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Abstract
Cockayne syndrome is a segmental progeria most often caused by mutations in the CSB gene
encoding a SWI/SNF-like ATPase required for transcription-coupled DNA repair (TCR). Over 43
Mya before marmosets diverged from humans, a piggyBac3 (PGBD3) transposable element
integrated into intron 5 of the CSB gene. As a result, primate CSB genes now generate both CSB
protein and a conserved CSB-PGBD3 fusion protein in which the first 5 exons of CSB are
alternatively spliced to the PGBD3 transposase. Using a host cell reactivation assay, we show that
the fusion protein inhibits TCR of oxidative damage but facilitates TCR of UV damage. We also
show by microarray analysis that expression of the fusion protein alone in CSB-null UV-sensitive
syndrome (UVSS) cells induces an interferon-like response that resembles both the innate antiviral
response and the prolonged interferon response normally maintained by unphosphorylated STAT1
(U-STAT1); moreover, as might be expected based on conservation of the fusion protein, this
potentially cytotoxic interferon-like response is largely reversed by coexpression of functional
CSB protein. Interestingly, expression of CSB and the CSB-PGBD3 fusion protein together, but
neither alone, upregulates the insulin growth factor binding protein IGFBP5 and downregulates
IGFBP7, suggesting that the fusion protein may also confer a metabolic advantage, perhaps in the
presence of DNA damage. Finally, we show that the fusion protein binds in vitro to members of a
dispersed family of 900 internally deleted piggyBac elements known as MER85s, providing a
potential mechanism by which the fusion protein could exert widespread effects on gene
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expression. Our data suggest that the CSB-PGBD3 fusion protein is important in both health and
disease, and could play a role in Cockayne syndrome.
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1. Introduction
Cockayne syndrome (CS) is a devastating and ultimately fatal progeroid syndrome affecting
hundreds of children and occasional adults worldwide. Although often apparently normal at
birth, children affected by this multisystem disorder soon exhibit postnatal growth failure,
wasting (cachexia), progressive neurological and retinal degeneration, mental retardation,
skeletal abnormalities, gait defects, and sun sensitivity, but never an increase in skin cancer
or other tumors.

Most cases of CS are caused by mutations in the Cockayne syndrome Group B gene (CSB,
also known as ERCC6) encoding a SWI/SNF-like DNA-dependent ATPase that can wind
DNA [1] and remodel chromatin both in vitro [2] and in vivo [3]. The remaining cases of CS
are caused by mutations in the CSA gene [4] which is required for ubiquitin-dependent
degradation of CSB [5–7], or by rare alleles of the xeroderma pigmentosum (XP) genes
XPB, XPD, and XPG [8]. These three XP genes are required along with XPA, XPC, XPE,
and XPF for nucleotide excision repair (NER), and loss of XP gene function results in
susceptibility to skin cancer.

Significantly, all 5 genes that can cause CS (CSA, CSB, XPB, XPD, and XPG) are required
for transcription-coupled repair (TCR or TC-NER) where XPB and XPD are subunits of
TFIIH and XPG is required to stabilize TFIIH [9]. In TCR, actively transcribing RNA
polymerase II (pol II) stalls at DNA damage, triggering assembly of an NER complex that
repairs the transcribed strand of the DNA and allows transcription to proceed [10]. TCR is
distinct from global genome repair (GGR) which detects and repairs DNA damage on both
strands of the DNA independently of transcription throughout the cell cycle. Although the
NER complexes formed in TCR and GGR contain the same core factors (XPA, XPB, XPD,
XPF and XPG), the GGR complex requires two additional proteins (XPC and XPE) whose
functions in recognizing and partially unwinding the DNA damage are performed by pol II
in TCR. An emerging view is that CSB serves as an adaptor to assemble a stable NER
complex wherever pol II has stalled at DNA damage, and CSA then removes CSB and pol II
leaving an NER complex in place [6, 11]. Thus CSA, CSB, XPB, XPD, and XPG mutations
that cause CS may do so not just directly by failing to carry out TCR, but also indirectly by
trapping scarce CSB in stable nonfunctional TCR complexes; the resulting depletion of free
CSB could then affect many genes whose transcription or chromatin structure is dependent
on CSB in normal growth [3] and in hypoxia [12].

Although CS is usually recessive, complete loss of CSB function does not invariably cause
CS. A 33 year old male, UVSS1KO, who expressed no CSB-related proteins as a result of a
nonsense mutation at CSB codon 77, exhibited UV sensitive syndrome (UVSS) but no other
CS symptoms [13]. A 47 year old woman, KPSX6, with a frameshift mutation at the same
codon, was initially diagnosed with UVSS and did not exhibit late-onset progeria until age
45 [14]. Thus the complete absence of CSB protein can in fact be less harmful than
expression of larger CSB nonsense fragments or full length missense mutants. Most
recently, Laugel et al. [15] described two CS patients, CS539VI and CS548VI, in which
identical homozygous mutations spanning the 5' UTR eliminate all CSB transcription, yet
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cause classical early-onset CS. Interestingly, all four of these unusual UVSS or CS
individuals with complete loss of CSB expression appear to be consanguineous: The parents
of UVSS1KO are first cousins; the parents of KPSX6 are said to be consanguineous; and
patients CS539VI and CS548VI, although apparently unrelated, are both from the highly
inbred population of Reunion Island consistent with a founder effect. Consanguinity in all
four of these cases may not be coincidental, and suggests that genetic background might
delay or accelerate the appearance of CS symptoms. Indeed, background effects could
explain the unusually heterogeneous onset, severity, and multiplicity of CS symptoms [16]
as well as the telling observation that the same CSB R735opal mutation can cause either CS
or a form of XP known as DeSanctis-Cacchione syndrome [17].

Several years ago, we found that the piggyBac transposable element PGBD3 had integrated
into intron 5 of the primate CSB gene before marmosets diverged from humans >43 Mya
[18]. As a result, the primate CSB gene now generates three proteins: intact CSB, a more
abundant CSB-PGBD3 fusion protein in which the first 5 of the 22 CSB exons are
alternatively spliced to the PGBD3 transposase, and most abundant of all, solitary PGBD3
transposase transcribed from an internal promoter in CSB exon 5 (Fig. 1). Conservation of
the CSB-PGBD3 fusion protein for >43 My strongly suggests that the fusion protein is
advantageous in the presence of functional CSB; and the shared N-terminal CSB domain
suggests that CSB and the CSB-PGBD3 fusion protein may be functionally related.

CSB mutations that cause CS are uniformly distributed over the entire CSB coding region
[8] but only those nonsense and frameshift mutants located downstream of intron 5 continue
to make the CSB-PGBD3 fusion protein ([18] and Fig. 1). The implication is that CS usually
reflects loss of functional CSB but does not require, and may even be unaffected by,
continued expression of the CSB-PGBD3 fusion protein. A priori, however, the CSB-
PGBD3 fusion protein could be advantageous, neutral, or disadvantageous in the absence of
functional CSB.

In order to understand the roles of the CSB-PGBD3 fusion protein in health and disease, we
set out to investigate the functions of the protein experimentally. We show here that (1) the
fusion protein inhibits TCR of oxidative damage but facilitates TCR of UV damage —
demonstrating that it can modulate DNA damage responses; (2) expression of the fusion
protein in CSB-null UV-sensitive syndrome (UVSS) cells induces an interferon-like
response resembling both the innate antiviral response as well as the prolonged interferon
response normally maintained by unphosphorylated STAT1 (U-STAT1) — implying that
the fusion protein may elevate basal levels of antiviral and antipathogen defenses; (3)
coexpression of the fusion protein with CSB upregulates the insulin growth factor binding
protein IGFBP5 and downregulates IGFBP7 — suggesting that the fusion protein may also
confer a metabolic advantage; and finally (4) the fusion protein binds in vitro to a dispersed
family of 900 internally deleted piggyBac elements known as MER85s — suggesting that
the CSB-PGD3 fusion protein, when bound to MER85 or related elements, may regulate
expression of nearby genes. Taken together, our data support the hypothesis that the CSB-
PGBD3 fusion protein is important in health, and may also play a role in CS disease.

2. Materials and methods
2.1. DNA constructs

The parent for all expression constructs was the bicistronic pIREShyg3 vector (Clontech). A
N-terminal 3 FLAG tag was inserted to generate pFLAG-IREShyg, followed by an HA tag
to generate pFLAG-HA-IREShyg. Open reading frames for intact CSB (4.5 kb) and the
CSB-PGBD3 fusion protein (3.2 kb) were inserted downstream of the tags to generate
pFLAG-HA-CSB-IREShyg and pFLAG-HA-CSB-PGBD3-IREShyg. To generate pFLAG-
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CSB-PGBD3-IRESneo, the hygR gene of pFLAG-HA-IREShyg was replaced by the neoR

gene from pIRESneo3, and the open reading frame of the CSB-PGBD3 fusion protein was
inserted downstream of the tags. Details are available upon request.

2.2. Stably transfected pools
pFLAG-HA-CSB-IREShyg3, pFLAG-HA-CSB-PGBD3-IREShyg3, and the empty vector
pFLAG-HA-IREShyg3 were linearized with XhoI just downstream from the poly(A) site,
and transfected using TransIT-LT1 reagent (Mirus) into UVSS1KO cells grown in DMEM.
Selection with 100, 150 and 200 µg/ml hygromycin (Invitrogen) was begun after 24 h, and
both drug and media were refreshed every 48–72 h. Confluent wells containing 50–100
colonies were trypsinized and passaged thereafter as pools. To generate doubly-transfected
cells for the HCR experiments, the singly-transfected hygromycin-resistant pools were
transfected with either pFLAG-CSB-PGBD3-neo linearized by PvuI within the ampR gene,
or with pFLAG-neo linearized with SpeI just upstream from the CMV promoter. G418
selection was increased from 200 to 600 µg/ml while continuing 200 µg/ml hygromycin
selection. We were unable to obtain hyg + CSB-neo or fusion-hyg + CSB-neo cells that
expressed readily detectable CSB protein. For clarity, the cell lines used in this and the
previous study [3] are listed in Table 1.

2.3. Western blots
To assay CSB and CSB-PGBD3 expression (Fig. S1), subconfluent cells were harvested,
resuspended in 2 × SDS sample loading buffer, and immediately heated to 100°C for 10
min. To assay STAT1 expression, cytoplasmic and nuclear fractions were prepared as
described [20, 21]. To examine the UV response, adherent cells were washed in PBS,
subjected to 40 J/m2 UV irradiation, and allowed to grow for 30 min in fresh medium before
harvest [22]. SDS-PAGE and Western blots were as described previously [18]. CSB and the
CSB-PGBD3 fusion protein were detected with an antigen-purified rabbit polyclonal raised
against CSB residues 1–240 [23]. The β-actin loading and dilution control was detected with
a mouse monoclonal antibody (Sigma-Aldrich A2228). STAT1, phospho-STAT1(Tyr701)
and phospho-STAT1(Ser727) antibodies were used to identify STAT1 phosphorylation
states (Cell Signaling Technology #9172, #9171 and #9177). HRP-conjugated secondary
antibodies were goat anti-rabbit and anti-mouse (ThermoScientific #31460 and #31430).

2.4. Recovery of RNA synthesis (RRS) assays
Cells were grown in 24 well microtiter plates under 200 µg/ml hygromycin selection before
irradiation and during recovery. The cells were washed in PBS, subjected to 10 J/m2 UV
irradiation under a germicidal lamp, and immediately immersed in 1 ml unlabeled medium.
For recovery times of 2, 6, 12 and 24 h as well as for unirradiated controls, unlabeled
medium was replaced with DMEM containing 10 µCi/ml of [5,6-3H]-uridine (GE
Healthcare) followed by pulse-labeling for 1 h at 37°C. Samples were processed as
described [13]. Scintillation data were normalized to cell number, plotted, and standard
errors of the mean calculated using Excel and GraphPad Prism. All assays were performed
in triplicate. UV irradiation was calibrated using an Ultraviolet Meter (UVP).

2.5. Host cell reactivation (HCR) assays
UV- and OsO4-damaged pEGFP-IRESpuro plasmid templates were prepared as described
[24]. Transfections using Fugene 6 (Roche) were performed in quadruplicate for each level
of DNA damage. EGFP fluorescence was measured using a plate reader and the values
corrected for cell number based on protein content as determined by the BCA Protein Assay
Kit (Pierce). The corrected fluorescence measurements were averaged and normalized to the
corresponding untreated controls. The data from two independent experiments were
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averaged, plotted, and standard errors of the mean calculated using Excel and GraphPad
Prism.

2.6. Expression array protocol and data analysis
Sample preparation for expression array analysis, data generation by the Center for
Expression Arrays (University of Washington), and RT-PCR validation have been described
previously [3]. Three independent preparations of total RNA from the CSB, CSB-PGBD3,
CSB + CSB-PGBD3, and tag-only cells (Table 1) were quality-controlled, labeled, and used
to probe Affymetrix GeneChip® Human Genome U133 Plus 2.0 Arrays. The 12 datasets
were normalized using the Probe Logarithmic Intensity Error (PLIER) program of the
Affymetrix Expression Console v1.1.1. Using the Significance Analysis for Microarrays
(SAM) program of the MeV v4.4 software suite (www.TM4.org), fold changes for
expression of individual probes were calculated by comparing the 3 datasets for one pool to
the 3 datasets for another, and the resulting 9 pairwise fold changes were averaged to give
the fold change for that probe.

2.7. Mobility shift assays
Open reading frames encoding the PGBD3 transposase and CSB-PGBD3 fusion protein [3]
were cloned into the pFastBAC HT baculovirus vector (Invitrogen Bac-to-Bac®
Baculovirus Expression System). Virus production and protein expression in SF9 cells were
performed as recommended by the supplier. Soluble hexahistidine tagged protein was
partially purified over a TALON® resin (Clontech), eluted with imidazole HCl, desalted,
and concentrated by Centricon filtration. Six different MER85s that closely matched the 140
bp Repbase consensus (www.girinst.org/repbase/) were amplified by genomic PCR using an
upstream primer with a BamHI site and a downstream primer with EcoRI; the upstream
flank varied from 82–189 bp, the downstream flank from 187–326 bp (Fig. S2). The PCR
fragments were cloned between the BamHI and EcoRI sites of pBluescript, excised by
restriction digestion, and [32P]-labeled by filling in the ends. Mobility shift assays were
performed as described [25].

3. Results
3.1. DNA repair assays

We assayed the effects of the CSB-PGBD3 fusion protein on DNA repair in CSB-null
UVSS1KO cells using both a recovery of RNA synthesis (RRS) assay after UV irradiation
of whole cells (Fig. 2A), and host cell reactivation (HCR) assays after UV irradiation (Fig.
2B) or osmium tetroxide oxidation (Fig. 2C) of an EGFP reporter plasmid prior to
transfection. Importantly, osmium tetroxide (OsO4) oxidation generates thymine glycol
damage, which is known to require CSB for efficient repair [24].

In the UVSS1KO-derived cells used for the RRS and HCR assays (Table 1), CSB levels
were 2- to 4-fold higher and CSB-PGBD3 fusion protein levels 4- to 8-fold higher than in
human euploid HT1080 fibrosarcoma cells as determined by Western blots of a dilution
series probed for the FLAG-HA tag (Fig. S1). We have consistently found that the natural
ratio of CSB to CSB-PGBD3 fusion protein is about 1 to 4 in many human cell lines,
whether the line expresses high levels of CSB (HT1080) or 8- to 10-fold lower levels
(WI38). Thus the ratio of CSB to CSB-PGBD3 fusion protein is within the normal range for
the cells used in the RRS and HCR assays. We deliberately did not resort to differential
siRNA knockdown of CSB and CSB-PGBD3 in normal cells because knockdown is never
complete [27], very low levels of CSB expression do not impair normal RRS in WI38 cells
([3]; J. C. Newman and A. D. Bailey, unpublished observations), and the CSB-PGBD3
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fusion protein cannot be efficiently knocked down by siRNA without simultaneously
knocking down CSB and/or solitary PGBD3 transposase (Fig. 1B).

Surprisingly, expression of the CSB-PGBD3 fusion protein alone was almost 40% as
effective as expression of intact CSB protein in restoring RRS (Fig. 2A) although the fusion
protein lacks all of CSB’s conserved ATPase motifs (Fig. 1B and [18]). Although it is
difficult to imagine a direct role for the CSB-PGBD3 fusion protein in repair of UV damage,
the effect could be indirect; for example, incorporation of the CSB-PGBD3 fusion protein in
place of normal CSB might facilitate disassembly of stalled TCR, DNA repair, and/or
chromatin remodeling complexes, thus allowing backup repair pathways access to the DNA.
In any event, the ability of the CSB-PGBD3 fusion protein to accelerate RRS after UV
irradiation of CSB-null cells was so intriguing that we revisited this result using the very
different HCR assay for DNA repair.

To more clearly display the effect of the fusion protein on low (and presumably more
physiologically relevant) levels of UV and oxidative DNA damage, we plotted the HCR data
in a new way. The log of transcriptional activity is usually plotted against a linear measure
of DNA damage, although a semi-log plot exaggerates differences between cell lines at high
levels of damage while minimizing differences at low levels. Instead, we normalized the
HCR data to control cells expressing only the drug resistance markers, allowing the relative
transcriptional activity (and thus TC-NER) to be compared over the entire range of DNA
damage (Fig. 2B,C).

More surprisingly, the CSB-PGBD3 fusion protein strongly synergized with CSB to
stimulate UV repair by 200 to 250% in the HCR assay, whereas expression of the fusion
protein alone had little effect and expression of the CSB protein alone rescued UV repair as
expected (Fig. 2B).

Finally, expression of CSB protein in CSB-null UVSS1KO cells rescues repair of oxidative
DNA damage in the HCR assay,although expression of the CSB-PGBD3 fusion protein
alone only mildly inhibits both residual oxidative repair in the absence of CSB and normal
oxidative repair in the presence of CSB (Fig. 2C). Curiously, another UV sensitive line
Kps3SV13.3 that is also deficient in UV repair [28] has been shown to repair oxidative
thymine glycol damage as proficiently as wild type [24].

We conclude that the CSB-PGBD3 fusion protein has significant biological activity based
on its ability to stimulate UV repair in the RRS assay in the absence of CSB (FIg. 2A) and to
synergize strongly with CSB in the HCR assay for repair of UV damage (Fig. 2B). These
DNA repair activities presumably reflect the ability of the fusion protein to influence the
mechanism or pathways of DNA repair, and could help to explain why the protein has been
conserved in the hominid lineage for over 43 My [18]. Alternatively, as described below,
conservation could reflect the ability of the fusion protein to induce major changes in gene
expression that resemble an innate antiviral immune response.

3.2. Microarray analysis of CSB-null UVSS1KO-derived cell pools expressing CSB, CSB-
PGBD3 fusion protein, both proteins, or neither

We next examined the more general role of the fusion protein in gene expression and cell
physiology using microarray analysis. RNA from UVSS1KO-derived pools expressing CSB,
the CSB-PGBD3 fusion protein, both proteins, or neither (Table 1) was characterized using
Affymetrix U133A Plus 2.0 GeneChips, and the raw data processed with the PLIER and
SAM programs. As shown in Table S1A(a) and (b) — where (a) and (b) designate sheets in
a workbook — genes exhibiting a robust expression change of 2-fold or more included 305
genes (388 probes) regulated by CSB, 581 genes (767 probes) regulated by CSB-PGDB3,
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and 1354 genes (1674 probes) regulated by CSB + CSB-PGBD3 together. The microarray
data were validated by RT-PCR of selected genes (Table S2) which, as is often the case,
largely confirmed but occasionally diverged from the microarray values [3].

To generate an initial overview of the processes and pathways implicated by these gene
expression changes, we used the L2L software suite and microarray database ([29];
www.depts.washington.edu/l2l) to examine the complete lists of robustly regulated genes
(Table S1A). Genes upregulated by the CSB-PGDB3 fusion protein were found to match
strongly with genes upregulated by interferons (IFNs) and viral infection, more weakly with
aspects of the immune response, and to a lesser extent with inflammation, apoptosis, and
neural growth. In contrast, genes affected by expression of CSB alone or CSB + CSB-
PGDB3 fusion protein exhibited fewer matches of comparable significance. Genes
downregulated by CSB matched those regulated by IL-2 in both directions, and may reflect
signaling pathways controlling proliferation (data not shown).

To carefully examine the interferon, viral, immune and other minor signatures identified by
L2L analysis of all robustly regulated genes in the CSB-PGBD3 fusion protein dataset, we
assembled a list of potentially relevant genes by manually interrogating the NCBI Gene
Database using key phrases suggested by the L2L analysis: interferon-regulated, -induced,
and -repressed; interferon α, β, γ; STAT1 and STAT; immune and inflammatory responses;
apoptosis; and neural growth and development. We then assigned each of these potentially
relevant genes to 1 of the 10 functional categories indicated in columns F through O of
Tables S1B(a) and S1B(b) based on the gene description in the NCBI Gene Database.
Lastly, we culled the complete list of robustly regulated genes (Table S1A) leaving only
those genes that fall into at least 1 of the 10 functional categories (Table S1B).

3.3. The CSB-PGBD3 fusion protein induces a strong interferon-like response in CSB-null
cells that is repressed by coexpression of CSB

Using the binomial distribution [29] and a human gene count of 17,506 [30], we calculated
the significance of overlaps between genes regulated at least 2- or 4-fold by the fusion
protein (Table S1A) and genes belonging to each of the 10 functional categories identified
by L2L and listed in columns F through O of Tables S1B(a) and S1B(b). As shown in Table
2, expression of the CSB-PGBD3 fusion protein in CSB-null UVSS1KO cells induces a
strong but atypical interferon response resembling a composite of the canonical responses to
IFN-α, IFN-γ and, to lesser extent, IFN-β. For example, of 457 genes known to be
regulated, induced, or repressed by an interferon, 63 overlapped with genes induced at least
2-fold by the CSB-PGBD3 fusion protein, and 37 overlapped with genes induced at least 4-
fold [31].

The list of interferon-related genes that is upregulated 2-fold or more by the CSB-PGBD3
fusion protein (Table S1B(c)) includes many prominent interferon response genes: the JAK
kinase-activated signal transducers and activators of transcription STAT1 (7-fold) and
STAT2 (2-fold); the 2'-5'-oligoadenylate synthetases OAS1 (118,000-fold), OAS2 (129-
fold), OAS3 (11-fold), and OASL (29-fold) that activate the antviral RNase L [32]; the
interferon-stimulated genes ISG15 (11-fold) and ISG20 (12-fold); the interferon-inducible
genes IFI6 (22-fold), IFI27 (239-fold), IFI44 (29-fold), IFI44L (338-fold), and IFH1 (36-
fold); the IFI genes with tetratricopeptide repeats IFIT1 (8-fold), IFIT2 (6-fold), IFIT3 (4-
fold), IFIT5 (2-fold), and IFITM1 (4-fold); and the IRF9 subunit (6-fold) of the ISGF3
transcription factor. In addition, the IFN-α, β, and ω receptor IFNAR2 and the receptor-
activated kinase JAK1 are induced 2.35 and 2.30-fold by coexpression of CSB and the CSB-
PGBD3 fusion protein though not by either CSB nor fusion protein alone. Moreover, as
might be expected from conservation of the CSB-PGBD3 fusion protein since marmosets
[18], the presence of functional CSB almost completely suppresses the interferon-like

Bailey et al. Page 7

DNA Repair (Amst). Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.depts.washington.edu/l2l


response induced by fusion protein alone, reducing the p-values for overlap between fusion-
induced genes and the interferon-response genes by a dramatic 21–23 orders of magnitude
(Tables 2 and S1C).

3.4. U-STAT1 and ISGF3 appear to mediate the interferon-like response induced by the
CSB-PGBD3 fusion protein in CSB-null cells

The CSB-PGBD3 fusion protein does not induce any of the interferons (Table S1) and thus
cannot generate an interferon-like response through the canonical JAK-STAT pathway in
which interferons bind to transmembrane receptors, activating intracellular receptor-
associated JAK and TYK kinases that phosphorylate STATs on tyrosine. Instead, as shown
in Table S1B(c), expression of the fusion protein elevates the mRNA levels for STAT1 (7-
fold), STAT2 (2-fold), and IRF9 (6-fold) which together constitute the heterotrimeric
transcription factor ISGF3 (interferon-stimulated gene factor 3). ISGF3 binds to ISREs
(interferon-stimulated response elements) and normally drives the IFN-α and IFN-β
responses, while STAT1 homodimers bind to GAS elements (IFN-γ activated sequences)
and drive the IFN-γ response.

Although tyrosine phosphorylation was long thought to be essential for STAT activity, more
recent work has shown that this is only true early in the IFN-β and IFN-γ responses [31, 33,
34]. Ptyr-STAT1 initially drives expression of a large number of interferon response genes,
but most of these return to basal levels within 6 to 8 h presumably because continued
expression would be damaging. Interestingly, Ptyr-STAT1 also induces STAT1
transcription, causing accumulation of transcriptionally active but unphosphorylated STAT1
(U-STAT1) and sustaining expression of a subset of the initial interferon-induced genes for
an additional 48 to 72 h [31, 34].

Remarkably, expression of the CSB-PGBD3 fusion protein in CSB-null UVSS1KO cells
induces 18 of the 20 genes (Table 3; also see Table 2) most strongly induced by
overexpression of the unphosphorylatable Y701F-STAT1 mutant in normal BJ
fibroblasts[34]. Although the precise mechanism by which U-STAT1 sustains expression of
a subset of interferon-induced genes remains to be determined, an intriguing possibility is
that U-STAT1, U-STAT2, and U-IRF9 may assemble into U-ISGF3 heterotrimers
analogous to phosphorylated ISGF3 formed in the initial IFN-α or IFN-β responses (H.
Cheon and G.R. Stark, personal communication).

STAT phosphorylation on tyrosine (tyrosine 701 in STAT1 or the equivalent tyrosine in
other STATs) was long thought to be required for subsequent phosphorylation on serine
(serine 727 in STAT1 or the equivalent serine on other STATs) by one of several kinases
that can fully activate nuclear STAT1 homo- and heterodimers in response to stressors of
various kinds including UV, oxidative, or other kinds of DNA damage [32, 35]. However,
instances are now beginning to emerge in which U-STATs play roles outside of the
interferon response. For example, induction of apoptosis in cardiac myocytes by ischemia/
reperfusion requires phosphorylation of STAT1 on serine 727 but not tyrosine 701 [36].

The strong correlation between genes induced by U-STAT1 in normal cells and by the CSB-
PGBD3 fusion protein in CSB-null UVSS1KO cells (Table 3) led us to examine the
phosphorylation state of STAT1 in CSB-null UVSS1KO cells stably transfected with CSB,
the CSB-PGBD3 fusion protein, or neither (Table 1) with or without UV irradiation. As
shown in Fig. 3, nuclear and cytoplasmic fractions were probed with antibodies against
STAT1, Pser-STAT1, and β-actin as a loading control. No Ptyr-STAT1α or Ptyr-STAT1β
was detected with anti-Ptyr-STAT1 antibody (Fig. S3, and data not shown), ruling out
activation by the canonical JAK-STAT pathway, but anti-Pser-STAT1 antibody recognized
Pser-STAT1β which was further induced by UV stress.
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3.5. The CSB-PGBD3 fusion protein upregulates the RIG-I and MDA5 effectors of the
innate, intracellular antiviral defense in CSB-null UVSS1KO cells

The ability of the CSB-PGBD3 fusion protein to induce an interferon-like response in CSB-
null UVSS1KO cells without inducing interferon mRNAs suggested that the fusion protein
might activate an innate cytoplasmic antiviral response such as those mediated by the RIG-I
(aka DDX58) and/or MDA5 proteins [38, 39]. Indeed, as shown in Table S1B, expression of
the CSB-PGBD3 fusion protein in CSB-null UVSS1KO cells strongly upregulates MDA5
(36-fold) and RIG-I (6- to 8-fold). RIG-I and MDA5 are normally activated by intracellular
double-stranded or uncapped RNA indicative of viral infection, and are known to signal
through the mitochondrial adaptor protein IPS-1 (IFN-β promoter stimulator 1, also called
Signaling can stimulate the IFN-α and/or IFN-β promoters, generating secreted interferons
that activate STAT1 through an autocrine circuit involving interferon cell-surface receptors
and the canonical JAK-STAT pathway. However, RIG-I can also activate STAT1 through a
newly discovered noncanonical pathway that is independent of cell-surface interferon
receptors and possibly of the receptor-associated kinases JAK1, JAK2, and TYK2 as well
[40].

Consistent with induction of an innate cytoplasmic antiviral response by the CSB-PGBD3
fusion protein in CSB-null UVSS1KO cells, one of the proteins most strongly induced by
the fusion protein is BST2/tetherin. Originally known as bone marrow stromal antigen 2
(BST2), tetherin is a trans-membrane protein of the innate immune response that interferes
with budding and release of enveloped viruses [41, 42]. BST2/tetherin is induced 26,500-
fold as judged by expression array analysis (Table S1A) and 143-fold by the RT-PCR assay
(Table S2); moreover, like many other genes induced by the CSB-PGBD3 fusion protein,
BST2/tetherin is repressed >200-fold by coexpression of intact CSB (Tables S1A and S2).

Upregulation of RIG-I and MDA5 by the CSB-PGBD3 fusion protein could potentially be
explained in many different ways, but one intriguing scenario would be that the CSB-
PGBD3 fusion protein may deregulate CSB-dependent chromatin remodeling [3, 18], thus
leading to aberrant transcription, generation of double-stranded or uncapped cytoplasmic
RNA, activation of RIG-I and/or MDA5, and intracellular induction of the observed atypical
interferon response. Admittedly, noncanonical activation of STAT1 by RIG-I
overexpression in the U937 acute myeloid leukemia (AML) cell line results in STAT1
phosphorylation on both Tyr 701 and Ser 727 [40] whereas expression of the CSB-PGBD3
fusion protein in UVSS1KO fibroblasts induces STAT1 phosphorylated on Ser 727 alone
(Figs. 3 and S3) as well as many of the same genes induced by the unphosphorylatable
Y701F STAT1 mutant in normal BJ fibroblasts (Tables 2, 3 and S3). These differences in
STAT1 phosphorylation state may however be cell type-specific like so many other aspects
of the interferon response [43]. The significance of the innate, intracellular antiviral
response induced by the CSB-PGBD3 fusion protein in the UVSS1KO background is
further supported by a direct comparison of the CS1AN and UVSS1KO microarray datasets
as described below (Section 3.6, and Tables 4 and S5).

3.6. CSB and the CSB-PGBD3 fusion protein both induce the innate intracellular immune
response to viral infection

3.6.1—We had observed previously that addition of CSB to CS1AN cells (a CS patient-
derived compound heterozygote expressing intact CSB-PGBD3 fusion protein and N-
terminal CSB fragments) induced a chromatin remodeling signature [18]; however, the
genetically equivalent addition of CSB to UVSS1KO cells expressing intact fusion protein
induced an interferon-like instead of a chromatin remodeling signature. As described in
Appendix A (Sections A1 and A2, Tables S4A and S4B), the apparent discrepancy actually
reflects database bias, i.e. under- and over-representation of particular datasets depending on
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the interests of those who compiled the databases, when the databases were first compiled,
and how actively the databases have been curated.

To avoid the complications of microarray database bias, we compared the raw CS1AN [3]
and UVSS1KO datasets directly to each other. We used MSigDB to convert our probe lists
to gene lists in a consistent fashion, and then — because MSigDB can only compare datasets
from the MSigDB database — we wrote PERL scripts to compare our datasets directly and
used Excel to calculate the binomial statistics for all overlaps between genes that are
regulated 2-fold or more by CSB in the compound heterozygote CS1AN, and 2-fold or more
by expression of CSB, the CSB-PGBD3 fusion protein, or both proteins in CSB-null
UVSS1KO cells. The control datasets were CS1AN expressing EGFP [3] and UVSS1KO
expressing tags only (Table 1). The comparisons are shown in Table S5.

Three conclusions from this comparison are straightforward: CSB regulates many genes
independently of the CSB-PGBD3 fusion protein — as expected if regulation of these genes
requires functional CSB protein; the CSB and the CSB-PGBD3 fusion protein can work
synergistically — as might be expected if the N-terminal CSB domain of the fusion protein
partially mimics or modulates normal CSB functions; and (3) CSB can reverse many effects
of the CSB-PGBD3 fusion protein including the induction of interferon-related genes (Table
S1C) — suggesting that functional CSB can displace the fusion protein from shared binding
sites, and potentially explaining why the fusion protein does not behave as a dominant
negative in normal individuals. Two other conclusions were unexpected, and potentially
more exciting:

3.6.2—Expression of many genes requires coregulation by both CSB and the CSB-PGBD3
fusion protein — seemingly at odds with the dominance of CSB over the fusion protein as
proposed above. A particularly intriguing instance of coregulation is the 7-fold induction of
insulin growth factor binding protein 5 (IGFBP5) by CSB + fusion but not by CSB or fusion
alone, and the concurrent 3-fold repression of IGFBP7 by CSB + fusion but not by CSB or
fusion alone (Table S1). IGFBPs bind insulin and related proteins, modulating or inhibiting
their action. These coregulation data therefore suggest that the CSB-PGBD3 fusion protein
can modulate the IGF1/insulin pathway in the presence of functional CSB, and may have
been conserved not only for a role in DNA repair or chromatin remodeling [3] but for the
ability to confer a metabolic advantage. These data are also consistent with induction of
IGFBP1 in both aged mice and an XPF-ERCC1 progeria, and with the hypothesis that
organismal resources are reallocated by the IGF1/insulin pathway from growth to somatic
preservation in response to unrepaired DNA damage [44, 45].

3.6.3—Most intriguingly, as shown in Table S5, expression of CSB in the CS1AN
compound heterozygote (which should restore the normal genotype) resembled expression
of the CSB-PGBD3 fusion protein in the CSB-null UVSS1KO line (which should resemble
the majority of CSB mutants). While trying to understand why one cell line with a
nominally normal CSB genotype (CS1AN expressing CSB) would partially resemble
another with a nominally mutant CSB genotype (UVSS1KO expressing CSB-PGBD3), we
noticed that 15 of the 20 overlapping upregulated genes most closely matched interferon-
related lists in the MSigDB database (Table 4A,B). In contrast, no functional themes
emerged from the 15 downregulated genes (data not shown).Moreover, of the 15
upregulated genes that accounted for the overlaps, 11 belong to just 3 related functional
themes — viral RNA recognition, protein degradation, and membrane-mediated antiviral
activities: 4 recognize various aspects of intracellular viral RNA (RIG-I aka DDX58, MDA5
aka IFIH1, IFIT1, IFIT2); 4 others are associated with protein degradation through
ubiquitin-like or RING finger pathways (HERC2, ISG15, RBBP6, and TRIM14 — a
possible member of the TRIM5α, TRIM6, TRIM22, and TRIM34 antiretroviral gene
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superfamily [50]; 3 others participate in membrane-related antiviral restriction (RSAD2 aka
viperin or cig5 — which localizes to cytoplasmic lipid bodies and facilitates signaling
through cell surface TLR7 and TLR9 nucleic acid receptors; PLSCR1 (phospholipid
scramblase) — which induces a subset of interferon-stimulated genes (ISGs) including
ISG15 and guanylate binding proteins known as GBPs; and GBP1 — a dynamin family
protein involved in vesicle scission [51, 52]. For a more detailed description of these innate
immunity genes and functions, see Table S6. Taken together, these data suggest that CSB
and the CSB-PGBD3 fusion protein both contribute to the cellular antiviral state and
interferon-like response. Moreover, upregulation of the innate antiviral proteins RIG-I,
MDA5, and BST2/tetherin by the CSB-PGBD3 fusion proteinbut not by CSB alone (Section
3.5 and Table S1B) further suggests that CSB and the fusion protein have both overlapping
and complementary functions in the innate antiviral immune response.

3.7. The CSB-PGBD3 fusion protein binds MER85 elements in vitro
Autonomous inverted terminal repeat transposons often give rise to internally deleted
nonautonomous transposable elements, known as MITEs or miniature inverted terminal
repeat elements, which are mobilized in trans by proteins encoded within the autonomous
element [53]. Over 35 Mya, an autonomous 2.5 kb PGBD3 transposon (or a closely related
piggyBac transposon) gave rise to MER85 elements [19] — nonautonomous 140 bp
elements that retain the terminal inverted repeats of the autonomous PGBD3 elements but
have lost the internal transposase ORF (Fig. 1A). These MER85s were mobilized in trans by
the PGBD3 transposase and dispersed throughout the human genome in nearly 900 copies
before mobility ceased ([19]; L.T. Gray, K.K. Fong, T. Pavelitz, and A.M. Weiner,
manuscript in preparation).

We previously speculated that the CSB-PGBD3 fusion protein might bind MER85 elements
through the C-terminal transposase domain, and that the acidic N-terminal CSB domain of
the fusion protein might then influence expression of nearby genes either directly or through
an effect on local chromatin structure [18]. To explore this hypothesis, we asked whether the
CSB-PGBD3 fusion protein and/or solitary PGBD3 transposase are capable of binding
MER85 elements in vitro.

We used the Repbase MER85 consensus (www.girinst.org/repbase/) to find all homologous
elements in the March 2006 assembly of the human genome sequence (build hg18). We then
PCR amplified and cloned the 6 most highly conserved MER85s (Fig. S2, and Methods).
We expressed hexahistidine-tagged CSB-PGBD3 fusion protein and PGBD3 transposase in
the baculovirus system, and partially purified the proteins by cobalt chelate affinity
chromatography. We assayed binding of the two proteins to the panel of MER85s by
electrophoretic mobility shift assay (EMSA) as described [25]. The recombinant proteins
were coincubated with end-labeled MER85 DNA fragments in the presence of nonspecific
poly(dI-dC) competitor, and the resulting protein/DNA complexes resolved by native gel
electrophoresis (Fig. 4).

Although all of the MER85s conformed well to the Repbase consensus, only 4 of the 6
shifted strongly in vitro. Interestingly, the same 4 MER85s shifted with both solitary
PGBD3 transposase (middle panel) and the CSB-PGBD3 fusion protein (right panel)
indicating that the acidic N-terminal CSB domain did not interfere with DNA binding.
Using antibodies against the N- and C-terminus of CSB, we found by ChIP-seq that all 6
MER85s bind the CSB-PGBD3 fusion protein in vivo (L.T. Gray, K.K. Fong, T. Pavelitz,
and A.M. Weiner, manuscript in preparation). Thus the fusion protein may regulate gene
expression both locally (by influencing gene expression near genomic binding sites) and
more globally (by mimicking, modulating, or interfering with CSB functions).
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4. Discussion
The CSB-PGBD3 fusion protein has been conserved for >43 My from marmoset to humans,
and is as highly conserved as full length CSB protein [18]. Such striking conservation
suggests that the fusion protein confers a selective advantage in the presence of functional
CSB. What are these advantageous functions, what mechanisms are involved, and does the
fusion protein contribute to CS disease in individuals who lack functional CSB but continue
to express the fusion protein? As a first step toward answering these questions, we have
examined the consequences of reintroducing the CSB-PGBD3 fusion protein, with or
without functional CSB, into CSB-null UVSS1KO-derived cells which do not express either
stable CSB fragments [13] or the fusion protein[3].

4.1 The CSB-PGBD3 fusion protein is biologically active
We have presented evidence that the fusion protein is biologically active in many respects: It
modulates repair of UV and oxidative DNA damage as judged by RRS and HCR assays
(Fig. 2); it regulates expression of many genes, and coregulates additional genes together
with CSB (Table S1); when coexpressed with CSB, it induces insulin growth factor binding
protein 5 (IGFBP5) and represses IGFBP7 (Table S1), consistent with an effect on the IGF1/
insulin pathway [44, 45, 54, 55]; it induces a strong interferon-like response in the absence
of interferons (Table 2) through a U-STAT1-mediated pathway (Figs. 3 and S3) that
resembles the sustained response to interferon stimulation (Table 3); it induces an MDA5-
and RIG-I-dependent innate antiviral response in the absence of RNA virus infection (Table
4); it binds to a large family of MER85 repetitive elements that are dispersed throughout the
genome, potentially providing a mechanism for regulating expression of nearby genes (Fig.
4); as expected from conservation of the CSB-PGBD3 fusion protein, the interferon-like and
innate antiviral responses are both dramatically repressed by coexpression of intact CSB
(Tables 2 and S1C); and finally, expression of CSB in CS1AN cells that naturally express
the fusion protein induces many of the same antiviral proteins [3] as expression of the fusion
protein in CSB-null UVSS1KO cells (Tables 4A,B and S5), suggesting that CSB and CSB-
PGBD3 fusion protein both contribute to the normal cellular antiviral state and interferon
response.

4.2 Induction of interferon-like and antiviral responses without interferons or viral infection
How does the CSB-PGBD3 fusion protein induce interferon-like and antiviral responses
without inducing interferons or activating the JAK/TYK pathway? Our current data favor
two of many imaginable mechanisms: First, coinduction of all three components (STAT1,
STAT2, and IRF9) of the heterotrimeric transcription factor ISGF3 (interferon-stimulated
gene factor 3) suggest that the fusion protein activates a common node in the interferon
response located downstream of the JAK/TYK kinases that increases Pser727-U-STAT1 and
STAT2 but not Ptyr701-STAT1 (Tables S1 and S3, Figs. 3 and S3). Alternatively, as
discussed above (section 3.5), loss of CSB chromatin-remodeling activity could lead to
aberrant transcription, generation of dsRNA, and induction of the RIG-I and MDA5 innate
immunity pathways that are normally induced by infection with RNA viruses or by JAK/
TYK-independent pathways [40]. Whatever the mechanism(s), we speculate that the CSB-
PGBD3 fusion protein may have been conserved for 43 My because it is able to prime or
poise the interferon and/or innate immune or antiviral responses in which speed may be
critical for success.

The phosphorylation of STAT1 on serine 727 without prior phosphorylation of tyrosine 701
(Fig. 3 and Fig. S3) is unusual but not unprecedented. STAT phosphorylation is known to be
regulated by several serine kinases including ERK (extracellular signal-regulated protein
kinase), p38, JNK (JUN N-terminal kinase), PKCδ (protein kinase Cδ), and possibly
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CAMK2 (calcium/calmodulin dependent kinase II); and JAK-STAT signalling can be
regulated by a variety of cellular signaling pathways through SOCS proteins (suppressors of
cytokine signalling), PIAS family proteins (protein inhibitors of activated STAT), and
various PTPs (protein tyrosine phosphatases)[56, 57]. Perhaps most surprisingly, the innate
immune response to cytoplasmic dsRNA is severely attenuated in human embryonic stem
cells because certain key proteins are absent and others cannot be activated [58]. The
developmental and tissue specificity of STAT activation, as well as the diversity of signaling
inputs, are almost certain to increase the variety of regulatory nodes downstream of JAK/
TYK kinases by which CSB-PGBD3 expression could activate interferon-like and antiviral
responses in the absence of interferons and viral infection.

4.3 Possible relevance of the CSB-PGBD3 fusion protein to CS disease
Many nonsense and frameshift mutations within the N-terminal CSB domain of the CSB-
PGBD3 fusion protein are known that prevent synthesis of the fusion protein, yet still cause
CS; and there does not appear to be any correlation between continued expression of the
CSB-PGBD3 fusion protein [8] and the surprisingly heterogeneous clinical presentation of
CS patients [16]. Nevertheless, the ability of the fusion protein to modulate DNA repair and
to induce an interferon-like innate antiviral response in UVSS1KO cells suggest that the
fusion protein could contribute to CS especially in patients from consanguineous
backgrounds where (as discussed in the Introduction) partial homozygosity uncovers some
of the most divergent CS phenotypes [13–15].

Alternatively, Brooks et al. [59] have noted that several neurodegenerative diseases
including Trichothiodystrophy (TTD), Aicardi-Goutières syndrome (AGS), and CS exhibit
characteristic dysmyelination, calcification, and microcephaly. In TTD, causative mutations
in the XPD component of TFIIH reduce TFIIH coactivator function on myelin-related genes.
In AGS, mutations in the TREX1 or RNASEH2 nucleases cause accumulation of S-phase
DNA fragments that induce a type I interferon response through the STING-dependent
innate antiviral response[60]; and we show here that expression of the CSB-PGBD3 fusion
protein in CSB-null UVSS1KO cells, or expression of intact CSB in patient-derived CS1AN
cells that naturally express the fusion protein, both induce a similar cohort of innate antiviral
genes (Tables 4 and S6). As all 5 genes that cause CS (CSA, CSB, XPB, XPD, and XPG)
are subunits of TFIIH [9], and expression of the CSB-PGBD3 fusion protein or intact CSB
can induce an interferon-like antiviral response in certain genetic backgrounds, it is possible
that transcriptional dysregulation and/or an inappropriate interferon response may contribute
to the remarkable heterogeneity in CS onset and symptoms.

4.4 The CSB-PGBD3 fusion protein may confer a metabolic advantage
Niedernhofer et al. [45] and van der Pluijm et al. [44] have suggested that CS may reflect
reallocation of resources from growthto somatic preservation by the IGF1/insulin pathway in
response to unrepaired DNA damage. Our data may support this hypothesis. We find that
CSB and the CSB-PGBD3 fusion protein together, but neither protein alone, induce IGFBP5
and repress IGFBP7 (Table S1A) implying that the fusion protein can modulate the IGF1/
insulin pathway in normal cells which have functional CSB. Similarly, IGFBP1 is induced
in aged mice and an XPF-ERCC1 progeria [44, 45]; and the Drosophila IGFBP7 homolog
binds insulin-like peptides in vivo, downregulates insulin/IGF signaling, and prolongs
lifespan [61]. The discovery that CSB and CSA are required for mitochondrial as well as
nuclear base excision repair (BER) potentially explains why CSB mutations increase cellular
reactive oxygen species (ROS) and suggests that the effects of defective nuclear TCR, and
activation of the IGF1/insulin pathway, may be compounded by mitochondrial dysfunction
[62]. In any event, modulation of the IGF1/insulin pathway by the CSB-PGBD3 fusion
protein in the presence of functional CSB may suggest that the conserved fusion protein
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confers a metabolic advantage rather than, or in addition to, effects on DNA repair and/or
chromatin remodeling.

4.5 A cautionary note regarding the emergent functions of other human fusion proteins
Although the CSB-PGBD3 fusion protein has been conserved for >43 My, shares the same
N-terminal 465 residues as CSB, and is coexpressed with CSB by alternative splicing [3,
18], the selective advantage of the fusion protein need not be related to CSB function in
normal cells. Thus, although our data suggest that the fusion protein may compete with or
modulate CSB functions in normal cells and/or affect CSB-related functions in individuals
lacking functional CSB protein, the fusion protein could also have emergent functions that
differ from the normal functions of the component proteins.

Consider the two other human fusion proteins that have been studied in some detail: (1) The
NUP98-HOXA9 fusion protein, which is generated by a chromosomal rearrangement
joining the N-terminal FG-repeat domain of nucleoporin NUP98 to the C-terminal DNA-
binding domain of the HOXA9 homeodomain transcription factor, causes acute myeloid
leukemia (AML) [63]. Although the fusion protein can function as a transcriptional activator
targeted by the C-terminal DNA-binding HOXA9 domain [64], this is not the cause of
AML. Rather, the N-terminal NUP98 FG-repeat domain of NUP98-HOXA9 forms
intranuclear aggregates that sequester the exportin CRM1 [65] resulting in constitutive
expression of transcription factors such as NFAT and NFκB that are normally
downregulated by nuclear export. (2) The SETMAR fusion protein (aka Metnase) emerged
40–58 Mya and is generated by splicing of a functional histone methyltransferase (SET)
domain to a mariner transposase (MAR) which retains specific binding to mariner terminal
inverted repeats (TIRs) in vitro [66]. Strikingly, SETMAR/Metnase tethers a chromatin-
altering histone methylase (SET) domain to dispersed mariner inverted repeats, just as the
CSB-PGBD3 fusion protein tethers the potentially chromatin-altering acidic N-terminal
domain of CSB to dispersed MER85 repeats. Yet the only known activity of SETMAR/
Metnase is to facilitate nonhomologous end joining (NHEJ), a global repair function that
requires both the histone methyltransferase of the SET domain [67] and an endonuclease
activity of the mariner transposase but not the capacity for site-specific DNA binding [68].
Thus the ability of SETMAR/Metnase to facilitate NHEJ, and NUP98-HOXA9 to cause
AML, both reflect emergent functions — and the same could be true for the CSB-PGBD3
fusion protein.

Highlights DNAREP_1667

• Cockayne syndrome is a devasting childhood progeria most often caused by
defects in the CSB gene.

• The CSB gene encodes a repair and chromatin remodeling SWI/SNF ATPase.

• The CSB gene also generates an abundant CSB-PGBD3 fusion protein that joins
the N-terminus of CSB to a piggyBac transposase.

• The fusion protein affects DNA repair, and induces an interferon-like response
in CSB-null cells.

• We speculate regarding the function of the conserved fusion protein in health
and disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CSB Cockayne syndrome group B protein

fusion protein short for CSB-PGBD3 fusion protein and used interchangeably

HCR host cell reactivation

IFN interferon

IGFBP5 and IGFBP7 insulin growth factor binding proteins 5 and 7

My million years

Mya million years ago

NER nucleotide excision repair

PGBD3 piggyBac-derived element 3

RRS recovery of RNA synthesis

STAT signal transducer and activator of transcription

TCR transcription-coupled repair

UVSS UV-sensitive syndrome
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Fig. 1.
piggyBacs are mobile DNA elements that survive as alternative 3' exons. (A) PGBD3
inserted into intron 5 of the primate CSB gene at least 43 Mya in the common ancestor of
simian primates, with the result that the CSB gene now generates three proteins as shown in
(B): full length CSB by default splicing of all 22 CSB exons, CSB-PGBD3 fusion protein by
alternative splicing between CSB exon 5 and the PGBD3 alternative 3' terminal exon, and
solitary PGBD3 driven by a cryptic promoter in CSB exon 5 [18]. The PGBD3 insertion
generated a TTAA target site duplication. Immediately inside the subterminal inverted
repeats of the mobile element, the transposase open reading frame (ORF) is flanked
upstream by a 3' splice site (3' ss) and downstream by a polyadenylation site (pA). MER85
elements are nonautonomous internally-deleted PGBD3-derived elements that were last
mobilized by a PGBD3-like transposase about 35 Mya [19]. CSB and PGBD3 sequences are
indicated in blue and orange, respectively. The schematic not drawn to scale; the CSB gene
spans 80 kb, the PGBD3 element 2.5 kb, and intact MER85s only 140 bp. (B) A comparison
of the three proteins encoded by the CSB locus. The fusion protein joins the acidic 465 N-
terminal residues of CSB exons 1–5, but none of the ATPase motifs (Roman numerals), to
the 595 residue PGBD3 transposase.
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Fig. 2.
Recovery of RNA synthesis (RRS) following UV damage, and host cell reactivation (HCR)
assays for repair of oxidation- and UV-induced DNA damage. Assays were performed using
CSB-null UVSS1KO-derived pools stably expressing CSB, CSB-PGBD3 fusion protein
(two independent pools selected with either hygromycin or neomycin), both proteins, or tags
only (Table 1). (A) RRS assays monitoring 3H-uridine incorporation after UV irradiation of
growing cells with 10 J/m2/min. The SV40-immortalized normal lung cell line MRC5-SV
and the the HT1080 fibrosarcoma cell linewere included as a controls [26]. (B) HCR assays
for UV damage. The EGFP expression construct was irradiated with 1 J/m2/min UV from a
germicidal lamp for 5–30 min before transfection. EGFP fluorescence was measured 48 h
after transfection and normalized to cell number at each time point to correct for cell growth.
(C) HCR assays for oxidative damage. The reporter EGFP expression construct was
pretreated with the indicated concentrations of osmium tetroxide before transfection. Assays
were performed in triplicate (panel A) or octuplicate (panels B and C); error bars smaller
than the datapoint icons are not shown.
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Fig. 3.
Expression of the CSB-PGBD3 fusion protein in CSB-null UVSS1KO cells induces U-
STAT1, which can be phosphorylated on serine 727 and further induced by UV irradiation.
Using CSB-null UVSS1KO cells stably transfected with CSB, CSB-PGBD3 fusion protein,
or tags alone (Table 1), nuclear and cytoplasmic fractions were resolved by SDS-PAGE,
blotted, and probed with anti-STAT1 (left panel), anti-Pser-STAT1 (middle panel), and anti-
β-actin antibodies as a loading control (right panel). The STAT1 locus generates two
proteins (left panel): full length STAT1α (upper band) and C-terminally deleted STAT1β
(lower band) lacking the Ser727 phosphorylation site. STAT1β has been referred to as a
splice variant or proteolysis product [37]; however, mRNAs annotated on the UCSC
Genome Browser (build hg18) indicate that STAT1β reflects alternative polyadenylation
within intron 23. This results in use of a TAA terminator immediately following exon 23,
and a protein that retains Tyr701 but lacks the Ser727 phosphorylation site.
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Fig. 4.
The PGBD3 piggyBac transposase and the CSB-PGBD3 fusion protein bind to consensus
MER85 elements in vitro. Electrophoretic mobility shift assays were performed [25] for
binding of the recombinant PGBD3 and CSB-PGBD3 fusion proteins to 6 different genomic
MER85 elements that closely match the 140 bp Repbase MER85 consensus. The multiple
sequence alignment and genomic primers are shown in Fig. S2. Chromosome number is
indicated above the lanes. MER85 elements from chromosomes 1 and 7 are MseI/MseI and
AseI/HincII fragments, respectively, lacking flanking sequence; MER85s from
chromosomes 2, 6, 8, and 17 are BamHI/EcoRI fragments that include the flanks. Although
both proteins shift efficiently, the piggyBac transposase generates sharper bandshifts than
the larger fusion protein on low percentage gels (6% 29:1 acrylamide:bisacrylamide for
PGBD3 and 5% 80:1 acrylamide:bisacrylamide for CSB-PGBD3).
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Table 1
Cell lines used in this and the previous study

The primary GM00739 fibroblast line derived from patient CS1AN was obtained from the Coriell Institute
and transformed with retroviral hTERT [3]. UVSS1KO fibroblasts derived from patient UVSS1KO and
transformed with a replication-defective SV40 [13] were the kind gift of Kiyoji Tanaka (Osaka University).
EGFP, enhanced green fluorescent protein; hyg, hygromycin resistance; neo, neomycin resistance; fusion,
CSB-PGBD3 fusion protein. Puromycin-resistant cells express untagged proteins from the bicistronic vector
pIRESpuro (Clontech); hygromycin-resistant cells express FLAG-HA tagged proteins or the FLAG-HA tag
alone; neomycin-resistant cells express FLAG-tagged proteins or the FLAG tag alone. Hyphens indicate
transformation protocol for cell lines, antibiotic selection for transfection of genes and tags. The microarray
experiments (Table S1) were performed using singly-transfected CSB-hyg and fusion-hyg pools, and a
doubly-transfected CSB-hyg + fusion-neo line, all normalized for consistency to hyg alone. See Materials and
methods for details.

Cell line Source Use in this study

CS1AN-hTERT Newman et al. [3]

CS1AN-hTERT + eGFP-puro Newman et al. [3] Table 4

CS1AN-hTERT + CSB-puro Newman et al. [3] Table 4

UVSS1KO-SV40 + hyg this study Fig. 2A, Tables 4 and S1

UVSS1KO-SV40 + fusion-hyg this study Fig. 2A, Tables 4 and S1

UVSS1KO-SV40 + CSB-hyg this study Fig. 2A, Tables 4 and S1

UVSS1KO-SV40 + hyg + neo this study Fig. 2B,C

UVSS1KO-SV40 + hyg + fusion-neo this study Fig. 2B,C

UVSS1KO-SV40 + fusion-hyg + neo this study Fig. 2B,C

UVSS1KO-SV40 + CSB-hyg + neo this study Fig. 2B,C

UVSS1KO-SV40 + CSB-hyg + fusion-neo this study Fig. 2B,C, Tables 4 and S1
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Table 3

Overlap between genes induced by the CSB-PGBD3 fusion protein in CSB-null UVSS1KO cells and genes
induced by U-STAT1 in normal cells. Y701F-STAT1 (also known as U-STAT1) lacks Y701 and can only be
phosphorylated on S727. Genes induced by overexpression of U-STAT1 in STAT1 normal cells are taken
from Cheon et al. [34]; genes induced by CSB-PGBD3 fusion protein in CSB-null UVSS1KO background are
from Table S1A.

Gene Gene Description CSB + fusion CSB fusion

IFI27 IFNa-inducible protein 27 --- --- 238.83

BST2 bone marrow stromal cell antigen 2 --- --- 26483.17

OAS1 2',5'-oligoadenylate synthetase 1, 40/46kDa --- --- 118155.11

OAS2 2'-5'-oligoadenylate synthetase 2, 69/71kDa --- --- 129.38

OAS3 2'-5'-oligoadenylate synthetase 3, 100kDa --- --- 11.03

STAT1 signal transducer and activator of transcription 1, 91kDa 2.66 --- 6.92

IFI44 IFN-induced protein 44 --- --- 29.45

IFI44L IFN-induced protein 44-like --- --- 337.68

IFIH1 IFN induced with helicase C domain 1 --- --- 35.60

IFITM1 IFN induced transmembrane protein 1 (9–27) --- --- 4.34

IFI35 IFN-induced protein 35 --- 0.45 3.40

IFIT3 IFN-induced protein with tetratricopeptide repeats 3 2.36 --- 4.01

MX1a myxovirus (influenza virus) resistance 1 --- --- 82.59

IRF7 IFN regulatory factor 7 --- 0.50 ---

ISG15b ISG15 ubiquitin-like modifier 0.39 --- 11.32

IFIT1 IFN-induced protein with tetratricopeptide repeats 1 --- --- 8.35

PLSCR1 phospholipid scramblase 1 2.12 --- 6.23

HERC6 hect domain and RLD 6 --- --- 4.30

FLJ20035c hypothetical protein FLJ20035 --- --- 3.67

EPSTI1 epithelial stromal interaction 1 (breast) --- --- ---

a
also known as IFN-inducible protein p78 (mouse)

b
also known as G1P2

c
also known as DDX60
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