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SUMMARY

TRIM28 is a corepressor that mediates transcriptional silencing by establishing local
heterochromatin. Here, we show that deletion of TRIM28 in neural progenitor cells (NPCs) results
in high-level expression of two groups of endogenous retroviruses (ERVs): IAP1 and
MMERVK10C. We find that NPCs use TRIM28-mediated histone modifications to dynamically
regulate transcription and silencing of ERVSs, which is in contrast to other somatic cell types using
DNA methylation. We also show that derepression of ERVs influences transcriptional dynamics in
NPCs through the activation of nearby genes and the expression of long noncoding RNAs. These
findings demonstrate a unique dynamic transcriptional regulation of ERVS in NPCs. Our results
warrant future studies on the role of ERVs in the healthy and diseased brain.
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The mammalian brain is an extremely complex organ harboring more than a thousand
different types of neurons that serve a wide variety of functions. How this complexity is
achieved remains largely unknown. However, epigenetic mechanisms such as DNA
methylation, histone modification, and noncoding RNAs are thought to be important in
establishing a high diversity of gene expression from the same template, leading to a spatial
pattern of transcription. How distinct transcriptional programs are established in different
neuronal populations remains poorly understood, but one interesting recently proposed
hypothesis suggests transposable elements (TES) to be involved in this process (Muotri et
al., 2007; Reilly et al., 2013). TEs are repetitive mobile genetic elements that were originally
considered to be parasitic DNA without any function, popularly termed “junk DNA.” Today,
it is becoming increasingly clear that TEs can act as gene regulatory elements by serving as
hubs for chromatin modifications and by acting as transcriptional start sites for noncoding
RNAs. Consequently, TEs are very well suited to influence gene expression and may play
an important role in controlling and fine-tuning gene networks in the brain (Jern and Coffin,
2008; Cowley and Oakey, 2013).

Retroviruses are found in most vertebrates and can transform their genetic material and
integrate into the host genome as proviruses to produce new viruses. Occasionally,
retroviruses infect germline cells allowing the integrated proviruses to be passed on to the
offspring as an endogenous retrovirus (ERV). Around 8%-10% of the human and mouse
genome are composed of this type of TE, and, despite up to millions of years since their
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integration in host germline, many ERVSs contain sequences that can serve as transcriptional
start sites or as cis-acting regulatory elements in the host genomes (Jern and Coffin, 2008).
The large amount of ERVs in mammalian genomes suggest that they play important roles in
the host organisms, for instance, by influencing gene regulatory networks (Kunarso et al.,
2010; Feschotte, 2008), but ERVs have also been linked to diseases. In humans, aberrant
expression of ERVs has been found in both cancer and brain disorders, although causality
remains to be established (Jern and Coffin, 2008; Douville et al., 2011). Thus, ERVs may
contribute both beneficial and detrimental effects, which have been balanced throughout
evolution, to the host organism.

ERVs are silenced during the first few days of embryogenesis by TRIM28 (tripartite motif-
containing protein 28, also known as KAP1 or TIF1lbeta), a transcriptional corepressor
essential for early mouse development (Cammas et al., 2000; Rowe et al., 2010). During the
extensive genome reprogramming that takes place at this period, TRIM28 is recruited to
ERVs via sequence-specific Kriippel-associated box zinc-finger proteins (KRAB-ZFPs), a
family of transcription factors that has undergone a rapid expansion in mammalian genomes
in parallel with the expansion of ERVs (Wolf and Goff, 2009; Thomas and Schneider,
2011). TRIM28 then induces repressive histone modifications by recruiting multiprotein
complexes including the H3K9 methyltransferase SETDB1 (also known as ESET), the
histone deacetylase-containing NURD complex, and heterochromatin protein 1 (HP1)
(Schultz et al., 2002; Sripathy et al., 2006). Deletion of Trim28 or Setdbl in ESCs leads to
loss of the H3K9me3-mark at ERVS, resulting in transcriptional activation of these elements
(Matsui et al., 2010; Rowe et al., 2010).

However, KRAB-ZFP/TRIM28 histone-based repression of ERVs rapidly gives place to a
more permanent silencing mechanism, as the TRIM28-mediated recruitment of de novo
DNA methyltransferases leads to cytosine methylation at CpG dinucleotides (Ellis et al.,
2007; Wiznerowicz et al., 2007; Rowe and Trono, 2011). The maintenance DNA
methyltransferase complex then ensures that DNA methylation is maintained, alleviating the
need for sequence-specific KRAB-ZFPs and TRIM28. In mouse embryonic fibroblasts as
well as in all adult tissues examined so far, TRIM28 depletion has no impact on ERV
silencing, which is instead released by drugs such as 5-azacytidine or by deletion of DNA
methyltransferases (Jackson-Grusby et al., 2001; Hutnick et al., 2010).

DNA methylation has long been considered as a stable epigenetic mark resulting in
maintenance of DNA-methylation patterns throughout the lifespan of an organism.
However, several recent studies demonstrate a unique dynamic regulation of DNA-
methylation patterns in the brain (Sweatt, 2013). There is also evidence that retroelements
and transposons are highly active during brain development and in neural progenitor cells
(NPCs) (Muotri et al., 2005, 2010; Baillie et al., 2011; Evrony et al., 2012; Li et al., 2013;
Perrat et al., 2013). For example, LINE-1 elements have been found to be transcriptionally
active and to retrotranspose in NPCs (Muotri et al., 2005, 2010; Coufal et al., 2009). In
addition, we have previously found that deletion of TRIM28 in postmitotic forebrain
neurons results in complex behavioral alterations, including vulnerability to stress
(Jakobsson et al., 2008). In the present work, we demonstrate that NPCs use TRIM28-
mediated histone modifications to dynamically regulate the transcription and silencing of
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ERVs, rather than the DNA methylation at play in other somatic tissues. We also unveil that
derepression of ERVs influences transcriptional dynamics in NPCs, by activating nearby
genes and the expression of long noncoding RNAs (IncRNAS).

RESULTS

TRIM28-Deficient NPCs Express High Levels of ERVs

To investigate if TRIM28 contributes to ERV silencing in NPCs we established Trim28-
deficient NPC cultures. We crossed transgenic NestinCre mice (Tronche et al., 1999) with
mice carrying floxed Trim28-alleles (Trim28%/M) (Weber et al., 2002), resulting in excision
of Trim28 in neural progenitors at the time when Nestin-expression is initiated, starting
around embryonic day 10 (E10). At E13.5, we collected embryos, dissected the forebrain,
and established NPC cultures from individual embryos (Figures 1A and 1B). We confirmed
the deletion of Trim28 by genotyping for the excised allele and by verifying the absence of
TRIM28 protein (Figures 1C and 1D). We collected RNA from Trim28~/~ NPCs and wild-
type controls and performed RNA extraction followed by deep sequencing (RNA-seq). The
resulting reads were mapped against reference sequences from Repbase, a database
containing consensus sequences for known repetitive elements (Jurka et al., 2005). We
found that several ERVs were highly upregulated in Trim28~/~ NPCs, including, e.g., Mus
musculus ERV using tRNALYS type 10C (MMERVK10C) and intracisternal A-particles class
1 (IAP1) (Figure 1E; Tables S1 and S2). Other retroelements such as MusD and LINE-1
were modestly upregulated, whereas several other types of common repetitive elements
were unaffected (Figure 1E;Tables S1 and S2).

We confirmed increased transcription of MMERVK10C and 1AP1 elements using
quantitative RT-PCR (gRT-PCR) (Figure 1F). In contrast, when we used primer pairs
designed to recognize the consensus sequence of the entire | AP-family, including more
ancient | AP elements, we detected only a modest upregulation (Figure 1F). This finding is in
line with the results of the RNA-seq, which indicated that only certain types of IAP elements
were upregulated in Trim28~/~ NPCs. Also in agreement with the RNA-seq, qRT-PCR
analyses indicated that deletion of Trim28 in NPCs only modestly increased the expression
of other retroelements such as LINE-1 or MusD (Figure 1F). We confirmed these results in
cultures derived from two separate embryos (data not shown).

Trim28~/~ NPCs proliferated at a similar rate compared to cells generated from wild-type
and heterozygous siblings and could be expanded for more than 60 passages. However, we
observed that Trim28~~ NPCs were growing in dense cluster-like formations, which seemed
to attach less to the flask surface compared to the wild-type control. Trim28~/~ NPCs could
also be differentiated to both neurons and astrocytes suggesting that TRIM28 has no major
influence on the self-renewal and differentiation of NPCs (Figures 1G and 1H).

MMERVK10C Elements Are Controlled by TRIM28

The RNA-seq analysis indicated that MMERVK10C elements were among the most
upregulated ERVs following Trim28-deletion in NPCs. MMERVK10C is a beta-like ERV
similar to HERVK (HML2), one of the most recent ERVS to invade the human genome
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(Reichmann et al., 2012) (Belshaw et al., 2005). MMERVK10C sequences flanked by
RLTR10C make up putative proviral sequences of around 8.4 kb. In the mouse genome,
MMERVK10C is present in a few complete provirus loci (~20) and more than 1,000
incomplete loci (Reichmann et al., 2012). We performed sequence analysis of the
MMERVK10C provirus for the presence of retroviral features using the RetroTector software
(Sperber et al., 2007). Based on this analysis, we designed primers recognizing the LTRS,
gag, pol, and env of the MMERVK10C provirus and investigated expression levels in
Trim28~/~ NPCs (schematics in Figure 2A). We found that transcripts over the entire region
of the provirus were increased, including a massive expression of env sequences when
compared to wild-type controls (170-fold; Figure 2B).

Ascertaining that the ERV induction observed in NPCs isolated from Trim28~/~ animals was
not secondary to more general developmental anomalies, knocking down TRIM28 in wild-
type NPCs by lentivector-mediated RNA interference led to a marked upregulation of these
retroelements (Figure 2C). Furthermore, increased ERV expression was detected in
forebrain tissue from Trim28~/~ embryos (Figure 2D).

In ESCs, TRIM28 controls ERV expression via histone modifications including H3K9
trimethylation (Rowe et al., 2010), whereas it is DNA methylation that instead prevails in
somatic tissues. In NPCs, we found that the MMERVK10C provirus was enriched in
H3K9me3, and that this repressive mark was markedly reduced in Trim28~/~ NPCs (Figure
2E).

Because MMERVK10C appeared to be under TRIM28 control in NPCs, we hypothesized
that at least a proportion of these retroelements escaped DNA methylation in these cells. To
probe this issue, we examined the DNA methylation status of full-length MMERVK10C,
which were among the most highly upregulated retroelements in Trim28~/~ NPCs. Bisulfite
sequencing of a CpG-island located in the 3’ region of MMERVK10C revealed several
clones with some unmethylated CpGs (17% unmethylated CpGs, Figure 2F) in NPCs,
whereas this region was almost fully methylated in DNA extracted from mouse tail (7%
unmethylated CpGs, Figure 2F, Fisher’s exact test one-sided p < 0.05). Moreover, we found
no difference in the level of CpG methylation between wild-type and Trim28~~ NPCs. In
summary, these data suggest that a proportion of the MMERVK10C elements are spared
from undergoing DNA methylation specifically in NPCs during early development.

Increased Expression of IAP1 Results in ERV-Derived Protein Expression

|AP1 elements, which lose H3K9me3 marks and were also highly upregulated in Trim28~/
NPCs (Figures 3A and 3B), are internalized env-lacking mouse ERVs that demonstrate a
large degree of polymorphism among different mouse strains and maintain the capacity to
retrotranspose. Using immunocytochemistry with an IAP-specific antibody, we found a
uniform, high-level 1AP-gag expression located to the cytoplasm in Trim28~/~ NPCs (Figure
3C).

Taken together, these data demonstrate that deletion of TRIM28 in NPCs results in a
massive transcriptional increase of ERVS, including MMERVK10C and IAP1. NPCs thus
appear to constitute a cellular environment distinct from that of other somatic cells studied
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so far, with the TRIM28-induced histone-based repressive mechanism playing a role in ERV
control.

Activation of ERVs Correlates with Increased Transcription of Nearby Genes

The ability of ERVs to attract transcription factors and silencing complexes has led to a
reassessment of their role in the host genome. ERVs are now considered to be important
transcriptional regulatory elements that shape and influence gene expression during early
development (Isbel and Whitelaw, 2012). For example, we have recently found that
TRIM28 controls the expression of developmental genes by repressing ERV-associated
enhancers in pluripotent cells (Rowe et al., 2013). Twenty-six MMERVK10C proviruses and
361 IAP proviruses that were upregulated in Trim28~/~ NPCs were mapped to precise
genomic locations (Figure S1). Out of these 387 proviruses, 90 were situated close to genes
(<50 kb). We found that 25 of those genes (28%) demonstrated significantly increased
expression, whereas expression of only six of them was decreased (7%) (Figure 4A). We
also found that those 90 genes located close to upregulated ERVs (ERV-up genes) were on
average 3-fold upregulated in Trim28~/~ cells (Figure 4B). In contrast, a random selection of
ERVs that was not upregulated in Trim28~/~ cells (n = 129, MMERVK10C and IAP1
elements) did not affect nearby genes (ERVs-ctrl genes, n = 50, Figure 4B). Interestingly,
we also found that ERV-up genes were expressed at low levels in wild-type cells (Figure
4C), which is in agreement with a model where ERVs mediate repressive regulation of
nearby genes caused by the attraction of the TRIM28 silencing complex to ERV sequences.
We validated the increased expression of five ERV-up genes in Trim28~/~ cells using qRT-
PCR (Figure 4D).

ERVs Produce Long Noncoding RNAs

We looked in detail at BC048671, which is a protein-coding transcript that is induced in
Trim28~/~ NPCs but completely absent in wild-type NPCs. BC048671 is located 5 kb
downstream of an |AP element, which is also highly upregulated in Trim28~~ NPCs. The
RNA-seq data show that transcriptional initiation at the AP element results in the formation
of a long transcript (>10 kb) that extends into the coding sequence of BC048671 (Figure
4E). The presence of high levels of this long transcript was verified using gRT-PCR primers
located both upstream and within the coding sequence of BC048671 (Figure 4F). Thus,
readthrough of an ERV-derived transcript into another locus is likely to be one of several
mechanisms by which nearby gene expression can be affected (see also Figure S2). This
finding supports the notion that a general feature of ERVs might be to act as transcriptional
start sites for long noncoding RNAs (IncRNAs). Indeed, when we scrutinized ERV elements
located in gene free regions, we found that both |AP and MMERVK10C elements serve as
start sites for INcCRNAs (Figures 4G and 41). Using qRT-PCR, we confirmed high-level
expression of two ERV-derived INcRNAs in Trim28~/~ NPCs (Figures 4H and 4J). The
length of the ERV-derived IncRNAs did in many cases extend 25 kb (Figure 4K). These
data demonstrate that derepression of ERVs in NPCs can result in the expression of multiple
IncRNAs. The functional role of IncRNAs in NPCs remains largely unexplored, but they are
thought to play important regulatory roles and have been implicated as scaffolds for nuclear
protein complexes and as antisense transcripts in the control of epigenetic pathways
(Guttman and Rinn, 2012).
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DISCUSSION

In pluripotent stem cells, TRIM28 is a master corepressor of retroelements including ERVs
(Matsui et al., 2010; Rowe et al., 2010). When these cells differentiate into various somatic
cell types, DNA methylation is instated on ERV sequences, which ultimately results in
stable silencing that is no longer dependent on TRIM28 (Wiznerowicz et al., 2007; Rowe et
al., 2013). Thus, when TRIM28 is deleted from various somatic cell types such as
fibroblasts, hepatocytes, and white blood cells, no increased ERV expression is detected
(Rowe et al., 2010; Bojkowska et al., 2012; Santoni de Sio et al., 2012a, 2012b). Here, we
describe an exception to this rule. When TRIM28 is deleted in NPCs, several ERVs become
highly expressed. This finding unravels a unique transcriptional regulation of ERVs in
NPCs.

ERVs regulated by TRIM28 in NPCs are recent invaders of the mouse genome. |AP1 is the
most recent member of the well-studied IAP ERVs (Qin et al., 2010). IAPs are ERVs that
have lost the env gene and adopted an intracellular life cycle (Ribet et al., 2008). |AP1 has
been shown to retrotranspose and has distinct integration patterns in different strains of
laboratory mice (Li et al., 2012). MMERVK10C, another ERV massively upregulated in
Trim28~/~ NPCs, is poorly characterized, and it is unclear if it is still endowed with
retrotransposition potential, whether on its own or with the support of factors provided in
trans. A previous study that analyzed the structure of MMERVK10C elements in the mouse
genome found that the majority of these elements have 3’ deletions removing the start of the
gag open reading frame as well as the major part of env (Reichmann et al., 2012). Our data
demonstrate that, in NPCs, TRIM28 controls the rare copies of env-containing
MMERVK10C elements, which are most likely to be the youngest ones, raising the
possibility that these recent invaders of the mouse genome contain cis-acting genomic
elements that allow them to escape DNA methylation in NPCs.

The classic view of repetitive mobile genetic elements as parasitic DNA without beneficial
function to the host is challenged in many ways. There are a number of recent studies
indicating that transposable elements (TES) play important roles in establishing and rewiring
gene networks (Kunarso et al., 2010; Chuong et al., 2013). TEs have been shown to act as
enhancers, repressors, and alternative promoters. In addition, TEs can affect splicing
patterns and produce peptides with important functional roles (Jern and Coffin, 2008). In
this study, we demonstrate that activated ERVs can influence gene expression of nearby
genes, such as BC048671, and serve as start sites for INcRNAs. Taken together, our findings
indicate that ERVs participate in the control of gene networks in the brain.

We have previously demonstrated that deletion of Trim28 in postmitotic forebrain neurons
results in complex behavioral changes (Jakobsson et al., 2008). In addition, heterozygous
germline deletion of Trim28 has been described to result in abnormal behavioral phenotypes
(Whitelaw et al., 2010). In this study, we found that deletion of Trim28 during brain
development is lethal (Figure S3). In addition, we also noted that heterozygous deletion of
Trim28 during brain development resulted in behavioral changes characterized by
hyperactivity (Figure S3). Together, these findings demonstrate that disruption of TRIM28
levels in the mouse brain results in behavioral changes that are similar to impairments found
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in humans with certain psychiatric disorders. With this in mind, it is noteworthy that
increased levels of ERV transcripts have been detected in patients with several neurological
and psychiatric disorders (Jeong et al., 2010; Douville et al., 2011; Li et al., 2012; Karlsson
et al., 2001). The significance of these findings has been questioned because the human
genome does not appear to harbor ERVs with known retrotransposing capacity (Jern and
Coffin, 2008). However, the increasing evidence that derepression of ERVs influence gene
networks, including the findings presented here, provides a potential mechanistic
explanation for these observations.

In summary, our data suggest that ERVs may be involved in the regulation of gene
expression in NPCs and may hereby offer a link between ERVs and brain disorders. It seems
unlikely that behavioral phenotypes would arise from the derepression of a single ERV-
induced gene. Instead, the presence of ERVs in multiple copies scattered throughout the
genome allows for a powerful network-like control of gene expression, where dysregulation
could result in widespread consequences. However, due to the large numbers of ERVs
present in the mouse and human genome and their sequence variation, it is currently
unfeasible to demonstrate a causal role for ERVs in controlling complex behavior or brain
disorders using loss-of-function approaches, such as gene targeting and small hairpin RNA
(shRNA) knockdown. Instead, improving our knowledge of critical host factors and
networks controlling ERVs is essential to appreciate their impact on the genome and
pathologies that may stem from their dysregulation. The demonstration that there is an
ongoing dynamic TRIM28-mediated regulation of ERVs in NPCs is a step in this direction
and warrants future studies of epigenetic and posttranscriptional regulation of ERVSs in the
healthy and diseased brain.

EXPERIMENTAL PROCEDURES

Procedures

Detailed experimental procedures can be found in the Supplemental Experimental
Procedures.

Transgenic Animals—All animal-related procedures were approved by and conducted in
accordance with the committee for use of laboratory animals at Lund University. NestinCre
and floxed Trim28 mice have been described previously (Weber et al., 2002; Tronche et al.,
1999).

Cell Culture—NPC was established from embryonic day 13.5 (E13.5) forebrain and
cultured as previously described (Conti et al., 2005).

Immunofluorescence—Immunofluorescence was performed as previously described
(Thompson et al., 2005; Sachdeva et al., 2010).

RNA Studies—RNA-seq and qRT-PCR was performed as previously described (Rowe et
al., 2010). The 50-base-paired end reads were mapped onto the RepBase version 16.08
(Jurka et al., 2005) and to the mouse genome (mm9) assembly. Mapping was done using the
bowtie short read aligner (Langmead et al., 2009).
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Chromatin Immunoprecipitation—Chromatin immunoprecipitation was performed
with iDeal chromatin immunoprecipitation sequencing (ChlP-seq) kit (Diagenode)
according to supplier’s recommendations.

DNA-Methylation Analysis—Bisulfite sequencing was performed with the EpiTect
bisulfite kit (QIAGEN) according to the supplier’s recommendations. Sequence data were
analyzed with the QUantification tool for Methylation Analysis (Kumaki et al., 2008).

Statistical Analysis—An unpaired t test was performed in order to test for statistical
significance. Data are presented as mean = SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Establishment of Trim28-Deficient Neural Progenitor Cultures
(A) Hlustration of the experimental approach.

(B) Representative images of early passage Trim28~~ NPCs.

(C) PCR analysis of genomic DNA from wild-type and Trim28~/~ NPCs demonstrates the
presence of the 152 and 290 bp products corresponding to loxP-flanked or excised Trim28,
respectively.

(D) Verification of a complete lack of TRIM28 protein via immunocytochemistry.

(E) RNA-seq analysis. The graph shows KO samples plotted versus wild-type samples,
where each dot represents a Repbase sequence.

(F) gRT-PCR of RNA isolated from wild-type and Trim28~/~ NPCs.

(G) Trim28-deficient NPCs display a homogenous expression of NESTIN.

(H) Immunofluorescent analysis of differentiated NPCs.

Data are presented as mean of relative values £ SEM. **p < 0.01, ***p < 0.001, Student’s t
test. Scale bars, 200 (A) and 50 (B) um. See also Tables S1 and S2.
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Figure 2. Analysis of the Putative MMERVK10C Provirus
(A) Schematic drawing of the MMERVK10C provirus and approximate primer positions.

(B) Quantitative analysis of transcript le

vels of different regions of the MMERVK10C

provirus in Trim28~/~ and wild-type NPCs.
(C) gRT-PCR analysis of MMERVK10C following TRIM28-shRNA knockdown.
(D) gRT-PCR analysis of E13.5 forebrain dissected from intercrosses of NestinCre

Trimzgfloxed mice.

(E) ChIP for H3K9me3 in Trim28~/~ and wild-type NPCs.

(F) Bisulfite sequencing analysis of the 3’ end region of MMERVK10C. Empty and full
circles represent unmethylated and methylated CpGs, respectively.

Data are presented as mean of relative values £ SEM. *p < 0.05, Student’s t test.
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Figure 3. Analysis of | AP1 Expression
(A) Quantitative analysis of transcript levels of different regions of |AP1 provirus in

Trim28~/~ and wild-type NPCs.

(B) ChIP for H3K9me3 in Trim28~/~ and wild-type NPCs.

(C) Confocal analysis of immunofluorescence staining for IAP-gag on Trim28~/~ and wild-
type NPCs. Scale bar, 10 um.

Data are presented as mean of relative values + SEM. *p < 0.05, Student’s t test.
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Figure 4. Activation of ERVs Influences Expression of Nearby Genes and Results in the
Expression of IncRNAs

(A) Transcriptional change of genes located close (<50 kb) to ERVs in Trim28~/~ NPCs.
(B) Mean transcriptional change of genes located to ERVs with increased transcription
(ERV-up genes) and genes located close to unchanged ERVs (ERV-ctrl genes) in Trim287/~
NPCs.

(C) Absolute expression level of ERV-up genes and ERV-ctrl genes in wild-type NPCs.

(D) gRT-PCR of RNA isolated from wild-type and Trim28~/~ NPCs.
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(E) Screen shot from the USCS genome browser (mm39) showing induced transcription of
BC048671 in Trim28~/~ NPCs.

(G, I, and K) Activation of ERVs results in the expression of IncRNAs. Screen shot from the
USCS genome browser (mm9).

(F, H, and J) gqRT-PCR of RNA isolated from wild-type and Trim28~~ NPCs. Primers are
indicated as green bars and include primers over the ERV junction as well as close and more
distant from the 3’ end of the ERVs.

Data are presented as mean of relative values £ SEM. *p < 0.05, Student’s t test. See also
Figures S1 and S2.

Cell Rep. Author manuscript; available in PMC 2015 May 18.



