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ERCC3 was initially identified as a gene correcting the
nucleotide excision repair (NER) defect of xeroderma
pigmentosum complementation group B (XP-B). The
recent finding that its gene product is identical to the
p89 subunit of basal transcription factor BTF2(TFIIH),
opened the possibility that it is not directly involved in
NER but that it regulates the transcription of one
or more NER genes. Using an in vivo microinjection
repair assay and an in vitro NER system based on
cell-free extracts we demonstrate that ERCC3 in BTF2 is
directly implicated in excision repair. Antibody depletion
experiments support the idea that the p62 BTF2 subunit
and perhaps the entire transcription factor function in
NER. Microinjection experiments suggest that exogenous
ERCC3 can exchange with ERCC3 subunits in the
complex. Expression of a dominant negative K436 — R
ERCC3 mutant, expected to have lost all helicase
activity, completely abrogates NER and transcription and
concomitantly induces a dramatic chromatin collapse.
These findings establish the role of ERCC3 and probably
the entire BTF2 complex in transcription in vivo which
was hitherto only demonstrated in vitro. The results
strongly suggest that transcription itself is a critical
component for maintenance of chromatin structure. The
remarkable dual role of ERCC3 in NER and transcription
provides a clue in understanding the complex clinical
features of some inherited repair syndromes

Key words: BTF2/chromatin structure/ERCC3/nucleotide
excision repair/repair syndromes

Introduction

An intricate network of DNA repair systems protects the
genetic information from continuous deterioration due to the
damaging effects of environmental genotoxic agents and
inherent chemical instability of DNA. Thus these systems
prevent mutagenesis leading to inborn defects, cell death
and neoplasia, and may counteract the process of ageing.
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Nucleotide excision repair (NER) is one of the major, cellular
repair pathways. It removes a wide range of structurally
unrelated lesions (such as UV-induced pyrimidine dimers
and chemical adducts) in a complex multi-step reaction. The
mechanistic details of this process in eukaryotes are—in
contrast to Escherichia coli—poorly understood, but a
general picture is emerging. After recognition of the DNA
injury by a process not yet resolved, the damaged strand
is incised on either side of the lesion, 27 —29 nucleotides
apart (Huang er al., 1992). Excision of the patch, which
appears to require one or more single strand binding proteins,
such as HSSB (RP-A) (Coverley et al., 1992) is followed
by gap-filling, mediated by DNA polymerase 6 and/or € in
a reaction dependent on PCNA (Nichols and Sancar, 1992;
Shivji et al., 1992). Finally, ligation is required to seal the
newly synthesized repair patch to the pre-existing DNA (for
recent reviews see Grossman and Thiagalingam, 1993;
Hoeijmakers, 1993a,b; Sancar and Tang, 1993). In fact, in
most, if not all, organisms at least two NER sub-pathways
exist. Special factors allow for the rapid and efficient
removal of lesions in the transcribed strand that interfere
with ongoing transcription (transcription-coupled repair).
The other sub-pathway deals with the slower repair of
the rest of the genome (genome overall repair; Hanawalt
and Mellon, 1993).

The dramatic consequences of impaired NER are illustrated
by three distinct, inherited diseases characterized by
sun (UV) hypersensitivity, elevated genetic instability
and a striking clinical and genetic heterogeneity. These
are the prototype repair disorder xeroderma pigmentosum
(seven complementation groups: XP-A —XP-G), Cockayne’s
syndrome (two groups: CS-A and CS-B) and PIBIDS (at
least two groups, one of which is equivalent to XP-D)
(Stefanini et al., 1986, 1993; for a review see Hoeijmakers,
1993b). XP is marked by severe cutaneous abnormalities,
including a strong predisposition to skin cancer, and frequently
progressive neurological degeneration (reviewed in Cleaver
and Kraemer, 1989). CS exhibits poor general development
and neurodysmyelination. No increased frequency of skin
cancer is noted in this disorder (Lehmann, 1987; Nance and
Berry, 1992). The repair defect in CS is limited to the
sub-pathway of transcription-coupled repair (Venema et al.,
1990). Patients with PIBIDS manifest most of the CS
symptoms and, curiously, the hallmark of another disease
called trichothiodystrophy: ichthyosis and brittle hair and
nails (the latter may be due to a reduced synthesis of a
cysteine-rich matrix protein) (Peserico et al., 1992; Bootsma
and Hoeijmakers, 1993). In exceptional cases individuals
display a combination of XP and CS. These have been
assigned to XP complementation groups B, D and G
(Vermeulen et al., 1991, 1993, 1994).

Recently, the gene responsible for one of these, the XP-B
gene: ERCC3 (Weeda et al., 1990), was unexpectedly found
to be identical to the p89 subunit of basal transcription factor
BTF2 (TFIIH) (Schaeffer et al., 1993). Human TFIIH, its
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rat counterpart factor 6 and its yeast equivalent factor b are
one of the seven or so components required for proper
transcription initiation of RNA polymerase II in vitro from
a number of model promoters (Conaway and Conaway,
1989; Feaver et al., 1991; Gerard et al., 1991; Flores et al.,
1992). The formation of an elongation-competent initiation
complex involves a highly ordered cascade of reactions
(reviewed in Sawadogo and Sentenac, 1990; Roeder, 1991;
Gill and Tijan, 1992; Drapkin ez al., 1993), initiated by the
binding of factor TFIID to the TATA box and completed
by binding of TFILJ. The multi-subunit BTF2 consists of a
minimum of five proteins: p89, p62, p43, p41 and p35. The
role of this factor is at least 2-fold. First, the human
BTF2/TFIIH as well as the rat & factor are associated with
a protein kinase activity that specifically phosphorylates the
C-terminal domain of the large subunit of RNA polymerase
II (Lu et al., 1992; Serizawa et al., 1993b). Second, it
exhibits a DNA helicase activity (Schaeffer et al., 1993) that
is functionally required for ATP-driven local denaturation
of the transcriptional start site. The formation of an open
configuration precedes the catalysis of the first phosphodiester
bond of the transcript. Experimental evidence renders it
likely that the ERCC3 gene product participates in the
essential unwinding reaction (Schaeffer et al., 1993). This
is consistent with the identification of seven so-called
‘helicase motifs’ in the ERCC3 amino acid sequence (Weeda
et al., 1990).

The discovery of the ERCC3 —transcription connection
provided an adequate explanation for several of the mysterious
observations with respect to this gene, such as its unsolved
essential function in yeast (Gulyas and Donahue, 1992; Park
et al., 1992) and Drosophila (Mounkes et al., 1992) and a
poorly defined involvement in expression of certain genes.
In addition to a direct participation of ERCC3 in both
transcription and repair, this finding opened a second
possibility to explain the ERCC3 —NER connection. When
the expression of one or more essential NER genes critically
depends on the functioning of ERCC3, mutations in this
gene might indirectly result in a NER defect (Gulyas and
Donahue, 1992; Schaeffer et al., 1993). The aim of this
study was to further define the role of ERCC3 in transcription
and repair in vivo and in vitro. The work presented here
has implications for understanding the complex clinical
picture of XP-B and other forms of NER syndromes and
provides evidence for the involvement of an additional BTF2
component in NER.

Results

NER function of BTF2 measured by microinjection

The presence of XP-B specific NER correcting activity
in protein fractions obtained during the purification of
transcription factor BTF2 was assessed by microinjection
into living XP-B fibroblasts in culture. The effect of the
injected proteins on the repair capacity of the cells is
measured by UV-induced unscheduled DNA synthesis (UDS),
visualized by in situ autoradiography and quantified by
counting silver grains above nuclei (De Jonge et al., 1983).
Figure 1A shows the purification scheme of BTF2 (Gerard
et al., 1991) together with the results of the microinjection
in XP-B and as a control in XP-G. It is apparent that
BTF2-containing fractions induce correction in XP-B. The
multinuclear XP-B cell shown in Figure 1B has been injected
with purified BTF2/TFIIH (hydroxyapatite fraction; Gerard
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A Purification scheme of BTF2(TFIIH)

Correction of NER-def
BTF2 purification step rachian of NER-dsfect

in XP-B XP-G
HeLa WCE (Manley) + +
Heparin ultrogel (0.22-0.4M KCI) NT NT
DEAE-spherodex (0.07-0.17M KCI) NT NT
Sulphopropyl-5PW (0.38M KCI, peak) + -
Phenyl-5PW (0.2M (NH4)2S04, peak) + -
Hydroxyapatite (0.37 M K-Pi, peak) + .
glycerol gradient + -

B

Fig. 1. Assessment of XP-B correcting activity by BTF2 using
microneedle injection. (A) Copurification of XP-B repair correction
and transcription stimulation of BTF2. Peak fractions of transcription
stimulatory activity of each BTF2 purification step (for details on the
BTF2 purification see Gerard ez al., 1991) were injected into the
cytoplasm of XP-B or XP-G homopolykargons, followed by UV
irradiation, incubation in the presence of ["H]TdR, fixation and
processing for autoradiography (see Materials and methods for details).
The number of silver grains above nuclei is a reflection of the repair
capacity of the cell. Fractions were scored positive when the injected
cells showed a level of UDS that was more than five times above the
background of non-injected neighbouring fibroblasts. WCE: whole cell
extract. The samples of the first two purification steps were very
diluted compared with the WCE. (B) Micrograph of XP-B fibroblasts
(XPCS1BA), microinjected with the highly purified fraction 12 of the
HAP chromatography column (see Figure 2), showing induction of the
UV dependent UDS in the injected multi-nucleated cell (arrow)
compared with the typical XP-B residual UDS level as shown by the
surrounding uninjected mononuclear cells.

et al., 1991) and shows a level of UDS in the range of
normal cells. In contrast, the non-injected neighbouring
mononuclear cells exhibit the very low repair activity
characteristic of XP-B. However, the correcting activity for
XP-G fibroblasts, which is present in the whole cell extract
(WCE), does not copurify with BTF2 (Figure 1A). To follow
more closely the relationship between BTF2 and XP-B
correction the fractionation profiles of the last two purification
steps, the hydroxyapatite (HAP) chromatography and the
glycerol gradient sedimentation were screened in a quantitative
fashion. Figure 2 shows that there is a direct correlation
between the repair complementing activity measured as
UDS as well as in vitro and the transcription activation
determined in an in vitro run-off assay using the adenovirus
major late promoter with RNA polymerase II and all basal
transcription factors except BTF2 (Fischer et al., 1992). In
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Fig. 2. Cochromatography and cosedimentation of BTF2 transcription
stimulating and XP-B/ERCC3 repair-correcting activities. The
transcriptionally active fractions that were eluted from the phenyl-5SPW
column were successively applied on a HAP column and a 15-35%
glycerol gradient. All fractions were tested for transcription stimulation
in vitro using the adenovirus major late promoter. Repair activity was
determined in vivo by microneedle injection into living XP-B
fibroblasts and in vitro using a cell-free NER assay. (A) HAP
purification step. The upper part shows the autoradiogram of the
transcription assay, the middle part presents the results of grain
counting (average number of grains per nucleus, 50 nuclei counted) of
XP-B cells microinjected with each fraction and assayed for
UV-induced UDS. The lower two panels represent the in vitro NER
activities of the same fractions in 27-1, a rodent NER deficient cell
strain of complementation group 3. They show the stained gel to
demonstrate equal loading and the autoradiogram to visualize repair
synthesis. The AAF-damaged plasmid is indicated with ‘+°, the
undamaged internal control with ‘—’. Fractions 4 and 12 of the HAP
profile had undergone an extra cycle of freezing and thawing prior to
this test. (B) Glycerol gradient sedimentation. Transcription (upper
part) and XP-B in vivo repair activity (lower part) of the glycerol
fractions were assayed as above.

previous work it was shown that the transcription stimulation
of BTF2 parallels its helicase activity (Schaeffer er al.,
1993). Thus, all BTF2 activities coincide with the XP-B
specific NER correction over six purification steps. We
conclude that microinjected BTF2 complex itself and not a
minor contaminant causes restoration of the repair defect in
living XP-B cells.

NER function of BTF2 in an in vitro repair assay
The results of the microinjection experiments do not exclude
the possibility that ERCC3 is only indirectly involved in
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Fig. 3. BTF2 corrects NER defect of rodent complementation group 3
in vitro. (A) In vitro complementation of NER defect in CHO mutants
of rodent complementation groups 3 (mutant 27-1) and 4 (mutant
UV47). Reactions contained a damaged plasmid (pBKS, 3.0 kb) and a
non-damaged internal control plasmid (pHM14, 3.7 kb), 250 ng each.
Protein concentration in all reactions was 200 ug. In lane 2 100 pug of
protein of each mutant extract were mixed. After incubation in the
presence of [32P]dATP to permit repair, DNA was isolated, linearized
by restriction endonuclease treatment and size-fractionated by agarose
gel electrophoresis. (B) In vitro correction of NER defect of rodent
complementation group 3 (mutant 27-1) by purified BTF2 (fractions 4
and 12 of the HAP chromatography shown in Figure 2). Lanes 1 and
2 contained 200 ug protein, lanes 3 and 4 100 ug of extract was used.
The amount of protein contributed by the BTF2 HAP fractions is
negligible.

NER. It is feasible that introduced BTF2 corrects expression
of one or more critical NER genes whose transcription is
abolished by the ERCC2 mutation in XP-B. Therefore, we
also measured correction of the XP-B defect in an in vitro
NER system (Wood et al., 1988) where transcription and
translation cannot occur. Figure 3B shows the outcome of
administration of highly purified BTF2 (fraction 12 of the
HAP chromatography) to cell-free extracts of CHO mutant
27-1. This mutant is a member of rodent complementation
group 3, the equivalent of XP-B (Weeda et al., 1990). In
the presence of purified BTF2, repair synthesis in the damaged
plasmid reaches a level similar to that achieved by mixing
a complementing extract (Figure 3A). No such correction is
observed with fraction 4 of the HAP eluate, which does not
contain BTF2 activity. In further testing all fractions eluted
from this column in the in vitro NER assay we find that the
repair and transcription profiles are again superimposable,
as they were using the microinjection assay (Figure 2A,
lower panel). These experiments demonstrate that ERCC3
has a direct involvement in both transcription and NER.

Configuration of ERCC3 in the NER reaction

To determine whether the ERCC1 correcting activity in a
whole cell extract resides in a BTF2(-like) configuration
antibody depletion experiments were conducted. A repair
proficient HeLa cell extract was incubated with a monoclonal
antibody against the p62 component of BTF2 (Mab3C9),
immobilized on protein A —sepharose beads. After removal
of the beads by centrifugation the remainder of the extract
was tested for repair capacity in vitro. Figure 4 shows
that removal of p62 causes a clear antibody dependent
reduction in repair activity (lane 3, compared with lane 1)
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Fig. 4. Monoclonal antibodies against p62 deplete a repair-competent
HeLa extract from repair and ERCC3 activity. HeLa cell-free extract
(150 ug protein) was incubated with Mab3C9 against the p62 BTF2
subunit immobilized on protein A —sepharose CL-4B beads. After
centrifugation to remove the bound proteins the supernatant was tested
for its repair and complementing activities using the in vitro NER
assay. Lane 1, HeLa extract (undepleted 100 pg); lane 2, HeLa extract
treated with protein A beads alone (80 xg); lane 3, HeLa extract
depleted with Mab3C9 (80 png); lane 4, Mab3C9-treated HeLa extract
(40 pg) mixed with extract of CHO mutant UV135 (complementation
group 5, 100 pg); lane S, UV135 extract alone (200 pg); lane 6,
Mab3C9-treated HeLa extract (40 pug) mixed with extract of CHO
mutant 27-1 (complementation group 3, 100 pg); lane 7, 27-1 extract
alone (200 pug).

suggesting that p62 is also involved in NER. To see whether
ERCC3 activity is still present the treated extract was
mixed with an extract of CHO group 3. It is apparent from
Figure 4 that the (p62)%P“*d-HeLa extract had also lost the
ability to complement the group 3 (lane 6) but not the group
5 defect (lane 4), which is equivalent to XP-G (O’Donovan
and Wood, 1993; Scherly et al., 1993). These findings
indicate that ERCC3 correcting activity in a repair-
competent HeL.a whole cell extract is associated with p62
and that the ERCCS5/XP-G factor is not tightly bound to
the p62—ERCC3 complex.

Effect of free ERCC3 protein

The purified BTF2 complex is quite stable, at least in vitro,
as the proteins involved remain associated even in 1 M KCl
(Schaeffer et al., 1993). To find out whether the ERCC3
protein can only function in NER when offered in the form
of the BTF2 complex we tested the ability of ERCC3 protein
overproduced in E.coli to complement the XP-B defect.
Figure 5 shows a glutathione —agarose bound fraction
containing the GST—ERCC3 fusion protein after SDS—
PAGE (lane 1) and the partially purified ERCC3 gene
product released from the GST fusion protein after cleavage
by thrombin (lane 3). The results summarized in Table I
(lower part) demonstrate that the recombinant GST—ERCC3
fusion protein as well as free ERCC3 induce significant
correction soon (within 4 h) after microinjection into XP-B
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Fig. 5. SDS—PAGE analysis of recombinant-produced ERCC3 fusion
protein. Recombinant-produced fusion protein of GST—ERCC3 (using
vector pGEX2T) was partly purified on glutathione —agarose beads and
eluted with 5 mM reduced glutathione (lane 1). Lane 2, eluted
proteins, after digestion with thrombin; lane 3, proteins released after
thrombin cleavage from immobilized fusion proteins on GSH beads.
Arrows indicate the recombinant ERCC3 proteins. Other bands present
in the Coomassie stained gel are probably derived from C-terminal
degradation products of GST—ERCC3 and contaminating E. coli
proteins.

fibroblasts. The fact that ERCC3 in the context of the
BTF2 complex as well as free ERCC3 exerts correction must
mean that the ERCC3 subunit is exchangeable. The notion
that the correction by BTF2 is more rapid (within 2 h) and
reaches wild-type level is consistent with the idea that
this complex rather than the free protein is involved in the
NER reaction. Apparently, the N-terminal GST extension
does not seriously interfere with ERCC3 functioning in
the BTF2 complex.

Consequence of interference with ERCC3 functioning
for NER and transcription

The involvement of ERCCS3 in transcription is derived from
results using an in vitro transcription assay and a limited set
of promoters (Gerard et al., 1991). It is important to verify
whether the protein performs such a function in vivo as well.
Therefore, we assessed the effect of antibody injection on
RNA synthesis (determined by incorporation of [*H]uridine)
and on NER (as determined by the level of UV-induced
[3H]TdR incorporation) into normal fibroblasts. As a
control, cells on the same slide were injected with preimmune
serum of the same rabbit and with antibodies against the
ERCCI protein, a NER component not residing in the BTF2
complex. Previously, we presented the specificity of the
antibodies (Schaeffer ez al., 1993; van Vuuren et al., 1993).
The results are summarized in Table I (upper part). The
ERCC3 preimmune serum has no significant effect on the
number of grains derived from transcription or NER. The
ERCCI control serum induces a total inhibition of excision
repair, demonstrating that this protein is indispensable for
NER. However, no reduction of general transcription is
observed, demonstrating that transcription does not drop as
a non-specific consequence of the inhibition of repair. The
ERCC3 serum causes a significant but incomplete repression
of transcription as well as repair synthesis. The partial effect
can be explained in several ways. The antibodies cannot
reach or block the activity of all ERCC3 molecules, e.g.
because the antigenic sites are not accessible. Alternatively,
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Table I. Microinjection of ERCC3 protein, antibodies and DNA constructs in human cells

Injected substances? Hours after % inhibition of % inhibition of NER activity in XP-B
injection NER® RNA synthesis® (UDS in % of normal)

Anti-ERCC1 (476) 24 97 0 -

Anti-ERCC3 (1151) 24 43 48 -

Preimmune 1151 24 2 5 -

K346 — R ERCC3 6 0 0 -

K346 — R ERCC3 22 74 70 -

K346 — R ERCC3 30 93 78 -

K346 — R ERCC3 48 98 95 -

w.t. ERCC3 30 10 5 -

Rec. GST—ERCC3¢ 4-6 - - 39

Rec. ERCC3¢ 4-6 - - 43

No injection - - - 11

Polyclonal rabbit serum (476, anti-ERCC1; 1151, anti-ERCC3; preimmune 1151), ERCC3 cDNA in the mammalian expression vector pSVL
(wild-type and K346 — R mutant of ERCC3); GSH-purified recombinant fusion protein of GST—ERCC3 and thrombin-cut fusion protein of

GST—ERCC3 on GSH column (see Figure 5).
®Compared with uninjected cells present on the same slide.
Estimated protein concentration 0.05—0.1 pg/ml.

the protein is only involved in part of the transcription and
NER reactions in the cell.

As an alternative manner of interfering with ERCC3
functioning in vivo a DNA construct was designed carrying
a mutation that is expected to have only a subtle effect on
the tertiary structure of the protein but a drastic effect on
its activity. For this the conserved lysine 346 in the nucleotide
binding box (Weeda er al., 1990) was selected and replaced
by arginine, thereby preserving the positive charge. It is
known from other ATPases and helicases with GKT-type
nucleotide binding domains that substitution of the invariant
lysine reduces or completely abolishes ATP hydrolysis but
does not necessarily affect ATP binding as such (Azzaria
et al., 1989; Reinstein ez al., 1990; Tijan et al., 1990). In
the yeast RAD3 repair helicase it has been demonstrated that
a similar K — R replacement does not interfere with
ATP binding but blocked the hydrolysis step and helicase
activity (Sung et al., 1988). Transfection of the mutant
ERCC3 cDNA into the UV-sensitive, repair-deficient rodent
group 3 cell line 27-1 demonstrated that the K346 — R
protein was unable to restore the repair defect (L.Ma,
A.Westbroek, A.G.Jochemsen, G.Weeda, D.Bootsma,
J.H.J.Hoeijmakers and A.J. van der Eb, manuscript
submitted). An analogous mutation in the yeast homologue
of ERCC3, RAD25, showed that the essential function of
the protein was also inactivated (Park er al., 1992). To
see whether this mutation exerts a dominant effect the
K346 — R ERCC3 cDNA was microinjected into
repair-competent fibroblasts. As a control the wild-type
cDNA in the same vector was injected into cells on the same
slide. Although at different time points some heterogeneity
was seen in the magnitude of the effects, presumably due
to differences in the level of expression, a sharp drop in UDS
was registered within 22 h which was total by 48 h (see
Figure 6D—F and for quantitative results Table I, middle
part). Concomitantly, transcription fell down to undetectable
levels (Figure 6A—C, Table I). This was closely followed
by a dramatic change in nuclear morphology. At first (22 h)
the nucleoli increased in size and became less densely
stained. At later times the entire Giemsa-stainable chromatin
material clumped in a small area, leaving the remainder of

the nucleus empty. In contrast, the cytoplasm stayed
remarkably normal in morphology (see Figure 6). None of
these effects were observed in the cells injected with the
wild-type cDNA construct which even exerts correction of
the repair defect when injected into XP-B fibroblasts (Weeda
et al., 1990). We conclude that the K346 — R substitution
confers a dominant-negative effect on both transcription and
NER and induces a dramatic chromatin collapse.

Discussion

The findings reported here demonstrate that the ERCC3 gene
product functions directly in two quite different aspects of
nucleic acid metabolism: basal transcription and nucleotide
excision repair. This confirms and extends earlier observations
by Egly and coworkers who identified the ERCC3 protein as
one of the components of the BTF2/TFITH complex required
for proper transcription initiation of RNA polymerase I
in vitro (Schaeffer et al., 1993). Thus these results rule out
the theoretical possibility raised by these and other remarkable
observations with respect to the ERCC3 gene in the yeast
and Drosophila systems, namely that the ERCC3 —NER
connection could be indirect, i.e. ERCC3 might control the
expression of one or more (real) NER genes without being
involved itself in this process (Gulyas and Donahue, 1992;
Mounkes et al., 1992; Schaeffer et al., 1993). In addition,
this work establishes that the ERCC3 protein participates
in the transcription machinery in vivo; the evidence for this
was hitherto only based on an in vitro transcription assay.
Finally, this paper reveals the dramatic consequences of
interfering with proper ERCC3 functioning in vivo via
overexpression of dominant-negative ERCC3 mutant protein
or by antibody injections. Our findings have direct
implications for the functioning of ERCC3 at the molecular
level and for the interpretation of some of the clinical
manifestations of the associated human syndrome.

Involvement of BTF2 in NER

In what configuration does ERCC3 function in NER? The
fact that purified BTF2 is able to correct the XP-B/rodent
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Fig. 6. Effect of K346 — R ERCC3 mutant on transcription and NER. Micrographs A, B and C show the time dependent effect on RNA synthesis,
assayed by pulse labelling with [*H]uridine, in control (wild-type) fibroblasts injected with the ERCC3 cDNA encoding the K346 — R mutated
protein. Micrographs D, E and F demonstrate the effect on NER, as revealed by UV-induced UDS. A and D were assayed 22 h, B and E 30 h and
C and F 48 h after microinjection. Injected polykaryons (arrows) demonstrate a complete inhibition of RNA synthesis (no incorporation of
[H]uridine) as well as NER (absence of UDS in injected polykaryons) and a dramatic chromatin collapse.

group 3 repair defect in vivo and in vitro suggests, but does
not prove, that the complex as a whole participates in the
NER process. It is, however, not excluded that the ERCC3
subunit dissociates from the complex and either functions
alone or in a different complex in the NER reaction
mechanism. An argument in favour of the involvement of
BTF2 in NER is our finding that monoclonal antibodies
against p62 are able to deprive a HeLa WCE of its NER
capability and all detectable ERCC3 activity. This suggests
that at least the p62 subunit of BTF2/TFIIH is tightly
associated with the majority of the ERCC3 molecules that
are required for in vitro NER. A second inference from
this observation is that the p62 protein may be yet another
NER factor. Whether the same holds for the entire BTF2
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complex has to be established. The dual involvement of
ERCC3 extends the emerging notion that the eukaryotic NER
system recruits many factors from other systems that operate
in the nucleus. From parallels with yeast it is likely that the
recently discovered ERCC1, ERCC4, ERCC11 and XPFC
complex functions simultaneously in NER and in a mitotic
recombination pathway (Schiestl and Prakash, 1990; Bailly
et al., 1992; Bardwell et al., 1992; Biggerstaff et al., 1993;
van Vuuren ef al., 1993). Using the in vitro NER assay
Wood and coworkers have shown that the replication factors
PCNA and HSSB (RPA) also participate in the post-incision
stages of the NER reaction (Coverley et al., 1992; Shivji
et al., 1992) in addition to DNA polymerase 6 or e and ligase
I. The dual usage of these proteins for different processes



may be for economical reasons. Alternatively, it may be a
reflection of the tight links of excision repair with other
processes in the nucleus.

Possible role of ERCC3 in NER

What can be the role of ERCC3 and BTF2 in transcription
initiation and NER? From the foregoing it is most logical
to search for a common functional step for ERCC3 and
perhaps the entire BTF2/TFIIH complex in both processes.
It has been demonstrated that the human BTF2/TFIIH
complex as well as the rat counterpart exhibit two activities:
a protein kinase that is able to phosphorylate the C-terminal
domain of the large subunit of RNA polymerase II (Lu ez al.,
1992; Serizawa et al., 1993a,b) and a helicase activity
(Schaeffer et al., 1993). The latter is likely to be associated
with the p89 ERCC3 subunit. In this light at least two
possibilities (or a combination) can be envisaged for a
common catalytic function of ERCC3 in transcription and
NER. (i) Induction of a locally melted DNA conformation
for RNA polymerase to be loaded onto the template. In the
context of NER a similar function can be imagined for putting
a scanning complex onto the DNA or the incision complex
at the site of a lesion. (ii) Unwinding of the helix as part
of the translocation of the transcription or NER scanning
complex along the chromatin, as suggested for the UvrA,B
complex in E.coli NER (Grossman and Thiagalingam,
1993). In both cases the ERCC3 protein or the BTF2 factor
has to interact with components of the transcription as well
as the NER machinery. Mutations in the ERCC3 protein
found in XP-B patients (such as alteration of the C-terminus:
Weeda et al., 1990) primarily inactivate NER. It is tempting
to speculate that these regions are specifically involved in
the interaction with other NER components.

Interference with ERCC3 functioning

Microinjection of the K346 — R ERCC3 mutant construct
induces a strong reduction or even a complete blockage of
NER and general transcription. A similar effect—although
quantitatively not as pronounced—was seen with anti-ERCC3
antibodies. Selective inhibition of NER is not the reason for
the dramatic decline of transcription, because antibodies
against the ERCCI protein also cause a total blockage of
NER but have no measurable impact on transcription. The
inhibition of NER and transcription by K346 — R ERCC3
occurs with similar kinetics, indicating that both processes
are disturbed in an analogous fashion. Furthermore, it is
observed relatively shortly after microinjection when taking
into account that the injected gene has to be transcribed, the
mRNA translated and the protein incorporated in a sufficient
number of BTF2 complexes to exert the observed effect.
For many genes expression is first registered 16—24 h after
injection. Also the correction of the XP-B repair defect by
injection of the purified ERCC3 protein is a quite rapid
phenomenon: significant increase in UDS is seen within 4 h
after injection. This suggests that exogenous ERCC3 is able
to exchange with endogenous ERCC3 in BTF2 complexes
in a relatively fast manner. One possibility is that the BTF2
complex disassembles and reassembles at regular times as
part of its reaction cycle and in this way incorporates new
exogenous ERCC3 protein. For the dominant effect of
mutant ERCC3 the following scenario seems most plausible.
The conservative K346 — R mutation is not expected to
perturb dramatically the tertiary conformation and fitting of
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the protein into the BTF2 complex. After incorporation into
BTF2 and assembly of the preinitiation complex the reaction
proceeds up to the stage in which the ATPase activity of
ERCC3 is required. At this point the system is paralysed,
frustrating the normal progression of both transcription and
NER. When a critical threshold of poisoned transcription
units is reached this process culminates in a complete and
irreversible inhibition of transcription. Ironically, this
catastrophic event will also shut down the expression of the
injected ERCC3 mutant construct itself,

BTF2 has been demonstrated to be involved in transcription
by RNA polymerase II (Gerard et al., 1991). It is not
known whether it is implicated in RNA polymerase I and
IIT transcription as well. The effects of the dominant-negative
ERCC3 mutant indicates that total RNA synthesis becomes
impaired. This does not necessarily mean that ERCC3
participates directly in all three modes of transcription. It
is possible that the inhibition of e.g. RNA polymerase I is
an indirect result of the blockage of RNA polymerase II.

The time-resolved consequences of selective inhibition of
transcription by RNA polymerase II have hitherto escaped
detection because severe mutants in this process are obviously
not viable. In our transient microinjection system the most
dramatic and earliest morphological effects concern the
nucleus where the nucleolus seems to swell first and eventually
all chromatin appears to become clumped in one or a few
regions, leaving the remainder of the nucleus empty. These
alterations initiate already at a stage when inhibition of
transcription is still not complete suggesting that the
chromatin structure critically depends on ongoing transcription
and functioning ERCC3. Probably all cellular processes
which require proteins with a high turnover and a short
mRNA half-life will be affected first. Morphologically, the
affected cells show features resembling an early stage of
apoptosis. However, further studies are warranted to establish
a relationship with apoptosis.

Consequences for the clinical features of XP-B

The very rare XP-B complementation group exhibits a
number of clinical characteristics that are atypical for a
NER defect and difficult to rationalize on the basis of a
DNA repair problem. This includes many of the features
these patients share with Cockayne’s syndrome, such as
neurodysmyelination, immature sexual development, absence
of subcutaneous fat and a general growth deficiency (Cleaver
and Kraemer, 1989; Scott et al., 1993; Vermeulen et al.,
1994). In view of the additional function of ERCC3 it is
tempting to assign at least some of these features to a subtle
impairment of transcription. In mouse models evidence has
been collected that the production of the myelin sheet is
strongly determined by the amount of mRNA for myelin basic
protein (Popko ez al., 1987). Thus the neurodysmyelination
may be related to a reduced expression of this protein. Viable
mutations in the Drosophila homologue of ERCC3 designated
‘haywire’ display sterility which is likely to be caused
by reduced expression of B-tubulin, required for spindle
formation in meiosis (Mounkes et al., 1992). Perhaps
the immature sexual development in XP-B could be due to
the same problem. Recent findings in the field of basic
transcription support the notion that the requirement of
transcription factors may vary from promoter to promoter,
depending on the sequence around the initiation site, the
topological state of the DNA and perhaps other factors such
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as the local chromatin structure (see Stanway, 1993 and
references therein). This may explain the above features and
the poor general development characteristic of this form of
XP. In fact two other XP complementation groups, XP-D
and XP-G, also display the remarkable clinical features of
XP-B (Vermeulen et al., 1993). As demonstrated here the
XP-G factor is not present in the BTF2 complex. If it is
involved in transcription it is either present in another
complex or it is only loosely associated with components
of BTF2 and not essential for transcription. The latter idea
is in agreement with the notion that the yeast homologue
of XP-G, RAD2 (Scherly et al., 1993) is also not an essential
gene (Madura and Prakash, 1986). As noted before, XP-D
and the corresponding gene ERCC2 have many parallels with
XP-B and ERCC3. This has prompted the idea that the
ERCC3 and ERCC2 proteins may interact and have a similar
function (Weeda er al., 1990). Clinical heterogeneity in
XP-D is even more pronounced than in XP-B and includes
the peculiar brittle hair symptoms of trichothiodystrophy.
We have recently obtained evidence that the functional
overlap between repair and transcription also includes
ERCC2. This is consistent with the idea that some of the
clinical features of these rare pleiotropic disorders are due
to basal transcription problems.

Materials and methods

General procedures

Purification of nucleic acids, restriction enzyme digestion, gel electrophoresis
of nucleic acids and proteins, transformation of E. coli, etc. were performed
according to standard procedures (Sambrook er al., 1989).

Purification of BTF2/TFIIH

The purification of BTF2 and all other general transcription factors required
for the transcription assay using the adenovirus 2 major late promoter as
template was performed starting from HeLa cells as described earlier (Gerard
etal., 1991).

Microneedle injection and assay for RNA synthesis and
UV-induced unscheduled DNA synthesis

Microneedle injection of XP-B fibroblasts as well as control cells (CSRO)
was performed as described (Vermeulen ez al., 1994). Briefly, at least 3
days prior to microinjection cells were fused with the aid of inactivated
Sendai virus, seeded onto coverslips and cultured in Ham’s F-10 medium,
supplemented with 12% fetal calf serum and antibiotics. After injection
of at least 50 homopolykaryons cells were incubated for the desired time
in normal culture medium before being assayed. NER activity was
determined after UV-C light irradiation with 15 J/m?, incubation for 2 h
in [3H]thymidine (10 uCi/ml; s.a.: 50 Ci/mmol)-containing culture
medium, fixation and exposure to autoradiography. Grains above the nuclei
(>100) were counted and represent a quantitative measure for NER ac-
tivity. RNA synthesis was determined also by counting autoradiographic
grains above the nuclei of injected cells, after labelling with [*H]uridine
(10 pCi/ml; s.a.: 50 Ci/mmol) during a pulse labelling period of 1 h in
normal culture medium. Protein preparations (including antisera) were in-
jected into the cytoplasm, cDNAs were microinjected into one of the nuclei
of polykaryons.

In vitro DNA repair assay
Plasmids pBKS (3.0 kb) and pHM14 (3.7 kb) were isolated from E.coli
and extensively purified as closed circular DNA (Biggerstaff et al., 1991).
pBKS was treated with 0.1 mM N-acetoxy-2-acetylaminofluorene (AAF)
(a kind gift of R.Baan, TNO, Rijswijk), inducing mainly N-(guanine-
8-yl) —AAF adducts. AAF-modified plasmids were collected by repeated
di-ethyl-ether extractions and ethanol precipitation (Landegent er al., 1984)
and repurified on a neutral sucrose gradient. pHM14 was mock-treated in
parallel. There are 15—20 AAF —guanine adducts per damaged plasmid.
Repair-proficient cell lines: HeLa, Chinese hamster ovary (CHO) cell
strain CHO9 and CHO NER mutants: 27-1 (complementation group 3),
UV47 (CG 4) and UV135 (CG 5) were cultured in a 1:1 mixture of Ham'’s
F-10 and DMEM medium (Gibco) supplemented with 10% fetal calf serum
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and antibiotics. Cells were harvested and extracts were prepared from
2—5 ml of packed cell pellet by the method of Manley as modified by Wood
(Manley er al., 1983; Wood et al., 1988). Extracts were dialysed in 25 mM
HEPES—-KOH, pH 7.8, 0.1 M KCl, 12 mM MgCl,, 1 mM EDTA,
2 mM DTT and 17% (v/v) glycerol and stored at —80°C.

The reaction mixture (50 ul) contained 250 ng of both damaged and
non-damaged plasmid DNA, 45 mM HEPES—KOH (pH 7.8), 70 mM KCl,
7.4 mM MgCl,, 0.9 mM DTT, 0.4 mM EDTA, 20 uM each of dCTP,
dGTP and TTP, 8 uM dATP, 74 kBq of [a->?P]dATP, 2 mM ATP,
40 mM phosphocreatine, 2.5 pg creatine phosphokinase, 3.45% glycerol,
18 pg bovine serum albumin and 200 ug of cell-free extract. The reaction
was incubated for 3 h at 30°C, afterwards the plasmid DNAs were isolated,
linearized and separated on an agarose gel electrophoresis. Data were
analysed via autoradiography and quantified by scintillation counting of
excised DNA bands.

For microinjection and antibody depletion experiments, the following
antisera were used: (i) a rabbit polyclonal anti-ERCC1 antiserum raised
against a ubiquitin—ERCCI fusion protein and characterized as previously
described (van Vuuren ez al., 1993); (ii) a polyclonal antiserum raised against
a GST—ERCC3 fusion protein containing an internal part (amino acids
82—-480) of ERCC3; (iii) a monoclonal antibody (Mab3C9) against the
62 kDa polypeptide, a component of BTF2, used in depletion experiments
was published earlier (Fischer et al., 1992).

To deplete 150 pg of repair-proficient HeLa extract, anti-p62 antibodies
(3 ul of ascites fluid) were immobilized on protein A —Sepharose CL-4B
beads; after incubation with HeLa extract and centrifugation the supernatant
was used as a depleted Hela extract and tested for repair activity in vitro
as detailed above (van Vuuren et al., 1993).

Overproduction and purification of recombinant ERCC3 protein
ECCR3 cDNA cloned in pGEX2T was transferred to E.coli strain BL21
and gene expression was induced during 3 h by IPTG. Cells were
homogenized in PBS (containing 2 mM PMSF and 15% glycerol) by
sonication and extracts were cleared by centrifugation. Fusion protein was
purified by passing the cell homogenate through a glutathione —agarose
containing column, proteins were eluted with 5 mM reduced glutathione
(in 50 mM Tris, pH 8.0). Alternatively recombinant ERCC3 was cleaved
from the GST part by incubating the immobilized fusion protein (on
the glutathione —agarose beads) with thrombin (1—2 ng/ug protein) for
45 min at 20°C.

Site-directed mutagenesis

Mutations in the ERCC3 cDNA sequence were made using the
oligonucleotide directed, uracil—DNA method (Kunkel et al., 1987). An
internal fragment of ERCC3 was inserted in a M13 vector, and after mutation
induction used to replace the wild-type fragment in the parental plasmid
pE3-WT. The desired mutation was verified by sequence analysis.
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