u

) <

The University of Osaka
Institutional Knowledge Archive

The region consisting of the most C-terminal 30
Title amino acid residurgs_of Cockayne syndromg group
B protein plays critical roles for functions in
transcription-coupled repair and SUMOylaton

Author(s) |FELL, B=

Citation |KFRKZ, 2015, HIEHX

Version Type|VoR

URL https://doi.org/10.18910/52230

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



The region consisting of the most C-terminal 30 amino
acid residues of Cockayne syndrome group B protein
plays critical roles for functions in transcription-coupled

repair and SUMOylaton

( CSB @ C RugfEik 30 7 X/ ERiT#s 5 & 8 L 7-EH I

BT HHERE & SUMO fkIZ % LIRERI 72 2% E 25 9)

RICRFRFEBE L bERENT 7R
Fepll WP FeedEa e M A asE =

Tl F5% (R FE®)
Yooksil SIN
2015 4 3 H






Contents

Introduction .......... Page 4-14

Results .......... Page 15-29

Discussion .......... Page 30-38

Materials and Methods .......... Page 39-45

References .......... Page 46-61

Figure Legends .......... Page 62-72

Figure and Table .......... Page 73-87

Acknowledgements .......... Page 88

Footnotes .......... Page 89-90



Abstract

The damage on DNA by UV is repaired by nucleotide excision repair (NER),
and transcription-coupled repair (TCR) is a sub-pathway of NER. Cockayne
syndrome (CS) is a recessive disorders and cells from CS patients exhibit
hypersensitivity to UV. CSB is the gene product of one of the responsible genes
for CS. It works in TCR and has ubiquitin binding domain (UBD) in its
C-terminal region. The C-terminal region containing UBD is essential for the
functions of CSB. In this study, I generated several CSB deletion mutants and
analyzed the functions of the C-terminal region of CSB in TCR. I revealed that
not only UBD but also the C-terminal 30 amino acid residues are required for
UV-resistance and TCR. This region was involved in the interaction with RNA
polymerase II, CSA translocation to nuclear matrix and association with
chromatin of CSB after UV irradiation. I also found that CSB is modified by
SUMO-2/3 in a UV dependent manner and that the modification was abolished
in the CSB mutant deleted C-terminal 30 amino acid residues or by introducing
an substitution of Lys-205 to Arg. This substitution lead cells to defect TCR.
These results indicate that deletion of only 30 amino acid residues in the
C-terminal region causes some dysfunctions of CSB and leads cells to UV

hypersensitive and SUMOylation to CSB might contribute to TCR.



Introduction

1. Nucleotide excision repair

All genetic information of us is retained in DNA so that it must be needed to
be stable. However, DNA in cells is continuously threatened with various DNA
damage, for example ultraviolet light (UV), some chemical compounds, active
oxygen and so on. Damage on DNA causes mutation and apoptosis, leading to
aging and cancer. To avoid these crises, cells have some DNA repair
mechanisms. Nucleotide excision repair (NER), one of the repair mechanisms,
works to deal with DNA lesions that distort double helix structure of DNA, for
example, cyclobutane pyrimidine dimers and (6-4) pyrimidine-pyrimidone

photoproducts formed by UV irradiation. NER consists of three steps (Fig. 1).
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Figure 1. Schematic representation of nucleotide excision repair (NER).
NER consists of three steps: (1) damage recognition (2) damage incision and excision (3) DNA synthesis and ligation.
In damage recognition step, there are two subpathways; Global genome repair (GGR) and Transcription-coupled repair (TCR).



First, damage on DNA is recognized. Second, both sides of the lesion are incised
and the oligonucleotide containing the lesion is removed. Finally, the gap is
filled by DNA synthesis. There are two sub-pathways in NER. One is global
genome repair (GGR) and the other is transcription-coupled repair (TCR). GGR
works through whole genome. On the other hand, TCR specifically removes
lesions on the transcribed strands of actively transcribed genes (1-4). About 99%
of DNA damage are identified by GGR and the rest of damage are identified by
TCR (5). In GGR, the hetero-trimer complex including xeroderma pigmentosum
group C protein (XPC) and DNA damage-binding protein 1 and 2 (DDB1-DDB2)
complex are involved in damage recognition (6, 7). By contrast, in TCR, RNA
polymerase II (Pol II) that is arrested at the damage site is considered to be a
signal for damage recognition. Once Pol II is arrested, other DNA repair factors,
for example, Cockayne syndrome group B protein (CSB) and Cockayne
syndrome group A protein (CSA) are gathered at the site (8, 9). UVSSA
identified recently as a TCR factor (10-12) is also recruited to the site.
Subsequent incision step is common both in GGR and TCR. Transcription factor
ITH (TFIIH), one of general transcription factors, unwinds DNA double strand
near the damage into single strand, and then xeroderma pigmentosum group A
protein (XPA) and replication protein A (RPA) stabilize the bubble structure of
locally unwound DNA. Excision repair cross-complementation group 1 protein
(ERCC1)-xeroderma pigmentosum group F protein (XPF) complex and
xeroderma pigmentosum group G protein (XPG) recognize the structure and

cleave the damage strand on 5’ and 3’ sides of the lesion, respectively, resulting



in excision of about 30 nucleotides fragment containing the lesion. This removal
makes a single-stranded gap on DNA, and DNA polymerases fill the gap by
DNA synthesis in a proliferating cell nuclear antigen (PCNA) dependent

manner. Subsequently, DNA ligase connects DNA strand (8, 9, 13, 14).

2. NER-deficient diseases

NER is necessary to keep DNA stable, but some autosomal recessive diseases
including xeroderma pigmentosum (XP), Cockayne syndrome (CS), and
UV-sensitive syndrome (UVSS) have defects in NER (1,15, 16).

There are 8 complementation groups in XP; XP-A to XP-G and a variant,
XP-V (15). In Japan, the frequency of XP is about one 10-thousandths. In XP-A
to XP-G, the primary defect is in NER. In XP-V, NER is normal, but translesion
DNA synthesis is defective. Clinical symptoms are different between
complementation groups (Fig. 2A and 2B). All XP patients have photosensitivity,

an extremely high risk of cancer on sun-exposed skin, and freckling. On the

Figure 2. XP and XP-CS patients.

(A) A XP-D patient at 6 months old (XP420BE). Heavy blistering can be seen at sun exposure area on her face (5).

(B) A XP-C patient at 23 years old (XP393BE). He has many skin pigmentations and several skin cancers on his face.

In addition, an cicatrix of comea is seen on his each eye(5).

(C)(D) A XP-CS patient (XP20BE) at 1 year old (C) and 6 years old (D). As he grew up, typical symptoms of CS appeared.
Loss of a subcutaneous fat, hallow eyes and a growth failure are significant (17).



other hand, patients of XP-A, -B, -D and XP-G have a tendency to have
blistering of skin by only a little sun exposure, but patients of the remaining
groups do not exhibit that symptom. Some patients of XP-A, -B, -D, and XP-G
exhibit progressive neurological denaturation (5).

Clinical symptoms of CS are different from those of XP (Fig. 3A and 3B). In
CS, photosensitivity, neurologic dysfunctions, premature aging and
developmental disorder are main symptoms. XP patients are prone to develop
skin cancer, but there is no report of CS patients with sunlight-induced skin
cancer (16). The frequency of CS is about a millionth. There are 2
complementation groups, CS-A and CS-B (18,19). In CS, TCR is defective. CS

patients exhibit photosensitivity almost at the same level to the patients of XP-A,

Figure 3. CS, COFS and UVSS patients.

(A)(B) A CS patient at 2 years old (A) and 9 years old (B). The complementation group is not reported. Typical symptoms of CS,
for example, loss of subcutaneous fat and beaked nose, appears markedly in (B), whereas no apparent symptoms of CS are

not confirmed in (A). At 9 years old, he could not stand up by himself and mental retardation was observed (20).

(C)(D) A COFS patient at 3 weeks old (C) and 9 months old (D). He was born with several symptoms of COFS; hallow

small eyes, cataract, spasticity of fingers and so on. His growth was dramatically delayed, and there are little change in

growth between (C) and (D) (21).

(E)(F) A UVSS patient (UVS1KO) at 8 years old (E) and 33 years old (F). He had numerous freckles on his face and
telangiectasia, but no growth failure and neurologic symptoms at 8 years old. At 33 years old, he exhibited only photosensitivity.
Except of that, he has stayed been healthy (22).



who lacks both GGR and TCR (23-25). Cells from CS patients exhibit
hypersensitivity to UV, but GGR functions normally, so that RNA synthesis is
not recovered after UV irradiation (26, 27). CS patients are classified into three
types (28-31). Type I is the major and classical one, and the CS patients of this
type exhibit their symptoms as they get older. That is, they are born with little
symptoms of CS, but at the early stage of their life, several symptoms begin to
appear and get severe as they grow up. In type II, CS patients are born with
noted symptoms of CS. Type II is regarded as a severe group. In contrast, type
III is late-onset, so that this type is considered to be a mild group. Some patients
exhibit symptoms of both CS and XP that are very severe photosensitivity and
symptoms of CS type II (Fig. 2C and 2D). No skin cancer has reported in CS-XP
patients like CS (17, 32). They have mutation in XPD, XPB or XPG.

Additionally, Cerebro-oculo-facio-skeletral (COFS) syndrome is similar to CS
type II (Fig. 3C and 3D). Arthrogryposis, cataracts and microcephaly are typical
symptoms and the patients have mutation in CSB, XPD, XPG or ERCC1 (33,
34).

Clinical symptoms of UVSS are photosensitivity and mild freckling (Fig. 3E
and 3F). No neurologic symptoms, premature aging, and developmental
disorders have been reported. However, cells from UVSS patients exhibit UV
hypersensitivity and have defects in TCR. Recovery of RNA synthesis after UV
irradiation 1s not observed in the cells, like cells from CS patients. There are
three complementation groups in UVSS, which caused by mutation in CSA, CSB,

or UVSSA. UVSSA was identified recently (10-12).



3. CSB

More than 80% of CS patients belong to CS-B, which is caused by mutations
in CSB gene. CSB is the product of CSB gene and consists of 1493 amino acid
residues. CSB has ATPase domain in the central region and belongs to
SWI2/SNF2 family (35). Most proteins in this family have helicase activity and
involved in transcription and chromatin remodeling. CSB does not have helicase
activity, but has DNA-dependent ATPase and chromatin remodeling activities
(36, 37). In C-terminal region, CSB has ubiquitin binding domain (UBD). This
domain is essential for CSB function in TCR (38), but ubiqutinated protein that
interacts with CSB via UBD 1is still unknown. It has been reported that CSB
interacts with Pol II (39), CSA (40), p53 (41), XPG (42), XPB and XPD in TFITH
complex (43, 44). CSB interacts with Pol II in transcription elongation,
suggesting that CSB is involved in not only TCR, but also transcription (39).
That is supposed to be a reason why mutation of CSB affects severity of the
clinical symptoms of CS patient and its characteristic features.

CSBi-1220, which lacks C-terminal 273 amino acid residues containing UBD,
had ATPase activity at almost the same level of that of wild type CSB and was
able to interact with Pol II after UV irradiation in cross-linking condition, but
cells expressing CSBi-1220 exhibited hypersensitivity to UV and reduced recovery
of RNA synthesis after UV irradiation (38)

In CSB knock out mice, phenotype is partially different from CS patients. UV

hypersensitivity, the lack of the ability of RNA synthesis after UV irradiation,



and normal GGR are found in CSB deficient mice. But CSB deficient mice have

only mild neurological symptoms and show high risk to skin cancer (45).

4. CSA

CSA is the product of CSA gene that is responsible for CS-A. It consists of 396
amino acid residues and has seven WD40-repeats (46, 47). The WD-40 repeats
are found in many proteins that work in several mechanisms, for example,
transcription, RNA processing and cell division. Despite of various protein
functions, the structures of WD40-repeats are conserved (48). Eight missense
mutations in CSA gene were reported, and all of the mutations occur within the
WD40-repeats (49, 50). This motif has a key role for CSA structure to interaction
with other proteins (50). CSA forms a complex containing DDB1, Cul4A, Rocl,
and COP9 signalosome. This complex has ubiquitin ligase activity that depends
on UV irradiation (51). CSA also interacts with CSB, p44 in TFIIH, XAB2, and
UVSSA (10-12, 46, 52-54). CSB might be one of the substrate of this ubiquitin
ligase because CSB is reported to be ubiquitinated and degraded after UV
irradiation in a CSA dependent manner (55, 56). CSA is translocated to nuclear

matrix following UV irradiation depending on CSB and TFIIH (57, 58).

5. UVSSA
UVSSA is the product of UVSSA gene that is responsible for UVSS-A. It
consists of 709 amino acid residues and has VHS/ENTH domain in its

N-terminal and DUF2043 domain in its C-terminal (10, 11, 12, 59). The
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functions of these domains are still unknown, but it was reported that
VHS/ENTH domain of RBM16/SCAFS is involved in the interaction with the
C-terminal domain of the largest subunit of Pol II (60, 61). UVSSA interacts
with Pol II, CSA and CSB. There are two forms of Pol II; hyperphosphorylated
and  hypophosphorylated  forms. @ UVSSA  specifically binds to
hyperphosphorylated Pol IT and might promote ubiquitination of it (12). UVSSA
is associated with chromatin depending on CSA (53). In addition, UVSSA makes
a complex with USP7, one of a deubiquitinating enzyme, and the complex makes
CSB stable by preventing from degradation by proteasome (10-12). It is expected

that analysis of the function of UVSSA reveals new aspect of TCR.

6. Posttranslational modifications of CSB

Posttranslational modifications play important roles for CSB function in TCR.
For example, CSA-dependent ubiquitination to CSB 1is involved in the
degradation of CSB and it might contribute to resumption of RNA synthesis (56).
It was reported that CSB is also ubiquitinated by BRCA1-BIRD1, even in the
absent of CSA (62). UVSSA-USP7 complex is assumed to deubiquitinate CSB.
That event is needed for TCR to proceed properly (11). Not only ubiqutination,
but also phosphorylation is essential for CSB in TCR. CSB is phosphorylated by
c-Abl tyrosine kinase and this modification is related to the localization of CSB
(63). Posttranslational modifications deserve to be considered to analyze the

function of CSB in TCR.
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7. SUMO modification

Small ubiquitin-like modifiers (SUMOs) were first reported in 1996 and 1997
(64, 65). Four isoforms of SUMO are found in mammals; SUMO-1, SUMO-2,
SUMO-3 and SUMO-4. SUMO-1 is attached to its substrates mainly as
mono-SUMOylation form, while SUMO-2 and SUMO-3 form poly-SUMO chain
(66). SUMO-4 has been little analyzed yet. The difference of the function
between SUMOylations by each isoform is still unknown. Because the amino
acid sequences between SUMO-2 and SUMO-3 are 97% identical in human and
their character is very similar, they are usually treated as SUMO-2/3 (67). To
perform SUMOylation, SUMO-activating enzyme (E1), SUMO-conjugating

enzyme (E2) and SUMO-ligase (E3) are needed (Fig. 4). In eukaryotes,
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Figure 4. Schematic diagram of SUMOylation pathway.

In eukaryotes, SUMO-specific proteases cleave C-terminal of SUMO and Gly-Gly residues are exposed.

This processed SUMO is activated by SAE1/SAE2 (E1) in ATP dependently and transferred to Ubc9 (E2).

The SUMO binds to Lys residure in a substrate protein by isopeptide bond in dependent or independent manner
on E3. SUMO is released from the substrate by SUMO-specific proteases and recycled (68).
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SUMO-specific proteases cleave C-terminal of SUMO and Gly-Gly residues are
exposed. SAE1/SAE2 works as E1 and the processed SUMO is adenylated and
bound to SAE2 by thioester bond. Then, it transferred to Ubc9, the only E2 of
SUMO. Ubc9 contributes to target selection of SUMO. In human, six E3s of
SUMO are reported. In ubiquitination, E3 plays a role to translate ubiquitin
from E2 to the lysine residue in the substrate, but in SUMOylation, E2 has the
activity to perform the translation, so that E3 is only needed in some substrates
(69-77). SUMO modification is intimately related to protein function in several
situation, for example, translation, protein stability, protein interaction,
localization and so on. In NER, some proteins are modified by SUMO. In
Saccharomyces cerevisiae, Rad4, Rad16, Rad7, and Radl are SUMOylated (78).
In human, XPC is modified by SUMO and the modification is involved in the

stabilization of XPC (79).

In this study, I revealed that not only UBD, but also the C-terminal 30 amino
acid residues of CSB is essential for the function of CSB in TCR. CSB mutants
with deletion of this region exhibit some functional abnormality and cells
expressing the mutant CSB are hypersensitive to UV. Moreover, I found that
CSB is modified by SUMO-2/3 followed by UV irradiation. No other protein in
TCR has been reported to be SUMOylated. Interestingly, CSB that lacks 30
amino acid residues in the C-terminal are not SUMOylated, but there is no
lysine that is responsible for SUMOylation in the region. On the other hand,

SUMOylation of CSB is repressed by substitution of Lys-205 to Arg and
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CSBkeoosr expressing cells are hypersensitive to UV and lack TCR. This study

provides new clues to solve the molecular mechanism of TCR.
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Results
UV sensitivity and recovery of RNA synthesis after UV irradiation of
cells expressing mutant CSB proteins with deletions of C-terminal
region

To analyze the functions of C-terminal region of CSB in TCR, I generated
several C-terminal truncated CSB mutants including CSBi1220 (Fig. 1A).
CSBi-1400 has a deletion from just N-terminal of UBD to the C-terminal.
CSBi-1445 and CSBi-1463 have UBD and CSBi-1463lacks only C-terminal 30 amino
acid residues. There is no report about functional domains and amino acid
residues in the region corresponding to 1221-1400, 1446-1463 and 1464-1493
amino acid residues in CSB, except that Ser-1461 is a target site of
phosphorylation. CSB,usp lacks 49 amino acids residues (1385-1433) containing
UBD. For convenience, I designate regions in CSB as follows; 1221-1493 is the
C-terminal region, 1221-1400 is the region just before UBD, 1401-1428 is UBD,
1429-1463 is the region just after UBD and 1464-1493 is the most C-terminal
region. Besides expression constructs for the CSB mutants, an expression
construct for wild type CSB (CSBwr) was also generated. All the CSB proteins
have FLAG-HA epitope tags on their N-terminal. Those epitope tagged CSBs
were stably expressed in CSIANSV cells. CSIANSV cells were derived from a
CS-B patient, theoretically express only short CSB (49), and are deemed not to
have functional CSB. The transfectants expressing each CSB protein were for
convenience designated as CSBwr cells, CSBi-1220 cells, CSBi-1400 cells, CSBi-1445

cells, CSB1-1463 cells, and CSB,usp cells, respectively.
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First, the colony-forming ability of the UV-irradiated transfectants was
measured (Fig. 1B). CSBwr cells exhibited almost the same level of UV
sensitivity as normal (WI38VA13) cells. CSBii22 cells showed UV
hypersensitivity comparable to that of CSIANSV cells. The cells expressing
other deletion mutants were also more sensitive to UV than CSBwr cells but
were less sensitive than CS1ANSV cells irrespective of whether CSB mutants
have UBD or not. Thus, all the cell lines expressing CSB deletion mutants
exhibited hypersensitivity to UV.

Next, the recovery of RNA synthesis after UV irradiation was measured. This
becomes an index of TCR. RNA synthesis decreases after UV irradiation, but
that in WI38VA13 cells and CSBwr cells was recovered to the level in
non-irradiated cells at 24 h after UV irradiation (Fig. 1C). No such recovery was
observed in CSTANSYV cells. All the cell lines expressing CSB deletion mutants
had little ability to recover RNA synthesis after UV irradiation. CSBi-1220 cells
showed most severe reduction of RNA synthesis. On the other hand, the
reduction of RNA synthesis in CSB,usp cells was slightly less than that of the
cells expressing other deletion mutants, but was almost the same level to that in
CS1ANSV cells. Anyway, all the cell lines expressing CSB deletion mutants
were deficient in TCR.

These results indicate that not only UBD, but also the most C-terminal region
affected TCR. If this region plays an important role for the function of CSB, this
region should be conserved among species. Hence, I compared C-terminal amino

acid sequences of mammalian CSB homologs (Fig. 1D upper). Approximately
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80% of amino acid residues in the most C-terminal region were conserved
between 6 mammals, and the amino acid sequences of Homo sapiens and
Macaca mulatta were identical. When I focused on non-conserved amino acid
residues, there was not large dispersion. Among 6 animals, only two amino acid
residues were used at most non-conserved residues and three at one
non-conserved residue. Only approximately 43% were common including other
animals (Fig. 1D lower), but amino acid residues in this region are relatively
well conserved. In frog (Xenopus tropicaliss CSB homolog and Rad 26
(Saccharomyces cerevisiae CSB homolog), there were no amino acid residues
corresponding to this region.

The most C-terminal region is conserved enough among mammals, and

modestly among other animals.

The effects of C-terminal deletion of CSB on the function in TCR
The results that C-terminal regions of CSB were indispensable for UV
resistance and the recovery of RNA synthesis after UV irradiation brought me
the interest what functions in TCR do the regions have. It is reported that CSB
interacts with Pol II in a UV dependent manner (40, 80, 81) and hypothesized
that CSB works as a DNA translocase of Pol II (82). Therefore, I examined
whether the mutant CSB proteins interact with Pol II after UV irradiation.
N-terminal FLAG-HA epitope tagged CSB was immunoprecipitated from
solubilized chromatin fractions using FLAG-M2 agarose and western blotting

was performed with anti-Pol II antibody. The procedure is described in Fig. 2A.
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In CSBwr cells, the amount of Pol II co-precipitated with CSB was increased
after UV irradiation (Fig. 2B, lanes 1 and 2). Whereas, in all the CSB mutant
cells, irrespective of whether they have UBD or not, the amount of
co-precipitated Pol II was not increased after UV irradiation unlike in CSBwr
cells (lanes 3-12). In CSBi-1220or CSBi-1400 cells, which lack UBD, the amount of
co-precipitated Pol II after UV irradiation stayed at the same as that before UV
irradiation (lanes 3-6). However, in CSBi-1445, CSB1-1463and CSB,ugp cell, which
have UBD or more C-terminal region than UBD, the amount of co-precipitated
Pol II was slightly increased after UV irradiation (lanes 7-12). These results
indicated that the deletion of C-terminal of CSB affected the UV-induced
interaction with Pol II.

CSB is also needed for translocation of CSA to nuclear matrix after UV
irradiation (57, 58). The translocation is relevant to TCR. So next, I investigated
the ability of each CSB mutants to translocate CSA to nuclear matrix. Fig. 3Ais
the procedure for a cell-free method to detect UV-induced translocation of CSA
(58). The mutant CSB cells were irradiated with UV or not irradiated and
incubated for 1 h. CSK-Triton buffer-insoluble (CSK-ppt) fractions were
prepared from the cells. CSK-Triton buffer-soluble (CSK-sup) fractions were
prepared from CS-A (CS3BESV) cells expressing FLAG and HA epitope-tagged
CSA. This fraction contains FLAG-HA tagged CSA. Each CSK-ppt fraction was
incubated with the CSK-sup fraction. After DNase I treatment, the CSK-ppt
were analyzed by western blotting with anti-HA antibody (Fig. 3B). When CSA

translocation occurs, HA-tagged CSA is detected in a UV dependent manner. As
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reported previously, CSA was detected when the CSK-ppt was prepared from
CSBwr cells after UV irradiation (lanes 4 and 5) and not detected when
CS1ANSV cells were used (lanes 2 and 3). When the CSK-ppt fractions were
prepared from the mutant CSB cells, CSA was not detected (lanes 6-15). These
results indicate that the C-terminal region of CSB is responsible for the CSA
translocation to nuclear matrix. Furthermore, only the deletion of UBD or the

most C-terminal region made the translocation attenuate.

Association of the mutant CSB proteins with chromatin after UV
irradiation

Because TCR 1s carried out on chromatin, association of TCR factors with
chromatin is essential to progress TCR. For that reason, it is expected that the
C-terminal region of CSB is needed to associate with chromatin. To test the
expectation, insoluble fractions containing chromatin were prepared from CSB
mutant cells after UV irradiation. Procedure for the preparation of insoluble
fractions with CSK-Triton buffer is shown in Fig. 4A. The insoluble fractions
were analyzed by western blotting using anti-CSB antibody (Fig. 4B). More
CSBwr was detected in the insoluble fractions after UV irradiation. Intensity of
the bands was quantified and plotted in Fig. 4C. The amount of CSBwrin the
msoluble fraction was increased until 2 h after UV irradiation, and decreased to
the level of non-irradiated cells by 16 h after UV irradiation. CSBi-1220 and
CSBi-1400 were also increased in the insoluble fraction in a UV dependent

manner, but the increases of both mutant CSB proteins were gentle and those at
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the peak were small compared with that of CSBwr. CSBi-1463 was slightly
increased until 2 h after UV irradiation and then decreased. CSB , usp was not
increased after UV irradiation. The amount of CSBi-14451n the insoluble fraction
was decreased by UV irradiation. These data showed that the deletion of

C-terminal of CSB affected its association with chromatin.

UV-dependent posttranslational modification by SUMO-2/3 to CSB
In Fig. 4B, some band shifts of CSB after UV irradiation were observed in the
panel of CSBwr (lanes 2-4, asterisk). In the panel of CSB,usp, the band shifts
were very faint but also seen (lanes 27-29). In the panels of other CSB mutants,
only single band of CSB (i.e. no band shift) was detected. It has been already
reported that CSB is modified by ubiquitin and phosphate and that these
posttranslational modifications affect the function of CSB in TCR (62, 63, 83).
Therefore, the band shifts shown in Fig. 4B were presumed to reflect
modifications of CSB. Given the above, I hypothesized that there are some
relationships between C-terminal deletion of CSB and certain posttranslational
modifications. To demonstrate this hypothesis, I first examined what
modifications were detected to CSB after UV irradiation. The procedure is
summarized in Fig. 5A. To exclude modifications to CSB-interacting proteins
and to detect modifications to CSB itself, cells were treated with SDS lysis buffer,
which disrupts protein interactions, and then CSB was immnopresipitated from
the lysate. Modifications by ubiquitin and SUMO were examined by western

blotting using specific antibodies. In this study, I could not detect ubiquitinated
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CSB regardless of UV irradiation (Fig. 5B, lanes 1-8). It is reported that XPC, a
GGR factor, is modified by SUMO-1 following UV irradiation (79), so I tested
whether CSB was modified by SUMO using antibodies corresponding to three
isoforms of SUMO; SUMO-1, SUMO-2 and SUMO-3 (Fig. 5B, lanes 9-12, 13-16,
and 17-20, respectively). No bands were detected with anti-SUMO-1 antibody,
whereas remarkable three bands more than 250 kDa and some upper faint
bands were detected with anti-SUMO-2, and -3 antibodies only after UV
irradiation.

Amino acid sequences of SUMO-2 and SUMO-3 are 97% identical and
differences of function between them have not been found as yet, thereby they
are usually written together as SUMO-2/3. Almost same band patterns were
detected with anti-SUMO-2 and anti-SUMO-3 antibodies in Fig. 5B (lanes 16
and 20), so that I hereafter used only anti-SUMO-3 antibody to detect the band

shifts.

Analysis of CSB SUMOylation

Ubc9 is the only SUMO-conjugating enzyme and SUMO protein cannot be
conjugated to substrate proteins without Ubc9. When Ubc9 was knocked down
by the transfection of siRNA, the bands detected with anti-SUMO-3 antibody
became faint (Fig. 6A). These data indicated that the bands are due to SUMO
modification.

Soluble and insoluble fractions were prepared with CSK-Triton buffer and

SUMOylation of CSB was analyzed. The bands were detected with
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anti-SUMO-3 antibody only in the insoluble fraction chromatin and not in the
soluble fraction (Fig. 6B).

I tested whether SUMO modification to CSB is affected in TCR-deficient cells
(Fig. 6C). UVSSA-deficient Kps3 cells and CSA-deficient CS3BE cells were used.
In both cells, CSB SUMOylation following UV irradiation was detected (lanes 1,
2, 5, and 6) as with in corrected cells transfected the responsible cDNAs (lanes 3,
4,7, and 8).

ATPase activity of CSB is essential for its function in TCR. One amino acid
substitution in ATPase domain (K538R) of CSB brings CSB dysfunctional in
TCR by disrupting ATPase activity and UV hypersensitivity to cells expressing
the mutant CSB protein (37). In the cells expressing ATPase-defective CSB,
such a dysfunctional CSB was also SUMOylated after UV irradiation (Fig. 6D).

I next examined whether the CSB deletion mutants described above are
SUMOylated (Fig. 7). CSB,usp was SUMOylated after UV irradiation as with
CSBwr (lanes 11-12, and 1-2), but no other CSB mutants were SUMOylated.

Taken together, UV-dependent SUMO modification of CSB occurred
independently of UVSSA, CSA and ATPase activity of itself. In addition, the

C-terminal region of CSB excluding UBD was involved in SUMOylation of CSB.

Effects of substitution of lysine to arginine in the C-terminal region
of CSB
In Fig. 7, the C-terminal truncated CSB mutants (CSBi-1220, CSBi-1400,

CSBi-1445 and CSBi-1463) were not modified by SUMO after UV irradiation.
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CSBi-1463, which has the smallest deletion, lacks only the most C-terminal region.
Thus, it was assumed that lysine residues of SUMO acceptor exist in the most
C-terminal 30 amino acid residues of CSB. In this region, there were two lysine
residues, Lys-1487 and Lys-1489 (Fig. 8A). To investigate whether these lysine
residues were responsible for SUMOylation to CSB, I generated two CSB
mutants with FLAG-HA epitope tags on their N-terminal; CSBxki4s7, 1489R (2K_R)
and CSBki457, 1487, 1489R GK_R). Substitution of SUMO acceptor lysine to arginine
abolishes SUMOylation at the site. Lys-1457 is located out of the 30 amino acid
residues but just N-terminal side of this region. It is known that transition of a
SUMO-modified site to nearby lysine residue can be happen when an authentic
lysine for SUMOylation is substituted. Thus, Lys-1457 was substituted to
arginine in conjunction with the substitutions at Lys-1487 and Lys-1489.
Lys-1457 is also reported to be modified by ubiquitin independently of UV
irradiation (55).

SUMOylation was examined in CS1ANSV cells stably expressing the
substitution mutants as described above. Substitutions of Lys-1457, Lys-1487
and Lys-1489 to arginine did not abolish SUMOylation of CSB after UV
irradiation (Fig. 8B). I noted that the band pattern of CSBsk g in non-UV
irradiated cells was different from that of the other CSB mutants. Single band
was detected in CSBsk r cells (lane 3), but no bands were in the other mutant
cells. In addition, the abilities of colony-forming and recovering RNA synthesis
after UV irradiation of the CSB mutants were examined. It was revealed that

both the substitutions did not affect UV sensitivity (Fig. 8C) and the ability of
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recovering RNA synthesis following UV irradiation (Fig. 8D).
These results indicated that the three lysine residues in the C-terminal region
are not SUMO acceptor sites after UV irradiation and that the substitution of

the lysine residues to arginine have no effects on the function of CSB in TCR.

Effects of inhibition of CSB SUMOylation were not equal to those of
the C-terminal deletion

I found that CSB is modified by SUMO-2/3 following UV irradiation in this
study, and no other proteins in TCR have been reported to be modified by
SUMO yet. The C-terminal deletion mutants of CSB in this study, except for
CSB,usp, were not SUMOylated, but the relation between SUMOylation of CSB
and some dysfunctions in the cells expressing CSB mutants (Fig. 1-4) is not
clear.

To elucidate whether SUMOylation of CSB is involved in functions of CSB in
TCR, I performed Ubc9 knock down by the transfection of siRNA. Ubc9 is the
only SUMO-conjugating enzyme (E2) in eukaryotes, so that Ubc9 knock down
leads to the absence of SUMOylation. Ubc9 was decreased with siRNA to Ubc9
(Fig. 9A). In Fig. 9B, interaction of CSB with Pol II were examined. FLAG-HA
epitope tagged CSB was immunoprecipitated from the solubilized chromatin
fraction and Pol II co-precipitated with CSB was detected as shown in Fig. 2A.
The amount of immnoprecipitated CSB was similar between the -cells
transfected with control siRNA and siRNA to Ubc9, but CSB was slightly

SUMUOylated after UV irradiation in Ubc9 knocked down cells, whereas the
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amount of co-precipitated Pol II was increased after UV irradiation irrespective
of whether Ubc9 was knocked down or not (compare lanes 1 and 2 with lanes 3
and 4).

Next, the translocation of CSA to nuclear matrix was examined as shown in
Fig. 3A. HA epitope tagged CSA was detected in the DNase I-digested CSK-ppt
fraction containing nuclear matrix prepared from UV-irradiated CSIANSV cells
expressing CSB irrespective of whether Ubc9 was knocked down or not (Fig. 9C,
lanes 5 and 7).

Association of CSB with chromatin after UV irradiation was also examined as
shown in Fig. 4A. When Ubc9 was knocked down, the amount of CSB in the
insoluble fraction including chromatin was increased at 1 and 2 h after UV
irradiation and decreased to the level of the non-irradiated cells by 12 h after UV
irradiation (Fig. 9D and E). Little difference was detected compared with the
cells transfected with control siRNA except 1 h after UV irradiation, when the
amount of CSB from the Ubc9 knocked down cells was slightly lower than that

from the cells transfected with control siRNA.

Ubc9 knock down led CSB to be relatively stable in Kps3 cells

It was reported that UVSSA has the function to stabilize CSB (10-12). In
UVSSA-deficient cells, CSB is degraded by proteasome after UV irradiation.
This is a very characteristic event and I examined whether SUMOylation of
CSB is engaged in the event. UVSSA-deficient Kps3 cells were transfected with

control siRNA or siRNA to Ubc9 and whole cell extracts from these cells after
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UV irradiation were analyzed by western blotting using anti-CSB antibody (Fig.
10A). Intensity of the bands was quantified and plotted in Fig. 10B. CSB was
decreased gradually after UV irradiation in the Ubc9 knock down cells, but the
degree of decrease was less than that in the control cells. These results
suggested that CSB is more stable unless it is SUMOylated even if UVSSA is
deficient.

The above data brought a new interest to me whether the stabilization of CSB
makes Kps3 cells TCR-proficient. However, the recovery of RNA synthesis after
UV irradiation was not observed in Ubc9 knock down Kps3 cells as well as in
the control Kps3 cells (Fig. 10C).

In normal cell, two types of Pol II are detected; hypophosphorylated one and
hyperphosphorylated one. Hypophosphorylated Pol II disappears by UV
irradiation and appears again after DNA damage is repaired and transcription
1s resumed, so that the recovery of hypophosphorylated form of Pol II can be
used as an index of the resuming transcription. In Ubc9 knock down Kps3 cells,
both hypo- and hyperphosphorylated forms of Pol II were observed without UV
irradiation but hypophosphorylated form was not observed again after UV
irradiation (Fig. 10A), in agreement with the loss of recovery of RNA synthesis
in the cells.

Ubc9 knock down made CSB resistant to UV-dependent degradation in Kps3

cell, but it was not enough to recover RNA synthesis after UV irradiation.

SUMOylation played some important role in TCR in human cells
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In Saccharomyces cerevisiae, SUMO E3 ligases Sizl and Siz2 are needed for
NER (78). I found that CSB was modified by SUMO-2/3 in a UV-dependent
manner in this study, but the role of SUMOylation to CSB in TCR is unknown.
There are no reports that any TCR factors are SUMOylated in eukaryotes. CSB
works not only as a TCR factor but also as a transcription factor, and it was
reported that SUMOylation is essential for the function of transcription factors.
For example, forkhead box protein M1 (FOXM1) is SUMOylated and
SUMOylated FOXM1 is needed to regulate its target gene activity (84).
Therefore, I investigated whether SUMO plays some roles in transcription and
TCR. First, transcription in Ubc9 knocked down cells was compared with that in
the control cells (Fig. 11A). Incorporation of [3H]-uridine without UV-irradiation
was equally in Ubc9 knocked down cells and the control cells. Next, the recovery
of RNA synthesis after UV irradiation in both the cells was compared (Fig. 11B).
2 h after UV irradiation, incorporation of [3H]-uridine was decreased in both the
cells. 24 h after UV irradiation, incorporation of [3H]-uridine was recovered in
the control cells, while that was only 70% in Ubc9 knocked down cells. These
results indicate that TCR is hampered by Ubc9 knocked down.

To clarify roles of SUMOylation in TCR, it was examined whether CSA and
UVSSA are SUMOylated (Fig. 110C). Cells expressing FLAG-HA epitope tagged
CSA and UVSSA were treated with SDS lysis buffer, and immuprecipitation
was performed with anti-FLAG antibody as shown in Fig. 5A. These samples
were analyzed by western blotting with antibodies against each SUMO isoform.

Regardless of UV irradiation, neither CSA nor UVSSA was modified by any
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SUMO isoforms. Among some TCR factors, only CSB was modified by SUMO

and 1s expected to be affected by Ubc9 knock down.

Substitution of Lys-205 to Arg represses SUMOylation of CSB

The possibility that SUMOylation of CSB affects TCR brought me to search
responsible lysine residues for ef SUMOylation in CSB again. As described
above, there is no responsible lysine for SUMOylation in the most C-terminal
region. I used SUMO plot™ Analysis Program (Abgent) to search candidate
lysine residues, and 6 residues showed high score for SUMOylation (Fig. 12A).
Among these lysine residues, Lys-884 and Lys-481 are in ATPase domain.
Substitution of them might abolish not only SUMOylation but also ATPase
activity, and defect in ATPase activity brings dysfunctions of CSB. It is
impossible to distinguish dysfunctions ascribed to defect in SUMOylation from
that in ATPase activity. Therefore I removed the two residues from candidates
of SUMOylation site. A search by PhosphoSitePlus (Cell signaling) showed that
posttranslational modifications in CSB concentrate en in mainly two regions
(Fig. 12B). Among 4 candidate lysine residues, only Lys-205 is located in the
region. Thus, an expression construct for a substitution mutant of Lys-205 to
Arg (CSBkeosr) with FLAG-HA epitope tags on its N-terminal (Fig. 12C) was
generated, and it was stably expressed in CS1ANSV cells. Then, SUMOylation
of CSBkaosr was examined as described in Fig. 5A (Fig. 12D). No band was
detected with anti-SUMOS antibody regardless of UV irradiation (lanes 3 and 4).

When a cell line over expressing CSBkoosr was used, some faint bands were
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detected upon UV irradiation, but the band pattern was different from that of
CSBwr (Ianes 5 and 6). CSBrkaosr cells were more sensitive to UV than CSBwr
cells but were less sensitive than CSIANSV cells similarly to CSBi-1400, CSB1-1445,
CSBi146s and CSB.usp cells (Fig. 12E). In addition, the recovery of RNA
synthesis after UV irradiation was not observed in CSBkoosr cells as well as all
the cell lines expressing CSB deletion mutants in Fig. 1C (Fig. 12F).
Substitution of K205R caused repression of CSB SUMOylation and defect in

TCR, suggesting that SUMOylation of CSB is relevant to mechanism of TCR.
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Discussion

CSB plays a critical role in TCR and its deficiency causes CS (49). The cells
from CS-B patients exhibit hypersensitivity to UV and the defect of TCR (26, 27).
In this study, I identified the most C-terminal region of CSB (CSBi4ss-1493) as a
responsible region for those cellular phenotypes. As deletion of this region
affected some functions of CSB, the region is essential for CSB in TCR, as well
as UBD. I also found that CSB is modified by SUMO-2/3 in a UV-dependent
manner and that the most C-terminal region is needed for this modification.
This is the first report on SUMOylation of TCR specific factors in mammalian
cells. SUMOylation of CSB was repressed by substitution of Lys-205 to Arg, and
CSBkaosr cells showed hypersensitivity to UV and TCR defect. These results
suggest that SUMOylation of CSB is relevant to mechanism of TCR.

SUMOylation has various effects on functions of substrate proteins. It has
been reported that SUMOylation is likely to function in some diseases that have
symptoms of neurologic dysfunctions or premature aging. This study provides a

new clue to solve the mechanism of TCR and to understand symptoms of CS.

The most C-terminal region of CSB is essential for the function

No CSB mutants with deletion in this study had the abilities to interact with
Pol II (Fig. 2), to translocate CSA (Fig. 3) and to associate with chromatin (Fig.
4) after UV irradiation. The results are summarized in Table 1 and these
dysfunctions are outlined in Fig. 13. Once DNA is damaged, Pol II is arrested at

the damage site (85) and TCR is initiated. Several TCR factors including CSA,
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CSB and UVSSA are gathered at that site (8, 9). CSB is SUMOylated on
chromatin after UV irradiation. DNA repair is linked to nuclear matrix and
CSA is translocated there in a CSB dependent manner (57, 58). It is considered
that the CSB mutants are not recruited to the damage site, and that causes the
defect of CSA translocation. UVSSA is recruited onto chromatin in a CSA
dependent manner (53). I could not detect co-immunoprecipitation of UVSSA
with CSB after UV irradiation even in the CSBwr cells (data not shown), but it is
suspected that UVSSA is not recruited to chromatin in the cells expressing CSB
mutants. Following the arrest of Pol II, CSB works in TCR. Thus, TCR might be
stopped at that stage in the CSB mutant cells, and UV sensitivity and the
recovery of RNA synthesis might be incurred.

In this study, CSB is found to be modified by SUMO-2/3 and the deletion
mutants except for CSB,usp was not SUMOylated (Fig. 7). There is a report
that protein phosphorylation is regulated by SUMOylation (86). In CSB,
Tyr-932 is phosphorylated by c-Abl kinase and c-Abl kinase and CSB are
co-localized to nucleus and nucleolus after exposure to HaOs. STI571, one of the
tyrosine kinase inhibitors, represses this co-localization, suggesting that the
phosphorylation of CSB affects its subcellular localization (63). It was also
mentioned that some CSB phosphorylations might be related to subcellular
localization (87). Based on these information, one hypothesis about the
relationship between the most C-terminal region and subcellular localization of
CSB arises; non-SUMOylation of the deletion mutants leads the defect of

UV-induced phosphorylation and that disrupts the association of CSB with
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chromatin. Because CSB,usp has the most C-terminal region and SUMOylated,
there should be another reason of its dysfunction different from the above
hypothesis.

We tried to identify lysine residues of SUMO acceptor in CSB, but amino acid
substitutions of lysine residues in the most C-terminal region of CSB to arginine
did not affect its SUMOylation (Fig. 8), indicating that SUMO acceptor do not
exist in the region. The region is possibly required for interaction with
SUMOylation machinery, for example Ubc9. An amino acid substitution of
Lys-205 to Arg represses SUMOylation to CSB. Lys-205 locates in N-terminal
region. The structure of CSB is still unknown, but C-terminal and N-terminal

regions might locate closely and influence each other.

Function of the C-terminal region of CSB in TCR

In the C-terminal region of CSB, there are several factors that can affect the
function of CSB, in particular, [1] amino acid residues for phosphorylation;
Ser-1142, Ser-1348 and Ser-1461 (88-91), and for ubiquitination; Lys-1457 (55),
[2] UBD (38), and [3] the most C-terminal region; 1464-1493 (this study). It was
reported that Ser-1461 did not affect UV-induced association with chromatin
(87). In this study, I generated a CSB mutant including the substitution of
Lys-1457 (CSBsk_g, Fig. 8), but it also has two more substitutions, so that it is
difficult to distinguish the effect of Lys-1457 substitution from that of the others.
When I performed the functional analysis of CSB with its deletion mutants, it

was unavoidable to consider the possibility that there are some unknown effects
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of phosphorylation and ubiquitination. In this study, all the cells expressing
deletion mutants lack TCR (Fig. 1B and C). In Fig. 1B, the colony formation
ability after UV irradiation of CSBi-1220 cell is lower than those of the other
mutant CSB cells. When I focus on [1]-[3] described above, only CSBi-1220 does
not have Ser-1348 among the mutants. Phosphorylaton of the serine residue
might cause the difference between CSBi-1220 cells and the other mutant CSB
cells in this assay. Through this study, there is little difference of CSB function
between CSB1-1463 and CSB,usp besides SUMOylation following UV irradiation.
CSB,usp was modified by SUMO-2/3 but CSBi-1463 was not (Fig. 7). Anyway,
both CSB mutants do not have normal function of CSB. In the previous report
(38), the transplantation of UBA domain from Saccharomyces cerevisiae Rad23,
the homolog of HR23B in Homo sapiens, to CSBi1220 (CSBé! in the report)
restored CSB function including the ability of colony formation and the recovery
of RNA synthesis after UV irradiation. This UBA domain-transplanted CSB do
not have the most C-terminal region of CSB, so that it is considered to be
equivalent to CSBi-1463 In this study. In spite of that, CSBi-1463 exhibited
dysfunction like CSBusp. This discordance might come from that they used
UBA of Rad23. It is possible that UBA domain of Rad23 also has some functions
that can be substituted for the most C-terminal region of human CSB. In S.
cerevisiae Rad26, the homolog of CSB, there is no motif that corresponds to
UBA (38). In S. cerevisiae, SUMO E3 ligase plays little or no role in
Rad26-dependent TCR (78), so that it is conceivable that Rad26 does not

modified by SUMO. All essential functions of human CSB are not necessarily
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conserved in S. cerevisiae Rad26. In mammals, CSB knock out mice slightly
exhibit growth failure and do not have neurological dysfunctions, unlike CS
patients (92). CSB function might be different slightly among species. At least in
human cells, both UBD and the most C-terminal region, and some
posttranslational modifications are necessary for functions of CSB in TCR.

It was reported that CSBi-1220 1s able to interact with Pol II after UV
irradiation (38), and our data does not correspond to that. It is likely due to the
difference of the experimental conditions. They performed the interaction assay
using a cross-linker and caught the weak interaction. On the other hand, we did
not use it. Taken together, CSBi-1220 might interact with Pol II after UV
irradiation, but the interaction is too weak to detect in the condition we used.

There are no SNPs that correspond to the mutations in this study; amino acid
substitution of Lys-205 and nonsense mutation at 1220, 1400, 1445 or 1463, but

C-terminal deletions of CSB are found in CS cells.

Contribution of SUMOylation to CSB function

Ubc9 knock down revealed that there were almost no marked connections
between SUMOylation and some functions of CSB examined in this study (Fig.
9). Only contribution to the association of CSB with chromatin remains obscure
(Fig. 9E). It is probably caused by the fact that Ubc9 was not eliminated
completely by the knock down experiments and SUMOylation of CSB occurred
to some extent by residual Ubc9. I mentioned above about the relationship

between SUMOylation and association of CSB with chromatin.
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In UVSSA-deficient cells, Ubc9 knock down made CSB comparatively stable
(Fig. 10). It was reported that SUMO-2 or SUMO-3 chains act as a signal
recruiting E3 ubiquitin ligase and lead SUMOylated substrate to proteasomal
degradation (93). Without UVSSA, I could detect SUMO-3 modification to CSB
after UV irradiation (Fig. 6C). SUMOylation might works as a landmark for
ubiquitination that links to proteasomal degradation in UVSSA-deficient cells.
There is another idea that why Ubc9 knock down caused stabilization of CSB.
BRCAL1 is one of the candidates of ubiquitin ligase to CSB (62). BRCA1 is
modified by SUMO, and ubiquitin ligase activity of BRCA1 is increased by the
SUMOylation (94). Ubs9 knock down might decrease ubiquitin ligase activity of
BRCA1 and that induces CSB stability. The purpose of CSB degradation is
unclear, but it is likely that stability of CSB is controlled by a mechanism
performed by ubiquitination and SUMOylation.

I discovered that CSB is modified by SUMO-2/3 in this study. In GGR
pathway, it was reported that XPC is modified by SUMO-1 after UV irradiation
(79). In XPA deficient cells, SUMOylation of XPC does not occur and XPC
become unstable after UV irradiation. Little or no SUMOylation of XPC also
leads to the reduction. Therefore, UV-induced SUMOylation of XPC is assumed
to work to protect XPC from the degradation by proteasome (79). In Kps3 cell,
modification of CSB by SUMO-2/3 works opposite to that of XPC by SUMO-1.
The functional difference between SUMO-1 and SUMO-2/3 is still unclear.

There could be a reason that CSB is modified by SUMO-2/3, but not by SUMO-1.
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Function of SUMOylated CSB in TCR

I have not find what roles SUMOylated CSB have in TCR yet. SUMOylation
is reported to have several roles. Flap endonuclease 1 (FEN1) cleaves 5 flap and
5 end of Okazaki fragments in DNA repair and replication, respectively.
Inhibition of FEN1 SUMOylation suppresses its degradation and affects cell
cycle (95). Bloom syndrome protein (BLM) has DNA helicase activity. BLM is
SUMOylated and has SUMO-interacting motif (SIM). Both SUMOylation of
BLM and interaction with some SUMOylated proteins via SIM mediate its
localization to PML nuclear bodies (96). SUMOylation also involved in
protein-protein interaction. Psmdl is a subunit of 19S regulatory lid of 26S
proteasome SUMOylation of Psmdl regulates the association with Adrml,
which is another proteasome subunit, suggesting that proteasome composition
and function are changed by SUMOylation (97).

I have not find what roles SUMOylated CSB have in TCR yet. CSBi1-1220 cell
did not exhibit apparent defects in cell cycle (data not shown). In Ubs9 knock
down cells, CSB interacts with Pol II and has ability to translate CSA to nuclear
matrix (Fig. 12B and C). These results suggest that SUMOylation of CSB plays
a role after damage recognition step. It has been reported that CSB interact
with xeroderma pigmentosum group G protein (XPG) (8). Because XPG has SIM,

SUMOylated CSB might interact with SIM of XPG (Fig. 13).

Contribution of SUMOylation to TCR in human cells

In Fig. 11, Ubc9 knock down brought cells to the reduction of the recovery of
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RNA synthesis after UV irradiation. Ubc9 knock down affects all SUMOylation
in the cells, so that I cannot exclude the possibility that some other proteins
affected this reduction. But even under the Ubc9 knocked down situation, RNA
synthesis without UV irradiation was the similar level to that in the control cells
(Fig. 11A), and only the recovery of RNA synthesis after UV irradiation was
reduced (Fig. 11B). These results suggest that inhibition of SUMOylation of
TCR factors or the proteins involved in resume of RNA synthesis results in the
reduction. CSA and UVSSA are excluded from the candidates of SUMO target
TCR factors, because I could not detect SUMOylation form of them (Fig. 110).
Three SUMO-modified proteins were reported to be involved in RNA synthesis
in mammals (98). HsTAF5 and hsTAF12 are the subunits of human TFIID and
modified by SUMO-1 both in vitro and in vivo, and only the SUMOylation to
hsTAF5 prevents TFIID from binding to promoter DNA in vitro (99).
Transcription Elongation Regulator 1 (TCERG1) is involved in transcriptional
elongation and pre-mRNA splicing. Non-SUMOylation mutant of TCRG1
enhanced its activity for transcription (100). Among the three proteins, only
hsTAF5 is considered as the candidate that affects the recovery of RNA
synthesis under Ubc9 knocked down condition, but in vivo, there is no report
about the function of SUMOylated hsTAF5. Thus, it is conceivable enough that
SUMOylation to TCR factors including CSB is critical to the recovery of RNA

synthesis after UV irradiation.

Implications of SUMO for diseases
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There are some diseases that SUMO is deeply engaged in. Patients of
Alzheimer’s disease (AD) exhibit dementia and have degenerative lesion in their
cerebral cortex. In a mouse model of AD, alterations in equilibrium between
SUMOylation and de-SUMOylation occur from early phase of AD (101). SUMO
contribution has been also reported in Parkinson’s disease (PD). Patients of PD
exhibit the shaking in a limb, the stiffness of the muscle and so on, and some
abnormalities are occurred in their substantia nigra in midbrain and striata in
basal ganglia. In PD, SUMO is considered to be a key factor to analyze some
disease-associated proteins and subcellular processes (102). SUMO presumably

plays an important role in CS.
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Materials and Methods

Expression constructs and stable cell lines

To generate epitope-tagged CSB expression constructs, wild type and each
mutant CSB ¢cDNA fragments were amplified by PCR using each primer set
(Table 1) and cut by XhoI (5’ end) and Xba I (3’ end). The fragments were cloned
in-frame and downstream of the sequence encoding FLAG epitope followed by
HA epitope in pcDNA3.1 vector (provided by Dr Masafumi Saijo, Osaka
University). CSBek g, CSBsk_r and CSBkeosrk cDNAs were generated using
QuikChange II'E Site-Directed Mutagenesis Kit (Agilent Technologies)
according to the manufacturer’s instructions. Primer sets for the mutants are
shown in Table 1. DNA sequencing of the plasmids ruled out the presence of
PCR-derived mistakes. An expression construct for C-terminal FLAG and HA
tagged wild type CSB was also generated. CSB-FLAG-HA cDNA was cut out by
Xho I for 5 end and Not I for 3’ end from pCAGGS-CSB-FLAG-HA construct
(provided by Dr Masafumi Saijo, Osaka university) and inserted into pcDNA3.1
vector. Each expression construct was transformed into HIT-DH5a E. Coli
(SciTrove). After culture in LB medium with 500 pg/ml carbenicillin, plasmid
DNAs were prepared using QIAprep Miniprep kit (QIAGEN).

To 1solate stable transfectants, CSIANSV cells were transfected with the CSB
expression constructs using Effectene Transfection Regent (QIAGEN) according
to the manufacturer’s procedure. Stable transfectants were selected in the
presence of 500 ug/ml G418 (Nakarai Tesque).

Cell culture
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The cell lines used in this study were SV40 immortalized human fibroblasts;
WI38VA13 (normal), CSIANSV (CS-B), Kps3 (UVSS-A), CS3BESV (CS-A) and
CS1ANSV cells stably expressing wild type or each mutant CSB. Kps3 cells
stably expressing FLAG-HA-UVSSA and CS3BESV cells stably expressing
CSA-FLAG-HA were generated previously in preceding studies (26, 27).
CS1ANSV cells stably expressing FLAG-HA-CSBksssrk were provided by Dr
Masafumi Saijo, Osaka University. All cell lines were cultured in DMEM
containing 10% fetal bovine serum and 100 U/ml penicillin-100 wg/ml

streptomycin at 37°C in 5% COq incubator.

UV irradiation
Cells were washed once with PBS and 20 J/m2 of UV-C was irradiated to the

cell. The culture medium was added immediately after UV irradiation.

Whole cell extract
Cells (1.0X106) were washed once with PBS and lysed with 100 ul of 1X
SDS-PAGE sample buffer (62.5 mM Tris-HCI pH6.8, 2% SDS, 10% glycerol,

Bromophenol blue and 10 mM mercaptoethanol) by boiling for 5 minutes.

UV survival
1.0 X102 cells were inoculated into 10-cm dishes and incubated overnight.
Cells were washed once with PBS and irradiated with UV-C at various dosages.

The cells were cultured for 10 days, fixed with formalin solution (10% formalin
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in PBS) and stained with crystal violet solution (2.5 mM crystal violet and 5%

ethanol). Colonies were counted using a binocular microscope.

Recovery of RNA synthesis after UV irradiation

1.0 X105 cells were inoculated into 35-mm dishes and incubated overnight.
Cells were washed once with PBS, either irradiated with UV-C at 10 J/m?2 or not
irradiated, and incubated in 1 ml of the culture medium. To measure RNA
synthesis, [BHluridine (Perkin Elmer) was added to each dish to 370 kBg/ml at
each time points. After incubation for 1h, the labeling was terminated by adding
NaNsat a final concentration of 200 ug/ml. Cells were solubilized with 0.8% SDS.
Then, an equal volume of 10% trichloroacetic acid containing 0.1M sodium
diphosphate was added to the lysates and incubated on ice. Acid-insoluble
materials were collected on Glass Microfilters GF/C (Whatman). The
radioactivity was measured in Insta-Fluor Plus cocktail (Perkin Elmer) with a
liquid scintillation counter Tri-Carb 2810 TR (Perkin Elmer). The ratio of the
radioactivity of UV-irradiated cells to that of non-irradiated cells was considered

as recovery of RNA synthesis after UV irradiation.

Interaction of CSB with RNA polymerase II (Pol II)

After 20 J/m? of UV irradiation, cells were incubated for 30 minutes and
harvested. 1.0X10¢ cells were resuspended in Micrococcal nuclease (MNase)
buffer (20 mM Tris-HCl, pH 7.5, 100 mM KCI, 2 mM MgCls, 1 mM CaClg, 300

mM sucrose, 0.1% Triton X-100, 1 mM DTT and protease inhibitors) and
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incubated on ice for 10 minutes. The lysates were fractionated by centrifugation
(5000 rpm, 5 minutes, 4°C) and the pellet was resuspended in MNase buffer
including 15 U/ml of MNase and incubated at 25°C for 15 minutes. The reaction
was terminated by adding EDTA to 5 mM and centrifuged at 5000 rpm for 5
minutes at 4°C. The supernatant was recovered. The pellet was washed with
MNase buffer and the supernatant was combined with the above supernatant
and used as the solubilized chromatin fraction. The solubilized chromatin
fraction was incubated with 20 ul of anti-FLAG M2 agarose beads (SIGMA)
overnight at 4°C. The beads were washed 5 times with NETN buffer (50 mM
Tris-HCI pH 7.8, 150 mM NaCl, 1% NP-40, 1 mM EDTA and 0.5 mM PMSF)
and then boiled in an equal volume of 2 X SDS-PAGE sample buffer (125 mM
Tris-HC1 pH6.8, 4% SDS, 20% glycerol, Bromophenol blue and 10 mM
mercaptoethanol). SDS-PAGE was performed and separated proteins were
transferred to a PVDF membrane. Immunoblot detection was performed with
anti-Pol II and anti-CSB antibodies using Pierce Western Blotting Substrate

Plus (Thermo Scientific).

Subcellular fractionation

After 20 J/m2 of UV irradiation, cells were harvested at each time point. 1.0 X
106 (Fig. 4 and 9) or 4.0X106 (Fig. 6) cells were resuspended in CSK-Triton
buffer (10 mM PIPES pH6.8, 100 mM NaCl, 300 mM Sucrose, 3 mM MgCls,
0.5% Triton-X 100, 1 mM EGTA, 1 mM DTT and protease inhibitors) with

gently vortexing and incubated on ice for 10 minutes. The lysates were
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fractionated by centrifugation (6000 rpm, 3 minutes, 4°C). The supernatants
were mixed with an equal volume of 2 XSDS-PAGE sample buffer, boiled for 5
minutes, and used as soluble fraction. The pellets were washed once with
CSK-Triton buffer, boiled in 1 X SDS-PAGE sample buffer, and used as insoluble
fraction. SDS-PAGE was performed and separated proteins were transferred to
a PVDF membrane. Immunoblot detection was performed with anti-CSB,
anti-lamin B and anti-XPA antibodies using Pierce Western Blotting Substrate

Plus.

Translocation of CSA to nuclear matrix after UV irradiation
UV-induced translocation of CSA in cell-free system was examined as
described previously (58). CS1IANSV cells expressing CSB were irradiated with
20 J/m? of UV and incubated for 1 h, and then treated with CSK-Triton buffer to
prepare the insoluble fractions (CSK-ppt fraction). The soluble fractions
(CSK-sup fraction) were prepared from CS3BESV cells stably expressing CSA
tagged with FLAG and HA by the treatment with CSK-Triton buffer. The
CSK-sup fraction containing FLAG-HA epitope tagged CSA was incubated with
the CSK-ppt fraction on ice for 1 hour. After centrifugation (6000rpm, 3 minutes,
4°C), the pellet was washed twice with CSK-Triton buffer and incubated with 5
U of recombinant DNase I (Takara) in CSK-Triton buffer at 30°C for 10 minutes,
and centrifuged (6000rpm, 3 minutes, 4°C). After washing 3 times with
CSK-Triton buffer, 1 XSDS-PAGE sample buffer was added to the pellet and

boiled for 5 minutes. The CSA retained in the DNase I-insoluble fractions was
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detected by immunoblotting with anti-HA antibody.

Detection of SUMOylated proteins

SUMOylated proteins were detected as described previously (79) with some
modifications. 2.0 X108 cells were solubilized by addition of SDS lysis buffer
(62.5 mM Tris-HCI, pH6.8, 10% glycerol, 2% SDS and protease inhibitors) and
boiling for 10 minutes. The lysates were passed through a 25G needle
(TERUMO) to shear DNA and diluted 10-folds with RIPA buffer (50 mM
Tris-HCI, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl and 1
mM EDTA). 20 mM N-ethylmaleimide, 20 uM PR-619, 1 mM sodium fluoride,
1mM sodium orthovanadate (V), and 2 mM p-glycerophosphoric acid disodium
salt ware added into RIPA immediately before use. 20 ul of Protein G Sepharose
4 Fast Flow agarose beads (GE Healthcare) and 2 ug anti-CSB antibody (Fig. 4,
5, 6, 7, and 8) or 20 ul of anti-FLAG M2 agarose beads (SIGMA) (Fig. 10) were
incubated overnight with the diluted lysates at 4°C. The beads were washed 5
times with RIPA buffer and then boiled in an equal volume of 2 XSDS-PAGE
sample buffer. SDS-PAGE was performed and separated proteins were
transferred to a PVDF membrane. Immunoblot detection was performed with
anti-ubiquitin, anti-SUMO-1,-2,-3, and anti-CSB antibodies using Pierce

Western Blotting Substrate Plus.

RNA interference

Ubc9 silencing was performed by transfection of siRNA (sc-36773 from Santa
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cruz) using Lipofectamine RNAIMAX Transfection Reagent (Invitrogen)
according to the manufacturer’s procedure. Reverse transfection was done first,
and forward transfection was carried out subsequently 24 h after the reverse
transfection. Cells were irradiated with UV 24-48 h after forward transfection,

incubated for the indicated time, and then harvested.

Antibodies

Polyclonal anti-CSB (E-18), anti-SUMO-1 (FL-101), anti-ubquitin (FL-76),
anti-lamin B (C-20), anti-CSA (W-16), anti-XPA (FL-273), anti-Ubc9 (H-81) and
monoclonal anti-SUMO-3 (sc-130884), anti-Pol II (sc-17798) antibodies were
from Santa Cruz. Polyclonal anti-SUMOZ2 antibody was from Gene Tex.
Monoclonal anti-ubiquitin (FK2) antibody was from MBL. Monoclonal
anti-DDDDK(FLAG)-tag (FLA-1) antibody was from MBL. Monoclonal

anti-HA-tag (3F10) antibody was from Roche.

45



References

(1) Wood, RD., Araujo, SJ., Ariza, RR., Batty, DP., Biggerstaff, M., Evans, E.,
Gaillard, PH., Gunz, D., Koberle, B., Kuraoka, I., Moggs, JG., Sandall, JK.,
Shivji, MK. DNA damage recognition and nucleotide excision repair in
mammalian cells. Cold Spring Harb Symp Quant. Biol. 65 (2000) 73—182.

(2) Svejstrup, JQ. Mechanisms of transcription-coupled DNA repair. Nat. Rev.
Mol Cell Biol. 3 (2002) 21-29.

(3) Laine, JP., and Egly, JM. When transcription and repair meet: a complex
system. Trends Genet. 22 (2006) 430—436.

(4) Hanawalt, PC., and Spivak, G. Transcription-coupled DNA repair: two
decades of progress and surprises. Nat Rev Mol Cell Biol. 9 (2008) 958-970.

(5) DiGlovanna, JJ., Kraemer, KH. Shining light on xeroderma pigmentosum. J
Invest Dermatol. 132 (2012) 785-796.

(6) Sugawara, K., Ng, JM., Matsutani, C., Iwai, S., van der Spek, PJ., Eker, AP.,
Hanaoka, F., Bootsma, D., Hoeijjmakers, JH. Xeroderma pigmentosum group C
protein complex is the initiator of global genome nucleotide excision repair.
Mol.Cell. 2 (1998) 223-232.

(7) Wakasugi, M. Shimizu, M., Morioka, H., Linn, S., Nikaido, O., Matsunaga, T.
Damaged DNA-binding protein DDB stimulates the excision of cyclobutane
pyrimidine dimmers in vitro in concert with XPA and replication protein A. J
Biol Chem. 276 (2001) 15434-15440.

(8) Sarker, AH., Tsutakawa, SE., Kostek, S., Ng, C., Shin, DS., Peris, M.,

Campeau, E., Tainer, JA., Cooper, PK. Recognition of RNA polymerase II and

46



transcription bubbles by XPG, CSB, and TFIIH : insights for
transcription-coupled repair and Cockayne Syndrome. Mol Cell. 20 (2005)
187-198.

(9) Volker, M., Mone, MJ., Karmakar, P., van Hoffen, A., Schul, W., Vermeulen,
W., Hoeijimakers, JH., van Driel, R., van Zeeland, AA., Mullenders, LH.
Sequential assembly of the nucleotide excision repair factors in vivo. Mol Cell. 8
(2001) 213-224.

(10) Zhang, X., Horibata, K., Saijo, M., Ishigami, C., Ukai, A., Kanno, S., Tahara,
H., Neilan, EG., Honma, M., Nohmi, T., Yasui, A., Tanaka, K. Mutations in
UVSSA cause UV-sensitive syndrome and destabilize ERCC6 in
transdription-coupled DNA repair. Nat Genet. 44 (2012) 593-597.

(11) Schwertman, P., Lagarou, A., Dekkers, DH., Raams, A., van der Hoek, AC.,
Lafferber, C., Hoejimakers, JH., Demmers, JA., Fousteri, M., Vermeulen, W.,
Marteijn, JA. UV-sensitive syndrome protein UVSSA recruits USP7 to regulate
transcription-coupled repair. Nat Genet. 44 (2012) 598-602.

(12) Nakazawa, Y., Sasaki, K., Mitsutake, N., Matsuse, M., Shimada, M., Nardo,
T., Takahashi, Y., Ohyama, K., Ito, K., Mishima, H., Nomura, M., Kinoshita, A.,
Ono, S., Takenaka, K., Masuyama, R., Kudo, T., Slor, H., Utani, A., Tateishi, S.,
Yamashita, S., Stefanini, M., Lehmann, AR., Yoshiura, K., Ogi, T. Mutations in
UVSSA cause UV-sensitive syndrome and impair RNA polymerase Ilo
processing in transcription-coupled nucleotide-excision repair. Nat Genet. 44
(2012) 586-592.

(13) Staresincic, L., Fagbemi, AF., Enzlin, JH., Gourdin, AM., Wijgers, N.,

47



Dunand-Sauthier, 1., Giglia-Mari, G., Clarkson, SG., Vermeulen, W., Scharer,
OD. Coodination of dual incision and repair synthesis in human nucleotide
excision repair. EMBO J. 28 (2009) 1111-1120.

(14) Shivji, MK., Podust, VN., Hubscher, U., Wood, RD. Nucleotide excision
repair DNA synthesis by DNA polymerase epsilon in the presence pf PCNA,
RFC, and RPA. Biochemistry. 34 (1995) 5011-5017.

(15) Bootsma, D., Kreamer, KH., Cleaver, JE., Hoeijmakers, JH. In The Genetic
Basis of Human Cancer (Vogelstein, B., and Kinzler, K. W., eds) McGraw Hill
Inc., New York (1998) 245-274.

(16) M.A. Nance. and S.A. Berry. Cockayne syndrome: review of 140 cases, Am J
Med Genet. 42 (1992) 68-84.

(17) Lindenbaum, Y., Dickson, D., Rosenbaum, P., Kraemer, K., Robbins, L.,
Rapin, 1. Xeroderma pigmentosum/cockayne syndrome complex: first
neuropathological study and review of eight other cases. Eur J Paediatr Neurol.
5 (2001) 225-242.

(18) Tanaka, K., Kawai, K,Kumahara, Y. Ikenaga, M., Okada, Y. Genetic
complementation groups in cockayne syndrome. Somatic Cell Fenet. 7 (1981)
445-455.

(19) Lehmann AR, Three complementation groups in Cockayne syndrome.
Mutat Res. 106 (1982) 347-356.

(20) Arenas-Sordo, Mde, L., Hernandez-Zamora, E., Montoya-Perez, LA.,
Aldape-Barrios, BC. Cockayne’s syndrome: a case report. Literature review.

Med Oral Patol Oral Cir Bucal, 11 (2006) E236-238.

48



(21) Graham, JM, Jr., Anyane-Yeboa, K., Raams, A., Appe;doorn, E., Kleijer,
WdJ., Garritsen, VH., Busch, D., Edersheim, TG., Jaspers, NG.
Cerebro-oculo-facio-skeletal syndrome with a nucleotide excision-repair defect
and a mutated XPD gene, with prenatal diagnosis in a triplet pregnancy. Am J
Hum Genet. 69 (2001) 291-300.

(22) Horibata, K., Iwamoto, Y., Kuraoka, I., Jaspers, NG., Kurimasa, A.,
Oshimura, M., Ichihashi, M., Tanaka, K. Complete absence of Cockayne
syndrome group B gene product gives rise to UV-sensitive syndrome but not
Cockayne syndrome. Pros Natl Acad Sci U S A. 101 (2004) 15410-15415.

(23) Gorgels, TG., van der Pluijm, I., Brandt, RM., Garinis, GA., van Steeg, H.,
van den Aardweg, G., Jansen, GH., Ruijter. JM., Bergen, AA., van Norren, D.,
Hoeijmakers, JH., van der Horst, GT. Retinal degeneration and ionizing
radiation hypersensitivity in a mouse model for Cockayne syndrome. Mol Cell
Biol. 27 (2007) 1433-1441.

(24) Stout, GJ., Oosten, Mv., Acherrat, FZ., Wit, Jd., Vermeij, WP., Mullenders,
LH., Gruyl, FR., Backendorf, C. Selective DNA damage responses in murine
Xpa-/-, Xpc-/- and Csb-/- keratinocyte cultures. DNA Repair. 4 (2005) 1337-1344.
(25) van der Pluijm, I., Garinis, GA., Brandt, RM., Gorgels, TG., Wijnhoven, SW.,
Diderich, KE., de Wit, J., Mitchell, JR., van Oostrom, C., Beems, R.,
Niedernhofer, LJ., Velasco, S., Friedberg, EC., Tanaka, K., van Steeg, H.,
Hoeijmakers, JH., van der Horst, GT. Impaired genome maintenance
suppresses the growth hormone insulin-like growth factor 1 axis in mice with

Cockayne syndrome. PLoS Biol. 5 (2007) e2.

49



(26) Mayne, LV., Lehmann, AR. Failure of RNA synthesis to recover after
UV-irradiation: an early defect in cells from individuals with Cockayne’s
syndrome and xeroderma pigmentosum, Cancer Res. 42 (1982) 1473—-1478.

(27) Lehmann, AR.,Francis, AJ., Giannelli, F., Prenatal diagnosis of Cock-
ayne’s syndrome. Lancet. 1 (1985) 486—488.

(28) Lowry, RB., Early onset of Cockayne syndrome. Am J med Genet. 13 (1982)
209-210.

(29) Kennedy, RM., Rowe, VD., Kepes, JJ. Cockayne syndrome: an atypical case.
Neurology. 30 (1980) 1268-1272.

(30) Rapin, I., Weidenheim, K., Lindenbaum, Y., Rosenbaum, P., Merchant, SN.,
Krishna, S., Dickson, DW. Cockayne syndrome in adult: review with clinical and
pathologic study of a new case. J Child Neurol. 21 (2006) 991-1006.

(31) Laugel, V. Cockayne syndrome: the expanding clinical and mutational
spectrum. Mech Ageing Dev. 134 (2013) 161-170.

(32) Vermeulen, W., Jaeken, J., Jaspers, NG., Bootsma, D., Hoeijimakers, JH.
Xeroderma pigmentosum complementation group G associated with Cockayne
syndrome. Am J Hum Genet. 53 (1993) 185-192.

(33) Meira, LB., Graham, JM Jr., Greenberg, CR., Busch, DB., Doughty, AT,
Ziffer, DW., Coleman, DM., Savre-Train, 1., Friedberg, EC. Manitoba aboriginal
kindred with original cerebro-oculo-facio-skeletal syndrome has a mutation in
the Cockayne syndrome group B (CSB) gene. Am J Hum Genet. 66 (2000)
1221-1228.

(34) Laugel, V., Dalloz, C., Toblas, ES., Tolmie, JL., Martin-Coignard, D.,

50



Drouin-Garraud, V., Valayannopoulos, V., Sarasin, A., Dollfus, H.
Cerebro-oculo-facio-skeletal syndrome: three additional cases with CSB
mutations, new diagnostic criteria and an approach to investigation. J Med
Genet. 45 (2008) 564-571.

(85) Troelstra, C., van Gool, A., de Wit, J., Vermeulen, W., Bootsma, D.,
Hoeijmakers, JH. ERCC6, a member of a subfamily of putative helicases, is
involved in Cockayne’s syndrome and preferential repair of active genes. Cell, 71
(1992) 939-953.

(36) Citterio, E., Van Den Boom, V., Schnitzler, G., Kanaar, R., Bonte, E.,
Kingston, RE., Hoeijimakers, JH., Vermeulen, W. ATP-dependent chromatin
remodeling by the Cockayne syndrome B DNA repair-transcription-coupling
factor. Mol Cell Biol. 20 (2000) 7643-7653.

(37) Lake, RJ., Geyko, A., Hemashettar, G., Zhao, Y., Fan, HY. UV-Induced
association of the CSB remodeling protein with chromatin requires
ATP-dependent relief of N-Terminal autorepression. Mol Cell. 37 (2010)
235-246.

(38) Anindya, R., Mari, PO., Kristensen, U., Kool, H., Giglia-Mari, G.,
Mullenders, LH., Fousteri, M., Vermeulen, W., Egly, JM., Svejstrup, JQ. A
ubiquitin-binding domain in Cockayne syndrome B required for
transcription-coupled nucleotide excision repair. Mol Cell. 38 (2010) 637-648.
(39) Selby, CP. and Sancar, A. Human transcription-repair coupling factor
CSB/ERCC6 is a DNA-stimulated ATPase but is not a helicase and does not

disrupt the ternary transcription complex of stalled RNA polymerase II. J Biol

51



Chem. 272 (1997) 1885-1890.

(40) van Gool, AJ., Citterio, E., Rademakers, S., van Os, R., Vermeulen, W.,
Constantinou, A., Egly, JM., Bootsma, D., Hoeijjmakers, JH. The Cockayne
syndrome B protein, involved in transcription-coupled DNA repair, resides in an
RNA polymerase II-containing complex. EMBO J. 16 (1997) 5955-5965.

(41) Wang, XW., Yeh, H., Schaeffer, L., Roy, R., Moncollin, V., Egly, JM., Wang,
Z., Freidberg, EC., Evans, MK., Taffe, BG., et al. p53 modulation of
TFIIH-associated nucleotide excision repair activity. Nat Genet. 10 (1995)
188-195.

(42) Iyer, N., Reagan, MS. Wu, KJ., Canagarajah, B., Friedberg, EC.
Interactions involving the human RNA polymerase II transcription/nucleotide
excision repair complex TFIIH, the nucleotide excision repair protein XPG, and
Cockayne syndrome group B (CSB) protein. Biochemistry. 35 (1996) 2157-2167.

(43) Selby, CP. and Sancar, A. Human transcription-repair coupling factor
CSB/ERCC6 is a DNA-stimulated ATPase but is not a helicase and does not
disrupt the ternary transcription complex of stalled RNA polymerase II. J Biol
Chem. 272 (1997) 1885-1890.

(44) Bradsher, J., Auriol, J., Proietti de Santis, L., Iben, S., Vonesch, JL.,
Grummt, I., Egly, JM. CSB is a component of RNA pol I transcription. Mol Cell.
10 (2002) 819-829.

(45) van der Horst, GT., van Steeg, H., Berg, RJ., van Gool, AJ., de Wit, J.,
Weeda, G., Morreau, H., Beems, RB., van Kreijl, CF., de Grujjl, FR, Bootsma, D.,

Hoeijmakers, JH. Defective transcription-coupled repair in Cockayne syndrome

52



B mice is associated with skin cancer predisposition. Cell. 89 (1997) 425-435.
(46) Henning, KA., Li, L., Iyer, N., McDaniel, LD., Reagan, MS., Legerski, R.,
Schultz, RA., Stefanini, M., Lehmann, AR., Mayne, LV., Friedberg, EC. The
Cockayne syndrome group A gene encodes a WD repeat protein that interacts
with CSB protein and a subunit of RNA polymerase II TFIIH. Cell. 82 (1995)
555-564.

(47) Fischer, ES., Scrima, A., Bohm, K., Matsumoto, S., Lingaraju, GM., Faty,
M., Yasuda, T., Cavadini, S., Wakasugi, M., Hanaoka, F., Iwai, S., Gut, H.,
Sugasawa, K., Thoma, NH. The molecular basis of CRL4DDB2/CSA ubiquitin
ligase architecture, targeting, and activation. Cell. 147 (2011) 1024-1039.

(48) Smith, TF., Gaitatzes, C., Saxena, K., Neer, EJ. The WD repeat: a common
architecture for diverse function. Trends Biochem Sci. 24 (1999) 181-185.

(49) Laugel, V., Dalloz, C., Durand, M., Sauvanaud, F., Kristensen, U., Vincent,
MC., Pasquier, L., Odent, S., Cormier-Daire, V., Gener, B., Tobias, ES., Tolmie,
JL., Martin-Coignard, D., Drouin-Garraud, V., Heron, D., Journel, H., Raffo, E.,
Vigneron, J., Lyonnet, S., Murday, V., Gubser-Mercati, D., Funalot, B., Brueton,
L., Sanchez Del Pozo, J., Munoz, E., Gennery, AR., Salih, M., Noruzinia, M.,
Prescott, K., Ramos, L., Stark, Z., Fieggen, K., Chabrol, B., Sarda, P., Edery, P.,
Bloch-Zupan, A., Fawcett, H., Pham, D., Egly, JM., Lehmann, AR., Sarasin, A.,
Dollfus, H. Mutation update for the CSB/ERCC6 and CSA/ERCC8 genes
involved in Cockayne syndrome. Hum Mutat. 31 (2010) 113-126.

(50) Saijo, M., The role of Cockayne syndrome group A (CSA) protein in

transcription-coupled nucleotide excision repair. Mech Ageing Dev. 134 (2013)

53



196-201.

(51) Groisman, R., Polanowska, J., Kuraoka, I., Sawada, J., Saijo, M., Drapkin,
R., Kisselev, AF., Tanaka, K., Nakatani, Y. The ubiquitin ligase activity in the
DDB2 and CSA complexes is differentially regulated by the COP9 signalosome
in response to DNA damage. Cell. 113 (2003) 357-367.

(52) Nakatsu, Y., Asahina, H., Citterio, E., Rademakers, S., Vermeulen, W.,
Kamiuchi, S., Yeo, JP., Khaw, MC., Saijo, M., Kodo, N., Natsuda, T.,
Hoeijmakers, JH., Tanaka, K. XAB2, a novel tetratricopeptide repeat protein
involved in transcription-coupled DNA repair and transcription. J Biol Chem.
275 (2000) 34931-349317.

(53) Fei, J. and Chen, J. KIAA1530 protein is recruited by Cockayne syndrome
complementation group protein (CSA) to participate in transcription-coupled
repair (TCR). J Biol Chem. 287 (2012) 35118-35126.

(54) Groisman, R., Polanowska, J., Kuraoka, I., Sawada, J., Saijo, M., Drapkin,
R., Kisselev, AF., Tanaka, K., Nakatani, Y. The ubiquitin ligase activity in the
DDB2 and CSA complex is differentially regulated by the COP9 signalosome in
response to DNA damage. Cell. 113 (2003) 357-367.

(55) Wagner, SA., Bell, P., Weinert, BT., Nielsen, ML., Cox, J., Mann, M.,
Choudhary, C. A proteome-wide, quantitative survey of in vivo ubiquitylation
sites reveals widespread regulatory roles. Mol Cell Proteomics. 10 (2011)
M111.013284.

(56) Groisman, R., Kuraoka, I., Chevallier, O., Gaye, N., Magnaido, T., Tanaka,

K., Kisseiev, AF., Harel-Bellan, A., Nakatani, Y. CSA-dependent degradation of

54



CSB by the ubiquitin-proteasome pathway establishes a link between
complementation factors of the Cockayne syndrome. Genes Dev. 20 (2006)
1429-1434.

(57) Kamiuchi, S., M. Saijo, E. Citterio, M. de Jager, J. H. J. Hoeijmakers, and K.
Tanaka. Translocation of Cockayne syndrome group A protein to the nuclear
matrix: possible relevance to transcription-coupled DNA repair. Proc. Natl. Acad.
Sci. USA 99 (2002) 201-206.

(58 Saijo, M., Hirai, T., Ogawa, A., Kobayashi, A., Kamiuchi, S., Tanaka, K.
Functional TFIIH is required for UV-induced translocation of CSA to the
nuclear matrix. Mol Cell Biol. 27 (2007) 2538-2547.

(59) Nagase, T., Kikuno, R., Ishikawa, K., Hirosawa, M., Ohara, O. Prediction of
the coding sequences of unidentified human genes. XVII. The complete
sequences of 100 new cDNA clones from brain which code for large proteins in
vitro. DNA Res. 7 (2000) 143-50.

(60) Meinhart, A. and Cramer, P. Recognition of RNA polymerase II
carboxy-terminal domain by 3-RNA-processing factors. Nature 430 (2004)
223-226.

(61) Steinmetz, EJ., Conrad, NK., Brow, DA., Corden, JL. RNA-binding protein
Nrdl directs poly(A)-independent 3-end formation of RNA polymerase II
transcripts. Nature 413 (2001) 327-331.

(62) Wei, L., Lan, L., Yasui, A., Tanaka, K., Saijo, M., Matsuzawa, A., Kashiwagi,
R., Maseki, E., Hu, Y., Parvin, JD., Ishioka, C., Chiba, N. BRACA1 contributes

to transcription-coupled repair of DNA damage through polyubiquitination and

55



degradation of Cockayne syndrome B protein. Cancer Sci. 102 (2011) 1840-1847.
(63) Imam, SZ., Indig, FE., Cheng, WH., Saxena, SP., Stevnsner, T., Kufe, D.,
Bohr, VA. Cockayne syndrome protein B interacts with and is phosphorylated
by c-Abl tyrosine kinase. Nucleic Acid Res. 35 (2007) 4941-4951.

(64) Matunis, MJ., Coutavas, E., Blobel, G. A novel ubiquitin-like modification
modulates the partitioning of the Ran-GTPase-activating protein RanGAP1
between the cytosol and the nuclear pore complex. J Cell Biol. 135 (1996)
1457-1470.

(65) Mahajan, R., Delphin, C., Guan, T., Gerace, L., Melchior, F. A small
ubiquitin-related polypeptide involved in targeting RanGAP1 to nuclear pore
complex protein RanBP2. Cell. 88 (1997) 97-107.

(66) Tatham, MH., Jaffray, E., Vaughan, OA., Desterro, JM., Botting, CH.,
Naismith, JH., Hay, RT. Polymeric chains of SUMO-2 and SUMO-3 are
conjugated to protein substrates by SAE1/SAE2 and Ubc9. J Biol Chem. 276
(2001) 35368-35374.

(67) Bayer, P., Arndt, A., Metzger, S., Mahajan, R., Melchior, F., Jaenicke, R.,
Becker, J. Structure determination of the small ubiquitin-related modifier
SUMO-1. J Mol Biol. 280 (1998) 275-286.

(68) Flotho, A and Melchior, F. SUMOylation: a regulatory protein modification
in health and disease. Annu Rev Biochem. 82 (2013) 357-385.

(69) Olsen, SK., Capili, AD., Lu, X., Tan, DS., Lima, CD. 2010. Active site
remodelling accompanies thioester bond formation in the SUMO E1. Nature.

463 (2010) 906-912.

56



(700 Dye, BT., Schulman, BA. Structural mechanisms underlying
posttranslational modification by ubiquitin-like proteins. Annu Rev Biophys
Biomol Struct. 36 (2007) 131-150.

(71) Schulman, BA., Harper, JW. Ubiquitin-like protein activation by E1
enzymes: the apex for down-stream signalling pathways. Nat Rev Mol Cell Biol.
10 (2009) 319-331.

(72) Andrews, EA., Palecek, J., Sergeant, J., Taylor, E., Lehmann, AR., Watts,
FZ. Nse2, a component of the Smc5-6 complex, is a SUMO ligase required for the
response to DNA damage. Mol Cell Biol. 25 (2005) 185—196.

(73) Kahyo, T., Nishida, T., Yasuda, H. Involvement of PIAS1 in the
sumoylation of tumor suppressor p53. Mol Cell 8 (2001) 713—718.

(74) Potts, PR. and Yu, H. Human MMS21/NSE2 is a SUMO ligase required for
DNA repair. Mol Cell Biol. 25 (2005) 7021-7032.

(75) Sachdev, S., Bruhn, L., Sieber, H., Pichler, A., Melchior, F., Grosschedl, R.
PIASy, a nuclear matrix-associated SUMO E3 ligase, represses LEF1 activity by
sequestration into nuclear bodies. Genes Dev. 15 (2001) 3088—3103.

(76) Sapetschnig, A., Rischitor, G., Braun, H., Doll, A., Schergaut, M., Melchior,
F., Suske, G. Transcription factor Sp3 is silenced through SUMO modification
by PIAS1. EMBO J. 21 (2002) 5206-5215.

(77) Schmidt, D. and Muller, S. Members of the PIAS family act as SUMO
ligases for c-Jun and p53 and repress p53 activity. Proc Natl Acad Sci USA. 99
(2002) 2872-2877.

(78) Silver, HR., Nissley, JA., Reed, SH., Hou, YM., Johnson, ES. A role of

57



SUMO in nucleotide excision repair. DNA repair. 10 (2011) 1243-1251.

(79) Wang, QE., Zhu, Q., Wani, G., E1-Mahdy, MA., Li, J., Wani, AA. DNA repair
factor XPC is modified by SUMO-1 and ubiquitin following UV irradiation.
Nucleic Acid Res. 33 (2005) 4023-4034.

(80) Tantin, D., Kansaai, A., Carey, M. Recruitment of putative
transcription-repair coupling factor CSB/ERCC6 to RNA polymerase II
elongation complex. Mol Cell Biol. 17 (1997) 6803-6814.

(81) van den Boom, V., Citterio, E., Hoogstraten, D., Zotter, A., Egly, JM., van
Cappellen, WA., Hoeijimakers, JH., Houtsmuller, AB., Vermeulen, W. DNA
damage stabilizes interaction of CSB with the transcription elongation
machinery. J Cell Biol. 166 (2004) 27-36.

(82) van Gool, AJ., Citterio, E., Rademakers, S., van Os, R., Vermeulen, W.,
Constantinou, A., Egly, JM., Bootsma, D., Hoeijimakers, JH. The Cockayne
syndrome B protein, involved in transcription-coupled DNA repair, resides in an
RNA polymerase II-containing complex. EMBO J. 16 (1997) 5955-5965.

(83) Groisman, R., Kuraoka, I., Chevallier, O., Gaye, N., Magnaido, T., Tanaka,
K., Kisseiev, AF., Harel-Bellan, A., Nakatani, Y. CSA-dependent degradation of
CSB by the ubiquitin-proteasome pathway establishes a link between
complementation factors of the Cockayne syndrome. Genes Dev. 20 (2006)
1429-1434.

(84) Wang, CM., Liu, R., Wang, L., Nascimento, L., Brennan, VC., Yang, WH.
SUMOylation of FOXM1B alters its transcriptional activity on regulation of

MiR-200 family and JNK1 in MCF7 human breast cancer cells. Int J Mol Sci. 15

58



(2014) 10233-10251.

(85) Fousteri, M. and Mullenders, LH. Transcription-coupled nucleotide excision
repair in mammalian cells: molecular mechanisms and biological effects. Cell
Res. 18 (2008) 73-84.

(86) Yao, Q., Li, H., Huang, XY.,, Guo, L., SUMOylation-regulated protein
phosphorylation, evidence from quantitative phosphoproteomics analyses. J Biol
Chem. 286 (2011) 27342-27349.

(87) Lake, RJ. Fan, HY. Structure, function and regulation of CSB: a
multi-talented gymnast. Mech Ageing Dev. 134 (2013) 202-211.

(88) Dephoure, N., Zhou, C., Villen, J., Beausolell, SA., Bakalarski, CE., Elledge,
SJ., Gygi, SP. A quantitative atlas of mitotic phosphorylation. Pros Natl Acad
Sci USA. 105 (2008) 10762-10767.

(89) Matsuoka, S., Ballif, BA., Smogorzewska, A., McDonald, ER, 3. Hurov,
KE., Luo, J., Bakalarski, CE., Zhao, Z., Solimini, N., Lerenthal, Y., Shiloh, Y.,
Gygi, SP., Elledge, SJ. ATM and ATR substrate analysis reveals extensive
protein networks responsive to DNA damage. Science. 316 (2007) 1160-1166.
(90) Nousiainen, M., Sillje, HH., Sauer, G., Nigg, EA., Korner, R.
Phosphoproteome analysis of the human mitotic spindle. Proc Natl Acad Sci.
103 (2006) 5391-5396.

(91) Yu, LR., Zhu, Z., Chan, KC., Issaq, HJ., Dimitrov, DS., Veenstra, TD.
Improved titanium dioxide enrichment of phosphopeptides from HeLa cells and
high confident phosphopeptide identification by cross-validation of MS/MS and

MS/MS/MS spectra. J Proteome Res. 6 (2007) 4150-4162.

59



(92) van der Horst, GT., van Steeg, H., Berg, RJ., van Gool, AJ., de Wit, J.,
Weeda, G., Morreau, H., Beems, RB., van Kreijl, CF., de Gruijl, FR., Bootsma, D.,
Hoeijmakers, JH. Defective transcription-coupled repair in Cockayne syndrome
B mice is associated with skin cancer predisposition. Cell. 89 (1997) 425-235.
(93) Geoffroy, MC. and Hay, RT. An additional role for SUMO in
ubiquitin-mediated proteolysis. Nat Rev Mol Cell Biol. 10 (2009) 564-568.

(94) Morris, JR., Boutell, C., Keppler, M., Densham, R., Weekes, D., Alamshah,
A., Butler, L., Galanty, Y., Pangon, L., Kiuchi, T., Ng, T., Solomon, E. The
SUMO modification pathway is involved in the BRCA1 response to genotoxic
stress. Nature. 462 (2009) 556-890.

(95) Guo, Z., Kanjanapangka, L., Liu, N., Liu, S., Wu, Z., Wang, Y., Loh, T,
Kowolik, C., Jamsen, J., Zhou, M., Truong, K., Chen, Y., Zheng, L.,Shen, B.
Sequential posttranslational modifications program FEN1 degradation during
cell-cycle progression. Mol Cell. 47 (2012) 444-456.

(96) Bohm, S and Bernstein, KA. The role of post-translational modifications in
fine-tuning BLM helicase function during DNA repair. DNA Repair (Amst), 22
(2014) 123-132.

(97) Ryu, H., Gygi, SP,, Azuma, Y., Arnaoutov, A., Dasso, M. SUMOylation of
Psmdl controls Adrm1 interaction with the proteasome. Cell Rep. 7 (2014)
1842-1848.

(98) Rouviere, JO., Geoffroy, MC., Palancade, B. Multiple crosstalks between
mRNA biogenesis and SUMO. Chromosoma. 122 (2013) 387-399.

(99) Boyer-Guittaut, M., Birsoy, K., Potel, C., Elliott, G., Jaffray, E., Desterro,

60



JM., Hay, RT., Oelgeschlager, T. SUMO-1 modification of human transcription
factor (TF) IID complex subunits: inhibition of TFIID promoter-binding activity
through SUMO-1 modification of hsTAF5. J Biol Chem. 280 (2005) 9937-9945.
(100) Sanchez-Alvarez, M., Montes, M., Sanchez-Hernandez, N.,
Hernandez-Munain, C., Sune, C. Differential Effects of Sumoylation on
Transcription and Alternative Splicing by Transcription Elongation Regulator 1
(TCERG1). J Biol Chem. 285 (2010) 15220-15233.

(101) Nistico, R., Ferraina, C., Marconi, V., Blandini, F., Negri, L., Egebjerg, J.,
Feligioni, M. Age-related changes of protein SUMOylation balance in the A PP
Tg2567 mouse model of Alzheimer’s disease. Front Pharmacol. 5 (2014) 63.
(102) Eckermann, K. SUMO and Perkinson’s disease. Neuromolecular Med. 15

(2013) 737-759.

61



Figure Legends

Fig. 1. C-terminal 30 amino acid residues of CSB are essential for
TCR.

(A) Schematic representation of CSB mutants. ATPase domain and UBD is
indicated by dark gray box and black box, respectively. Each CSB mutant was
tagged with FLAG and HA epitopes at the N-terminal and expressed in
CS1ANSV cells. The regions indicated by black horizontal bars are designated
as follows; 1221-1493 is the C-terminal region, 1221-1400 is the region just
before UBD, 1401-1428 is UBD, 1429-1463 is the region just after UBD, and
1464-1493 is the most C-terminal region.

(B) Colony-forming ability of cells expressing each CSB mutant after UV
irradiation. The points are average for at least three independent experiments,
and vertical bars indicate standard errors.

(C) RNA synthesis of cells expressing each CSB mutant after UV irradiation.
Cells were irradiated with 10 J/m?2 of UV and incorporation of [3H]-uridine was
measured at 24 h after UV irradiation. The relative incorporation of [3H]-uridine
in the UV-irradiated cells was compared with that of non-irradiated cells. The
points are average for at least three independent experiments, and vertical bars
indicate standard errors.

(D) Alignment of amino acid sequences of CSB homologs in vertebrates.
Sequences after UBD are shown. Sequence information was obtained from
NCBI site. Accession numbers are NP_000115.1 (Homo sapiens), AFH31457.1

(Macaca mulatta), AAI32448.1 (Mus musculus), NP_001100766.1 (Rattus
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norvegicus), XP_005637540.1 (Canis lupus familiaris), XP_008268053
(Oryctolagus cuniculus), XP_009085572 (Serinus canaria), XP_008115961.1
(Anolis carolinensis), and XP_688972 (Danio rerio). The asterisk (*) means the

conserved amino acid among species.

Fig. 2. Interaction of CSB mutant with Pol II in the solubilized
chromatin fractionation.

(A) Procedures of the interaction of CSB with Pol II.

(B) Co-immunoprecipitation (IP) of Pol II with epitope-tagged CSB. Solubilized
chromatin fractions were prepared from UV-irradiated and non-irradiated cells
and CSB was immunoprecipitated with anti-FLAG-M2 agarose. The IP samples
were analyzed by western blotting using anti-Pol II and anti-CSB antibodies.

25% and 75% of IP sample were used to detect CSB and Pol II, respectively.

Fig. 3. Effect of CSB mutation on translocation of CSA to nuclear
matrix.

(A) Procedures of the cell-free system used for CSA translocation to nuclear
matrix.

(B) CSA translocation assay using CSK-ppt fractions prepared from cells
expressing mutant CSB. The CSK pellet fractions were prepared from
UV-irradiated and non-irradiated cells and incubated with the CSK
supernatants containing FLAG-HA epitope tagged CSA, and treated with

DNase 1. The CSA retained in the DNase I-insoluble fractions was detected by
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western blotting with anti-HA antibody. Lamin B is a loading control. HA (CSA)
and non-specific bands are indicated by arrow with asterisk (*) and double

asterisk (**), respectively.

Fig. 4. Association of CSB with chromatin induced by UV
irradiation.

(A) Procedures of subcellular fractionation with CSK-Triton buffer.

(B) Association of CSB with chromatin. The insoluble fractions were prepared
from the cells at indicated time after UV irradiation and analyzed by western
blotting with anti-CSB antibody. The samples from cells with the same cell
numbers were applied to each lane of the gel. Lamin B is a loading control. XPA
1s known to be bound to chromatin after UV irradiation. Asterisk represents
shifted bands of CSB.

(C) Quantification of (B). Intensity of the CSB bands was quantified and the
intensity in the UV-irradiated cells was compared with that of non-irradiated

cells. Points are averages of two independent experiments.

Fig. 5. Detection of UV-induced modification of CSB.

(A) Procedure of the detection of modification of CSB.

(B) Detection of ubiquitination and SUMOylation of CSB. CSB
immunoprecipitated from the cell lysates was analyzed by western blotting with
two anti-ubiquitin antibodies and three anti-SUMO antibodies. After detection

of the modifications, the membrane was re-blotted with anti-CSB antibody. IP
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samples from cells with the same cell numbers were applied into each lane of

the gel.

Fig. 6. Analysis of UV-induced SUMOylation of CSB.

(A) Effects of Ubc9 knock down by siRNA. Upper panels: WI38 cells were
transfected with siRNA to Ubc9 or control siRNA. To assess Ubc9 knock down,
whole cell lysates were analyzed by western blotting with anti-Ubc9 antibody.
Lamin B is a loading control. Lower panel: IP samples were prepared from the
knock down cell lysates as described in Fig. 5A and were analyzed by western
blotting with anti-SUMO-3 antibody.

(B) Detection of SUMOylation of CSB in the CSK-fractionated samples. Soluble
and insoluble fractions were prepared as described in Fig. 4A. CSB was
immunoprecipitated from the fractions and analyzed by western blotting with
anti-SUMO-3 antibody. After detection of SUMO-3, the membrane was
re-blotted with anti-CSB antibody.

(C) SUMO-3 modification of CSB after UV irradiation in Kps3 and CS3BE cells.
Kps3 and CS3BE cells are deficient in UVSSA and CSA, respectively. The cell
lysates were prepared from both the cells and each corrected cells. CSB was
immuprecipitated from the lysates and analyzed by western blotting with
anti-SUMO-3 antibody. After detection of SUMO-3, the membrane was
re-blotted with anti-CSB antibody.

(D) SUMO-3 modification of ATPase-deficient CSB after UV irradiation.

CSBksssr has single amino acid substitution in ATPase domain and lacks
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ATPase activity. The cell lysates were prepared from cells expressing
C-terminally FLAG-HA epitope tagged CSAwr and CSAksssk. CSB was
immunoprecipitated from the lysates and analyzed by western blotting with
anti-SUMO-3 antibody. After detection of SUMO-3, the membrane was
re-blotted with anti-CSB antibody. All IP samples were prepared from cells with

the same cell numbers.

Fig. 7. Analysis of SUMOylation of CSB mutant.

SUMO-3 modification of CSB deletion mutants after UV irradiation. The cell
lysates were prepared from the cells expressing CSB mutants. CSB was
immunoprecipitated from the lysates and analyzed by western blotting with
anti-SUMO-3 antibody. After detection of SUMO-3, the membrane was
re-blotted with anti-CSB antibody. IP samples from cells with the same cell

numbers were applied into each lane of the gel.

Fig. 8. Effects of amino acid substitutions in the C-terminal region of
CSB.

(A) Schematic representation of the position of lysine in the C-terminal 43 amino
acid residues of CSB. Lysine residues (red) were substituted to arginine. Two
and three amino acid substituted CSB (Kiss7, 14s0R and Kissr, 1487, 14s0R,
respectively) were generated. Each mutant CSB was FLAG-HA epitope tagged
at the N-terminal and expressed in CSIANSV cells.

(B) SUMO-3 modification of the lysine-substituted CSB mutants after UV
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irradiation. The cell lysates were prepared from the cells expressing CSB
mutants. CSB was immunoprecipitated from the lysates and analyzed by
western blotting with anti-SUMO-3 antibody. After detection of SUMO-3, the
membrane was re-blotted with anti-CSB antibody. IP samples from cells with
the same cell numbers were applied into each lane of the gel.

(C) Colony-forming ability of cells expressing the lysine-substituted CSB
mutants after UV irradiation. The points are average for at least three
independent experiments, and vertical bars indicate standard errors.

(D) RNA synthesis of cells expressing the lysine-substituted CSB mutants after
UV irradiation. Cells were irradiated with 10 J/m? of UV and incorporation of
[3H]-uridine was measured at 24 h after UV irradiation. The incorporation of
[3H]-uridine in the UV-irradiated cells was compared with that of non-irradiated
cells. The points are average for at least three independent experiments, and

vertical bars indicate standard errors.

Fig. 9. Effects of Ubc9 knock down on CSB functions.

(A) Ubc9 knock down by siRNA. Cells expressing N-terminally FLAG-HA
tagged CSB were transfected with siRNA to Ubc9 or control siRNA. To assess
Ubc9 knock down, whole cell extracts were prepared from the Ubc9 knock down
and control cells and analyzed by western blotting with anti-Ubc9 antibody.
Lamin B is a lording control.

(B) Interaction of CSB with Pol II. The solubilized chromatin fractions were

prepared from the Ubc9 knock down and control cells as described in Fig. 2A.
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N-terminally FLAG tagged CSB was immunoprecipitated from the fractions
with anti-FLAG-M2 agarose. The IP samples were analyzed by western blotting
with anti-Pol II and anti-CSB antibodies. 25% and 75% of the IP sample were
used to detect CSB and Pol 1I, respectively. The bottom panel shows Ubc9 knock
down by siRNA. IP samples were prepared from the knock down and control cell
lysates as described in Fig. 5A and were analyzed by western blotting with
anti-SUMO-3 antibody.

(C) Translocation of CSA to nuclear matrix. The CSK pellet fractions were
prepared from the Ubc9 knock down and control cells, and the cell-free CSA
translocation assay was performed as described in Fig. 3A. The CSA retained in
the DNase I-insoluble fractions was detected by western blotting with anti-HA
antibody. Epitope tagged CSB was also detected with anti-HA antibody. Lamin
B is a loading control.

(D) Association of CSB with chromatin. WI38 cells were transfected with siRNA
to Ubc9 or control siRNA. The insoluble fractions were prepared as described in
Fig. 4A and analyzed by western blotting with anti-CSB antibody. Lamin B is a
loading control. XPA is known to be bound to chromatin after UV irradiation.
(E) Quantification of (D). Intensity of the CSB bands was quantified, and the
relative amount of CSB was calculated as the intensity in non-irradiated cells is

100%. Points are averages of two independent experiments.

Fig. 10. Effects of Ubc9 knock down in UVSSA-deficient cells.

(A) UV-induced degradation of CSB. UVSSA-deficient Kps3 cells were
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transfected with siRNA to Ubc9 or control siRNA. Whole cell extracts were
prepared from the cells at indicated time after UV irradiation and analyzed by
western blotting. Lamin B is a loading control.

(B) Quantification of (A). Intensity of the CSB bands was quantified, and the
relative amount of CSB was calculated as the intensity in non-irradiated cells is
100%. The points are average for at least three independent experiments, and
vertical bars indicate standard errors.

(C) RNA synthesis of the knocked down Kps3 cells after UV irradiation. The
cells were irradiated with10 J/m?2 of UV and incorporation of [3H]-uridine was
measured at 2 h and 24 h after UV irradiation. The incorporation of [3H]-uridine
in the UV-irradiated cells was compared with that of non-irradiated cells. The
points are average for at least three independent experiments, and vertical bars

indicate standard errors.

Fig. 11. Evaluation of the contribution of SUMOylation to TCR.

(A) Effects of Ubc9 knock down on RNA synthesis. WI38 cells were transfected
with siRNA to Ubc9 or control siRNA and incorporation of [3H]-uridine was
measured. The points are average for at least three independent experiments,
and vertical bars indicate standard errors.

(B) Effects of Ubc9 knock down on the recovery of RNA synthesis after UV
irradiation. The knock down cells were irradiated with 10 J/m2 of UV and
incorporation of [3H]-uridine was measured at 2 h and 24 h after UV irradiation.

The incorporation of [3H]-uridine in the UV-irradiated cells was compared with
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that of non-irradiated cells. The points are average for at least three
independent experiments, and vertical bars indicate standard errors.

(C) Analysis of SUMOylation of CSA and UVSSA. CS3BE cells stably
expressing C-terminally FLAG-HA epitope tagged CSA and Kps3 cells stably
expressing N-terminally FLAG-HA epitope tagged UVSSA were UV- or
non-irradiated. The cell lysates were prepared from the cells and
immunoprecipitation was performed with the lysates using anti-FLAG agarose
as described in Fig. 5A. SUMOylation of CSA and UVSSA was analyzed by
western blotting with anti-SUMO-1, anti-SUMO-2, and anti-SUMO-3
antibodies. After detection of SUMOylation, the membrane was re-blotted with
anti-FLAG antibody. All IP samples were prepared from cells with the same cell
numbers. Asterisk (*) and double asterisk (**) indicate UVSSA and CSA bands,

respectively.

Fig. 12. Searching for SUMOylation site of CSB

(A) SUMOylation sites predicted by SUMOplot™ Analysis Program (Abgent).
SUMOylation candidate sites (red) were shown in amino acid sequence of CSB.
The sites with high score were indicated by underline in the sequence and listed
on the right. (B) Map of posttranslational modifications in human cell.
Ubiquitylation (Lys-1295 and Lys-1457), methylation (Lys-170, Lys-297,
Lys-448 and Lys-1054), and phosphorylation (other Lys residues that are
described in red character) sites provided by PhosphoSitePlus (Cell Signaling)

were shown. Many posttranslational modifications were located in two regions

70



(red rectangles). (C) Schematic representation of CSBkeosr mutant. Lys-205
residues (red) were substituted to Arg.

(D) SUMO-3 modification of CSBkaosr after UV irradiation. The cell lysates were
prepared from CSBkzosr cells. CSB was immunoprecipitated from the lysates
and analyzed by western blotting with anti-SUMO-3 antibody. After detection of
SUMO-3, the membrane was re-blotted with anti-CSB antibody. IP samples
from cells with the same cell numbers were applied into each lane of the gel.

(E) Colony-forming ability of CSBkaosr cells after UV irradiation. The points are
average for at least three independent experiments, and vertical bars indicate
standard errors.

(F) RNA synthesis of CSBksosr cells after UV irradiation. Cells were irradiated
with 10 J/m? of UV and incorporation of [3H]-uridine was measured at 2 h and
24 h after UV irradiation. The incorporation of [3H]-uridine in the UV-irradiated
cells was compared with that of non-irradiated cells. The points are average for
at least three independent experiments, and vertical bars indicate standard

errors.

Fig. 13. Schematic diagram of functions of the C-terminal region of
CSB in TCR.

Normally, CSB is associated with chromatin after UV irradiation and interacts
with arrested Pol II at the damage site. CSB is modified by SUMO-2/3 at
chromatin in a UV dependent manner. On the other hand, C-terminal deleted

CSB i1s little associated with chromatin and cannot interact with Pol II. As a
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result, those CSB mutant cells exhibit deficiency in TCR and hypersensitivity to

UV. CSB mutants with C-terminal deletion is not modified by SUMO-2/3.
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1 MPNEGIPHSS QTQEQDCLQS QPVSNNEEMA IKQESGGDGE VEEYLSFRSV

A 51 GDGLSTSAVG CASAAPRRGP ALLHIDRHQI QAVEPSAQAL ELQGLGVDVY
101 DQDVLEQGVL QQVDNAIMEA SRASQLVDVE KEYRSVLDDL TSCTTSLRQI
151 NKIIEQLSPQ AATSRDINRK LDSVKRQKYN KEQQLKKITA KQKHLQAILG
201 GAEVKIELDH ASLEEDAEPG PSSLGSMLMP VQETAWEELI RTGQMTPFGT
251 QIPQKQEKKP RKIMLNEASG FEKYLADQAK LSFERKKQGC NKRAARKAPA
301 PVTPPAPVQN KNKPNKKARV LSKKEERLKK HIKKLQKRAL QFQGKVGLPK
351 ARRPWESDMR PEAEGDSEGE ESEYFPTEEE EEEEDDEVEG AEADLSGDGT
401 DYELKPLPKG GKRQKKVPVQ EIDDDFFPSS GEEAEAASVG EGGGGGRKVG
451 RYRDDGDEDY YKQRLRRWNK LRLQDKEKRL KLEDDSEESD AEFDEGFKVP
501 GFLFKKLFKY QQTGVRWLWE LHCQQAGGIL GDEMGLGKTI QIIAFLAGLS No. Pos. Group Score
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Table 1. Primer sets that were used in this study.
Forward primers basically have Kozak sequence and Xhol site, and reverse primers basically
have Xbal site. Underlines indicate cDNA sequence of CSB.

Primer

Forward

Reverse

PCDNA-FLAG-HA-CSB,,;

5-
GACCTCGAGCACCATGCCAAATGA
GGGAATCCCCC-3

5-
GACTCTAGATTAGCAGTATTCTG
GCTTGAGTTTCCAAATTCCTTCA
CC-¥

PCDNA3-FLAG-HA-CSB, ;550

5-
GACCTCGAGCACCATGCCAAATGA
GGGAATCCCCC-3’

5-
GACTCTAGATTAAGTTCCTTCAA
ACTTGGCGTCTCTGCAATGC-3

PCDNA3-FLAG-HA-CSB, ;400

5-
GACCTCGAGCACCATGCCAAATGA
GGGAATCCCCC-3

5-
GACTCTAGATTAAATCAGGTGGT
TTCTAGCTCTCATTTTAGCC-3

pcDNA3-FLAG-HA-CSB, 4445

5-
GACCTCGAGCACCATGCCAAATGA
GGGAATCCCCC-3

5-
GACTCTAGATTAGGCCTGGCCAT
CAGTGTGGG-3

PCDNA3-FLAG-HA-CSB, ;6

5-
GACCTCGAGCACCATGCCAAATGA
GGGAATCCCCC-3

5-
GACTCTAGATTAAGACTGTGATG
CAGATAACTTGG-3’

PcDNA3-FLAG-HA-
CSBAUBD

1-1484 5 5-PHO-
GACCTCGAGCACCATGCCAAATGA | GAGGGGCCCGGATGAAGAGTCT
GGGAATCCCCC-3’ GCATCTTCTGC-3'

1434- 5-PHO- 5

1493 TTCATCGCTTTCCAGGCCCACACT | GACTCTAGATTAGCAGTATTCTG

GATGGCCAGGCC-3

GCTTGAGTTTCCAAATTCCTTCA
CC-%

PCDNA3-FLAG-HA-CSB,, ¢

5-
GACCTCGAGCACCATGCCAAATGA
GGGAATCCCCC-3’

5-
GACTCTAGATTAGCAGTATTCTG
GCCTGAGTCTCCAAATTCCTTCA
CCACC-3

PCDNA3-FLAG-HA-CSB,, ¢

5-
CTGCAGGAGTTTGAATCCAGGTTA

5-
CAAGACTGTGATGCAGATAACCT

TCTGCATCACAGTCTTG-3’

GGATTCAAACTCCTGCAG-3’

PCDNA3-FLAG-HA-CSBy05r

5-
GGAGCAGAGGTGAGAATTGAACTA

5-
GGCGTGATCTAGTTCAATTCTCA

GATCACGCC-3’

CCTCTGCTCC-3
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Table 2. Summary of the difference between each CSB mutant.

The results from figure 1 to figure 8 are collected in this table.

Triangles in the content of association with chromatin means that these CSB mutant can associate
with chromatin after UV irradiation, but these associations are weaker than that of CSB .

ND means not done.

WT 1220 1400 1445 1463 AUBD 2K—R 3K—R

UBD

+ - - + + - + +
UV sensitivity

- + + + + + - -
Recovery of
RNA
synthesis + - - - - - + +
Interaction
with Pol Il + - - - - - ND ND
Translocation
of CSA

+ - - - - - ND ND
Association
with + N D N D
chromatin A A - - -
SUMO-2/3
modification

+ - - - - + + +
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