 1993). This inverse correlation between L1 expression and
differentiation suggests that expression of retroelements influences differentiation
programming. It is not clear if the loss of differentiation associated to L1 expression is a
“cause” or an “effect”, nor is it clear whether RT expression and activity are required for
modulation of differentiation programming. Thus the aim of this study was to determine if
embryonic kidney cells harbor L1 retrotransposition events, and the impact of L1 on
embryonic kidney cell differentiation. Given that L1 is reactivated by environmental
chemical carcinogens, we also sought to investigate the influence of the environmental
hydrocarbons, benzo(a)pyrene (BaP) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), on
the genetic network of mK4 cells. To answer these questions, we transfected mK4 cells with
three plasmids; L1RP, an RT mutant counterpart with a single amino acid change at position
105 in the RT active site, or empty plasmid. Expression of differentiation markers was
analyzed via real time PCR or immunostaining. Evidence is presented that L1 expression, as
well as BaP or TCDD treatments, alter morphogenetic networks and compromise
differentiation programming in mK4 cells. We conclude that early kidney morphogenesis in
vitro is regulated via L1 epigenetic mechanisms and this regulation is subject to interference
by environmental hydrocarbons.

EXPERIMENTAL PROCEDURES
Cell cultures

Murine kidney cells of clonal origin isolated from a mouse carrying the Hoxa 11-SV40 Tag
(mK4 cells) (Valerius et al., 2002), were grown in M199 medium, supplemented with 10%
FBS and 1% penicillin-streptomycin. Cells were maintained at 37°C and 5% CO2.
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Retrotransposition assay
A plasmid based retrotransposition assay that uses a reporter cassette conferring antibiotic
resistance to cells harboring retrotransposition events was used (Moran et al., 1996). This
plasmid contained a highly active retrotransposon called L1RP, for the disease X-linked
retinitis pigmentosa (XLRP) during which an L1 insertion disrupts the RP gene (Schwahn et
al., 1998). The plasmid harbors the L1RP inserted into a reporter cassette containing an
antisense copy of a selectable marker (neo), a heterologous promoter (P′), and a
polyadenylation signal (A′). The neo gene was disrupted by a globin intron in the opposite
transcriptional orientation. L1RP was tagged with a neomycin (neo) reporter cassette
containing an antisense copy of the antibiotic resistance gene containing a γ-globin intron in
the sense orientation. Transcription from either the L1 5’-UTR or a heterologous promoter
(P1), splicing of the intron, reverse transcription, and insertion of the cDNA into chromatin
was responsible for sustained expression of the neomycin gene which rendered cells
resistant to geneticin (G418). Transcripts from the L1 promoter cannot induce expression of
the reporter cassette since the intron is in antisense orientation, and lies downstream of the
3’UTR. Individual G418 resistant cells continued growing and formed bonafide clones on
culture plates. Stable L1RP expressing cells were trypsinized and counted, and seeded (1 ×
106 cells per 10-cm plate) and grown in the presence of G418 (400 μg/mL) until resistant
clones were visible. Individual foci were isolated and propagated for DNA isolation and
PCR analyses or fixed with formaldehyde and stained with trypan blue (Sigma, St. Louis,
MO) and number of foci counted.

Quantitative real time-PCR
Total RNA was extracted using trizol reagent, quantified, DNAse treated and 200-500 ng
used for cDNA synthesis. For real time-PCR analyses, the double strand DNA binding dye
method was used. Following reverse transcription, real time amplifications were performed
using SYBR Green (BIORAD, Redmond, WA). For each reaction, 25 μL of 2x SYBR green
was mixed with 10 μM final concentration of forward and reverse primers. One μL of cDNA
was added and the final volume aliquoted up to 50 μL with DEPC water. The cycling
conditions consisted of an initial denaturation step at 95°C for 3 minutes, and 50 cycles at
95°C for 30 seconds, 55°C for 30 seconds and 72°C for 45 seconds. All experiments were
completed in triplicate. (Primers for Mouse L1ORF 1: Fw:
5′CTGGAGAGCAGAAGACCGAAAGG 3′; Rv: 5′ACACACCGAAAATCTAGAC3′;
Mouse GAPDH Fw: 5′GCCTTCCGTGTTCCTA CC3′; Rv 5′
AGAGTGGGAGTTGCTGTTG3′; mouse 18S Fw: CGTCTGCCCTATCAACTTTC3′; Rv
5′GCCTGCTGCCTTCCTTGG3′, Mouse E cadherin Fw:
5′CGACCCTGCCTCTGAATCC3′; Rv: 5′CTTTGTTTCTTTGTCCTTCGTTGG3′, mouse
Igf1r Fw: 5′TCCCTCAGGCTTCATCC3′; Rv: 5′GAGCAGAAGTCACCGAATC3′, mouse
Igf2r Fw: 5′ AGTATGTGAACGGCTCTG3′; Rv: 5′TCTGTGATTGTCTGGATAGG3′,
mouse sfrp1 Fw: 5′GCAGTTCTTCGGCTTCTAC3′; Rv:
5′ATGGAGGACACACGGTTG3′, mouse Wnt4 Fw:
5′GTAGCCTTCTCACAGTCCTTTG3′ Rv: 5′GGTACAGCACGCCAGCAC3′).

Transient and stable transfections
Cells were grown to 80% confluence and transfected at a ratio of 1:2 Lipofectamine 2000
(μL) to DNA (μg) without antibiotics. Six hr later, transfection medium was replaced with
fresh culture medium, and 48 hr later cells were harvested, RNA extracted and analyzed or
else cells were selected for stable integration of plasmids in the presence of hygromycin.
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Immunofluorescence
mK4 cells were seeded on glass slides placed in 6-well tissue culture plates. Cells were
transiently transfected with L1RP expressing plasmid or empty vector as control. Forty eight
hr later cells were fixed with 5% formaldehyde and quenched using 100 mM glycine. Cell
permeabilization was accomplished with 0.4% Triton X100. Following incubation with
primary antibody targeting L1 ORF1 and FITC coupled secondary antibody, cells were
washed and incubated with DAPI for nuclear staining. Slides were washed with 100%
ethanol, stained with DAPI and visualized on a fluorescent microscope.

Cell growth assay
mK4 stable transfectants harboring wild type human L1RP, RT mutant or empty vector were
counted and equal amounts seeded on 48 well plates in triplicate. Cells were trypsinized and
counted daily for up to 6 days.

Soft agar colony formation assay
L1RP transfected cells were seeded on soft agar. Cells were either pretreated with 2-O-
tetradecanoylphorbol 13-acetate (TPA), a tumor promoter (Kim et al., 2008) or DMSO.
Fresh medium was added every 3 days. Plates were stained two weeks later and visualized
under a microscope for colony formation.

Chemical treatments of mK4 cells
Cells were grown in 10-cm plates and allowed to reach 80% confluence. Fresh medium
containing DMSO vehicle or 3 μM BaP was added to cells for 9, 15, or 51 hr followed by
RNA extraction. Cells were treated for a period of 48 hr with toluene vehicle or 1 nM
TCDD. Cells were harvested and processed for quantitative PCR as described above.

Statistical Analysis
ANOVA followed by Tukey’s post hoc test were used to evaluate the statistical significance
of the findings.

RESULTS
mK4 Cells harbor stable L1RP retrotransposition events that modulate cellular proliferation

Cells transfected with empty (pGESH), L1RP, or RT 105 mutant plasmids, were grown in
the presence of 200 μg/mL hygromycin. The presence of the plasmid encoded hygromycin
resistance independent of L1 retrotransposition events. Since transcripts originating from P′
cannot be spliced in the opposite orientation, the neo gene product cannot be synthesized
and cells remain sensitive to G418 (Figure 1A). Following hygromycin selection, cells
expressing the plasmid were counted and 1×106 cells plated and selected for
retrotransposition events with G418 until resistant clones were visible. G418-resistant cells
were fixed with formaldehyde and stained with trypan blue (data not shown), or individual
clones expanded for genomic DNA analyses. Genomic DNA isolated from six
independently expanded clones showed the presence of reintegrated L1RP. PCR analyses
confirmed loss of the globin intron, as confirmed by appearance of a 1 kb product and the
presence of a spliced and integrated L1 transcript into genomic DNA (Figure 1B). These
findings established that embryonic mK4 cells undergo complete cycles of L1
retrotransposition and that expression of L1RP is stable in the mK4 cell genome.

Next, the effects of stable L1RP expression on cellular proliferation were examined.
Expression of L1 was confirmed by immunostaining and real time PCR (not shown). mK4
cells expressing L1RP, RT mutant or empty plasmid were counted and seeded at equal
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densities (2.0 ×103 cells/cm2) in triplicate. Expression of L1RP increased mK4 replication
rates significantly compared to mutant, or empty plasmid-expressing cells as indicated by
differences in cell density (data not shown) and cell counts (Figure 2). We next probed into
the possibility that L1 induces features of the transformed phenotype. Transfected cells were
pretreated with 2-O-tetradecanoylphorbol 13-acetate (TPA) to act as a tumor promoter (Kim
et al., 2008), or left untreated and grown in culture for three weeks. Transformed HeLa cells
were used as a control for positive growth. Colony formation was analyzed following
fixation of cells with formaldehyde and staining with trypan blue. No colonies were formed
by L1RP-expressing mK4 cells or respective controls, but colonies were formed in HeLa
cells, indicating the L1 expression does not drive soft agar colony formation in mK4 cells
(not shown).

Transient expression of L1 modulates MET in mK4 cells
The impact of L1RP on mK4 cellular differentiation was examined in mK4 cells transfected
with L1RP, mutant or empty plasmid for 48 hr. Expression of L1 was confirmed by
immunostaining with antisera against L1 ORF1 protein (Figure 3A), showing that ORF1
signal was mostly cytoplasmic in L1 RP expressing cells and undetectable in cells harboring
the empty control plasmid (Figure 3A). Next, RNA was used as template for cDNA
synthesis and real time PCR analyses of molecular markers of renal cell differentiation
(Igf1r, Igf-2r, Wnt4, sprf-1, E-cadherin and Wt1). L1RP reduced the mRNA levels of several
differentiation markers, indicating that L1 expression affects MET transition in mK4 cells
(Figure 3B). Immunostaining analyses indicated a marked decrease in WT1 and IGF1R
protein levels (Figure 3C). Together, these data indicate that L1 ORF1 accumulates in the
cytoplasm and is associated with reduction at the mRNA and protein levels of
morphogenetic markers of differentiation.

Early L1 reactivation by AHR ligands alters MET genetic networks in mK4 cells
L1 is rapidly reactivated upon activation of AHR signaling by hydrocarbon ligands of AHR
such as BaP and TCDD (Teneng et al., 2007). Intact AHR signaling was confirmed in
studies showing a 440-fold increase in Cyp1a1 mRNA levels in BaP-treated mK4 cells
compared to vehicle controls (Figure 4A). Time-dependent changes in Sfrp1, Igf1r, Igf2r,
Wnt4, and E-cadherin were observed in BaP-treated mK4 cells. While no changes in marker
expression were generally seen in BaP-treated cells at 9 or 15 hr (except for increased Sfrp1
at 15 hr), cells treated for 51 hr showed downregulation of mRNA levels for Sfrp1, Igfr1,
and Wnt4 (Figure 4B). Next, we examined the expression of WT1 isoforms in mK4 cells
challenged with BaP. WT1 mRNA species exhibit combinatorial patterns that include
variants resulting from exon 5 splicing (+17 and −17 amino acids), or +KTS and −KTS
alternative splice variants that originate from splicing of exon 9. We exposed cells to BaP
and collected samples at different time points (Figure 5). The +KTS and −KTS isoforms
were upregulated by BaP treatment compared to vehicle controls (Figures 5A and 5B).
Transient upregulation of the +17aa variant was seen at 1 and 15 hr, with a return to control
levels by 51 hr (Figure 5C). No changes in the expression of the -17 isoform were noted
(Figure 5D). Thus, early reactivation of L1 by BaP is associated with marked alterations in
renal cell differentiation networks in mK4 cells. To determine if changes in the relative
abundance of WT1 splice variants impacted downstream WT1 targets, the expression of
Synd1, Pax2, Egfr, and RaRα was examined (Figure 6). The results showed that BaP leads
to oscillating patterns in WT1 targets characterized by early downregulation, followed by
upregulation of Synd1 and RaRα, and a late robust downregulation of WT1 target gene
expression.

Lastly, the cellular responses to 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD, dioxin) were
examined in this cellular model to determine if modulation of differentiation networks by
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BaP was dependent upon its mutagenic actions at the DNA level. As seen with BaP, TCDD
decreased Sfrp1, Igfr1, Igfr2 and Wnt4 expression levels (Figure 7A), and induced
overexpression of +KTS, -KTS, and +17 variants, while the -17 aa variant decreased by half
compared to vehicle control (Figure 7B). In keeping with these relationships, TCDD
decreased all downstream WT1 targets examined (Figure 7C). These findings indicate that
the signaling pathways and cellular responses to AHR ligands are reproducible and likely
independent of DNA damage.

DISCUSSION
The sheer magnitude of L1 in the mammalian genome has long fueled the hypothesis that
over the course of evolution, L1 insertions structurally modify genes to regulate gene
expression via mutational and/or epigenetic mechanisms. The actions of L1 are also believed
to involve non-insertional mechanisms mediated via transcription of coding and non-coding
L1 RNAs, or overexpression of RT within the cell. We show here for the first time that L1
regulates embryonic kidney mK4 cell proliferation and differentiation via insertional and
non-insertional mechanisms. mK4 cells were found to harbor L1 retrotransposition events,
and wild type L1RP increased proliferation rates in mK4 cells compared to RT mutant, or
empty plasmid-transfected cells, and mediated a molecular switch toward lesser
differentiated phenotypes. Thus, retrotransposition may be an ongoing process throughout
the developmental period of non-germ cells which functions to regulate genome plasticity
and to define cellular fates. Interestingly, the functionality of L1 in mK4 cells also involved
insertion-independent mechanisms, as changes in cellular differentiation were observed in
cells expressing mutant RT constructs deficient in retrotransposition activity. The extent to
which endogenous activities influence non-insertional patterns of L1 function is not yet
clear, thus definitive answers about the role of insertion independent mechanisms await
further analyses.

The regulatory function of L1 on development of kidney structures likely involves
epigenetic remodeling of chromatin. This interpretation is consistent with our previous
demonstration that corepressors are recruited to L1 promoter in the presence of the E2F/Rb
complex (Montoya-Durango et al., 2009), and reports that L1 influences neuronal
development and differentiation via genetic silencing mechanisms (Muotri et al., 2005).
Thus, early activation of L1 might be required for the maintenance of undifferentiated
phenotypes during early embryogenesis, followed by induction of differentiation through
epigenetic L1 silencing. The involvement of AHR (aryl hydrocarbon receptor) in the
regulation of L1 epigenetics also needs to be considered. AHR is a key regulator of WT1
signaling in the developing kidney (Falahatpisheh and Ramos, 2003), and loss of AHR
protein in vivo correlates with downregulation of renal cell differentiation markers and WT1
expression in metanephric kidneys (Ramos et al., 2006). Importantly, we have shown that
L1 is regulated at the transcriptional level by AHR protein, and that both AHR null cells and
knock-down of the AhR by siRNA fail to respond to L1 induction by hydrocarbons (Teneng
et al., 2007). Together, these data support a scenario in which activation of AHR by
environmental hydrocarbons alters L1 epigenetic silencing via removal of pRb from the L1
promoter, followed by disassembly of heterochromatin-associated protein complexes in a
genome-wide scale from DNA regions where L1 is present.

Of note was the finding that L1 modulated expression WT1, a master regulator of kidney
and urogenital developmental programming (Falahatpisheh and Ramos, 2003). WT1
functions as a transcriptional regulator of many genes involved in renal cell differentiation,
including Bmp7, Pax2, Egfr and Sall1 (Hartwig et al., 2010). In addition, WT1 binds RNA
to control genetic networks of differentiation via non-transcriptional mechanisms (Bor et al.,
2006; Gessler et al., 1992). Thus, modulation of genetic and epigenetic programs in
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embryonic kidney cells via ectopic L1 may be directly linked to the downregulation of WT1
protein, and the consequent induction of lesser differentiated phenotypes. This interpretation
is consistent with the ability of hydrocarbon ligands of AHR to coordinately modulate L1
and WT1 in embryonic kidney cells, implicating L1 and WT1 in a cellular feedback loop in
which L1 reactivation mediates marked downregulation of morphogenetic markers of renal
cell development. Interestingly, L1-mediated shifts toward undifferentiated phenotypes did
not compromise anchorage-dependent growth, suggesting that L1 does not induce
acquisition of neoplastic phenotypes.

A previous study tracking embryonic L1 events in transgenic mice using an L1-EGFP
construct whose expression requires a cycle of transcription, reverse transcription, and
integration into a transcriptionally-permissive genomic region has shown that
retrotransposition occurred exclusively in mouse testes (Prak et al., 2003). No somatic
retrotransposition was detected, suggesting low frequency retrotransposition, consistent with
low levels of L1 RNA in organs other than the testes. Given genetic similarities and linkages
between gonadal and urogenital development, it is likely that L1 functions as a master
regulator of early nephrogenesis via regulatory functions at the level of chromatin through
heterochromatin formation and possibly RNA interference.

We have reported previously that hydrocarbon challenge leads to proteasomal degradation
of AHR protein in vivo, and delayed renal cell differentiation associated with altered WT1
splice variants (Falahatpisheh and Ramos, 2003; Ramos et al., 2006; Teneng et al., 2011).
Thus, it is likely that during development, hydrocarbons activating L1 retroelements through
dysregulation of AHR and WT1 networks elicit phenotypic and genotypic changes that
negatively impact embryogenesis and predispose to later-onset adult disease. This
hypothesis is consistent with the notion that genomic changes during critical developmental
periods defines susceptibility to disease and set the stage for adult-onset disease (Barker,
1995; Beaulac-Baillargeon and Desrosiers, 1987). The impact on genetic regulation in the
embryo is likely not restricted to the developing kidney and may in fact contribute to
morphogenetic deficits in other tissues where AHR and/or WT1 play important roles (for
review see (Ramos and Nanez, 2009) and references herein). For instance, AHR -/- mice
present defects in vascular structures, extramedular hematopoiesis, reduced liver weight,
cardiac hypertrophy, and hypertension (Fernandez-Salguero et al., 1995; Lahvis et al., 2000;
Lahvis et al., 2005; Lund et al., 2003; Lund et al., 2006; Schmidt et al., 1996). In humans,
fetal exposure to environmental hydrocarbons as seen in pregnant women who smoke may
disrupt morphogenesis pathways regulated by L1 retroelements and predispose to diverse
pathologies during adulthood. This suggestion is consistent with the occurrence of low birth
weights and tissue hypoplasia seen in newborns exposed to tobacco smoke constituents
during early developmental periods (Barker, 1995; Nelson et al., 1999a; Nelson et al.,
1999b).

At the DNA and chromatin levels, L1 retrotransposition events may lead to genetic
rearrangements and mutations, as well as epigenetic silencing of otherwise transcriptionally
active chromatin regions by forming nucleation sites for DNA and nucleosomal
hypermethylation and heterochromatin formation, as is the case for the X-chromosome
(Chow et al., 2010). Given that the L1 promoter is bidirectional (Yang and Kazazian, 2006),
reactivation under stress conditions may also impact the expression of neighboring
eukaryotic genes that otherwise would remain silenced, thus leading to dedifferentiation of
tissues and disease. New genomic tools allowing for deep sequencing of the human genome
will shed light into whether L1 orchestrates expression of chromatin regions where gene
clusters associated with development become L1 targets.
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Figure 1. L1RP Retrotransposition in primary cells
(a) Illustration of synthetic L1RP construct and the mechanism of reinsertion-dependent
neomycin resistance in mK4 cells. (b) Six clones from each experiment were isolated and
expanded on G418-containing medium. Genomic DNA was extracted and used as the
template for PCR. Lanes 1-6, DNA was isolated from G418-resistant clones; lane 7 DNA
from original unspliced L1RP plasmid.
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Figure 2. Stable expression of L1RP in mK4 cells accelerates cellular proliferation
Graphical representation of results from cell counts performed for 6 consecutive days after
initial seeding. mK4 cells were transfected with L1RP, L1 reverse transcriptase (RT) mutant
(p105), or empty plasmid (pGESH) and selected for hygromycin resistance. After selection,
cells were counted and seeded at a density of 2.0 × 103 cells/cm2 in 48 well-plates. Assays
were performed in triplicate and data are representative of a typical experimental result.
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Figure 3. Ectopic expression of L1RP in mK4 cells inhibits mesenchymal-epithelial transition in
mK4 cells
mK4 cells were transiently transfected with L1RP or empty plasmid (pGESH). Forty eight hr
after transfection, cells were processed for immunostaining or RNA extraction. (a)
Immunofluorescence staining of L1RP using L1 ORF1 antibodies. Cells were transfected on
glass slides and immunostained for L1 ORF1. Real time PCR analyses confirmed high
expression of ectopic L1RP-specific mRNA in transiently transfected mK4 cells (not shown).
(b) mK4 cells were transiently transfected with L1RP, RT mutant (p105) or empty plasmid
(pGESH). Forty eight hr later RNA was extracted and processed for real time PCR analyses
of mK4 differentiation markers Wnt4, Igfr1, Igf2r and Wt-1. β-actin and 18 S RNA were
used as controls. (c) mK4 cells transfected on glass slides as in (a) were immunostained with
antibodies targeting IGF1R, WT1 or vimentin (control) protein respectively. Expression of
L1RP or RT mutant reduces IGF1R and WT1 protein levels in mK4 cells. Asterisk indicates
statistically significant differences in gene expression as compared to empty plasmid
(p<0.05).
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Figure 4. BaP downregulates morphogenetic markers of differentiation in mK4 cells
mK4 cells were grown in 10-cm plates and allowed to reach 80% confluence. Cells were
treated with DMSO vehicle or 3 μM BaP for 48 hr. RNA was harvested 9, 15, or 51 hr after
BaP challenge and cDNA used to analyze changes in expression of mK4-associated
developmental markers. (a) qPCR results for time-dependent variations in Cyp1a1 mRNA
expression after BaP challenge. (b) qPCR results for time-dependent variation of mK4
differentiation markers Sfrp1, Igf1r, Igf2r, Wnt4, and E-cadherin. Results were normalized
to DMSO vehicle control. Bars represent the standard error of the mean for fold changes. All
experiments were performed independently at least three times. Asterisk indicates
statistically significant differences in gene expression as compared to empty plasmid
(p<0.05).
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Figure 5. Environmental hydrocarbons alter the expression of WT1 variants in mK4 cells
mK4 cells were grown in 10-cm plates and allowed to reach 80% confluence. Next, cells
were treated with DMSO vehicle or 3 μM BaP for 9, 15, or 51 hr. RNA was harvested at
each time point and cDNA used to analyze changes in expression of WT1 variants.
Normalized changes in gene expression after qPCR are shown for (a) +KTS; (b) −KTS; (c)
+17 aa; and (d) − 17aa. Bars represent the standard error of the mean. Results for triplicate
assays performed independently at least three times. Asterisk indicates statistically
significant differences in gene expression as compared to empty plasmid (p<0.05).
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Figure 6. BaP alters the expression of WT1 targets in mK4 cells
mK4 cells were grown in 10-cm plates and allowed to reach 80% confluence. Next, cells
were treated with DMSO vehicle or 3 μM BaP for 9, 15, or 51 hr. RNA was harvested at
each time point and cDNA used to analyze changes in expression of the WT1 targets Synd1,
Pax2, Egfr, and RARα. Normalized changes in gene expression after qPCR are shown. Bars
represent the standard error of the mean. Results for triplicate assays performed
independently at least three times. Asterisk indicates statistically significant differences in
gene expression as compared to empty plasmid (p<0.05).
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Figure 7. TCDD dysregulates morphogenetic and WT1 networks in mK4 cells
mK4 cells were treated with toluene vehicle or 1 nM TCDD. RNA was harvested 48 hr after
TCDD challenge and cDNA used to analyze changes in expression of mK4-associated
developmental markers, WT1 variants, or WT1 target genes respectively. (a) qPCR results
show variations in expression of mK4 differentiation markers Synd1, Pax2, Egfr, and RARα
following TCDD challenge. (b) qPCR results for TCDD-induced changes in WT1 variants
+KTS, -KTS, +17aa, -17aa. (c) qPCR results for variation in WT1 network targets Synd1,
Pax2, Egfr, RARα, and TauT. Bars represent the standard error of the mean. Results for
triplicate assays performed independently at least three times. Asterisk indicates statistically
significant differences in gene expression as compared to empty plasmid (p<0.05).
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