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Synoviolin, protein folding and the maintenance

of joint homeostasis

Naoko Yagishita, Satoshi Yamasaki, Kusuki Nishioka and Toshihiro Nakajima*

Rheumatoid arthritis is a disease aswuattd wuh punful joints that affects
approximately 1% of the population worldwide, and for which no specific
cure is available. Among other functions, the endoplasmic reticulum

(ER) has an important role in protein folding. When the level of

unfolded proteins in the ER exceeds the folding capacity of this organelle,

defective proteins are eliminated by ER-associated degradation (ERAD), an

ATP-dependent ubiquitin—proteasome degradation process, to reduce the
burden on the ER. Synoviolin is an E3 ubiquitin ligase that is involved in
ERAD. This protein is a pathogenic factor for arthropathy;

it is overexpressed in the synovial cells of patients with rheumnatoid
arthritis. This overexpression results in a ‘hyper-ERAD’ state, in

which the cell deals with accumulated unfolded proteins excessively.
Rheumatoid synovial cells produce large amounts of various proteins
such as cytokines and proteases, which consequently might confer an
autonomous proliferation property on the cells. At least 30% of all newly
synthesized, ER-sorted proteins are unfolded. Although degradation of
unfolded proteins consumes large amounts of ATP and would seem an
unconventional process, it is essential for joint homeostasis.

KEYWORDS ER, hyper-ERAD, rheumatoid arthritis, synovial cells, synovioli
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INTRODUCTION

Rheumatoid arthritis (RA) affects nearly 1%
of the adult population worldwide, and has a
tremendous negative effect on quality of life.!
It is a disease that is associated not only with
painful joints but also with generalized symp-
toms related to the whole body, such as febricula,
malaise and anorexia. Although RA is a serious
condition, there is no specific cure as yet; this is
mainly because the exact etiology of RA remains
poorly understood. The burden of musculo-
skeletal diseases on society has been recognized
throughout the world, and RA is defined as one
of the most important diseases in the Bone and
Joint Decade, which was launched in 2000 by the
WHO to reduce the social and financial costs of
musculoskeletal disorders to society.

The pathologic features of RA include chronic
inflammation of systemic joints, which is asso-
ciated with overgrowth of synovial cells. This
inflammation, which eventually causes cartilage
and bone destruction in the joint, is thought to
result from activation of the cytokine system
by inflammatory cells.? During the course
of inflammation, synovial cells, macrophages,
T cells and B cells contribute to the production of
cytokines such as interleukin (IL)-1, IL-6, IL-10,
tumor necrosis factor (TNF) and transforming
growth factor p (TGF-B).%? These cytokines,
in turn, stimulate the overgrowth of synovial
cells to form a mass of synovial tissue, called a
pannus, which invades the bone and cartilage
through osteoclast activation and protease
production.*® Because RA is considered to be
an autoimmune disease, medical treatments
that target inflammation have been applied;
however, nearly 25% of patients with RA do
not respond to anticytokine therapy or anti-
inflammatory therapies.”® On the basis of these
observations, we have focused on synovial cells
and have been attempting to clarify the mecha-
nism of hyperplasia in rheumatoid synovial cells.
In this Review, we outline what is known about
the function in RA of synoviolin, an E3 ubiquitin
ligase that is involved in endoplasmic reticulum
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Figure 1 The functions of synoviolin, ‘Gain-of-function’ of synovialin (in mice
o xpressing synoviolin) and hyper-ERAD results In the developmant of
spontaneous arthropathy through the anti-apoptotic effects of synoviolin in
synovial cells. By contrast, Syvn1** (Syno**) mice, in which there is a ‘loss-
of-function’ of synoviolin and low levels of ERAD, show resistance to CIA,
and Syvn 1~ (Syno™") mice die in utero becauss of enhanced apoptosis. The
expression level of synoviolin is, therafore, important for its biclogical roles under

(ER)-associated degradation (ERAD), an ATP-
dependent ubiquitin—proteasome process that
functions to reduce the burden of excess unfolded
proteins on the ER. Synoviolin is overexpressed
in the synovial cells of patients with RA, where it
is thought to have anti-apoptotic effects,

SYNOVIOLIN IS A NOVEL PATHOGENIC
FACTOR FOR ARTHROPATHY

Synoviolin was cloned by immunoscreening
using antibodies against rheumatoid synovial
cells. This ER-resident E3 ubiquitin ligase®!?
is the mammalian homolog of Hrd1p/Del3p,
whose substrates include misfolded carboxy-
peptidase yscY'? and 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase.'* Synoviolin is
overexpressed in the rheumatoid synovium of
human patients, and approximately 30% of mice
that overexpress synoviolin develop spontaneous
arthropathy as a result of reduced apoptosis of
symu'imzm Conversely, synoviolin-heterozygous
(Sywni*~ [Syno*/~]) mice show resistance to the
development of collagen-induced arthritis, owing
to enhanced apoptosis of synovial cells, On the
basis of the ‘gain-of-function’ and ‘loss-of-function’

results, synoviolin is considered a novel patho-
genic factor in arthropathy that functions through
its anti-apoptotic effects (Figure 1).

SYNOVIOLIN IN EMBRYOGENESIS

In another study, we reported that synoviolin
is essential for embryogenesis (Figure 1).'%
Synoviolin-deficient homozygous mice (Syvil~~
[Syno"]) died in utero at around embryonic
day 13.5, which indicates that synoviolin is
indispensable for embryogenesis. The Syvnl~~
fetuses exhibited smaller livers and fewer
hepatocytes than their wild-type counterparts.
This hypocellularity was caused by enhanced
apoptosis of hepatocytes during fetal life, and
resulted in defective erythropoiesis in a non-
cell-autonomous manner, causing severe
anemia, The results were indicative of defective
nursing activity of erythrocytes in the liver of
Syvnl~~ fetuses. This phenomenon resembles
that of RA—that is, RA bone marrow stromal
cells, similar to hepatocytes, have nurse-cell-like
activity; RA is a disease that accelerates this
nursing activity.!%!7 Our data indicate a close
relationship between embryogenesis and RA,'#
and indicate that a new approach to treating RA
could potentially be developed by the analysis of
the Syvrt1~~ mouse, the phenotype of which is
opposite to that involved in RA.

SYNOVIOLIN TARGETS P53

By analyzing the profile of protein expression
in cells from Syvnl~~ mice, we identified that
synoviolin targets the mumor suppressor p53
for ubiquitination.'? Synoviolin sequesters and
ubiquitinates p53 in the cytoplasm and néga-
tively regulates its cellular levels and, hence,
biological functions, including transcription,
cell-cycle regulation and apoptosis (Figure 2).
Importantly, these p53 regulatory functions
are unique to synoviolin and were not carried
out by other E3 ubiquitin ligases, such as
MDM?2, PIRH2 and COP1.2+23 Although p53
is reported to be involved in RA, its precise func-
tion in this context is still controversial.24-28
Mice that lack p33 do not develop spontaneous
arthropathy, but have severe collagen-induced
arthritis;?®30 therefore, we consider that the
severity of arthritis is probably determined
by the synoviolin-p53 control pathway, whereas
the onset of spontaneous arthropathy is caused
by a p53-independent pathway in these models.
Further research might uncover new pathogenic
mechanisms in RA.
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HYPER-ERAD BY SYNOVIOLIN

Newly synthesized proteins are transported to the
ER of eukaryotic cells, where they are correctly
folded. Under normal conditions, the folding and
transport capacity of the ER matches the require-
ment of the secretory pathway. Increased levels
of unfolded proteins result in ER stress. To main-
tain the efficacy of intracellular protein folding
when faced with overwhelming environmental
insults, cells are equipped with a self-protective
mechanism that enables them to survive when
there is a need for additional folding. ER stress
triggers, therefore, a cellular response that is
termed the ‘unfolded protein response’ (UPR) to
overcome this problem.?'=** During the UPR,
the synthesis of new proteins is globally inhib-
ited and, simultaneously, the expression of genes
that encode ER chaperone proteins is upregu-
lated to provide sufficient proteins to refold the
misfolded proteins correctly.'-*

When even the UPR cannot deal with this
problem, however, the excess of misfolded proteins
is eliminated by the ubiquitin- and proteasome-
dependent degradation process of ERAD. This
approach spares the cells from death caused by
ER dysregulation (Figure 3).31-3? Synoviolin is
involved in ERAD as a ubiquitin ligase,>'? an
enzyme that couples the small protein ubiquitin
to lysine residues on a target protein, marking
that protein for destruction by the proteasome,
and hasa role in the evasion of cell death. As over-
expression of synoviolin leads to an ERAD hyper-
activation state in rheumatoid synovial cells, we
consider RA to be a hyper-ERAD disease. 4

Rheumatoid synovial cells exhibit autonomous
proliferation properties and aberrant produc-
tion of proteins such as cytokines and proteases
(Figure 4).%6 Here, we discuss these two character-
istics from the perspective of hyper-ERAD by
overexpression of synoviolin. Regarding auto-
nomous proliferation, hyper-ERAD can prevent
ER-stress-induced apoptosis, which consequently
leads to synovial hyperplasia. Indeed, excess apop-
tosis of synovial cells is noted in Syvn!*/~ mice
with collagen-induced arthritis—cells from these
mice show impaired ERAD owing to the lack of
synoviolin.? In other words, synovial cells from
Syvn1*/~ mice with collagen-induced arthritis
cannot avoid ER-stress-induced apoptosis because
they lack synoviolin; this, in turn, prevents
overgrowth of synovial cells. Put differently,

Figure 2 Synoviolin is involved in the inhibition of two apoptotic pathways.
Synoviolin can sequester and ubiquitinate the tumor suppressor p53 in

the cytoplasm, and thereby negatively regulate its biological functions

in transeription, cell-cycle regulation and apoptosis (the figure shows

the upregulation of p53 in response to DNA damage) by targeting it for
proteasomal degradation. This regulation diverges from regulation by other
E3 ubiguitin ligases for p53 (e.g. MDM2, PIRH2 and COP1). Synoviolin
regulates, therefore, not only apoptosis in response to ER stress (through
ERAD) but also a p53-dependent apoptotic pathway. Abbreviations: ER,
sndoplasmic reticulum; ERAD, ER-associated degradation: Ub, ubiquitin,

we consider that, normally, rheumatoid synovial
cells are programmed to survive on the basis of
synoviolin expression, even though they should
die when exposed to ER stress. In this regard,
we have demonstrated that ER stress exists
in the pannus; however, rheumatoid synovial
cells seem more resistant to ER-stress-induced
apopltosis than other cells.*” Other investigators
have implicated ERAD dysfunction in various
disorders,*®3? such as the occurrence of certain
inherited neurodegenerative disorders through
the production of proteins with expanded poly-
glutamine tracts.**#2 Furthermore, mutation of
the parkin gene, a well-known ubiquitin ligase
protein that is involved in ERAD, is thought to
result in neuronal death of the substantia nigra
in patients with autosomal recessive juvenile
Parkinsonism.** Here, we hypothesize that ERAD
hyperactivation is the cause of diseases such as
RA that are characterized by proliferation. 3435
Turning to the overproduction of proteins
such as cytokines and proteases by rheumatoid
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Figure 3 Defense mechanisms for ER stress. If the cellular level of unfolded
protein induced by ER stress (likened to muddy water in a glass) exceeds the
folding capacity, this results In apoptotic cell death (equivalent to the spillage
of muddy water). There are two defense mechanisms in place—the so-called
ER stress responses —to avoid this problem. One is the UPR, which inhibits
the synthesis of new proteins globally and also upregulates the expression of
genes that encode ER chaperone proteins to refold the misfolded protsins;
this mechanism is equivalent to closing the tap. The other is ERAD, which
aliminates the unfolded proteins by the ubiquitin-proteasome degradation
system and recycles the amino acids; this control mechanism resembles a
sewage disposal facility. In RA, overexpreased synoviclin acts like a filter that
accelerates the purification of water, with consequent flooding of the glass with
fresh water (1. folded proteins, including cytokines, proteases and so on).
Abbreviations: ER, endoplasmic reticulum; ERAD, ER-associated degradation;
RA, rheumatoid arthritis; UPA, unfolded protein response.
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synovial cells, the production of properly folded
proteins could be enhanced by hyper- , a5
this process promotes the breakdown of unfolded
proteins and possibly accelerates protein
synthesis through the abrogation of the UPR by
clearance of unfolded proteins.** As increased
protein synthesis leads to increased protein influx
into the ER, hyper-ERAD further accelerates this
process. This cycle results in excess production
and secretion of proteins such as cytokines,
chemokines, matrix proteins and proteases from
rheumatoid synovial cells (Figure 4)1-3%
Normally, synovial cells maintain joint homeo-
stasis by forming synovial fluid, which provides
nutrition for the joint structure; however,

hyper-ERAD in rheumatoid synovial cells causes
an oversupply of this nutritious fluid, which leads
to autonomous outgrowth, Considered together,
RA could also be viewed as a disease caused
by a disorder of the ERAD system (Figure 3),
the correction of which could result in a broad
arrest of the various factors that constitute the
complex pathology of RA.

A PHYSIOLOGICAL ROLE FOR UNFOLDED
PROTEINS?
Despite the central dogma of strict regulation,
protein folding is not regulated exquisitely.
Specifically, approximately 30% of newly synthe-
sized, ER-sorted proteins fail to be folded. 4
When 20% of total proteins are processed in
the ER, more than 6% of these proteins become
unfolded. As mentioned above, some of them are
refolded by ER chaperone proteins; however, the
proteins that remain unfolded must be constantly
eliminated from the ER by ERAD, the ubiquitin—
proteasome system.*=>* This system consists of
the small polypeptide ubiquitin, a framework
of enzymes that mediate the covalent attachment of
ubiquitin to proteolytic substrates, and the 265
proteasome, which digests the modified proteins
into peptides. The formation of ubiquitin conju-
gates requires the successive action of three classes
of enzymes: an El (activating enzyme) first ‘acti-
vates' ubiquitin in an ATP-dependent manner,
forming a high-energy thioester bond between
ubiquitin and El; the activated ubiquitin is Lthen
transferred to an E2 (conjugating enzyme); E3
ubiquitin ligase then transfers ubiquitin to the
target proteins. Through repeated reactions of
this cycle, a polyubiquitin chain is formed on the
target protein, which is recognized by the 265
proteasome and, ultimately, degraded. 647

A large amount of ATP is, therefore, consumed
during the course of this process to deal with a
single, unfolded protein formed by the ambiguous
protein folding system in the ER. Why was this
‘wasteful’ system never selected against in evolu-
tion? On the basis of our research in rheumatoid
synovial cells, we believe that unfolded proteins
might serve a physiological function. That is, the
energy required to deal with unfolded proteins
suppresses cell rebellion. Normal synovial cells
produce normal levels of nutritious fluid for
the joint, as these cells must also contend with a
normal amount of unfolded proteins in the ER.
These synovial cells lack the ability to overgrow,
and ultimately die because of the accumulation
of unfolded proteins, forming justa monolayer of
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Figure 4 Aberrant protein production by hyper-ERAD, Synovial fibroblasts in patients with RA secrete
large amounts of various proteins, This results in the excessive slimination of unfolded proteins— that

is, hyper-ERAD—by xpression of sy

jiolin, an E3 ublquitin ligase that functions in the ubiquitin-

proteasome pathway. As the breakdown of unfolded protsins leads to abrogation of the UPR, protein
production and secretion might consequently be promotad. Abbreviations: BMP, bone morphogenetic
protein; EGF, epidermal growth factor; ERAD, endoplasmic-reticulum-essociated degradation; FGF,
fibroblast growth factor; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage
colony-stimulating factor; IL, interleukin; LIF, leukemia inhibitory factor; MIF, macrophage inhibitary factor;
MMP, matrix metalioproteinase; PDGF, platelet-derived growth factor; RA, rheumatoid arthritis;

RANKL, receptor activator for nuclear factor xB ligand; TGF-p, transforming growth factor §;

TRX, thioredoxin; Ub, ubiquitin; UPR, unfolded protein response; VEGF, vascular endothelial growth lactor,

synoviocytes. A normal joint therefore escapes the
rebellion of synovial cells, autonomous prolifera-
tion and aberrant protein production, by dealing
with wastefully produced unfolded proteins.
Although it seems an outlandish system, as it
wastes a large amount of ATP, it is indispensable
for maintaining joint homeostasis. If the ERAD
system becomes abnormal, however, and syno-
violin is overexpressed, synovial cells undergo
autonomous proliferation and produce exces-
sive amounts of proteins such as cytokines and
proteases, which results in RA.

The human genome encodes 22,000 proteins
with their own physiological function;* and any
of these proteins can be present in an unfolded
form, Although the unfolded protein is a generic
singular protein, all ER proteins have the potential
to exhibit a noninherent function as an unfolded
protein, perhaps identical to that discussed
above—a function that is not determined by
the genetic code.

FEBRUARY 2008 VOL 4 NO 2 YAGISHITA ETAL.

CONCLUSIONS
On the basis of our research, we consider that
synovial cells utilize unfolded proteins, which are
produced by ER stresses, to maintain a monolayer
form. In joints, where a complex environment is
formed by the synovium, cartilage and bone, syno-
vial cells exploit the ‘function’ of unfolded proteins
in using cellular energy to perform their own duty
while being continuously exposed to other joint
elements. When this systern becomes defective
(that is, once hyperactivation of ERAD occurs,
which excessively eliminates unfolded proteins),
however, synovial cells acquire the properties of
aberrant protein production and autonomous
proliferation—the main pathology of RA. Ideally,
therefore, there should be a “futile’ systern in which
~30% of ER proteins should be unfolded in order
to maintain the normal function of synovial cells
and, hence, joint homeostasis.

Synoviolin,an E3 ubiquitin ligase that functions
in ERAD, is considerad a novel pathogenic factor

©2006 Nature Publishing Group
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in arthropathy. It is overexpressed in syno-
vial cells in patients with RA, which results in
hyper-ERAD, in which the cell deals with accu-
mulated unfolded proteins excessively. As well
as its involvement as a ubiquitin ligase in ERAD,
synoviolin is thought to function as an anti-
apoptotic factor through sequestration of the
tumor suppressor p53.

Regarding the relationship between synoviolin
and RA, Toh ef al.% reported that elevated periph-
eral blood levels of synoviolin were associated
with a lack of response to infliximab treatment.
Downregulation of synoviclin might, therefore,
be a suitable therapy for patients with RA who do
not respond to anti-TNF therapy. To reduce the
level of synoviolin, it is important to elucidate
its transcriptional regulation so that this process
can be suppressed. We have identified a crucial
site for synoviolin expression in the synoviolin
proximal promoter, the Ets-binding site, and
found that the GA-binding protein (GABP) a—p
mmgo is essential for its wanscriptional regula-

The GABP a— complex is a transcription
factor that functions downstream of signaling
by mitogen-activated protein kinases such as
c-Jun N-terminal kinase (JNK) and extracellular
signal-regulated kinase (ERK). Consistent with
these data, Gao et al3! found that ERK signaling
is important in the upregulation of synoviolin
expression in response to TNF and IL-1f in mice.
Thus, targeting synoviolin expression would,
theoretically, be a potential therapeutic approach
to RA, although the means by which this might
be achieved remain a challenge,

KEY POINTS

= Synoviolin, an E3 ublquitin ligase that s
associated with endoplasmic reticulum-
associated degradation (ERAD), is highly
expressed in rheumatoid synovial cells and is
involved in the onset of rheumnatoid arthritis (RA)

»  Synoviolin targets the tumor suppressor
protein pS3 for proteasomal degradation, and
can regulate both ER-stress-induced and
pS3-dependent apoptotic pathways

* Rheumatoid synovial cells underge
autonomous proliferation and aberrant
protein production caused by hyper-ERAD by
overaxpreasion of synoviolin

=  Approximately 30% of newly synthesized
proteins are unfolded, the cell utilizes ATP to

degrade these proteins, which enables synovial
cells to maintain a single-layer structura
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ABSTRACT

Endopalsmic reficulum (ER) is specialized organelle to maintain the integrity of
secrated and membranous proteins. ER also senses so<alled “ER siress”, which is a result
of various internal and external stresses, and triggers apoplosis when the diverse oftempts
to accommodate with the stress are in fail. The impairment these ER functions has been
implicated in several human diseases, in which aberrant ER stress induced apoplosis is
observed. We discuss about another disease model related with ER mediated apoptosis
based on the recent sludies about Synaviolin, an E3 ubiquitin ligase inherently ufilized for
ER associated degradation ([ERAD). In addition to its canenical role in ERAD, Synoviolin
targets lumor suppressor gene p53 for proteasomal degradation, suggesting the crossialk
between ERAD and p53 mediated apoplotic pathway under ER siress. Together with
the anti-apopiofic property of Synoviolin previously elucidated by both in vitro and in
vivo analyses, its new function in pS3 regulation may provide a new insight into the
pathomechanism of proliferative diseases such as cancer or rheumatoid arthritis.

SYNOVIOLIN IN ER STRESS

Secreted and membranous proteins are modified in endoplasmic reticulum (ER) and
each one of them is highly quality controlled by folding of newly synthesized proteins
with ER resident chaperones (e.g., calnexin, calreticulin, GRP78, GRP94, protin disul-
fide isomerase).! If the influx of nascent protein is more than the folding capacity of
ER, nascent peptide chains (unfolded proteins) accumulate in ER.? Similarly, glucose
deprivation, DNA damage, inhibition of N-linked glycosylation or increase in protein
synthesis can also perturb the proper post-translational modifications of nascent proteins.?
The unfolded proteins produced under these conditions in the ER causc inverse effect on
physiological homeostasis or protein integrity, a plight called the ER suess that is impli-
cated with variety kinds of human diseases (reviewed in refs. 2 and 4-7.)

It is demonstrated thar ER can sense the stress by several ER resident molecules
(e.g., IRE1, PERK, ATF6).>? They also initiate the unfolded protein response (UPR) to
adapt various internal and external stresses for maintenance of protein integrity." The
ER stress induce phosphorylation of elF2 a through the activation of the PERK, which
results in attenuation of global translation to reduce the influx of proteins into ER and
unfolded proteins.® On the other hand, PERK-clF2a kinase axis upregulates expression of
pro-apoptotic protein, CHOP, via activation of transcriptional factor ATF4.% ATF6,an ER
resident transcriptional factor, is cleaved and translocates into nucleus to promote a group
of stress inducible proteins including chaperones (e.g., Grp78, Grp97, protein disulphide
isomerase) and rranscription factors (XBP1).1%12 ATF6 was also proved to induce the
transcription of CHOPR!? An ER resident enzyme, IRE1, possesses dual caralytic domains
as serine-threonine kinase and endoribonuclease, activates XBP1 by generating its splicing
variant (active form), which also contributes to transcription of chaperons and other mole-
cule important for UPR and ERAD.%!? [RE1 is also involved in polyglutamine-induced
cell death by activating ASK 1 through formation of an IRE1-TRAF2-ASK1 complex.'
It is worthy to note that these molecules involved in UPR pathway have porential to carry
out both prevention and promotion of apoptosis.

The UPR is closely related with another homeostatic mechanisms in ER known as
ER associated degradation (ERAD), a system for disposal of the unfolded proteins.!513
The ERAD requires three steps, substrate transportation from the ER to the cytoplasm
(dislocarion), ubiquitination by specific ubiquitin ligases and proteolysis by proteasome
in cytoplasm.'® There are several ubiquitine ligase are reported involved in ERAD, and
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Synovialin is one of these ER-resident E3 ubiquitin ligases.!?#
Synoviolin was introduced as a mammalian homolog of Hrdlp/
Der3p that is inherent ubiquitin ligase for ERAD system. Misfolded
carboxypeptide yscY (CPY*) and 3-hydroxy-3-methylglutaryl-coen-
zymeA reductase (HMGR), a key enzyme of the mevalonate pathway
in yeast are known substrate for Synoviolin.?*? In mammal,
Synoviolin seems to play more complicated roles, because it is
essential for embryogenesis and suggested to be a pathogenic factor
for arthritis.1?2% The synoviolin homozygous knock out mouse is
embryonic lethal due to severe anemia brought abour by enhanced
apoptosis in the liver where the embryonic erythrogenesis takes
place. Since UPR, such as the induction of chaperon proteins, is
not impaired in the knock out mice, the sole disruption of ERAD
system in the mice can cause ER suress-induced apoprosis when the
protein synthesis rapidly increases to build up fetal erythrogenesis in
the liver.2* The heterozygous knock out mouse can survive and show
no phenorype in appearance, however, the mouse shows remark-
able resistance to experimental arthritis model, which is induced
by immunization of type Il collagen (collagen induced arthritis:
CIA)."%5 Histological analyses demonstrate that the hyperplasia
of the synovial tissue is suppressed in the mouse, which is usually
observed in the ClA-induced wild type mice. Interestingly, enhanced
apoptosis is detected in the synovial tissue of the ClA-induced
heterozygous knock outr mouse, indicating an important role of
Synoviolin in antagonizing the apoptotic pathway. Contrary to this,
Synoviolin overexpressing mouse exhibits overgrowth of synovial
tissue that resembles rheumartoid arthritis (RA), a common chronic
inflammatory joint disease in human.'? In addition, the evidences
thar Synoviolin prevents ER stress induced apoprosis in cultured
cells support the idea that Synoviolin is an anu-apoprotic factor in
mammals probably due to protecting the cells from ER stress.'?-%1
Based on these data, we proposed one pathogenic status with
Synoviolin overexpression as "Hyper-ERAD”, which might allow
excess elimination of unfolded proteins and provide the cell with ER
stress free condition.!?8 [t is estimated that 30 to 40% of the newly
synthesized proteins failed to be folded properly in ER, which means
most of the cells are facing at risk of ER stress unless enough ERAD
constitutively clears these constantly produced unfolded proteins.?”
Since the positive correlation is known between ERAD and the
production of secretory proteins, hyper-ERAD may allow the cell to
over-produce secretary proteins.?® A cell equipped with hyper-ERAD
could be very refractory to ER stress, because unfolded proteins can
be promptly eliminated by the equipped system even if the protein
synthesis is upregulated or the environment becomes stressful for ER
When the cells become free from unfolded proteins, it is possible that
UPR rriggered translational artenuation or apoprosis signal are shut
down. These phenotypes thar might be resulted from hyper-ERAD
(e.g., increased protein production, anti-apoptoric) are similar
to the hallmarks of the proliferating diseases including neoplasm
and archritis.

p53 REGULATION BY SYNOVIOLIN

The mechanisms for the ER stress-induced apoptosis remain
enigmartic, however, recent reports have succeeded to illustrate
some pathways in the ER stress induced apoptosis (reviewed
in refs. 29-32). ER resident caspase (caspase-12 in mouse and
probably caspase-4 in human) is suggested 1o be activated in ER
stress-induced apoprosis, even though their roles in human are still
under debate.*** One of the most characterized pathways in ER
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Figura | p53 regulatory pathway under ER stress. (1] Nuclear GSK3p,
which is probably octivoted by ER resident kinosels| after ER stress, phos-
phorylates p53 at serine 315 and 376 The phosphorylated p53 is ubigui-
tinated, exported to cytoplasm and degraded by proteasome. (2] ER stress
induces Synoviolin axpression by IRE ond/or ATFS. Cyloplasmic p53 is
trapped and ubiquitinated for proteasomal degradation by ER stress-induced
Synoviolin [Syno) at ER before translocating inte nucleus

stress-induced apoptosis is carried out through BCL2 family proteins.
The first report related with this pathway demonstrated the protec-
tive effect of BCL2 overexpression or Bax and Bak deficiency against
ER stress-induced apoptosis.*>37 Furthermore, BCL2 is inhibited by
CHOP, which is transcriptionally induced by PERK-cIF20-ATF4
pathway and post-translationaly activated by kinase pathway origi-
nated from IRE1-TRAF2 complex on ER after ER stress.?:1338 The
other members of the BH3-only BCL-2 family protcins, PUMA and
Noxa, have been identified as the pro-apoptotic molecules induced
by ER stress.??40 Consistent with these facts, the activation of p33
is also observed in the ER stress, because both PUMA and Noxa are
the evident transcriptional targets of p53.4042 However, the ER stress
induced p53 activation is not straight forward, namely a mild or a
short time ER stress tends ro inhibit p53 dxendcnt apoptosis and a
severe or a long time stress promore it 40

The findings from Koromilas and our lab provide the evidence
for striking mechanism in p53 regulation ar ER (Fig. 1).43%% Qu
et al. proved that ER stress inhibits p53 dependent apoprosis. The
critical step for p53 suppression is accomplished by phosphorylation
ofp53 at serine 315 and 376 by glycogen synthase kinase-3 (GSK3
{).%34 The mechanism how the kinase is activated after ER stress
remains unclear, but the C-terminus phosphorylation of p53 by
the kinase exhibits remarkable ml'ublwry effect on nuclear localiza-
tion and swbilization of p53 in cooperation with Hdm2, one of the
most important negative regulators for p53.% On the other hand,
we introduced Synoviolin as a potent negative regulator of p53.4%
Synoviolin can cytoplasmically caprure p53 on ER and degrade it
by ubiquitin-proteasome sysiem. Synoviolin is totally independent
of known p53 regulating ubu;uum ligases such as Hmd2, Pirh2,
Cop!1 or Parc in this process.*>% The importance of Synoviolin is
underlined by the fact that the steady state level of p53 protein is
stricdy regulated by Synoviulin, because the half life of p53 protein
is markedly prolonged in human cell line by siRNA for synoviolin
as well as in the embryonic fibroblasts from synoviolin knock out
mouse# Since Synoviolin is known to be upregulated by IRE or
ATF®G, it can be said thar the ER stress also indirectly dampen p53
through an ER resident ubiquitin ligase, Synoviolin.?! Bocth GSK3
B and Synoviolin pathways invite the same consequences of p53,
cyroplasmic localization and degradation in there, which might
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] 2

No stress mild ER stress

4 Synoviolin dysregulation|

3 severe ER stress

>

& : Synoviolin

3 : unfolded protein

Figura 2. p53 regulotory stotus occording to ER stress. (1) p53 is const-
tutively downregulated by Synoviolin [Syno) on ER. [2) ER stress induces
Synoviolin, which is ufilized for trapping p53 for degradation as well as
its canonical role in ERAD. (3) Severe or prolonged ER sirass produces the
excess amount of unfodled proteins that may occupy most of Synoviolin. The
trapped p53 are liberated from Synoviolin and translocate inte nucleus to
function as a transcriptional factor. (4) Neither ER siress nor p53 activation in
Synaviolin dysregulated cells. The aberrantly high expression of Synoviolin
dus to activation of particular signol pathway [e.g., INK and ERK] simulto-
neously degrades p53 and unfolded proteins, which may block both p53
dependent and ER siress-induced opoptosis.

help to gain times for chaperones to refold the unfolded proteins ro
restore their ER functions before apoptosis is induced in these cells.
The aberrant cytoplasmic localization of p53 are described in human
cancers, thus the ER stress initiated p53 inhibition by Synoviolin or
GSK3 P could be the mechanism how p53 is sequestered in cyto-
plasm of these cancers.¥48 The milieu surrounding ncoplasm cells
also support this idea, namely the stressful external environment
may give mild ER stress to tumor cells, and help to inhibir p53 by
activaring Synoviolin or GSK3 B. Actually, ER stress is demonstrared
by the activation of ER stress inducible molecules in human tumor
and arthritis.'?4? On this point of view, blockade of Synoviolin or
GSK3 P can be applied for adjuvant therapy for neoplasm therapy or
arthriris through p53 acrivation.

IMPACT OF SYNOVIOLIN DYSREGULATION

There seems to be a transition in function of UPR proteins. IRE1
is one of the most characterized proteins in this aspect, because it
renders anti-apoptotic effect by induction of ER chaperons through
XBAI activation, however, IREl can be pro-apoptotic by triggering

www.landesbioscience.com
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ASK1-INK pathway.!?*® The severity or the duration of ER stress
scems to determine the down stream pathway of IRE1, It is expected
that severely damaged cells by ER stress could produce unfolded
proteins that may be harmful o the systemic cells, therefore it is
reasonable to change its roles from anti-apoproric to pro-apoptotic as
the cell damage becomes more severe. As mentioned before, the activity
of p53 under ER stress also Aucruates according to the level of the
stress. It seems thar a mild ER stress de-stabilizes p53, but a severe one
activares it.%0434 The mechanism that determine the activity of p53
has not been fully figured out experimentally, however, previous data
may unravel it by describing in detail the regulation and the funerion
of Synoviolin under ER stress (Fig. 2). In unstressed cell, Synoviolin
is thought to regulates steady state levels of p53 by sequestering and
ubiquitinating it for proteasomal degradation in cytoplasm, because
Synoviolin knocking down by siRNA clearly satbilizes the p53.4% In
the mild ER stress condirion, Synoviolin is transcriptionally upregu-
lated by IRE or ATF6 activation and the increased Synoviolin plays
its canonical role in ERAD.'*-2 [f the expression of Synoviolin is
induced more than that is required to climinate unfolded proteins,
the free Synoviolin may caprure more p53 than they do in unstressed
cell. As a resule, a mild ER stress may achieve p53 suppression
(Fig. 2B). When a severe or a prolonged ER stress rkes place, the
unfolded proteins can exceed the capacity of upregulated Synoviolin.
The overwhelming unfolded proteins may squelch Synoviolin and let
it to liberate p53 for activation (Fig. 2C). This scenario can explain,
at least in part, why p53 change its behavior according ro the severity
of ER suress.

ER stress has been implicated in the pathogenesis in human
discases. 27 Disruption of physiological UPR and/or ERAD or
abnormal conformation of proteins have been demonstrared in a
variety of human discases including Alzheimer disease, Parkinson
disease, neuronal damage by ischemia, prion discase, cystic fibrosis
and diabetes mellitus. The cause of these degenerative changes in
the discases is cxplained by aberrant ER stress-induced apoptosis
in the affected organs. Contrary to this, we would like to propose a
novel model for proliferative diseases such as tumor or RA, which is
also a hypothesis reply to an interesting question, "whart will happen
to cells if they are completely free from ER stress?” As previously
described, Synoviolin has two funcrions, one is for ERAD and
the other is for p53 blockade. Given that Synvoiolin is aberrantly
upregulated in cells as shown in Figure 2D, they could provide the
cells an ability to over-secrete and overgrow, because overexpressed
Synoviolin will unburden the cells from ER stress by eliminaring
the unfolded protein even in the hostile milicu surrounding the
cells such as hypoxia and/or starvation. In addition, ER stress free
cells may be allowed to produce the harmful amount of secretary or
membranous protein. Those acquired property will help the cells to
proliferate, destruct and invade into surrounding tissues. The over-
expressed Synoviolin is also expected ro sequester p53 in cytoplasm
and degrade it, which may rescues cells thar are supposed ro commit
apoptosis. In this regard, our analyses about synevielin promoter
make the hypothesis plausible. The Ets binding site (EBS) is deter-
mined ro be the crucial site for synoviolin transcription in vivo and
in vitro, and GABP, a ranscription factor known to be down stream
of MAP kinases such as JNK and ERK, is proved to be bind to ie.3!
The MAP kinase signals are activated in both neoplasm and RA, thus
these signal may induce constitutively high expression of Synoviolin
in these diseases.’>%? Similar pathogenic mechanism for neoplasm
progression has been actually implicated in a human discase. There
is a clinical evidence that XBP-1 is highly upregulated in muliple
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myeloma cell, a hematological ncoplasm characterized by over-
production of monoclonal immunoglobin or Bence Jones proteins
(reviewed in ref. 4). It is important that proteasomal inhibitors have
been proved to be effective to this discase, indicating accumulation
of unfolded proteins by proteasome blockade affect the proliferation
of neoplasmic cells. Our speculation is thar the increased unfolded
proteins act as an inhibitor for Synoviolin and p53 is released and
activated in proteasome inhibitor treated cells. Likewise, the therapy
targeting Synoviolin could be a good strategy for the proliferative

diseases refractory to the conventonal treatment.

CONCLUSION

ER integrates many kinds of stresses and iniriates a variety of
signalings to adapt to the stresses. Among them, apoprosis pathway
has become an important topic for its definite pathogenic potential
in human discases. PS3, one of the most important molecules in
tumor, has become a novel mediator of ER stress-induced apoprosis.
It also can be said that ER regulates p53 pathway, because the ER
specific stresses or molecules scem to play some roles in p53 regula-
tion. We discuss abour the dual role of Synoviolin on ER, one is the
ERAD and the other is p53 inhibition in cyroplasm. In this regard,
Synoviolin may upregulare two aspects of proliferative diseases, over-
production of sccretory proteins and resistance to apoptosis. Both
expression level and its enzyme activity of Synoviolin are required for
ERAD and p53 regulation, the blockade of Synoviolin expression or
activity may ameliorate the proliferative diseases such as neoplasm
and RA. Further rescarch is necessary ro answer the impormant
questions about the roles of Synoviolin in ER stress induced apop-
tosis. Does hyper-ERAD status really exist in human diseases? Can a
specific inhibitor against Synoviolin cause p53 activation, and induce
apoptosis of target cells? We hope that the continuous attempt to
unveil the ER mediated apoptortic pathway will help to develop the
new therapeutic approach to the refractory discases.
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BRCA1 Ubiquitinates RPB8 in Response to DNA Damage

Wenwen Wu,' Hiroyuki Nishikawa,” Ryosuke Hayami,' Ko Sato,’ Akeri Honda,'
Satoko Aratani,’ Toshihiro Nakajima,” Mamoru Fukuda,’ and Tomohiko Ohta'

"Division of Breast and Endocrine
St Marianna University School of Medicine, Knwasaki Japan

Abstract

The breast and ovarian tumor suppressor BRCAl catalyzes
untraditional polyubiquitin chains that could be a signal for
processes other than proteolysis. However, despite intense
investigations, the mechanisms regulated by the enzyme
activity remain only partially understood. Here, we report
that BRCA1-BARD1 mediates polyubiquitination of RPBS, a
common subunit of RNA polymerases, in response to DNA
d ge. A prot ics screen identified RPBS as a protein
modified after epirubicin treatment in BRCAl-dependent
manner. RPB8 interacted with BRCA1-BARD1 and was
polyubiquitinated by BRCA1-BARD1 in vivo and in vitro.
BRCA1-BARD1 did not destabilize RPBS in vivo but rather
cansed an increase in the t of soluble RPBS. Impor-
tantly, RPB8 was polyubiquiti diately after UV
irradiation in a manner sensitive to BRCA1 knockdown by
RNA interference. Substitution of five lysine residues of RPBS
with arginine residues abolished its ability to be ubiquitinated
while preserving its polymerase activity. HeLa cell lines stably
expressing this ubiquitin-resistant form of RPBS exhibited UV
hypersensitivity accompanied by op-regulated caspase activ-
ity. Our findings suggest that ubiquitination of a common
subunit of RNA polymerases is a mechanism underlying
BRCAl-dependent cell survival after DNA damage. [Cancer
Res 2007:67(3):951-8]

Introduction

Germ line mutation of the cancer susceptibility gene BRCAI
causes familial breast and ovarian cancer. BRCAI acts as a hub
protein that coordinates many cellular pathways to prevent tumor
progression. Accordingly, down-regulation of this key protein by
mechanisms other than BRCA] gene mutation causes sporadic
breast cancer (1), All cells defective in BRCA1 show genamic
instability as evidenced by hypersensitivity to DNA damage, the
presence of chromosomal abnormalities, and the loss of heterozy-
gosity at multiple loci. These results are likely to stem from the
failure of BRCA1 to function in DNA damage repair, transcriptional
regulation. apoptosis induction, intra-S or Gy-M checkpoint
fumction, and regulation of centrosome duplication (2-4).

Involvement of BRCA1 in multiple cellular processes is logical
given its enzymatic function as a ubiquitin ligase (BE3). In this
capacity. it has the potential to interact with numerous protein
substrates and subsequently influence the biological response of a

Note: Supplementary data for this article are svailable at Cancer Research Online
mer}mlk.nr‘ﬁ
hiko Ohta, Division of Breast and Endocrine Surgary,

anrhnml ot Sm St. Mari L y School of Medl K Jd 216-
8511, Japan. ng s:-u-m 8111; Fax: Bl-sms-ss@l E-muil: to@marianna-wac.jp,
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cell at many points. BRCAL contains an NH;-terminal RING finger
domain, a common motf found in ubiquitin ligases. It acquires
significant ubiquitin ligase activity when bound to another
conformetionally similar RING finger protein, BARD], as & RING
heterodimer (5-8). The most common polyubiquitin chain is linked
through Lys* of ubiquitin and serves as a signal for rapid degra-
dation of substrates by the proteasome-dependent proteolysis
pathway (9). However, BRCA1-BARD1 has the unique capacity to
catalyze Lys®-linked polyubiquitin chains, and the ubiquitination
mediated by BRCA1-BARDI could signal a process other than
degradation (10-13), Deleterious missense mutations in the RING
finger domain of BRCAIl found in familial breast cancer abolish
the E3 ligase activity of BRCAI-BARD]1 (6, 7, 14), indicating that
the E3 ligase activity is important for role of BRCAI as a tumor
suppressor.

One of the most significant functional features of BRCAI is that
it is a component of the RNA polymerase II holoenzyme (15, 16).
BRCA1 specifically interacts with a large fraction of hyper-
phosphorylated, processive polymerase I (I10), in preference to
the hypophosphorylated polymerase II (IIA) found at promoters
(17). It has been proposed that BRCAl binds polymerase 110
complexes as part of a genome scanning function for DNA damage
(18). However, how BRCA1 affects the polymerase II complexes
after DNA damage remains partially understood. In this study, we
identify RPBS (also called hRPB17 or POLR2H), a common subunit
of all three types of RNA polymerases, as a substrate of BRCAl E3
ligase and show that BRCA1 ubiquitinates RPBS immediately after
DNA damage. HeLa cell lines stably expressing a ubiquitin-resistant
form of RPB8 exhibited UV hypersensitivity, a kmown phenotype
of BRCAI deficiency. These results indicate a significant role of
ubiquitin ligase activity of BRCA1 for cell survival after DNA
damage and provide a new aspect of a common subunit of RNA
polymerases in DNA damage responses.

Materials and Methods

Two-di sional difference gel electrophoresis. Methods for Bun-
rescence two-dimensional difference gel electrophoresis (DIGE) and mass
spectrometric analysis are reported in the Supplementary Data

Plasmida. cDNA for full-length human RPBS was amplified by PCR from
lMCFlMcdchN\EbnqnﬂngP&pulymme(Sﬂ!ﬂgm&hjoﬂl.&}

lasmids for BRCAL BARDL, ubiquitin, and their
mutants were pmwufy described (7, 11). The point mutations to
substitute the Lys residus(s) of APBS with Arg were produced by site-
directed routagenesis (Stratagene). All plasmids used wern verified by DNA
sequencing.

Cell cul and i T47D, HCC1937 breast carcinoma cells,
HeLa cervical carcinoma cells, and 293T transformed human kidney cells
were cultured in DMEM supplemented with 10% FCS and 1% antibiotic-
antimycotic agent (Life Technologies, Inc.. Grand Island, NY) in 5% CO; at
37°C. MCF10A normal human breast epithelial cells were grown in DMEM/
Ham's F12 (1:1) medium supplemented with 2.5% FCS, 100 ng/mL cholera
toxin, 20 ng/mL epidermal growth factor, 500 ng/mlL hydrocortisone,

www.aacrjournals.org
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Figure 1. Proteomic screen for proteins affected by epirubicin treatment. A, T47D cells (fop) and HCC 1837 cells (boltom) weare aither ummaipd or treated with
and

0.2 ug/mL of epirubicin for 3 h and lysed with 7 mol/L urea/2 mollL thioursa—containing bufter. Protein (50 ug) from untre

ted cells was labeled

with Cya (left) and Cy5 (rght), respectively. The differently labeled samples were mixed together, msomumnm&mnsmﬂgd{pra—m laft 1o right),
and scanned with a fluorescence image analyzer. Yallow amows, protain spots whosae levels were significantly alterad after epirubicin treatment. Red arrows, proteins
that significantly decreased only in T470 cells after spirubicin treatment. The siower-migrating protein was identified as APBS and the faster one was myosin light
chain, 8, T470 cells or HCC1837 cells were treated as in A and lysed with 7 mollL. urea/2 mollL thiourea—containing buffer. Lysates (500 ug) were resolved on a
two-dimensional gal (pH range 3—10). A part of the gel was subjected to immunobiot with anti-RPB antibody. Armow, RPBB. C, T470 calls wer transfactad aither with
control siANA tm:amsm tor BACA1 (boltomn), treated with or without eplrubicin, and subjected to anti-RPBS immunobiotting as in B,

10 pg/ml insulin, and 1% lanlDbC-&nl‘ll’rl’)de agent. For epirubicin
tn cells were incubated in g 0.2 pg/ml epirubicin
(Pfizer. New York, NY). To examine the half-life of proteins in vivo, cells were
incubated with 10 pg/ml cycloheximide (Wako, Osaks, Japan), a protein
synthesis inhibitor, for the indicated time periods 293T cells were
transfected using the standard calcium phosphate precipitation method.
To generate cell lines that stably expressed either wild-type (WT) or mutant
FLAG-RPBA, Hela cells were transfected using FUGENEE (Roche, Indian-
apolis, IN) with pcDNA3 pl 4 ding each protein and selected with
G418. For UV krradiation studies, cells were hed with PBS, irradiated
with UV light (254 nm: UVP. Inc, Upland, CA) at the indicated doses, and
grown in fresh medium for vanious times.

Antibodies. Mouse monoclonal antibodies to hemagglutinin (HA:
Boehringer-Mannheim, Mannheim, Germany}, Myc (BabCo, Richmond.
CA), FLAG (Sigma, St Louis, MO), polyubiquitin (Affiniti, Exeter, United
Kingdom), conjugated ubiquitin (Affinitk refl 10). o- and B-tubulin
(Neomarkers, Fremont. CA), and actin (Santa Cruz Biotechnology, Santa
Cruz, CA) as well as rabbit polyclonal antibodies to BRCA1 (Santa Cruz

RNA interference. SMART pool BRCA1 small interfering RNA (siRNA)
mix and control s{ANA mix were purchased from Dharmacon Research. Inc.
(Lafayette, CO). ANA duplexes (final concentration 50 nmol/L) were
transfected into the cells with Oligofectamine (Invitrogen, Carlsbad, CA)

ording to the turer’s instructions. Retrovirus expressing short
hairpin RNA (shRNA) that targets BRCA1 mRNA sequence 5-CUAGAAAU-
CUGUUGCUAUG-3 was created by cotransfecting 293T cells with pGP
vector, pE-ampho vector, and pSINsi-hU6 retroviral vector that has
previously been subcloned with tha oligonucleotide 5-GATCCGCTA-
GAAATCTGTTOCTATGTTCAAGAGACATAGCAACAGATTTCTAGCTTTTT-
TAT-3 sccording to the manufacturer’s protocol (TeKaRa Otsu. Japan)
Oligonucleotide 5-GATCCGTAAGGCTATGAAGAGATACTTCAAGAGAG-
TATCTCTTCATAGCCTTACTTTTTTAT-3' was used for the retrovirus
expressing control shRNA. For infection, Hela cells were incubated with
virus supernatants and fresh cul di \g B ug/mL Polybrens
(Sigma). Cells were analyzed 48 h alter transfection or infection.

Immunoprecipitation and immunocblotting. Immunoprecipitation
and immunoblotting methods were previously described {11). For the

Biotechnology), RFBE1 (Covance), and cleaved caspase-3 (Cell Signaling
Technology, Danvers, MA) were purchased commercially, Anti-FLAG cross-
linked agarose beads (Sigma) were used for immunoprecipitation to
detect in vho uwbiquitinated substrates. Rabbit polyclonal sntibodies
to BARD] and RPCI55 were generous gifts from Dr. Richard Baer
(Columbia University, New York. NY) and Dr. Nouria Hernandez (Cold
Spring Harbor Laboratory, Cold Spring Harbor, NY), respectively. Rabbit
polyclonal antibody to RPBS was generated against full-length human
glutathione §-transferase (GST)-RPB8 and purified by protein G agarose
chromatography.

blotting analysis after two-dimensional gei electrophoresis, cells
were lysed with 7 mol/L urea/2 mol/L thioures-containing buffer as
described above Soluble fractions were prepared with 0.5% NP40-based
buffer as previously described (11} Denatured whole-cell lysates were
prepared by boiling in Laemmll 5DS-loading buffer with 0.1 mol/L. DTT.
In vitro ubiquitin ligation assay. Full-length His-FLAG-FPBS was
obtained from BL21/DE3 bacteria cells with isopropyl-t-thio-B-o-galacto-
pyranoside induction by two-step purification using nickel agarose beads
followed by anti-FLAG cross-linked ag beads (Suppl y Fig 53).
Complexes of WT or 126A mutant of FLAG-BRCA1"™ with BARD] were
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{fied from transfected 293T cells by anti-FLAG affinity :hmmnopnph»
and FLAG peptide elution. Both WT and I126A
—1:1 ratio of BRCAl and BARDI proteins {Sﬁpplernennry Fig, S3).
n.bm: E1 (BIOMOL, Piymouth Meeting. PA) and mammalian ubiquitin
(Boston Biochem, Cambridge, MA) were purchased commercially. The
in vitro reaction was done as previously described {11) with a reaction
mixture (30 pL) that contained 0.5 pg His-FLAG-RPBS, 40 ng EL 03 g
UbcHSc, and 0.3 g each of FLAG-BRCAL" ™ and BARDL.

Runoff transcription assay. The runoff transcription assay used
was described elsewhere (17) Briefly, the runoff template was created
by annealing 50 pmal each of a 65-mer oligonucleotid 5-ATTGGGT-
AAAGGAGAGTATTTGAGCGGAGGACAGTACTCCGGGTCCCCCCCCC
CCCCCCCCCCCC-3'and a complementary 45-mer oligonucleotide
5.GACCCGGAGTACTGTCCTCCGCTCTTTTACTCTCCTTTACCCAAT-Y in
a 200 ul annesling mixture containing 20 mmol/L Tris (pH 7.4),
1 mmol/L EDTA and 02 mol/L NaCL Runoff transcription reactions
(20 pL) contained 825 mmol/L MgCly, 5 ug of bovine serum albumin,
250 nmol/L nucleotide triphosphates, 5 units of RNase inhibitor, 50 ng of
pdﬂdmmlnjc—dmyryudﬂ.ic acid), 0.05% NP40, 1 pmol of annealed
oligonucleotides, and 0.5 uCi of (a-P|CTP. Equilibrated FLAG-RPBS
immunocomplexes bound to M2 beads (10 pL) were added to the reactions
(20 uL) and incubated for 40 min at 30°C and stopped with 50 uL of PK
buffer (300 mmol/L sodium scetate, 0.2% SDS, 10 mmol/L EDTA, 100 ng
tRNA, and lnmmﬂwhmmmmuﬁ'c&r
20 min, ) Wﬂh v 1/chl a0, A pr 1 with

yrmmmwmmvnﬂmm‘mﬂm
on 12% polyacrylamide/urea gels and d with the Typhoon 9400
image analyzer (Amersham, Piscataway, NJ).

Results

Identification of RPBS as a protein modified in BRCAI-
positive cells after epirubicin treatment. To search for
candidate substrates for the BRCA1-BARD1 E3 ligase in response
to DNA damage, we used two-dimensional DIGE technology.

Breast cancer-derived, BRCAl-positive T47D cells and BRCAL-
defective HCC1937 cells were incubated for 3 h with epirubicin,
a topoisomerase [ inhibitor that induces DNA double strand
breaks. Cells were lysed with 7 mol/L urea/2 mol/L thiourea-
contaming buffer. and the proteomes were compared with
untreated cells using two-dimensional DIGE. Interestingly, whereas
the expression levels of only a few proteins were affected by the
epirubicin treatment in T47D cells, that of — 100 proteins were
altered in HCC1937 cells (Fig 14). Conversely and even more
interesting, two proteins whose expression levels were dramatically
reduced in T47D cells were not changed in HCC1937 cells (Fig. 14,
red arrows). Therefore, we speculated that the reduction could
depend on the presence of BRCAL The protein spots were in-gel
digested and subjected to nanoscale capillary liquid chromatog-
raphy-tandem mass spectrometry (LC/MS/MS) analysis. LC/MS/
MS analysis revealed that the samples were RPB8, a common
subunit of three types of RNA polymerases, and myosin light chain.
RPBS is a very acidic, small protein with a calculated molecular
mass of 17.1 kDa and an isoelectric point of 4.34 (19). One of the
most significant functional features of BRCA1 is that it is a
component of the RNA polymerase I1 holoenzyme (15, 16).
Therefore, we focused on RPBS for further analyses.

To confinm our mass spectrometry data, we generated a rabbit
polyclonal antibody to GST-RPB8 for immunoblot analysis. Cells
were treated as in Fig. 14, and immunoblot analysis of the proteins
resolved by two-dimensional gels verified that the protein spot was
indeed RPB8. It was again severely reduced by epirubicin treatment
only in T47D cells (Fig. 1B8). The difference in RPB8 expression in
response to epirubicin treatment could be due to the different
genetic backgrounds of these two cell lines, not just the absence or
presence of BRCAL Therefore, we next compared RPBS expression
between isogenic cells with and without knockdown of BRCAL

Figure 2. APBB and BARD1 interaction,
and RPBS ubiquitination I:Iv BRCA1-
BARD1. A, end RAPB3a
with BARD1. Lyulﬂﬂmfmﬂeu g i~
(lanes 1-3) or MCF10A (lanes 5-7) cells a # g
were immunopracipitated (1P) with el
anti-APBS or prelmmune serum (Pre) and lh ”.k
mpﬁbymmmt!mmm . P Y §
indicated antibodies. A portion of the cel
Wummwmmaﬂdmmwﬂﬂ : I
as well as lysate om 12 3 -
:mTuuu ranslected with BARD1 (lane 4) e
were also loaded. B, 283T ceils ransfected
with the indicated plasmids ware boiled in
1% SDS lysis butter, diluted to 0.1% SDS,
and immunoprecipitated with anti-FLAG
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Figure FLAG-RPES (lanes 1-8, 0.3 ug) and increasing amounts of Myc-BRACA1 7™ and HA-BARD1 (lanes 2 and 6, 2 ug; lanas 3 and 7, 4 ug; lanes 4 and
mmn]_‘l‘alaiplnmidm.kunaﬁmdh1Smwmwm0uwmupunmm,ﬂnmmwdmmhhmmm

x immunoblot

,4]wmmtw5-8]mmmw using anti-Myc, ant-HA, anti-FLAG, or anti-tubulln antibodies. 8, 2937 cells were
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T47D cells were transfected with either control siRNA
mgnmlsiﬂhlﬁmdthenmmdummg. 1A. The siRNA-
cells were successfully silenced for BRCA1 expression
(Supplementary Fig. §1). Immunoblot analysis of the proteins
by two-dimensional gels showed that RPBS was reduced
by icin treatment only in control cells, not in cells with
BRCAL knockdown, supporting the idea that this modification
jepends on BRCA1 expression (Fig. 1C). The reduction of RPBS at
iunmumigrmngpodﬂoncould be due to protein degradation
or to covalent modification.
BRCA1-BARDI interacts with and ubiguitinates RPBS. The
ersse 1[I holoenzyme interacts with BRCAl and BARDI
(15. 16} Consistent with the previous reports, a significant amount
of endogenous BARD] coimmunoprecipitated with RPBS isolated
from Hela cells or MCFI10A cells compared with controls (Fig, 24).
mmgm.dh were observed with MCF7, T47D, and 293T cells
(data not shown). Exogenously expressed RPBS also interacted with
BRCA! and BARD1 (Supplementary Fig. S2). Then, we tested
mmnwanm-mn in vivo. FLAG-
npmmo@!ﬂﬂdlﬂ“ﬂﬁﬂlﬂhﬂﬁ-“hﬂiﬂﬂﬂ.hﬁt*
an"m,mdml.cdhmcoﬂacudﬁhd\umum
mdm,dmmsns-mmmmgbmmmenraam
F— Immuncblotting of the RPB8 precipitates
by SDS-PAGE using anti-HA entibody showed a ladder
of polyubiquitinated RPBS (Fig. 28). Omission
of FLAG-RPBS, HA-ubiquitin, Myc-BRCA1' 7™, or BARD1 all
the RPBS ladders, supporting the idea of BRCAl-
mm..dgpendﬂﬂtm ubiquitination.

BRCAI-BARDI is the only known E3 ligase to catalyze Lys"
Wpdyubiquﬁnchznullﬂ. 11, 13). To show that the in vive
RPBS ubiquitin ladders were directly due to BRCA1-BARD] ligase
m_mmiﬁedthnRPBBmmodjﬁedbynhiqujma through
Lys' linkages. HA-tagged ubiquitins that have a single lysine residue

levels of APBB were analyzed as in A, except that FLAG-APBS was not

RPBS. D, T47D cells ware transfected sither with sIRNA lor BRCA1 (fanes 1-4) or control siAINA
(10 wnollL) and chasad for the indicated lengths of time. The soluble fraction of tha cell lysales was then

available for conjugation were used for in vivo ubiquitination
essays. As expected, BRCA1-BARD1-dependent RPBS polyubiquiti-
nation was predominantly detected when HA-ubiquitin with only
Lys® available, but not Lys*® or Lys®, was coexpressed (Fig. 2C).
However, it has been suggested that ubiguitin mutants could fold
incorrectly and may cause artifacts (20). Recent quantitative
analysis of in vitro ubiquitination revealed that even for cyclin Bl
ubiquitination catalyzed by the anaphase-promoting complex,
heterogeneous ubiquitin chains, including Lys®, Lys'", and Lys*",
or monoubiquitin attached to multiple lysine residues on the
substrate. Further, some types of linkages are dependent on the
combination of E2 and E3 enzymes (21). Thus, it s possible that
ubiquitination mediated by BRCAL-BARD1 glso resulted in
multiple polyubiquitin chains, including Lys®. The preference for
Lys® ubiquitination observed in the in vivo experiment was not
enough evidence to support the direct role of BRCA1-BARD] for
RPBS ubiquitination. Therefore, we further tested whether BRCA1-
BARD1 directly catalyzes RPB8 polynbiquitination by in vitro
ubiquitination using recombinant RPB8 protein (Supplementary
Fig. §3). His-FLAG-RPB8 incubated with ubiquitin, EI, E2/His-
UbcHSe, and FLAG-BRCA1'7?/BARD] complex (Supplementary
Fig. 53) resulted in 2 ladder and smear detected by anti-RPB8
immumoblot (Fig, 2D). Omission of substrate RPBS, ubiquitin/E1/
E2, or FLAG-BRCA1'772/BARDI complex. as well as substitution of
BRCA1"™™ with the E2-nonbinding mutant I26A, all abolished
RPBB ubiquitination. Hence, the results suggest that the RPBS
polyubiquitination is directly catalyzed by BRCAI-BARD1.
BRCA1-BARD1 does not destabilize RPBS in vivo. Our
previous results suggested that BRCA1-BARD] catalyzed untradi-
tional polyubiquitin chains that served as a signal for a process
other than degradation (7, 11, 12). Hi , the reduced expression
of RPB8 after epirubicin treatment detected by two-dimensional
DIGE or two-dimensional immunoblot (Fig. 1) suggested the

Gancer Res 2007; 67: (3). February 1, 2007
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possibility of BRCAl-mediated RPBS degradation. Therefore, we
tested if BRCA1-BARD1 destabilized RPB8 in vivo under several
different conditions, including BRCAI-BARDI overexpression and
BRCA1 knockdown by siRNA. FLAG-RPB8 was coexpressed in 293T
cells with Mye-BRCA1'7™ and HA-BARDI (Fig. 34). The steady-
state level of FLAG-RPBS increased upon coexpression of BRCAL-
BARD1 in a dose-dependent manner in the soluble fraction (lanes
]-4) but not in whole-cell lysates (lanes 5-8). We then examined
protein half-life of FLAG-RPBS in the soluble fraction using
cycloheximide, a protein synthesis inhibitor. The FLAG-RPBB
protein half-life was prolonged by BRCAI-BARDI overexpression
(Fig. 3B). We also tested the effect of BRCA1-BARDI on
endogenous RPBS8 (Fig. 3C and D). The steady-state level of RPB8
only slightly increased upon coexpression of BRCAI-BARD] in the
soluble fraction (Fig. 3C, [ane 4) and no effect was observed when
whole-cell lysates were evaluated (lanes 5-8). However, RPBS

—
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protein half-life was detectably shortened by BRCA] knockdown
{Fig. 3D). This observation was not detected when whole-cell
lysates were analyzed (data not shown). Together, analyses of
steady-state levels and protein half-lives indicated that only soluble
RPB8 was stabilized, whereas that in whole-cell lysate was
unchanged (Fig 3). Alternatively, it was also possible that
BRCAI-BARDI shifted RPB8 from the insoluble fraction, such as
the chromatin fraction, to the soluble fraction. However, we could
not detect such a shift by fractionation analyses (data not shown),
In either case, these findings at least suggest that BRCAI-BARDI-
mediated RPB8 ubiquitination is not a signal for its degradation.

BRCAl-dependent RPBS ubiquitination after UV irradiation.
BRCAl-mediated RPBS ubiquitination prompted us to investigate
the biological implications of this activity. We examined if RPBS is
ubiquitinated in response to DNA damage. Rather than exposing
cells continuously Lo epirubicin, and because RPBI1 is ubiquitinated
after UV irradistion, we used UV irradiation to accurately
determine the timing of RPBS ubiquitination after DNA damage
(22-25). We established HeLa cell lines that stably express FLAG-
RPBS at & low level (approximately one third of endogenous RPBE;
Fig. 44) to avoid artifacts caused by overexpression and analyzed
ubiquitination of anti-FLAG immunoprecipitates with anti-
ubiquitin (FK2) antibody. Because it has been reported that
RPB1 ubiquitination occurs 1 to 2 h after UV irradiation (22-25),
we first analyzed these time points. However, we did not detect any
ubiquitination of FLAG-RPB8 (Fig. 48 and data not shown).
Instead, ubiquitinated FLAG-RPBS readily, and only transiently,
appeared 10 min after UV irradiation (Fig. 45, top). Reprobing the
membrane with anti-RPBS antibody verified that the detected
ladder was ubiquitinated RPBS (bottorn).

To verify that UV irradiation-induced RPB8 ubiquitination
requires endogenous BRCA1, RNA interference was used to knock
down BRCAI expression. HeLa cells stably expressing FLAG-RPB8
were transfected with BRCAl-specific siRNA. As a second
alternative, we constructed & retrovirus engineered to express
shRNA for BRCAL Forty-eight hours after transfection or infection,
cells were irradiated with UV (35 }/m?) and then harvested 10 min
later. Both the siRNA-transfected and the shRNA retrovirus-
infected cells were successfully silenced for BRCAl expression
(>90% and >75% reduction, respectively) compared with their
controls (Fig. 4C top). As expected, RPBS ubiquitination after UV
irradiation was dramatically reduced by BRCAL knockdown in both
cases (lower middiz). Reprobing the membmne with anti-RPBS8
entibody egain verified the ubiquitinated RPBS that became
completely undetectable upon BRCAL knockdown (bottomn). These
results support the idea that RPB8 is polyubiquitinated by BRCAL-
BARDI in an early phase after UV irradiation

A ubiquitin-resistant form of RPBS8 retains its polymerase
activity. For the purpose of studying the physiologic consequences
induced by the BRCAl-mediated RPB8 ubiquitination after UV
irradiation, we generated a mutant of RPB8 that is incapable of
being ubiquitinated by BRCAI-BARD1. RPBS possesses eight Ly
residues in the whole protein (Fig. 54). We first mutated single Lys
residues of RPB8 and tested its capacity to be ubiquitinated.
However, RPEE ubiquitination was not dramatically reduced by
each single mutation (Fig. 58, lanes 2 and 7; data not shown).
Instead, the ubiquitination of RPBS was reduced as the number of
Lys to Arg substitutions increased. This result recapitulates what
we observed during studies of BRCA1 auto-ubiquitination and of
BRCA1-mediated NPM1/B23 ubiquitination. When five of the eight
Lys residues were substituted with Arg (SKR), RPB8 ubiquitination
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became undetectable (Fig 5B, lane 5), although its binding capacity
to BRCA1-BARD1 was not reduced (data not shown).

To confirm that the many mutations required to make RPBS
resistant to ubiquitination did not impair its fundamental function
as a subunit of RNA polymerases, we verified that the 5KR mutant
15 capable of binding to RPB1 or RPCISS (the largest subunit of
polymerase [1I) in vivo. WT FLAG-RPB8 or 5KR was transfected
into 293T cells, and anti-FLAG immunocomplexes were isolated.
Bound proteins were resolved by SDS-PAGE and anslyzed by
immunoblotting using anti-RPBl or anti-RPC155 antibodies. Both
RPB1 and RPC155 were detected in the FLAG-5KR immunocom-
plexes as well as the WT immunocomplexes (Fig. 5C). We measured
catalytic activity of the anti-FLAG immunoprecipitates using a
runoff transcription assay. The SKR mutant immunocomplexes
contained the ability Lo generate in vitro transcripts equal to that of
WT immunocomplexes (Fig. 52), Thus, the SKR mutation of RPB8
constitutes a viable RNA polymerase complex in vivo that sustains
its polymerase activity. This indicates that RPBS ubiguitination by
BRCA1-BARDI is not required for RNA polymerase activity.

Ubiquitin-resistant mutant of RPBS causes UV hypersensi-
tivity. BRCAI deficiency causes hypersensitivity to DNA damage
(14, 26, 27). Because RPBS is ubiquitinated by BRCAL after UV
irradiation (Fig. 4), it wes possible that failure to perform this
function could cause the same phenotype. To test this possibility,
we estahlished Hela cell lines that stably express the SKR mutant
of FLAG-RPBS. Two clones each of the WT (WT-1 and WT-2) and
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Figure 5. Cor of ubiquitin RPBA mutant and assay ol its
RNA polymarase activity, A, the mutant constructs of RPB8. Lys (K) residues of
APBS8 were substituted with Arg () as indicated. 8, Myc-BRCA1" 2, BARD1,
and HA-ubiguitin were cotranstectad into 283T calls either with WT or mutant
FLAG-RPBS as indicated. demqmunn ol RPBA was detacted as in
Fig. 2B. C, 2937 celis were lransfected either with parental pcDNA3 voctor ( ),
WT, or the 5KR mutant of FLAG-RPBE as indicated. Total cell lysaies
(top four panels) or anti-FLAG immunoprecipitates from aqual amounts of
total cell lysates (botfom thrae paneis) were subjectad o immunoblotting with the
indicated antibodies. D, anti-FLAG immunoprecipi as in C were
subjectad to an in vitro runott assay using double-stranded
DNA P igned 1o g an ANA ipt of &5 nucieatid

i RMA products were resolved by @ 12% polyacrylamide/urea gel
and scanned with a Typhoon 2400 image analyzer. *, IgG

of the 5KR (5KR-1 and SKR-2) cell lines were obtained (Fig 64).
Polyubiquitination of FLAG-RPBB after UV irradiation was
detected in WT cells, but not in mutant cells (Fig. 68). Using
these cells, we examined if the expression of the mutant RPBS
affected cell survival after UV irradiation. The cell viabilities of the
5KR clones 48 h after 20 or 35 J/m® of UV irradiation were —38%
and 23% of untreated cells at 0 h, respectively, whereas WT clones
were —72% and 53%, respectively (Fig. 6C). Parental Hela cells
exhibited viabilities similar to that of WT clones (Fig 6C).
Representative data for cells observed by phase contrast micros-
copy 48 h after UV irradiation (35 J/m”) and for culture plates
stained with Lillie’s crystal violet stain are shown (Supplementary
Fig. 54). Thus, expression of a ubiguitin-resistant RPBS form in cells
causes UV hypersensitivity.

Because UV-induced cell death is largely ascribable to caspase-
induced apoptosis, we next tested whether activation of the
caspase pathway by UV irradiation was enhanced in 5KR cells.
HeLa cell lines expressing WT or 5KR mutant of FLAG-RPBS
were UV irradiated, and caspase activity was measured by
immunoblotting with an antibody to cleaved caspase-3. As shown
in Fig. 6D, 5KR cells expressed larger amount of cleaved caspase-
3 than WT cells did at each time point after UV irradiation. This
result suggests that failure to ubiquitinate RPBS after UV
irradiation activates the caspase pathway, resulting in apoptotic
cell death.

Discussion

BRCAI exists in several different supercomplexes to execute
diverse cellular processes. In most of these complexes, BRCAL
exists as & RING heterodimer with BARD1 (28), the form that
acquires significant ubiquitin ligase activity (6-8). Revealing the
substrates specific for each BRCAIl protein complex is crucial to
understand the mechanisms underlying its tumor-suppressor
functions.

BRCAI-BARD1 complexes bind to BRCA2 and Rad51 and
localize to discrete nuclear foci during 5 phase. After DNA damage,
BRCAL is phosphorylated by ATM/ATR family kinases (29, 30), and
the BRCA] foci disperse within 30 min (31). The BRCA2-Rad51-
containing complex, as well as the BRCAl complex with Mrell-
Rad50-Nbsl, gradually reassemble into different foci (sites of DNA
damage) and play important roles in homologous recombination
repair. The BRCAl-containing foci begin to appear ~ 1 h after DNA
damage has occurred, reach their peak after 6 to 8 h, and remain
until 12 h after damage (31, 32). BRCA1-BARD1 also associates with
the RNA polymerase [I holoenzyme (15, 16). In contrast to the cases
of other complexes described above, BRCAI dissociates from
hyperphosphorylated, processive polymerase II 1 h after DNA
damage (17). However, how BRCAl affects the polymerase 0
complexes, if at all, during the early stages after DNA damage and
before the translocation of BRCA1 to the repair machinery remains
to be elucidated. Our results suggest that BRCAl polyubiquitinates
a component of the polymerase {I complex, RPBS, at this early
stage after DNA damage.

Recently, ubiquitination of phosphorylated RPB1 by BRCAI-
BARD1 has been reported (23, 25). Because double knockdown of
BRCAl and BARDI] restored the expression level of the phos-
phorylated polymerase II that had been repressed by UV irradiation,
it was proposed that BRCA1-BARDI could initiate the degradation
of stalled RPBI (23). However, the BRCAI-BARDI double knock-
down did not detectably affect RPB1 ubiquitination after UV
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Figure 6. Ubiquiti RPBE UV hypersensitivity. A, cell lysales

obtained from two ciones each of Hela cell lines stably expressing either WT
(WT-1 and WT-2) or the 5KR mutant (5KR-7 and 5KR-2) of FLAG-RPB8 and
parental Hela cells wars immunoprecipitated with anti-APB8 antibody followed
by iImmunabilofting with anti-APBB antibody. B, Hela cell lines stably expressing
WT (WT-2, Isnes 1-3) or the SKR mutant (5KA-2. lanes 4-8) ol FLAG-RFBS
wera UV iradiated (35 J/m®) and harvested at the indicated times after
iragiation. Ubiquitinatad APBS was detected as described in Fig. 28, except that
antipolyubiquitin antibody (FK1) was used for C, Hela cell lines
described in A ware UV rradiated at the indicated doses. Forty-eight hours after
irradiation, the cell survival ratio was determined by trypan blue exclusion
maasi The cail ber at 0 h (indicated as 0 Jim®) is 100%. Points,
mean of measurements carried out in Iripiicate; bars, SO. The exparimenis were
repaated al least twice with similar results. D, WT-2 cells (lanes 1, 3, 5, and 7)
and 5KR-2 cells (lanes 2 4, 6, and 8) were UV imadiated (35 ¥m®) and
anlmmmnim%&cﬂﬂlﬁm
immunobiotted with anti mtibodh

e y or antitubulin antibody,

irradiation. In addition, BRCA1-BARD1-mediated polyubiquitina-
tion of other substrates, including NPM1/B23 and phosphorylated
CtIP, is not a signal for degradation (12, 33). Therefore, the restored
expression level of the phosphorylated polymerase IT by BRCAl-
BARD] double knockdown could be due to an indirect effect (23),
for example, through the failure to ubiquitinate RPB8. Nonetheless,
the clearly shown in vitro ubiquitination of phosphorylated RFE1 by
BRCA1-BARD1 (23) strongly supports its direct role. The key to
solving this discrepancy may be to analyze the timing of RPB1
ubiquitination in vive. RPBI ubiquitination shown in the previous
report occuwrred 2 h after UV irradiation, when BRCA1 should
glready be dissociated from polymerase II and relocalized to the
Rad50 or Rad51 DNA repair machineries. It is possible that early
after DNA damage, RPB1 and RPBS are transiently ubiquitinated by
BRCAI at the same time, and it may result in dissociation of the
polymerase I holoenzyme from the damaged DNA site. RPB1
ubiquitination and degradation occurring in late phases could be
mediated by other E3 ligases, such as the CSA-DDB1-CUL4A-ROC1
complex (34, 35).
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it is well known that cells with impaired BRCAl function
display hypersensitivity to a range of DNA-damaging agents,
including IR and UV irradiation (3, 26). However, the mechanism
underlying this phenomenon is not fully understood Although the
failure of checkpoint function is a possible mechanism responsible
for the hypersensitivity, it has been reported that neither selective
abrogation of the S-phase checkpoint nor the G; checkpoint itself
results in decreased cell survival after DNA damage (36, 37)
Therefore, it has been proposed that some function of BRCAI
other than S-phase or Gy cell cycle control may affect cell survi-
val after DNA darnage (37). The UV hypersensitivity of the cells
stably expressing a ubiquitin-resistant mutant of RPB8 shown in
this report provides a possible new role for BRCAL that may
compensate for this theoretical defect. Because hyperphosphory-
lated stalled polymerase [I at damaged sites is an extremely
cytotoxic ramification of DNA damage (38), the observed UV
hypersensitivity could be cavsed by trapped polymerase Il or
prolonged polymerase [I hyperphosphorylation. In this process,
the ubiquitination of RPBS could be an important step either for

polymerase 11 di bly, poly II dissociation from DNA,
or polymerase [I dephosphorylation by FCPL. It is interesting that
there is considerable expression of endog WT RPBS in the

ubiquitin-resistant RPB8 mutant cells (Fig. 44). This indicates that
only partial interference of the RNA polymerase recovery is
enough to induce cell death, probably by silencing a gene critical
for cell survival. Alternatively, polymerase 1 complexes containing
mutant RPB8 could stall at the damaged sites. subsequently
causing a gridlock of all polymerase [l complexes, including WT
complexes. Supporting this idea, induction of local damage by
microbeam UV irradiation in the nucleus led to transcription
inhibition throughout the nucleus (39).

Lastly, it is noteworthy that RPBB is shared by all three classes of
RNA polymerases (19, 40). Wherens polymerase I synthesizes
mRNA, which is only ~ 5% of all RNAs, polymerase | and polymerase
111 synthesize the remaining 95% of all RNAs. Therefore, modification
of those complexes, rather than polymerase II. might enormously
influence cellular conditions, Whereas RPB1 has been intensively
studied, the role of RPBS in the DNA damage response has been
poorly understood. The ubiquitination of RPBS by BRCA1 reported
here provides additional evidence for the role of RNA polymerases
in the DNA damage response as well a8 in carcinogenesis.
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