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Abstract

The PGBD3 piggyBac transposon inserted into CSB intron 5 early in the primate lineage. As a
result of alternative splicing, the human CSB gene now encodes three proteins: CSB, a CSB-
PGBD3 fusion protein that joins the N-terminal CSB domain to the C-terminal PGBD3
transposase domain, and PGBD3 transposase. The fusion protein is as highly conserved as CSB,
suggesting that it is advantageous in health; however, expression of the fusion protein in CSB-null
cells induces a constitutive interferon (IFN) response. The fusion protein binds in vivo to PGBD3-
related MERS85 elements, but is also tethered to c-Jun, TEAD1, and CTCF motifs by interactions
with the cognate transcription factors. The fusion protein regulates nearby genes from the c-Jun
(and to a lesser extent TEAD1 and CTCF) motifs, but not from MERS5 elements. We speculate
that the fusion protein interferes with CSB-dependent chromatin remodeling, generating double-
stranded RNA (dsRNA) that induces an IFN response through endosomal TLR or cytoplasmic
RIG-1 and/or MDA5 RNA sensors. We suggest that the fusion protein was fixed in primates
because an elevated IFN response may help to fight viral infection. We also speculate that an
inappropriate IFN response may contribute to the clinical presentation of CS.
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1. Hiding in plain sight: the (re)discovery of the CSB-PGBD3 fusion protein

In late spring of 2005, while checking the NCBI Entrez Gene portal for sequence updates,
John Newman noticed an annotated PGBD3 piggyBac transposon embedded in intron 5 of
the human CSB gene (also known as ERCC6). According to the spliced EST and mRNA
tracks on the UCSC browser, this PGBD3 element appeared to be functioning as an
alternative 3" exon that could be spliced either to CSB exons 1-5 or to a fragment of CSB
exon 5 transcribed from a cryptic promoter within that exon (Fig. 1A). It did not take long to
discover that the PGBD3 element contained a continuous ORF encoding the PGBD3
transposase flanked upstream by a 3” splice site and downstream by a polyadenylation site;
and most strikingly, the transposase ORF was in frame with CSB exon 5 suggesting, as we
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soon confirmed, that the human CSB locus generated not one but three proteins: full length
CSB by default splicing of CSB exons 1-22, a CSB-PGBD3 fusion protein by alternative
splicing of CSB exons 1-5 to the 3’ terminal PGBD3 exon, and solitary PGBD3 transposase
by splicing of the exon 5 fragment to the 3" terminal PGBD3 exon (Fig. 1B). Perhaps most
surprisingly, the CSB-PGBD3 fusion protein was not a curiosity of the human genome, but
had first arisen in the common ancestor of humans and marmoset about 43 million years ago
(Mya) and had been highly conserved ever since — strongly implying that the fusion protein
conferred a selective advantage on our primate ancestors and continues to do so today.
Finally, as might be expected from such extraordinary conservation, the two new proteins
generated by alternative splicing and polyadenylation were abundant: In a survey of 7 cell
lines, the CSB-PGBD3 fusion protein was typically 4-fold more abundant than full length
CSB protein, and the solitary PGBD3 transposase 4-fold more abundant than the fusion
protein (Newman et al., 2008).

We were convinced from the beginning that the CSB-PGBD3 fusion protein was likely to
play a role in CS because it was difficult to believe that an abundant protein which shares a
465 residue N-terminal domain with CSB and has been conserved for 43 My would nothave
some effect on CSB functions — whether as a modulator of CSB activity in normal
individuals, a modulator of disease in CS individuals, or in some other capacity we could not
yet imagine. We also wanted ensure that the inconvenient truth (3 proteins from 1 gene)
would not remain hidden in plain sight from the CS community on the UCSC browser. Still,
we wondered about our debt to the unnamed bioinformaticist (or algorithm) who discovered
and annotated the presumptive CSB-PGBD3 fusion protein. Was this unsung curator fully
aware of the provocative implications of the genomic and transcriptional anatomy, or was it
all in a day’s work and quickly forgotten? And how could we publish our (re)discovery of
the fusion protein without including the invisible benefactor as coauthor? When all was said
and done, it took more work at the bench than we anticipated to prove the browser right, and
the experimental value-added satisfied the demands of conscience and reviewers.

2. MERS85s, a large family of internally deleted PGBD3 elements, complicate
the CSB-PGBD3 story

PGBD3, like many other inverted terminal repeat transposons, has given rise to a family of
Miniature Inverted Terminal Repeat Transposable Elements or MITEs (Feschotte and
Pritham, 2007; Feschotte, 2008). These 140 bp MER85s are nonautonomous, internally-
deleted PGBD3 elements that have lost the transposase ORF, but retain all terminal
sequences required for mobilization in trans by the PGBD3 transposase (Fig. 1A); the
essential sequences include not only the perfect 13 bp inverted repeats at the ends of the
element, but internal sequences that are distinct in structure and function, and confer polarity
on MERS5s as is the case for most other MITEs (Feschotte and Pritham, 2007; Feschotte,
2008). MERS5s arose in the common ancestor of Old World and New World Monkeys
about 40-45 Mya and multiplied to over 889 dispersed copies (Gray et al., 2012) before
mobility declined about 35 Mya (Lander et al., 2001) -— perhaps because the transposase
activity was lost to mutation or selected against to prevent runaway multiplication. Since the
PGBD3 transposase ORF is highly conserved from marmoset to human, we initially
speculated that the CSB-PGBD3 fusion protein might regulate genes by binding to nearby
MERS8S5s through the C-terminal PGBD3 domain (Newman et al., 2008 and Fig. 2, middle
panel). As discussed in detail below, we found that the CSB-PGBD3 fusion protein as well
as solitary PGBD3 transposase do indeed bind to the (arbitrarily designated) “left end” of
MERSS elements both in vitro and in vivo, but apparently do not regulate a significant
number of nearby genes from these sites; rather, the CSB-PGBD3 fusion protein regulates
expression of nearby genes when tethered through protein/protein interactions to c-Jun,
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TEAD1, CTCFL1, and presumably other transcription factors bound to their cognate binding
motifs (Gray et al., 2012).

Taken together, the available genomic data suggest that the CSB-PGBD3 fusion protein and
MERS8S5s both arose in the common ancestor of humans and marmosets (a New World
monkey). We do not know whether the CSB-PGBD3 fusion protein or MERS85 elements
arose first, but the transposase of the PGBD3 transposon that first inserted into CSB intron 5
must have been inactivated soon thereafter (or even beforehand) because all available CSB-
PGBD3 fusion protein sequences (marmoset, rhesus macaque, baboon, orangutan, gorilla,
chimpanzee, and human) share the same D352N mutation in the second of the three catalytic
aspartates (Newman et al., 2008, Figs. S7 and S8; and unpublished observations) that were
previously identified experimentally in the cabbage looper moth (Trichoplusia ni) piggyBac
transposase (Keith et al., 2008). Any further transposition of MER85 elements would then
have relied on PGBD3 transposase activity provided by what subsequently became one of
the four PGBD3 pseudogenes (Newman et al., 2008).

3. The PGBD3 transposon evolved to function as a 3’ terminal exon

Mobile elements are incredibly diverse, and appear to have explored almost every
imaginable replicative lifestyle in all three kingdoms of life. Yet piggyBac transposons are
the only superfamily of mobile elements in which some members such as PGBD3 survive as
obligate alternative 3" exons (Newman et al., 2006). This unusual lifestyle has several
advantages: (1) PGBD3 takes advantage of host gene introns as safe havens for insertion
that do not interrupt resident ORFs — thus avoiding harmful insertional mutagenesis; (2)
PGBD3 transcription is driven by a host gene promoter — greatly expanding the host range
of PGBD3 elements; (3) PGBD3 exploits alternative splicing and the near-universality of
eukaryotic mRNA splicing and polyadenylation signals in order to generate a novel N-
terminal fusion protein while maintaining nearly normal levels of the host protein — thus
skillfully dodging the risk of a knockout mutation; (4) judging by the ability of the T. ni
piggyBac transposase to function efficiently in flies, maize, mice, humans, and many other
organisms (Yusa et al., 2011), piggyBac transposase appears capable of catalyzing precise
integration and excision without help from host factors — thus further expanding the host
range as shown for other horizontally transferred transposons (Mitra et al., 2008; Li et al.,
2012); and finally (5) the T. ni piggyBac transposase more readily tolerates N-terminal
fusions than the Sleeping Beauty, hAT-like Tol2, and Mos1 Mariner transposases (Wu et al.,
2006) — suggesting that piggyBac transposase naturally tolerates (or has evolved to
tolerate) the N-terminal fusions required for its lifestyle as an obligate 3" terminal exon.

4. CSB protein plays a general role in chromatin remodeling and
transcription elongation

While studying the gene structure, transcription, and function of human small nuclear RNAs
(U snRNAs), we discovered that loss of CSB activity causes site-specific metaphase
chromosome fragility of four tandemly repeated gene families encoding small RNAs — the
RNUI locus at 1p36 containing about 30 tandem genes for U1 snRNA, the RAMUZ locus at
17921-g22 containing about 5-25 tandem genes for U2 snRNA, the RN/5S locus at 1g42
containing about 200 tandem genes for 5S ribosomal RNA (rRNA), and the ancient PSUZ
locus at 1q12-g22, that once encoded U1 snRNA but now consists entirely of dead or dying
U1 pseudogenes (Yu et al., 2000, and references therein). These results were puzzling
because (1) CSB was thought to be a DNA repair factor with an essential role in
transcription-coupled nucleotide excision repair (TC-NER), yet there was no indication that
these four genomic loci were subject to constitutive DNA damage or ongoing DNA repair;
and (2) Ul and U2 snRNA are transcribed by RNA polymerase Il like mMRNAs, whereas 5S
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rRNA is transcribed by RNA polymerase 111 like tRNAs, yet loss of CSB affected all three
loci equally. This forced us to consider the possibility that CSB plays a role in transcription
as well as in DNA repair.

To generate clues regarding potential CSB functions in processes other than DNA repair, we
resorted to an hypothesis-free approach, and compared gene expression in the classic CSB
compound heterozygote CS1AN before and after rescue by stable transfection with a normal
CSB cDNA expression construct (Newman et al., 2006). Surprisingly, we found that many
of the CSB-regulated genes were also affected by treatments and mutations that modulate
histone acetylation, DNA methylation, poly(ADP)ribosylation, and RNA polymerase Il
elongation — all of which affect chromatin structure. As might have been expected,
however, no DNA repair signatures were observed in these undamaged cells. We therefore
concluded that CSB plays a general role in maintenance and remodeling of chromatin
structure, and we also suggested — based on additional signatures in the gene expression
data — that CS might be “a disease of transcriptional deregulation caused by misexpression
of growth suppressive, inflammatory, and proapoptotic pathways” (Newman et al., 2006).

5. The CSB-PGBD3 fusion protein induces, and coexpression of CSB
represses, an innate interferon-like response in CSB-null UVSS1KO cells

The discovery of the CSB-PGBD3 fusion protein (Newman et al., 2008) cast a new light on
Newman et al. (2006) where we had assumed that the CS1AN compound heterozygote, with
one allele containing a honsense mutation in exon 5 and the other a frameshift in exon 13
(Laugel et al., 2010), was a true CSB-null. In fact, CS1AN continues to express the CSB-
PGBD3 fusion protein from the frameshift allele. Although this did not change our
conclusion that CSB plays a general role in chromatin remodeling, it prevented us from
disentangling the role (if any) of the CSB-PGBD3 fusion protein from that of CSB in gene
expression.

Conservation of the CSB-PGBD3 fusion protein for 43 My suggests that it is advantageous
in health when CSB is functional, but potentially harmful when functional CSB is lost or
depleted in CS (Newman et al., 2008). To genetically dissect the contributions of CSB and
the CSB-PGBD3 fusion protein to gene expression, we constructed four stable lines derived
from the true CSB-null line, UVSS1KO, with homozygous nonsense mutations at residue 77
(Horibata et al., 2004) that prevent synthesis of the CSB-PGBD3 fusion protein (Horibata et
al., 2011). Gene expression in these four stable lines — expressing either CSB protein only,
CSB-PGBD3 fusion protein only, both proteins, or neither — was then characterized using
Affymetrix U133A Plus 2.0 chips (Bailey et al., 2012).

Consistent with the interpretation that the fusion protein is advantageous in health but
harmful in disease, we found that (1) stable expression of the CSB-PGBD3 fusion protein in
CSB-null UVSS1KO cells — recreating a CS genotype — induces a constitutive innate
antiviral IFN response in the complete absence of viral infection; and (2) coexpression of
functional CSB with the CSB-PGBD3 fusion protein in the same cells — recreating a
normal genotype — dramatically represses the IFN-like response (Bailey et al., 2012; Gray
et al., 2012). Specifically, expression of the CSB-PGBD3 fusion protein alone strongly
induces a host of IFN-related genes including all three subunits of the IFN-stimulated
transcription factor ISGF3 (STAT1, STATZ2, and IRF9); the oligoadenylate synthetases
(OAS1, OAS2, OAS3, and OASL); the IFN-stimulated and inducible genes 1SG15, 1SG20,
IFI6, IFI27, IF144, IF144L, IFHYL, IFITL, IFIT2, IFIT3, IFIT5, and IFITM1; the type | IFN
receptor IFNAR2; and the receptor-activated JAK1 kinase. In addition, expression of CSB
and the CSB-PGBD3 fusion protein together, but neither alone, upregulates the insulin
growth factor binding protein IGFBP5 by 7-fold and downregulates IGFBP7 by 3-fold,
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consistent with the hypothesis that organismal resources are reallocated by the IGF1/insulin
pathway from growth to somatic preservation in response to unrepaired DNA damage (van
der Pluijm et al., 2007; Niedernhofer et al., 2006).

6. The IFN-like response induced by the CSB-PGBD3 fusion protein
resembles the sustained IFN response normally maintained by
unphosphorylated STATs (U-STATS)

The acute phase of a normal IFN response is effective against viruses, bacteria, and other
pathogens but, like many drugs and chemotherapy regimens, is cytotoxic for the cell. Cheon
and Stark (2009) and Cheon et al. (2011) have recently demonstrated that the canonical IFN
response has two phases — an acute cytotoxic phase driven by STATS that are sequentially
phosphorylated on tyrosine and serine (P-STATS) to meet the immediate threat, and a more
moderate phase of sustained vigilance driven by unphosphorylated STATs (U-STATS) to
insure that the threat has been vanquished. Ptyr-STATS are typically generated by JAK and
TYK family kinases activated by IFN-stimulated IFN receptors but, as the initial IFN signal
subsides, the remaining Ptyr-STATS continue to stimulate STAT transcription, initiating a
positive feedback loop in which U-STATS activate their own transcription along with a more
moderate subset of IFN-related genes.

Consistent with the notion that expression of the CSB-PGBD3 fusion protein in CSB-null
UVSS1KO cells induces and sustains the second phase of an IFN-like response, we found
that the fusion protein (1) failed to induce IFN mRNA,; (2) induced 18 of the 20 genes most
strongly induced in BJ fibroblasts by the Y701F-STAT1 mutant that cannot be
phosphorylated on tyrosine; and (3) induced phosphorylation of STAT1 on serine but not on
tyrosine, suggesting that the fusion protein induces the IFN response pathway downstream
of the canonical tyrosine phosphorylation of STAT1 by IFN-activated receptor JAK/TYK
kinases (Bailey et al., 2012).

Although induction of an IFN-like response by the CSB-PGBD3 fusion protein remains
surprising, it is 770t surprising that this response resembles the second phase of a normal IFN
response — a period of heightened vigilance instead of the life-and-death decisions of the
initial acute response (Bailey et al., 2012). Indeed, we suggest below that the CSB-PGBD3
fusion protein may have been fixed 43 Mya and maintained ever since because it raises our
threshold levels of viral and/or pathogen defense — in effect paying the smaller price of
sustained vigilance to avoid the larger price of catastrophic infection.

7. CSB and the CSB-PGBD3 fusion protein induce related antiviral
responses in different genetic backgrounds

The CSB compound heterozygote CS1AN expresses no functional CSB, but it continues to
express the CSB-PGBD3 fusion protein from one of its two mutant CSB alleles (Horibata et
al., 2011). When we rescued CS1AN by stable expression of normal CSB cDNA, gene
expression analysis using the L2L Microarray Suite and Database (Newman and Weiner,
2005) revealed strong chromatin remodeling and transcription elongation signatures, but
considerably weaker IFN and antiviral signatures (Newman et al., 2006). However, when we
reanalyzed the same CS1AN datasets using MSigDB instead of L2L, we found that
expression of CSB in the CS1AN compound heterozygote upregulated 15 IFN-related
genes, 12 of which are also upregulated by expression of CSB-PGBD3 fusion protein in the
CSB-null UVSS1KO line and belong to 3 related antiviral themes — viral RNA recognition
(RIG-1, MDAJ), regulation of protein biosynthesis (IFIT1, IFIT2) or degradation (ISG15,
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HERCS5, RBBP6, TRIM14), and membrane-mediated antiviral activities (GBP1, IFITM1,
PLSCR1, RSAD?2) (Bailey et al., 2012).

The 12 proteins induced by both CSB-PGBD3 fusion protein in CSB-null UVSS1KO cells
and coexpression of CSB with endogenous CSB-PGBD3 in CS1AN cells are not the only
antiviral proteins induced by the fusion protein. Most dramatically, the CSB-PGBD3 fusion
protein strongly induces BST2/tetherin in CSB-null UVSS1KO cells. Although unhelpfully
named bone marrow stromal antigen 2 (BST2), this gene encodes the trans-membrane
protein tetherin which, as the name implies, prevents budding and release of enveloped
viruses by tethering nascent buds to the cell surface. Tetherin is induced 26,500-fold by
expression array analysis, 143-fold by RT-PCR assay, and repressed >200-fold by
coexpression of intact CSB as is the case for many other genes induced by the CSB-PGBD3
fusion protein.

Admittedly it is odd, if not paradoxical, that 12 of the same antiviral genes are induced both
by expression of the CSB-PGBD3 fusion protein in a CSB-null UVSS1KO background
(recreating a CS genotype) and by coexpression of CSB with endogenous CSB-PGBD3
fusion protein in the CS1AN compound heterozygote (recreating a normal genotype).
Conceivably, the effects of endogenous CSB-PGBD3 fusion protein generated by the
CS1AN exon 13 frameshift allele could be blunted by the 341 residue N-terminal CSB
fragment expressed from the exon 5 nonsense allele (Laugel et al., 2010; Horibata et al.,
2011), but then rescued by coexpression of functional CSB. Alternatively, genetic or
epigenetic modifiers in the CS1AN and UVSS1KO lines may result in cell line-specific
responses to stable expression of the CSB and CSB-PGBD3 fusion proteins — much as the
same CS genotypes can lead to different clinical presentations.

The observation that about half of all CS patients are consangineous (Laugel et al., 2010)
suggests that genetic background can significantly affect clinical outcome. For example,
patient UVSS1KO has a homozygous nonsense mutation at codon 77, expresses no CSB-
related polypeptides, but is only mildly UV sensitive and had not exhibited any signs of CS
by age 33 (Horibata et al., 2004); whereas patient KPSX6 is homozygous for a frameshift
mutation at codon 77, and also lacks any CSB-related polypeptides, but exhibited late onset
(type I11) CS beginning at age 45 (Hashimoto et al., 2008). Moreover, two other CS patients,
CS539VI and CS548VI, have identical homozygous deletions of the CS promoter and 5
UTR, and lack any CSB-related polypeptides, but exhibited classical early onset (type I) CS
(Laugel et al., 2008). Thus the absence of CSB-related polypeptides can cause UVSS,
delayed onset (type I11) CS, or classical (type I) CS. The poor correlation of many CS
genotypes with clinical phenotypes suggests that what is true for patients may also be true
for cell lines, although perhaps not for precisely the same reasons. We can only suggest that
the ability of CSB and the CSB-PGBD3 fusion protein to coregulate a subset of antiviral
genes, albeit in different genetic backgrounds, may imply that the CSB-PGBD3 fusion
protein was fixed in the primate lineage about 43 Mya because it modulated, augmented,
diversified, or partially antagonized existing CSB functions.

8. Upregulation of the RIG-I and MDAS viral RNA sensors by the CSB-
PGBD3 fusion protein in the apparent absence of JAK/STAT signaling
suggests that the fusion protein may phenocopy an RNA virus infection

Stable expression of the CSB-PGBD3 fusion protein in CSB-null UVSS1KO cells strongly
upregulates the viral RNA sensors RIG-1 (6- to 8-fold) and MDADS (36-fold) that normally
function in the innate, intracellular antiviral defense. The ability of the CSB-PGBD3 fusion
protein to induce an IFN-like response in CSB-null UVSS1KO cells, but without inducing
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IFN mRNAs (assayed by microarrays) or activating JAK/STAT signaling (assayed by
immunoblotting for Ptyr-STAT1), suggested that the fusion protein might phenocopy or
mimic a cell autonomous RNA virus infection. Indeed, the localization of nucleic acid-
sensing toll-like receptors TLR3, 7, 8, and 9 to the endoplasmic reticulum (Beutler et al.,
2006) provide clear evidence that the innate immune response is designed to initiate from
within the cell as well as from without. We therefore suggested that loss of the CSB
chromatin remodeling protein (Newman et al., 2006), or the presence of the CSB-PGBD3
fusion protein (Newman et al., 2008) in the absence of functional CSB (Bailey et al., 2012),
might disrupt chromatin remodeling by interfering with CSB-dependent functions —
thereby allowing bidirectional transcription and generation of double-stranded RNA
(dsRNA) that can activate the RIG-1 and/or MDAS5 RNA sensors (Bailey et al., 2012). We
elaborate on this working hypothesis below.

9. The CSB-PGBD3 fusion protein functions as a transcription factor when
bound to chromosomal c-Jun/TRE, TEAD1, and CTCF proteins, but not
when bound to MERS85 elements

As shown in Fig. 2, we initially speculated that the CSB-PGBD3 fusion protein might affect
gene expression by binding to MER85 elements through the C-terminal PGBD3 domain and
regulating nearby promoters and enhancers through the 465 residue N-terminal CSB domain
(Newman et al., 2008). What we actually found by ChlP-seq identification of genomic CSB-
PGBD3 fusion protein binding sites was totally different.

Although the CSB-PGBD3 fusion protein binds to 363 of 889 genomic MERS85 elements in
vivo, these peaks did not correlate significantly with nearby genes that are located less than
1 Mb away and regulated by stable expression of the CSB-PGBD3 fusion protein in CSB-
null UVSS1KO cells (Gray et al., 2012). Indeed, MER85s constituted only 18% of the 2,087
genomic CSB-PGBD3 fusion protein binding peaks; 44% of the fusion protein peaks were
found directly and symmetrically over c-Jun/AP1/TRE, TEAD1, and CTCF motifs, and a
remarkable 42% of the equally significant and symmetrical peaks were located over no
recognizable sequence features whatsoever (Fig. 3). Unexpectedly, the CSB-PGBD3 fusion
protein binds to AP1/TRE motifs by protein/protein interactions between c-Jun and the N-
terminal CSB domain of the fusion protein (Gray et al., 2012); binding to TEAD1 and CTCF
motifs is presumably mediated by the cognate factors, although we do not know whether
these protein/protein interactions also involve the N-terminal CSB domain (blue) or the C-
terminal PGBD3 domain (orange) of the fusion protein (Figs. 2 and 3). The remaining 42%
of the CSB-PGBD3 peaks could reflect direct binding of the fusion protein to variable or
gapped DNA sequence motifs that MEME cannot recognize; or indirect binding through
protein/protein interactions between the N-terminal CSB-domain of the fusion protein and
RNA polymerase Il (Gray et al., 2012) or topoisomerase | (Horibata et al., 2011).

The observation that the CSB-PGBD3 fusion protein binds to c-Jun through the N-terminal
CSB-domain (Gray et al., 2012) was unexpected, but suggests an intriguing scenario when
combined with the discovery that the N-terminal domain of CSB autoinhibits CSB
chromatin remodeling (Lake et al., 2010). Admittedly, c-Jun does not bind CSB in a
coimmunoprecipitation assay from UVSS1KO cells (Gray et al., 2012, Fig. 9); however,
CSB could potentially bind c-Jun after ATP-dependent relief of N-terminal repression in the
context of chromatin — thereby favoring CSB remodeling near occupied c-Jun motifs. A
possible implication would be that c-Jun sites (and perhaps TEAD1 and CTCF sites as well)
are CSB-dependent, and are among the sites that are misregulated when the CSB-PGBD3
fusion protein is expressed in the absence of CSB.
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10. Does the CSB-PGBD3 fusion protein disrupt chromatin remodeling,
generating dsRNA that mimics RNA viral infection and induces an IFN
response?

Using GREAT analysis (McLean et al., 2010), we found that the CSB-PGBD3 fusion
protein regulates nearby genes through protein/protein interactions with c-Jun/AP1, TEAD1,
and CTCEF transcription factors bound to their cognate DNA motifs (Fig. 2). Although genes
that are regulated in this fashion by the fusion protein correlate significantly with TGF-beta
signaling (from AP1/TRE sites), IFN-gamma signaling (from AP1/TRE and TEAD1 sites),
carcinogenesis (from AP1/TRE, TEADL, and sites with no detectable motif), and I1L-2
signaling (from sites with no detectable motif), the IFN-gamma correlation was no stronger
than the others, and no IFN-alpha or IFN-beta correlation could be seen (Gray et al., 2012).
Many other scenarios are possible, but these data suggest once again that the CSB-PGBD3
fusion protein may induce the IFN response not by regulating specific genes in the IFN
signaling pathway, but by interfering with normal CSB-dependent functions in genomewide
chromatin remodeling and/or transcriptional elongation.

Taken together, the absence of detectable Ptyr-STAT1 which normally drives an autocrine
IFN response, the relatively modest regulation of IFN-related genes by chromatin-bound
CSB-PGBD3 fusion protein, and the ability of the CSB-PGBD3 fusion protein to strongly
induce the RIG-1 and MDAS5 RNA sensors, are all consistent with a model in which the
CSB-PGBD3 fusion protein disrupts chromatin remodeling, allowing bidirectional
transcription, production of double stranded RNA (dsRNA), and consequent induction of a
cell autonomous innate IFN response driven by the the cytoplasmic RIG-1 and MDA5 RNA
sensors, or the endosomal TLR3, 7, or 8 RNA sensors (Bailey et al., 2012). On the other
hand, the ability of the CSB-PGBD3 fusion protein to inhibit repair of camptothecin-induced
covalent complexes between topoisomerase | and DNA suggests an alternative scenario in
which the CSB-PGBD3 fusion protein inhibits repair of endogenous topoisomerase I-DNA
complexes (Horibata et al., 2011) — potentially inducing an autocrine IFN response just as
the camptothecin derivative Topotecan induces IFN-beta and other cytokines including
TNF-alpha, IL-6, and IL-8 (Wan et al., 2012). However, the absence of detectable Ptyr-
STAT1 argues against the autocrine IFN response in this scenario. Note that in either
scenario, the CSB-PGBD3 fusion protein could be regarded as a “recessive negative”
because, unlike a “dominant negative,” the fusion protein is largely recessive to functional
CSB (Horibata et al., 2011; Bailey et al., 2012) consistent with CS genetics (Nance and
Berry, 1992; Laugel et al., 2010).

11. The N-terminal CSB and C-terminal PGBD3 domains of the CSB-PGBD3
fusion protein can independently affect gene expression

We had expected that gene regulation by the CSB-PGBD3 fusion protein would require both
the N-terminal CSB domain (functioning as the “effector” end of the molecule) and the C-
terminal PGBD3 transposase domain (tethering the effector end to chromosomal MER85
elements) (Fig. 2). However, when CSB-null UVSSS1KO cells were stably transfected with
the artificial chimeras CSB-Lacl or eGFP-PGBD3, using the natural CSB-PGBD3 fusion
protein as a positive control, we found that the N-terminal domain of CSB alone (in the
CSB-Lacl chimera) induced many of the same IFN-related genes as the fusion protein, while
PGBD3 alone (in the eGFP-PGBD3 chimera) induced some of the same genes as the N-
terminal CSB domain and the fusion protein (Gray et al., 2012; Fig. 11). These results were
also consistent with our ChIP-seq evidence that the CSB-PGBD3 fusion protein does not
regulate IFN-related genes by binding to nearby MERS5 elements (Fig. 3, and Gray et al.,
2012). The simplest, albeit provisional, interpretations of these data are that (1) the PGBD3
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domain of the CSB-PGBD3 fusion protein may serve primarily to stabilize, localize, or
deliver the N-terminal CSB domain to the cell; and (2) the PGBD3 domain may
independently regulate some genes — perhaps by DNA wrapping or bending as seen for
other DNA transposases (Montafio et al., 2012). However, the ability of the N-terminal CSB
and C-terminal PGBD3 domains of the CSB-PGBD3 fusion protein to induce some of the
same IFN-related genes currently defies explanation.

12. What do we know about the function of the N-terminal CSB domain?

The N-terminal CSB domain of the CSB-PGBD3 fusion protein has emerged as a central
player that may be largely responsible for induction of the IFN response. Comparatively
little is known about the role of the N-terminal domain in normal CSB functions, but it is
clear that this domain can exert both positive and negative effects: (1) Intact CSB is required
for efficient transcription of ribosomal RNA in vivo (Bradsher et al., 2002), and the stable
N-terminal CSB fragment found in the compound heterozygote CS1AN interferes with
rRNA transcription in vitro (Lebedev et al., 2008). Admittedly the N-terminal CSB domain
of the CSB-PGBD3 fusion protein is somewhat larger than the stable CS1AN fragment (465
versus 341 residues), but the two may behave similarly. Thus loss of CSB, or the continued
presence of the fusion protein in the absence of CSB, could cause the cachexia typical of CS
(Nance and Berry, 1992) by impairing rRNA transcription as suggested by Bradsher et al.
(2002). (2) UV-induced association of CSB with chromatin requires ATP-dependent relief
of N-terminal autorepression (Lake, 2010), suggesting that the N-terminus regulates CSB
chromatin remodeling activity. (3) Surprisingly, both the CSB-PGBD3 fusion protein as
well as the stable N-terminal CSB fragments found in CS1AN (341 residues) and CS3PV
(452 residues) inhibit repair of covalent complexes between DNA topoisomerase | and DNA
(Horibata et al., 2011). Thus stable N-terminal CSB fragments and the CSB-PGBD3 fusion
protein may be partially redundant in CS individuals who express both. (4) Using host cell
reactivation (HCR) assays, we found that the CSB-PGBD3 fusion protein inhibits TC-NER
of oxidative damage only slightly, but strongly synergizes with CSB to stimulate UV repair
by 200-250% (Bailey et al., 2012; Fig. 2B). As HCR assays are difficult to interpret
mechanistically, the safest conclusion may be that the fusion protein can, as might be
expected for a protein that shares an N-terminal CSB domain of 465 residues, either help or
hinder CSB-dependent TC-NER. And finally (5) given the role of acidic regions as
transcriptional activators with the potential to modulate chromatin structure (Neumann et al.,
2012), it is tempting to speculate that the acidic N-terminal domain of CSB in the CSB-
PGBD3 fusion protein might facilitate PGBD3 transposition by opening the chromatin
structure of donor elements or target sites. On the other hand, although the N-terminal
domain of CSB is conserved, deletion of the 39 residue acidic region does not affect
transcription-coupled repair (TC-NER) or general genome repair (GGR) of UV-induced
crosslinks and bulky adducts (Sunesen et al., 2000).

13. Does the CSB-PGBD3 fusion protein confer increased resistance to

infectious disease?

We speculated that the ability of the CSB-PGBD3 fusion protein to induce a constitutive
IFN response may have increased basal resistance to viral, and perhaps even bacterial,
fungal, protozoan, or multicellular parasitic infections (Bailey et al., 2012). However, this
speculation is not easily tested because (1) the potential infectious agents are extraordinarily
diverse and constantly changing over time and place (Hayward et al., 2011); (2)
physiological traits like pathogen resistance are extremely difficult to quantify in natural
populations (Kingsolver et al., 2001) and are surely multigenic (Ferris et al., 1983); (3)
although evolutionary biologists agree that immunity is metabolically costly, and that too
weak or too strong an immune response to any particular pathogen could be harmful or
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lethal (Colditz, 2008), very few evolutionary biologists have dared to tackle the role of
natural selection in shaping the subtlety, flexibility, redundancy, and complexity of the
innate and adaptive immune responses — a challenge that will ultimately require a systems
biology approach (Tan et al., 2012); and finally (4) although the mouse might appear to be
an unpromising experimental model because it lacks both an endogenous CSB-PGBD3
fusion protein as well as MERS85 elements, it could serve as a true null background for
examining the regulatory effects of the human CSB-PGBD3 fusion protein, or a murinized
version of the fusion protein in which the human N-terminal CSB domain is replaced by the
highly homologous mouse CSB sequence.

The elevated IFN response we propose here could be seen as Nature’s own form of IFN
therapy. Oral or systemic IFN treatment has been shown to help combat viral infection, and
combination therapy with pegylated interferon and ribavirin is the standard of care for
treating chronic hepatitis C (HCV) infections (Beilharz et al., 2007); Wyles, 2012). Viral
proteins can also suppress IFN signaling or expression, the best-studied examples being the
HCV NS5A protease (Kumthip et al., 2012) and NS2 protease (Kaukinen et al., 2013). Thus
IFN treatment may contribute to the success of HCV combination therapy precisely because
the virus suppresses the normal cellular IFN response. An elevated IFN response — perhaps
when CSB is depleted by stress or DNA damage — could buy time for the innate or
adaptive immune system to fight the early stages of viral infection, or to compensate for
viral suppression of the IFN response later in infection.

14. A role for the CSB-PGBD3 fusion protein in CS is not inconsistent with
the genetics of Cockayne syndrome

Our hypothesis that expression of the CSB-PGBD3 fusion protein in the absence of fully
functional CSB may contribute to CS disease is not inconsistent with CS genetics. CSB
defects are responsible for 70% of CS disease, CSA defects for 20%, and XPB, XPD, and
XPG defects for the remaining 10% (Laugel et al., 2010). Over 90% of all CS patients with
known CSB mutations are capable of expressing the CSB-PGBD3 fusion protein from at
least one allele in the absence of functional CSB (Laugel et al., 2010); and the remaining
30% of CS patients with mutations in CSA, XPB, XPD, and XPG all express the fusion
protein but under conditions where CSB cannot function fully in TC-NER. Thus about 90%
of all CS patients continue to express the CSB-PGBD3 fusion protein under conditions that
potentially sequester CSB in inactive TC-NER complexes or otherwise affect CSB function.
As we have argued elsewhere (Bailey et al., 2012), apparent exceptions may reflect the
modifying effects of variants or mutations in other DNA repair genes (Karahalil, Bohr, and
Wilson, 2012); the modifying effects of genetic background (or possibly environment) in
CS, UV Sensitive syndrome (UVSS), and DeSanctis-Cacchione syndrome patients with
similar or identical mutations (Horibata et al., 2004; Laugel et al., 2008; Colella et al.,
2000); or the observation that nearly half of all CS patients are consanguineous or descended
from small founder populations (Laugel et al., 2010). In fact, it may be useful to regard the
CSB-PGBD3 fusion protein as a part of the genetic background that could be responsible for
the unusual clinical heterogeneity of CS disease (Nance and Berry, 1992).

15. Summary

The fixation of the CSB-PGBD3 fusion protein in the common ancestor of humans and
marmosets, and subsequent conservation of the fusion protein for about 43 Mya, strongly
suggest that the fusion protein is advantageous in healthy individuals. The large size of the
N-terminal CSB domain (52 kDa) that is shared by CSB and the CSB-PGBD3 fusion protein
also suggests (but does not guarantee) that the fusion protein will mimic, modulate, or
functionally interact with CSB; and any protein that affects CSB function in health could, in
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principle, affect loss of CSB function in CS disease. The ability of the CSB-PGBD3 fusion
protein to induce a constitutive IFN response in CSB-null UVSS1KO cells suggests that the
fusion protein may have increased levels of immune defense against viruses and possibly
bacterial or multicellular pathogens. Although the CSB-PGBD3 fusion protein binds to
dispersed MERS85 elements through the C-terminal piggyBac transposase domain, it
regulates nearby genes primarily when tethered to transcription factors such as the activators
c-Jun and TEAD1, and the silencer CTCF, apparently through the N-terminal CSB domain.
However, the genes that are regulated by chromatin-bound CSB-PGBD3 fusion protein
exhibit only a weak IFN-gamma signature. We therefore speculate that the fusion protein
induces the IFN response not by upregulating specific genes, but by interacting with CSB-
dependent chromatin remodeling functions — perhaps leading to bidirectional transcription,
generation of dsRNA, and engagement of intracellular RNA sensors such as endosomal
TLR3, 7, and 8, or cytoplasmic RIG-1 and MDAS5.

Brooks et al. (2008) were the first to notice that three different childhood neuropathies —
Cockayne syndrome, trichiothiodystrophy (TTD), and Aicardi-Goutiéres syndrome (AGS)
— exhibit potentially related forms of cerebral calcification and abnormal myelination
(Brooks et al., 2008; but see Livingston et al., 2012). AGS is caused by a constitutive type |
interferon response or “interferonopathy” resulting from defects in any of 5 genes (Crow,
2011; Rice et al., 2012: Stetson, 2012), whereas functional CSB protein and the CSB-
PGBD3 fusion protein can both induce interferon-related viral defense genes depending on
genetic background (Section 7). We are intrigued by the similarities between CS and AGS,
and further speculate that an inappropriate interferon response may contribute to the
heterogeneous clinical presentation of CS.
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Fig. 1. The PGBD3 transposon functions as an alternative 3” terminal exon, enabling the human
CSB geneto generatethree proteinsinstead of one

Splicing of CSB exons 1-22 generates functional CSB (1493 residues); alternative splicing
of CSB exons 1-5 (residues 1-465) to the piggyBac PGBD3 transposase ORF generates the
CSB-PGBD3 fusion protein (1061 residues); and transcription driven by a cryptic promoter
in exon 5 generates solitary PGBD3 transposase (593 residues). We assume translation of
solitary PGBD3 transposase begins at the first methionine in PGBD3 because initiation at
the last methionine in CSB exon 5 would noticeably increase the predicted gel mobility from
68 kDa to 80 kDa (Newman et al., 2008). An appropriate balance between normal splicing
of the host gene and alternative splicing to the PGBD3 3’ terminal exon is probably
maintained in different host gene contexts by synergy between the 3" splice site and
polyadenylation signal (Niwa et al., 1990) that flank the PGBD3 ORF. Note also that all
CSB mutations downstream of exon 5, and most compound heterozygous mutations seen in
CS, allow synthesis of the CSB-PGBD3 fusion protein in the absence of functional CSB.
The 889 MERS85s are 140 bp mobile elements that were derived from PGBD3 by internal
deletion of the transposase ORF, and subsequently mobilized by a PGBD3 transposase in
trans (Gray et al., 2012; Lander et al., 2001). Key: (A) blue lines, boxes, and arrows, CSB
DNA,; black and gray arrows, CSB and cryptic transcription start sites, respectively; red
lines, mRNA splicing; orange arrow, PGBD3 piggyBac element; pA, poly(A) sites; 5" ss
and 3’ ss, donor and acceptor splice sites. (B) heavy blue lines and boxes, CSB protein
sequences and motifs; heavy orange line, PGBD3 transposase; /ight blue and orange lines,
5" untranslated region. The C-terminal ubiquitin binding domain (UBD) may be part of a
quality control mechanism that prevents incision at the site of DNA damage until the TCR-
NER complex is correctly assembled (Anindya et al., 2010; Gray and Weiner, 2010). The
CSB-PGBD3 fusion protein is also known as CPFP for CSB-piggyBac transposable element
derived 3 fusion protein (Horibata et al., 2011). Adapted from Fig. 1 of Gray et al. (2012).
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Fig. 2. The CSB-PGBD3 fusion protein workstogether with existing transcription factorsand
MERSS elementsto create new layers of regulation on top of established regulatory networks
(upper panel) Genes and transcription factors in the ancestral primate genome before the
CSB-PGBD3 fusion protein arose (43 Mya) and before MERS85s replicated to high copy
number (35 Mya). (middle panel) Anticipated result. The CSB-PGBD3 fusion protein would
bind to MERS85 elements through the PGBD3 domain and regulates nearby genes
presumably through the N-terminal CSB domain. (fower panel) Actual results. The CSB-
PGBD3 fusion protein binds to RNAPII and the c-Jun transcriptional activator through the
N-terminal CSB domain, to the TEAD1 activator and CTCF silencer by as yet
uncharactertized interactions, and to a subset of MER85 elements through the C-terminal
PGBD3 domain (Gray et al., 2012). The binding of the fusion protein to c-Jun, TEAD1, and
CTCEF sites through protein/protein interactions regulates nearby genes. Colocalization of
CTCF with the fusion protein suggests gene regulation through chromatin looping. TRE
motifs (TPA response elements) bind AP-1 family factors such as Jun and Fos. Surprisingly,
only 363 of 889 MER85s bound the fusion protein in vivo, and only 262 of the 1000
strongest fusion protein binding sites contained MER85 elements; the other 738 fusion
protein binding sites are MER85-less. Overall gene regulation by MER85-bound CSB-
PGBD3 fusion protein was not statistically significant (Fig. 3 and Gray et al., 2012) but this
does not rule out MERSS5 regulation of a small number of individual genes. Adapted from
Fig. 12 of Gray et al. (2012).
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Fig. 3. Changesin gene expression correlate with tethering of the CSB-PGBD3 fusion protein to
transcription factorsbound to their cognate motifs

The N-terminal CSB domain (blue) and the C-terminal PGBD3 transposase domain (light
orange) of the fusion protein are color coded as in Fgures 1 and 2. The CSB-PGBD3 fusion
protein binds to MERS85 elements through the PGBD3 domain, and to AP1/TRE motifs by
interactions between bound c-Jun (dark green) and the N-terminal CSB domain of the fusion
protein; similar interactions with TEAD1 (dark orange) and CTCF (magenta) may tether the
CSB-PGBD3 fusion protein those motifs. The mode of binding to apparently featureless
sequences is unknown. Gene sets (/ef?) refer to genes up- or down-regulated by stable
expression of the CSB-PGBD3 fusion protein in CSB-null UVSS1KO cells (Bailey et al.,
2012). The most significant p-values (red font) indicate that up-regulation of nearby genes
correlates with binding to AP1/TRE motifs, down-regulation with binding to unknown
sequences, conformations, or modifications. TEAD1 regulates both up- and down-regulation
weakly; CTCF mainly affects up-regulation. Adapted from Fig. 11 of Gray et al. (2012).
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