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Elongin A performs dual functions as the transcriptionally
active subunit of RNA polymerase II (Pol II) elongation factor
Elongin and as the substrate recognition subunit of a Cullin-RING
E3 ubiquitin ligase that ubiquitylates Pol II in response to DNA
damage. Assembly of the Elongin A ubiquitin ligase and its recruit-
ment to sites of DNA damage is a tightly regulated process induced
by DNA-damaging agents and �-amanitin, a drug that induces Pol
II stalling. In this study, we demonstrate (i) that Elongin A and the
ubiquitin ligase subunit CUL5 associate in cells with the Cockayne
syndrome B (CSB) protein and (ii) that this interaction is also
induced by DNA-damaging agents and �-amanitin. In addition, we
present evidence that the CSB protein promotes stable recruitment
of the Elongin A ubiquitin ligase to sites of DNA damage. Our find-
ings are consistent with the model that the Elongin A ubiquitin
ligase and the CSB protein function together in a common pathway
in response to Pol II stalling and DNA damage.

Elongin A was originally discovered as the transcriptionally
active subunit of RNA polymerase II (Pol II)3 transcription fac-
tor Elongin (SIII), which stimulates the overall rate of Pol II
elongation through a direct interaction with the enzyme (1, 2).
Elongin is composed of Elongin A and a heterodimeric submodule
composed of the Elongin B and C proteins, which bind to a short
Elongin A sequence motif referred to as the BC-box and potently
activate Elongin A transcriptional activity (3–6).

The Elongin heterotrimer was subsequently found to assem-
ble with Cullin family member CUL5 and RING finger protein
RBX (7, 8) to form an E3 ubiquitin ligase that targets the RPB1
subunit of Pol II for ubiquitylation and degradation by the pro-
teasome in cells subjected to UV or oxidative DNA damage
(9 –12). Based on the observations (i) that the Elongin A ubiq-
uitin ligase targets RPB1 for ubiquitylation in vitro (11, 12) and
(ii) that mutations in subunits of the Elongin A ubiquitin ligase
result in reduced or delayed ubiquitylation and degradation of
RPB1 after DNA damage (9 –11, 13), the ligase has been pro-
posed to play a critical role in the removal of Pol II stalled at sites
of DNA damage. Notably, the Elongin A ubiquitin ligase was
among the founding members of the large BC-box (SOCS-box)
family of Cullin-RING E3 ubiquitin ligases (reviewed in Ref. 14).
Members of this family include a BC-box-containing substrate
recognition subunit that binds to the Elongin BC heterodimer,
which in turn acts as an adaptor to link the BC-box protein to a
submodule composed of a Cullin protein (CUL2 or CUL5) and
one of two RBX paralogs (RBX1 or RBX2) (7, 8, 15).

We wish to understand how the assembly and activity of
Elongin A ubiquitin ligase are regulated. In a previous study, we
obtained evidence consistent with the model (i) that assembly
of the ligase is a tightly regulated process that can be rapidly
induced by treatment of cells with a large variety of DNA-dam-
aging agents or with drugs that induce Pol II stalling, and (ii)
that once assembled, the ligase is rapidly recruited to sites of
DNA damage (16). In a recent proteomic screen, Boeing et al.
(17) identified Elongin A as one of a number of proteins that
exhibit increased interaction with the Cockayne syndrome B
(CSB) protein after induction of DNA damage by UV irradia-
tion. Cockayne syndrome is a neurodevelopmental disorder in
which affected individuals exhibit neural and growth abnor-
malities, progeroid features, and sun sensitivity (18). It is caused
by mutations in either the ERCC6 or ERCC8 genes, encoding
CSB or the Cockayne Syndrome A (CSA) protein, respectively.

The CSB protein is a SNF2 family ATPase. Mutation or dele-
tion of the gene encoding CSB alters the expression of a large
number of genes, many of which have roles in neuronal differ-
entiation or function (19 –22). In addition, the CSB protein reg-
ulates transcription-coupled nucleotide excision repair, base
excision repair, and repair of double-strand breaks (23–27).
Although the precise mechanisms by which CSB functions in
these processes have not been elucidated, it has been proposed
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to function as a sensor for DNA damage and/or Pol II stalled at
DNA damage sites (28 –31).

In this study, we describe experiments exploring the potential
connection between the Elongin A ubiquitin ligase and the CSB
protein. Evidence from these experiments has revealed (i) that
association of the Elongin A ubiquitin ligase with the CSB protein
is a tightly regulated process that is rapidly induced by treatment of
cells with DNA-damaging agents or inhibitors of Pol II elongation
and (ii) that the CSB protein is required for stable recruitment of
the Elongin A ubiquitin ligase to DNA damage sites.

Results and discussion

To explore the connection between the Elongin A ubiquitin
ligase and the CSB protein in living cells, we exploited acceptor
photobleaching fluorescence resonance energy transfer (AP-
FRET). During our FRET assays, energy is transferred from a
green donor fluorophore to a red acceptor fluorophore. As a
result of the energy transfer, the emission of the donor is
quenched and that of the acceptor is enhanced in a strongly
distance-dependent fashion; for typical fluorescent proteins,
FRET occurs only at distances less than 100 Å (32, 33). In AP-
FRET, FRET efficiency is determined by comparing the donor
fluorescence emission before acceptor photobleaching (when
energy can be transferred to acceptor molecules) with donor
emission after acceptor photobleaching (when the acceptor can
no longer absorb energy emitted from the donor) (Fig. 1A). We
previously employed AP-FRET successfully to show that inter-
action of Elongin A with CUL5 to form the Elongin A ubiquitin
ligase is tightly regulated in living cells (16).

Interactions between CSB and subunits of the Elongin A
ubiquitin ligase were monitored in human bone osteosarcoma
U2-OS cells or in CS1ANsv cells. CS1ANsv cells are SV40
immortalized human fibroblasts derived from a Cockayne syn-
drome patient lacking functional CSB; they express a 336-a-
mino acid, N-terminal fragment of CSB truncated upstream of
the SNF2 ATPase domain (23, 34). CS1ANsv cells exhibit tran-
scription and DNA repair defects that can be rescued by exog-
enous expression of wild-type CSB (for example, see Refs. 20
and 23). In initial experiments, Hoechst-sensitized cells tran-
siently expressing GFP-tagged CSB (GFP-CSB) and Halo-
tagged Elongin A (Halo-EloA) labeled with a cell-permeable
rhodamine 110 derivative were subjected or not to UV laser
microirradiation. UV laser microirradiation of Hoechst-sensi-
tized cells gives rise to DNA lesions, including cyclobutane
pyrimidine dimers and pyrimidine-pyrimidone (6-4) photo-
products, oxidative lesions, and single- and double-stranded
breaks (35, 36). In control assays, we detected little or no FRET
between Halo-Elongin A and free GFP or between GFP-CSB
and free Halo tag in cells that had or had not been subjected to
laser microirradiation (Fig. 1B). In contrast, microirradiation
induced strong AP-FRET signals between Halo-Elongin A and
GFP-CSB in both U2-OS and CS1ANsv cells. In parallel ex-
periments, substantial AP-FRET signals were also detected
following laser microirradiation of Hoechst-sensitized cells
expressing mCherry-CUL5 and GFP-CSB, but not between
mCherry-CUL5 and free GFP or GFP-CSB and free mCherry
(Fig. 1C). Similar increases in AP-FRET signals between CSB
and Elongin A or CUL5 were observed when experiments were

performed using CS1ANsv cells stably expressing GFP-CSB
(CS1ANsv-GFP-CSB cells) and either transiently expressed
Halo-Elongin A (Fig. 1B) or transiently expressed mCherry-
CUL5 (Fig. 1C).

Binding of Elongin A to CUL5 to form the Elongin A ubiqui-
tin ligase can be provoked not only by UV irradiation of
Hoechst-sensitized cells, but also by treatment of cells with a
collection of DNA-damaging agents that give rise to single- and
double-strand DNA breaks. In addition, treatment of cells with
�-amanitin or 5,6-dichloro-1-�-D-ribofuranosylbenzimidazole
(DRB), which both induce Pol II stalling without DNA damage,
can drive assembly of the Elongin A ubiquitin ligase (16). To
determine whether these same treatments induce binding of
CSB to the Elongin A ubiquitin ligase, we measured AP-FRET
between GFP-CSB and Halo-Elongin A or mCherry CUL5 in
CS1ANsv-GFP-CSB (Fig. 1, D and E). Treatment of cells with
the topoisomerase 1 inhibitor camptothecin, the topoisomer-
ase 2 inhibitor etoposide, the DNA-alkylating agent methyl
methanesulfonate, and the DNA replication inhibitors aphidi-
colin and hydroxyurea all induced AP-FRET between CSB and
both Elongin A and CUL5. In addition, the Pol II elongation
inhibitors �-amanitin and DRB induced AP-FRET between
CSB and Elongin A or CUL5, whereas triptolide, which blocks
Pol II initiation (37, 38), did not. Taken together, these findings
argue that CSB interacts with both Elongin A and the ubiquitin
ligase subunit CUL5 in response to treatments that cause DNA
damage or Pol II stalling.

We next asked whether the CSB protein might play a role in
assembly of the Elongin A ubiquitin ligase, its recruitment to
sites of DNA damage, or both processes. To determine whether
CSB contributes to assembly of the Elongin A ubiquitin ligase,
we measured AP-FRET between Halo-Elongin A and mCherry-
CUL5 in CSB-deficient CS1ANsv cells transiently transfected
with a plasmid encoding CSB or with empty vector (Fig. 2A) or
in a CS1ANsv cell line (CS1AN-CSB Tet-on) stably expressing
untagged CSB under control of a doxycycline-inducible pro-
moter (Fig. 2B). The Elongin A-CUL5 AP-FRET signal was
increased following UV-microirradiation of cells lacking wild-
type CSB but was further enhanced upon expression of CSB.
Thus, wild-type CSB can contribute to, but is not essential for,
DNA damage-induced assembly of the Elongin A ubiquitin
ligase.

In contrast, CSB plays a critical role in stable recruitment of
both Elongin A and CUL5 to sites of localized DNA damage.
We previously observed that both Elongin A and CUL5 are
rapidly recruited to regions of localized DNA damage induced
by UV laser microirradiation of the nuclei of Hoechst-sensi-
tized cells (16). To test the contribution of CSB to this recruit-
ment, CS1AN cells carrying doxycycline-inducible GFP-CSB
were grown in the presence or absence of doxycycline, trans-
fected with plasmids encoding Halo-Elongin A or mCherry-
CUL5, and subjected to laser microirradiation to create a stripe
of localized DNA damage in cell nuclei. Included in Fig. 2 are
representative images of cells taken 1 min after laser microirradia-
tion; in these images, microirradiated regions are indicated by
white arrowheads. The kinetics of accumulation of fluorescently
labeled proteins at these sites was determined by imaging cells over
a period of 2 min after laser microirradiation. The recruitment
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ratio (Rt) is a measure of fluorescence intensity at the microirradi-
ated region relative to total nuclear fluorescence at each time
point; an Rt greater than one indicates an accumulation of fluores-
cently labeled protein at the microirradiated region.

Consistent with previous results (29, 39, 40), in doxycycline-
treated cells, GFP-CSB was rapidly recruited to regions of DNA
damage (Fig. 2, C and D, images outlined in blue). Under these
conditions, Elongin A and CUL5 also accumulated at regions of
laser-induced DNA damage (images outlined in red). Notably,
CSB, Elongin A, and CUL5 all accumulated at these regions
with very similar kinetics. In cells that were grown in the
absence of doxycycline and lacked functional CSB, we observed

a very slight enrichment of Elongin A and CUL5 at sites of
microirradiation (Fig. 2, C and D, see images outlined in black);
however, there was much less accumulation of these proteins
than in cells expressing wild-type CSB.

The very small but detectable level of Elongin A or CUL5
recruitment observed in cells grown in the absence of doxycy-
cline cannot be explained by leaky expression of CSB, because
similar results were obtained in experiments measuring
recruitment to regions of laser-induced DNA damage in
CS1ANsv cells transiently transfected or not with GFP-CSB
(supplemental Fig. 1). Nevertheless, we cannot exclude the pos-
sibility that the residual Elongin A and CUL5 recruitment seen
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Figure 1. Regulated interaction of CSB with Elongin A and CUL5. A, representative images of acceptor and donor fluorescence in a CS1ANsv cell transiently
expressing Halo-Elongin A labeled with TMRDirectTM (left) and GFP-CSB (middle), before and after acceptor photobleaching. On the right are heat maps
showing relative donor pixel intensity before and after acceptor photobleaching. Scale bars, 8 �m. B and C, AP-FRET efficiency (FRET Eff.) in Hoechst-sensitized
U2-OS or CS1ANsv cells transiently expressing the indicated proteins. Cells were subjected or not to laser microirradiation (Irrad). *, p � 10�4 (unpaired t test).
Halo-ELOA, Halo-tagged Elongin A. D and E, AP-FRET efficiency in Hoechst-sensitized CS1ANsv-GFP-CSB cells transiently expressing Halo-Elongin A or mCherry-
CUL5 and subjected to treatment with the indicated compound for 1 h or to laser microirradiation. Eto, etoposide; aphid, aphidicolin; HU, hydroxyurea; MMS,
methyl methanesulfonate; �-Am, �-amanitin; Trp, triptolide. Graphs show values from individual cells with median and interquartile ranges. n � 18 cells (6 cells
from each of 3 independent experiments). *, p � 10�4 as compared with water control (Dunnett’s multiple-comparison test after analysis of variance).
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in the absence of exogenous wild-type CSB depends on the
N-terminal CSB fragment expressed by CS1ANsv cells.

Our observation that Elongin A and CUL5 recruitment is
defective in the absence of wild-type CSB does not reflect a
general failure to recruit DNA repair proteins to regions of
localized DNA damage in these cells, because we observed that
recruitment of the poly(ADP-ribose) polymerase (PARP)-acti-
vated chromatin-remodeling enzyme CHD1L (41, 42) was inde-
pendent of CSB expression (Fig. 2E). Finally, we note that
Elongin A (purple) and CUL5 (black) recruitment to sites of
laser-induced DNA damage was not impaired in CS3BEsv cells
(Fig. 2F), which are SV40 immortalized human fibroblasts

derived from a Cockayne syndrome patient lacking functional
CSA but expressing wild-type CSB.

The data presented thus far demonstrate (i) that interaction
of CSB with the Elongin A ubiquitin ligase can be provoked by
laser microirradiation and other DNA-damaging agents, (ii)
that CSB and the Elongin A ubiquitin ligase are recruited to
sites of laser-induced DNA damage with similar kinetics, and
(iii) that CSB is needed for stable recruitment of the Elongin A
ubiquitin ligase to DNA damage sites. It does not, however,
provide insight into whether the Elongin A-CSB interaction is
needed for CSB-dependent recruitment. To explore the rela-
tionship between CSB-dependent recruitment of Elongin A to
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Figure 2. CSB-dependent recruitment of Elongin A and CUL5 to localized DNA damage. A and B, AP-FRET efficiency (FRET Eff.) in CS1ANsv cells (A) or
CS1ANsv-CSB Tet-on cells (B) transiently expressing the indicated proteins and subjected or not to laser microirradiation (Microirrad) as indicated. Graphs show
AP-FRET values from individual cells with median and interquartile ranges; n � 18 cells (6 cells from each of 3 independent experiments). *, p � 10�4.
Halo-ELOA, Halo-tagged Elongin A. C and D, recruitment of GFP-CSB and either Halo-Elongin A (C) or mCherry-CUL5 (D) in CS1ANsv-GFP-CSB TET-on cells.
Induction of CSB expression results in a significant increase in Elongin A and CUL5 recruitment (p � 10�4, based on comparisons of last 10 time points in
unpaired t tests). E, recruitment of Halo-CHD1L in CS1ANsv-GFP-CSB Tet-on cells. F, recruitment of Halo-Elongin A and mCherry-CUL5 in CS3BEsv cells. Cells
were imaged every second, and intensity values were binned over 5-s intervals. Microirradiation was initiated at time t � 0 (black arrow). Graphs show mean �
S.E., n � 18 cells (6 cells from each of 3 independent experiments). Where indicated, cells were treated with doxycycline (DOX) to induce CSB expression.
Included in panels C, D, E, and F are representative images of cells subjected to microirradiation; white triangles indicate regions of microirradiation. Scale bars,
8 �m. For panels C and D, images boxed in blue show GFP-CSB fluorescence in doxycycline-treated cells, and images boxed in red show Halo-Elongin A or
mCherry-CUL5 fluorescence, respectively, in the same cells; images boxed in black show either Halo-Elongin A or mCherry-CUL5 fluorescence in cells grown
without doxycycline. For panel E, images boxed in red or black show Halo-CHD1L fluorescence in cells grown in the presence or absence of doxycycline,
respectively. For panel F, images boxed in purple and black show Halo-Elongin A and mCherry CUL5 fluorescence, respectively, in the same CS3BEsv cell.
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regions of DNA damage and DNA damage-induced CSB-
Elongin A interaction, we assayed an extensive series of Halo-
Elongin A N-terminal, C-terminal, and internal deletion
mutants (Fig. 3A) for their abilities to interact with CSB in AP-
FRET experiments (supplemental Fig. 2A) and to accumulate at
sites of laser microirradiation (supplemental Fig. 2B). As shown
in Fig. 3B, we observed a significant correlation (p � 0.0004)
between the abilities of the Elongin A mutants to interact with
CSB and to be recruited to DNA damage regions, consistent
with the model that the interaction between Elongin A and CSB
contributes to CSB-dependent Elongin A recruitment. In con-
trast, and consistent with previous results obtained with a
more limited series of Elongin A mutants (16), the correlation
between their abilities to assemble with CUL5 to form the
Elongin A ubiquitin ligase and to be recruited to damage
regions was less significant (Fig. 3C and supplemental Fig. 2C).
Of note, deletion of the Elongin A BC-box (outlined in red in
Fig. 3, B and C) abrogates the Elongin A-CUL5 interaction
without affecting either the Elongin A-CSB interaction or
Elongin A recruitment to DNA damage, indicating that the
CSB-Elongin A interaction and CSB-dependent recruitment of
Elongin A to DNA damage can occur without prior assembly of
the Elongin A ubiquitin ligase. In addition, Elongin A’s con-
served N-terminal domain, which resembles the N-terminal
domains of the transcription elongation factor TFIIS and Medi-
ator subunit MED26, is dispensable for its interactions with
CSB and CUL5 and its recruitment to regions of DNA damage

(Fig. 3, B and C, compare wild-type Elongin A (black arrows)
with Elongin A(388 –773) (red arrows)).

In summary, here we have shown that the CSB protein (i)
interacts with Elongin A and the Elongin A ubiquitin ligase in
response to DNA damage and Pol II stalling, (ii) enhances, but is
not essential for, assembly of the Elongin A ubiquitin ligase
provoked by DNA damage and Pol II stalling, and (iii) promotes
stable recruitment of Elongin A and the Elongin A ubiquitin
ligase to regions of localized DNA damage. Although the pre-
cise mechanism of action of the CSB protein in repair of DNA
damage remains mysterious, our results argue that at least one
function of CSB is to expedite recruitment of the Elongin A
ubiquitin ligase to sites of DNA damage for ubiquitylation and
proteasomal removal of stalled Pol II. Our findings are consis-
tent with previous proposals that CSB functions as a sensor of
stalled Pol II to initiate the DNA repair process (28 –31).

Experimental procedures

Materials

HaloTag� R110DirectTM Ligand G3221 and HaloTag�
TMRDirectTM Ligand G2991 were purchased from Promega.
Hoechst solution (33258; used at 1:1000 dilution), aphidicolin
(A-4487; used at 4 �M), hydroxyurea (H-8627; used at 200 �M),
methyl methanesulfonate (129925; used at 0.1 �M), hydrogen
peroxide (16911; used at 300 �M), DRB (D1916, used at 25 �M),
and triptolide (T-3652, used at 10 �M) were all from Sigma.
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measured at 30 s after microirradiation. p values are for comparison of the slopes of the linear regressions to a zero slope. Black arrows highlight wild-type
Elongin A, red arrows highlight the Elongin A(388 –773) mutant, which lacks the TFIIS- and MED26-like N-terminal domain, and a red box highlights Elongin
A(�546 –565), which lacks the BC-box.
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�-Amanitin (used at 10 �M) was purchased from Sigma
(A2263) or EMD/Millipore (129741). Etoposide (341205; used
at 100 �M) was purchased from Millipore, Calbiochem.
FuGENE HD transfection reagent was obtained from Promega.

Cell culture and stable cell lines

CS1ANsv cells (43), CS1ANsv cells constitutively expressing
CSB (CS1ANsv-CSB) or GFP-CSB (CS1ANsv-GFP-CSB) at
near physiological levels (29), and CS3BEsv cells (43) were cul-
tured in phenol red-free DMEM. U2-OS cells (ATCC HTB-96)
were cultured in phenol red-free McCoy’s medium (Gibco,
Invitrogen), at 37 °C in 5% CO2. DMEM and McCoy’s media
were supplemented with 5% GlutaMAX, 10% charcoal-stripped
One ShotTM fetal bovine serum (Gibco, Life Technologies), 100
units/ml penicillin, and 100 �g/ml streptomycin (Gibco, Life
Technologies). CS1AN-CSB Tet-on cells (20) were cultured in
phenol red-free DMEM containing 10% (v/v) Tet system-ap-
proved fetal bovine serum (Clontech) at 37 °C with 5% CO2
without antibiotics. Where indicated, cells were treated with
0.5 �g/ml doxycycline to induce CSB expression 24 h prior to
use for transfection.

Plasmids

Plasmids encoding Halo-tagged versions of wild-type
and mutant rat Elongin A (GenBankTM accession number
AAA82095), mCherry-tagged CUL5 (mCherry-CUL5), human
Elongins B and C, and FLAG-Halo-tagged CHD1L were gener-
ated as described (16). Plasmids encoding wild-type and GFP-
tagged CSB were generated as described (44).

Microirradiation, live imaging, AP-FRET, and image analysis

Time-lapse movies, UV micro-irradiation, and AP-FRET mea-
surements were performed as described previously (16). Prior
to microirradiation and/or AP-FRET, CS1AN or U2-OS cells
were plated at 50 – 60% confluence in MatTek glass bottom
dishes (35 mm, No. 2 14-mm diameter glass) and transfected
using FuGENE HD and plasmids encoding Halo-Elongin A
(100 ng as donor, 400 ng as acceptor), mCherry-CUL5 (100 ng
or 400 ng), and GFP-CSB (100 ng) as indicated, together with
plasmids encoding Elongin B (100 ng) and Elongin C (100
ng). To label Halo-tagged proteins with rhodamine 110 or
TMRDirectTM in living cells, medium was changed after 24 h,
HaloTag� R110DirectTM (when Elongin A was the FRET
donor) or TMRDirectTM (when Elongin A was the FRET accep-
tor) ligand was added to a final concentration of 100 nM, and
cells were allowed to incubate overnight without washing as
directed in the manufacturer’s protocol. Cells were stained for
30 min with Hoechst dye to mark nuclei and/or sensitize cells to
UV irradiation 24 h after transfection, and then allowed to
recover for 5 min before AP-FRET measurements.

Values for normalized recruitment after microirradiation
(Rt) were calculated using the equation Rt � (It/Tt)/(I0/T0). I0
and T0 are the average fluorescence intensities of the microir-
radiated and total nuclear region, respectively, averaged over
the pre-irradiation time period. It is the fluorescence intensity
of the microirradiated stripe as a function of time and was mea-
sured as the average intensity of a manually selected region
corresponding to the visible bleached region immediately after

microirradiation. Tt (total nuclear fluorescence intensity) was
measured in the same way selecting the nuclear boundary. For
measurements of AP-FRET, a sequence of at least three images
of each region of interest was collected before and after photo-
bleaching of the mCherry or TMRDirectTM photoacceptor
with 15 iterations of 100% 561-nm laser power. FRET efficien-
cies (E) were calculated using the equation E � 1 � �Ibefore�/
�Iafter�, where the brackets represent a temporal average, and
Ibefore and Iafter refer to the donor fluorescence intensity before
and after acceptor photobleaching. Statistical analyses were
performed in GraphPad Prism 6.

Original data

Original data underlying this paper can be accessed from the
Stowers Original Data Repository at http://www.stowers.org/
research/publications/LIBPB-1068. Please note that the JBC is
not responsible for the long-term archiving and maintenance of
this site or any other third-party-hosted site.
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